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Abstract

Joshua Dow
The University of Manchester
PhD Immunology
2021
Determining the role of innate lymphoid cells during bacterial
infection
The intracellular bacterium Francisella tularensis (F. tularensis) is a highly
virulent pathogen. Due to the inherent lethality of infection via the respiratory
route, there has been an increasing level of concern that aerosolisation of
the bacterium could result in its use as a potential agent for bioterrorism. Until
now, research into the early immune response in the lung against F.
tularensis has focused primarily on the role of myeloid cells. In contrast, the
contributions of lymphocyte responses in the control of infection with F.
tularensis are less understood. Innate lymphoid cells (ILCs) represent an
innate lymphocyte population that are frequently found at barrier sites such
as the skin, intestine and the lung, and are capable of rapid response to a
wide variety of immune insults, including against several respiratory
pathogens. Despite this, their role in the context of infection with F. tularensis
is unknown. With this in mind, ILCs represent a population of particular

interest during respiratory infection with this bacterium.

Here, this PhD thesis focuses on addressing the role of ILCs during infection
with F. tularensis. It demonstrates that infection with F. tularensis causes a
significant reduction in lung ILC2s. Mechanistically, IFN-y acts as a soluble
mediator capable of driving the reduction in lung ILC2 numbers during
infection with F. tularensis. Expansion of ILC2 numbers, either by IL-33
treatment or intranasal transfer, results in significantly enhanced bacterial
burdens in the lung, liver and spleen of mice. Conversely, selective ablation

of ILC2s results in reduced bacterial burdens in the lung.

Overall, this thesis highlights a potential negative role for ILC2s in the control
of infection with F. tularensis. Thus, manipulation of ILC2 numbers during the
early stages of infection with F. tularensis could be of potential therapeutic

benefit.
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5 afios que estuviéramos aqui acabando nuestros doctorados juntos? Esto
no lo pudiera haber hecho sin tu apoyo y tu amor. Te quiero mucho cémo la

trucha al trucho.
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Chapter 1

Introduction
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1.1 Introduction

Francisella tularensis (F. tularensis) is a gram-negative intracellular
bacterium which is the causative agent of tularaemia. With the high level of
virulence of this pathogen, and the inherent lethality of pulmonary tularaemia,
there has been an increasing level of concern over aerosolisation of the
bacterium as a potential agent for bioterrorism (Maurin, 2015). As such, it is
essential that all aspects of the early immune response against the bacterium

are understood, in order to develop timely therapeutic interventions.

To date, research into the early immune response in the lung against F.
tularensis has focused primarily on the role of myeloid cells. For example,
macrophages and neutrophils serve as sites of extensive replication during
respiratory infection, with dysregulation of these mechanisms proving
detrimental to the host immune response (Hall et al., 2008; D'Elia et al., 2011;
Casulli et al., 2019). In contrast, the contributions of lymphocyte responses
in the pathogenesis or control of infection with F. tularensis are less
understood. Innate lymphoid cells (ILCs) are a relatively newly discovered
type of tissue-resident innate lymphocyte, which are capable of a rapid
response to a wide variety of immunological challenges, and are frequently
found at barrier sites, such as the skin, intestine and the lung (Artis and Spits,
2015). Thus, given that these cells represent an innate effector population,
they are of particular interest in the early immune response during respiratory
infection with F. tularensis LVS. Despite this, the role of ILCs in this context

is currently unknown.

Here, this PhD thesis focuses on addressing the role of ILCs during infection
with F. tularensis. Specifically, it aims to uncover the relative contribution of
these cells in the immune response against the bacterium, and whether they
can be manipulated to the host’s benefit. Herein, the current understanding
of the immune response to F. tularensis will be reviewed, as well as the
phenotypic traits of individual ILC subsets and their roles in the immune
response against various infectious diseases. Overall, an enhanced
knowledge of the role that ILCs play in the immune response against F.
tularensis could ultimately help to contribute towards the development of

potential novel therapies against this highly infectious bacterium.
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1.2 Francisella tularensis

Like most bacteria, F. tularensis can be divided into a number of subspecies,
with differences in virulence, geographical distribution and pathology
between each. For this particular bacterium, three subspecies exist — F.
tularensis subspecies (subsp.) tularensis (type A), F. tularensis subsp.
holarctica (type B) and F. tularensis subsp. mediasiatica. Of these
subspecies, only F. tularensis subsp. tularensis and F. tularensis subsp.
holarctica can produce disease in humans. The more virulent strain of F.
tularensis subspecies is F. tularensis subspecies tularensis (type A). Type A
F. tularensis is restricted to North America, with as little as 10 colony-forming
units (CFU) required to cause disease (Rotz and Hughes, 2004). The less
virulent F. tularensis subspecies holarctica (type B) is distributed throughout
the northern hemisphere, yet it is not as devastating as F. tularensis subsp.
tularensis in that it causes a mild, self-limiting disease. F. novicida is another
closely related species to F. tularensis which some people consider to be a
fourth F. tularensis subspecies (Keim, Johansson and Wagner, 2007).
However, human infection is neither common nor lethal with this species
(Cowley and Elkins, 2011).

1.2.1 Taxonomy and genomics

Whilst the genomic nucleotide sequences of F. tularensis subsp. tularensis
and F. tularensis subsp. holarctica are similar to F. novicida, the pathogenic
strains contain 41 genes that are absent in the non-pathogenic F. novicida
strain (Rohmer et al., 2007). Moreover, F. tularensis subsp. tularensis
contains 9 more genes that are absent in F. tularensis subsp. holarctica,
highlighting the potential for these genes to contribute to the enhanced
virulence observed in F. tularensis subspecies tularensis (Rohmer et al.,
2007). It has also been postulated that the presence of duplicated genes in
F. tularensis subsp. tularensis and F. tularensis subsp. holarctica that are
only present as single genes in F. novicida may indicate a gain of function
for virulent Francisella strains (Rohmer et al., 2007). Indeed, the Francisella
pathogenicity island (FPI) is a collection of genes that are amongst the
duplicates, with the FPI encoding key virulence factors responsible for the
pathogenesis of F. tularensis (Rohmer et al., 2007). Thus, enhanced

expression of these FPI genes could contribute to the virulence of Francisella
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species in humans. In addition to the differences between pathogenic and
non-pathogenic strains, discrepancies exist between F. tularensis subsp.
tularensis and F. tularensis subsp. holarctica, in that the latter strain
possesses a greater number of pseudogenes (defective genes) associated
with motility and cellular attachment (Rohmer et al., 2007) — which may help
to explain why this strain is less effective in infecting humans and causing

disease.

Attempts to further understand the genus of Francisella have been
significantly impeded over the years. Indeed, isolation and culture of
Francisella species from the environment is relatively unsuccessful due to
overgrowth of other bacterial species on growth media (Ohrman et al., 2021).
Moreover, even the most virulent F. tularensis subsp. tularensis is usually
isolated following direct inoculation of environmental samples into animals
(Ohrman et al., 2021). Until recently, the intracellular bacterium Wolbachia
persica was identified as the most closely related bacteria to Francisella,
before its recent re-classification as a subspecies of Francisella (F. persica)
(Forsman, Sandstrém and Sjostedt, 1994; Larson et al., 2016). As of now, it
is currently unclear what the most closely related bacteria to Francisella is,
though Francisella species have been identified as members of the gamma
subclass of proteobacteria (Forsman, Sandstréom and Sjostedt, 1994). This
particular subclass encompasses a diverse number of bacterial species,
including Escherichia coli, as well as Salmonella, Yersinia, and
Pseudomonas species (Williams et al., 2010). It is therefore of interest to
further investigate whether Francisella shares any common features with

these pathogens.

1.2.2 Tularaemia

As aforementioned, the more virulent strain of F. tularensis is located in North
America (Rotz and Hughes, 2004 ). Despite its high virulence, only 124 cases
of human tularaemia were recorded annually between 1990 and 2000 in the
USA (Feldman et al., 2003). Moreover, cases of the disease in Europe were
also low, with 0.04 cases per 100,000 inhabitants between 2005-2012
(Hestvik et al., 2015). Nevertheless, local outbreaks are possible,
exemplified by Finland and Sweden recording 917 and 464 cases in 2000

respectively. Other countries have also experienced outbreaks of human
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tularaemia over the years, such as Spain in 2007 (493 cases), Turkey in 2010
(1531 cases), and Norway in 2011 (178 cases) (Hestvik et al., 2015).

Transmission of F. tularensis to humans is most commonly attributed to
coming into contact with ticks and other arthropods (Boyce, 1975; Morner,
1992; Berdal et al., 1996; Hubalek, Sixl and Halouzka, 1998). However, it is
important to note that host species for F. tularensis are numerous and
diverse, including rabbits, voles and squirrels. The severity of pathology
following infection with F. tularensis differs according to entry route of the
bacterium, with several clinical variants of tularaemia in existence.
Ulceroglandular tularaemia is the most common form of the disease, and is
contracted subcutaneously, either through vector-borne transmission, or in
some cases, direct contact with an infected animal (Sjostedt, 2007). The
mortality rate for this form of the disease is less than 3%, and clinical
symptoms usually present after an incubation period of 3-6 days. These are
generally flu-like symptoms such as fever and headache, with
lymphadenopathy also occurring upon dissemination of bacteria through the

lymphatics to peripheral organs (Evans et al., 1985; Ohara et al., 1991).

When inhaled however, F. tularensis can cause pneumonic tularaemia,
which has fatality rates of 30% to 60% if left untreated (Rotz and Hughes,
2004). This form of tularaemia is most often associated with farmers and
hunters who come into contact with infected rodents and other small
mammals (Stewart, 1996). The symptoms and clinical manifestations of
pneumonic tularaemia are highly variable, and often remarkably similar to
other ilinesses, such as lung cancers, tuberculosis and other pneumonia,
which can result in misdiagnosis (Gill and Cunha, 1997; Fachinger et al.,
2015; Odegaard, Boersma and Keegan, 2017).

Diagnosis of tularaemia occurs principally through serological tests and
staining of tissue sections (Clarridge et al., 1996; Labayru et al., 1999). More
specifically, antibodies against F. tularensis are detected approximately 2
weeks after the onset of disease by agglutination or enzyme-linked
immunosorbent assay (ELISA) (Carlsson et al., 1979; Koskela and
Salminen, 1985). Indeed, a capture ELISA using monoclonal antibodies
against the lipopolysaccharide (LPS) of F. tularensis is capable of

recognising all pathogenic strains, with no cross-reactivity across bacterial
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species (Grunow et al., 2000). A polymerase chain reaction (PCR)-based
assay has also been suggested for use in the diagnosis of tularaemia, with
primers against outer membrane protein genes (Grunow et al., 2000). This
method is highly sensitive, allowing for detection of as low as 10> CFU/ml in
PBS, although optimisation of this method is required due to the presence of
compounds in blood which can inhibit a PCR test (Ellis et al., 2002).

For treatment of tularaemia, aminoglycosides (specifically streptomycin and
gentamicin), fluoroquinolones (ciprofloxacin and levofloxacin) and the
tetracycline doxycycline have all been documented as potential therapeutic
strategies, in a situation-dependent manner (Enderlin et al., 1994; Dennis et
al., 2001; Johansson et al., 2002). Specifically, streptomycin and gentamicin
are the drugs of choice in a contained environment, where patients can be
isolated and individually treated (Jacobs and Narain, 1983; Evans et al.,
1985; Enderlin et al., 1994; Cross, Schutze and Jacobs, 1995). However, in
the event of a larger outbreak or mass infection, a combination therapy of
ciprofloxacin and doxycycline is the preferred strategy (Dennis et al., 2001).
Despite these existing treatments, attention should still be given to the
development of alternative therapeutic strategies, especially considering the
rise of anti-microbial resistance, and the potential use of antibiotic-resistant
strains in a bioterrorism incident. Thus, an enhanced understanding of the
immune response against F. tularensis could not only help to achieve this,
but also contribute towards the development of an effective vaccine against

the bacterium.

1.2.3 F. tularensis live vaccine strain (LVS)

Despite its inherently infectious nature, and the lethality of type A strains,
there is currently no vaccine available at present that is effective on a large
scale against F. tularensis. There is an attenuated live vaccine strain (LVS)
of F. tularensis, which is derived from F. tularensis subsp. holarctica (Elkins,
Cowley and Bosio, 2003). However, this strain is not currently licensed for
use as a vaccine, due to lack of genetic and molecular explanation for the
attenuation (McLendon, Apicella and Allen, 2006). Despite not being used
as a vaccine, LVS still presents an attractive alternative to other more virulent
Type A F. tularensis strains, such as Schu S4, in laboratory research. Indeed,

the decreased virulence of LVS means that it can be used at containment
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level 2 (CL2), instead of CL3. Combining this comparable ease of use in a
laboratory setting, and the lethality of the strain in mice, F. tularensis LVS
has made significant contributions to furthering our understanding of how F.
tularensis infection progresses in the host and how an immune response is

produced against the bacterium.

In mice, median lethal doses (LDso) of LVS differ according to route of
infection - reflective of the relative severity of infection with different
transmission routes in humans. Indeed, intranasal (i.n.) infection of
C57BL/6J mice with LVS potentiates a much lower median lethal dose (LDso)
than that of an intradermal (i.d.) infection, with LDso values of 1 x 10° CFU
and 1 x 10° CFU respectively (Cowley and Elkins, 2011). What seems to
remain constant however is the dissemination of the bacteria to the liver and
spleen (Golovliov et al., 1995; Malik et al., 2006; Roberts et al., 2014).
Therefore, when using LVS infection in mice as a model for F. tularensis
infection in humans, it is important to recognise that differences in the

immune response exist according to the route of infection.

1.2.4 The life cycle of F. tularensis - cellular uptake

F. tularensis can infect a wide variety of cells (Hall et al., 2008), and its life
cycle is relatively similar across these settings (figure 1.1). As an intracellular
bacterium, F. tularensis must first enter a host cell to replicate, and this
internalisation is dependent upon the opsonisation state of the bacteria.
Opsonins are extracellular proteins that facilitate enhanced phagocytosis of
pathogens or substances (Taylor et al., 2005). Indeed, opsonised Francisella
are internalised more easily when compared to non-opsonised bacteria (Ben
Nasr et al., 2006; Pierini, 2006; Geier and Celli, 2011).

Several experimental models have proposed different ways in which uptake
of the bacterium can occur, and many types of receptor show the potential
to facilitate this. For example, the mannose receptor, a C-type lectin receptor,
has been shown to play a key role in uptake of non-opsonised bacteria
(Schulert and Allen, 2006). Indeed, in support of this, blockade of the
mannose receptor with soluble mannan can significantly inhibit the uptake of
LVS into monocyte-derived macrophages (MDMs). However, when bacteria

are opsonised, uptake is redirected mainly to complement receptors (CRs),
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with lesser roles for other receptors such as scavenger receptor A, Fc
gamma receptor (FcyR), and surface-exposed nucleolin (Schulert and Allen,
2006). Uptake of opsonised bacteria into individual cell types differs
according to CR expression, with CR3 (CD11b/CD18) and CR4
(CD11¢c/CD18) facilitating uptake of serum-opsonised LVS into
macrophages (Schwartz et al., 2012) and dendritic cells (DCs) (Ben Nasr et
al., 2006), CR1 (CD35) and CR3 into neutrophils (Schwartz et al., 2012), and
CR1/2 (CD35/CD21) into B cells (Plzakova et al., 2015). Taken together, this
demonstrates that F. tularensis is taken up by an assortment of host cell

types, and by numerous mechanisms.
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Figure 1.1 - The life cycle of Francisella tularensis.

The intracellular bacterium Francisella tularensis (F. tularensis) is initially taken up
into the cell through the process of looping phagocytosis into a phagosomal
compartment. Uptake is dependent on opsonisation state of bacteria, but can
occur through a variety of receptors, such as complement receptors 1-4,
scavenger receptor A, Fcy receptor, and mannose receptor. Once inside the cell,
F. tularensis utilises a type 6 secretion system (T6SS) to escape the phagosomal
compartment within 1-4 hours. Alongside this, F. tularensis employs multiple other
mechanisms to aid its escape including inhibition of lysosomal fusion, disruption
of the phagosomal membrane, and lowering the internal pH of the phagosome.
Bacteria then proliferate extensively in the cytosol, culminating in cell death and
the release of bacteria to infect other cells. F. tularensis can also be transferred
between live cells through a process known as trogocytosis. Here, bacteria are
transferred, along with fragments of the plasma membrane, to uninfected cells.
This process involves acquisition of major histocompatibility complex | (MHC-I).
Figure adapted from Chong and Celli (2010).
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Despite the numerous receptors that facilitate uptake of F. tularensis, and
the numerous cell types that display this ability, the principal cell type that is
infected during early infection is the macrophage. F. tularensis uptake here
is mediated by a process known as looping phagocytosis, which involves
engulfment of the bacterium by a spacious, asymmetric pseudopod loop
which eventually forms a smaller vacuole (Clemens and Horwitz, 2007).
Other more general mechanisms of entry have been observed in other cell
types, such as macropinocytosis in type Il alveolar epithelial cells (Bradburne
et al., 2013). Irrespective of the method of cellular uptake, the bacterium is
then enclosed in a phagosome, referred to as a Francisella-containing

phagosome (FCP).

1.2.5 Escape from the phagosome and cytosolic replication

Like most phagosomes, the FCP is a vacuolar compartment that is part of a
pathway that constitutes progressive maturation into a bactericidal
phagolysosome. The FCP acquires both early and late endosomal markers
in a sequential manner, such as Rab-5 and early endosome antigen 1
(EEA1) (Chong et al., 2008), lysosomal-associated protein 1 (LAMP-1) and
LAMP-2, Rab7 and mannose-6-phosphate, indicative of a normal maturation
process (Santic et al., 2005; Santic et al., 2008; Celli and Zahrt, 2013). Yet
importantly, the FCP does not mature into a phagolysosome, and therefore
avoids degradation, as shown with an absence of lysosomal luminal
hydrolases, such as Cathepsin D (Clemens, Lee and Horwitz, 2004). Much
debate surrounds the mechanism by which F. tularensis escapes from the
FCP. Indeed, differences often arise as a result of variations in opsonization
state of the bacterium. For example, non-opsonised Francisella bacteria
escape the phagosome rapidly, within 1 hour post-infection, whereas
opsonized Francisella seems to exhibit a delayed escape of 2 to 4 hours
(Golovliov et al., 2003).

Controversy exists between studies with regards to the overall need for
acidification of the FCP for bacterial escape into the cytosol. It has been
shown that only 20-30% of phagosomes containing serum-opsonised LVS
are acidified, and that this is not necessary for escape, or for replication
(Clemens, Lee and Horwitz, 2009). However, for non-opsonised bacteria,

this acidification appears essential for rapid escape into the cytosol (30
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minutes to 1 hour post infection) (Santic et al., 2008). Indeed, inhibition of
the vacuolar proton ATPase (vVATPase) pump by bafilomycin A has been
shown to delay escape (Santic et al., 2008; Chong et al., 2008). Of note is
that experiments demonstrating the need for acidification in rapid
phagosomal escape of non-opsonised bacteria used F. novicida, and not F.

tularensis LVS.

Irrespective of a role for acidification in phagosomal escape, the early
response of Francisella in the phagosome involves upregulation of genes
associated with oxidative stress response, possibly through sensing of
intraphagosomal ROS (Wehrly et al., 2009). However, in order to facilitate its
escape from the phagosome, several other genes known as virulence factors
are upregulated by the bacterium. Amongst these is a cluster of genes known
as the Francisella Pathogenicity Island (FPI) (Mougous et al., 2006; Nano
and Schmerk, 2007). The FPI encodes a group of proteins known as the type
6 secretion system (T6SS), which is regarded as a highly conserved means
of facilitating intracellular replication. Indeed, it has also been observed in
other clinically relevant pathogens, such as Vibrio cholera and Pseudomonas
aeruginosa (Mougous et al., 2006; Bingle, Bailey and Pallen, 2008;
Bonemann, Pietrosiuk and Mogk, 2010).

Whilst many proteins in the T6SS appear essential for F. tularensis
phagosomal escape and intracellular growth, one particular protein in this
group is of great interest - intracellular growth locus E (IglE). Out of the 17
FPI proteins of F. tularensis LVS, IglE is the most highly secreted during
intracellular infection (Broms et al., 2012), and is conserved across all
species of F. tularensis. In an in vitro model, LVS AiglE mutants fail to escape
from phagosomes, and therefore have reduced ability to multiply and cause
cytopathogenicity. Moreover, in intradermal infection, an AiglE
mutant showed a reduced ability to activate the inflammasome, and failed to
inhibit LPS-stimulated secretion of TNF-a when compared to wild type (WT)
LVS bacteria (Broms, Meyer and Sjostedt, 2017). Thus, these results

demonstrate the importance of IglE in the pathogenesis of F. tularensis.
Once in the cytosol, F. tularensis can replicate up to 1000-fold, with the
amino acid cysteine proving essential for replication in all subspecies.

However, F. tularensis must exit the cell in order to facilitate its
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dissemination. This has been suggested to occur by multiple mechanisms,
and in a strain-specific manner. For example, whilst F. novicida induces
pyroptosis (Mariathasan et al., 2005), both F. tularensis LVS and SchuS4
appear to induce either apoptosis or oncosis in macrophages (Lai, Golovliov
and Sjostedt, 2001; Lai and Sjostedt, 2003; Wickstrum et al., 2009; Lindgren
et al., 2013; Jessop et al., 2018). Thus, this highlights the complexity of host

cell death mechanisms during infection with different strains of F. tularensis.

1.2.6 Cell-to-cell transmission

Whilst induction of cell death is one way in which F. tularensis can escape
the cytosol to infect new host cells, it can also achieve this through direct
cell-cell transfer of bacteria and fragmented plasma membrane between two
live cells in a process known as trogocytosis (Steele et al., 2016). Indeed,
this process is upregulated in infected cells, and is associated with exchange
of major histocompatibility complex 1 (MHC-1) (Steele et al., 2016). Upon
transfer, F. tularensis is enclosed in a double membrane vesicle, which it is
able to escape through use of the T6SS (Steele et al., 2019). Overall, this
indicates an alternative and effective way in which F. tularensis can

disseminate to other cells, resulting in extensive replication.
1.2.7 Innate immune recognition

After physical barriers, the innate immune response represents an important
line of defence against F. tularensis during early infection. In this section, the
current understanding of these mechanisms is introduced. Specifically,
evidence for both cell surface and intracellular recognition of the bacterium
will be explored, and how the host immune response against F. tularensis is
subverted to dampen a potential pro-inflammatory immune response in these

settings.

1.2.7.1 Complement system

As aforementioned, complement is vital for the recognition of F. tularensis,
with enhanced phagocytosis being a hallmark of recognition through this
pathway. Indeed, CR3 and CR4 are crucial for phagocytosis of LVS by
macrophages and DCs (Ben Nasr et al., 2006; Ben Nasr and Klimpel, 2008).
Importantly however, complement-mediated kiling of F. tularensis is

subverted through recruitment of factor H (fH) to the bacterial cell surface
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(Ben Nasr and Klimpel, 2008). This complement regulator inhibits
amplification of the complement cascade through conversion of C3b to iC3b,
and prevents the formation of the bactericidal membrane attack complex
(MAC) on the surface of F. tularensis (Ben Nasr and Klimpel, 2008). Thus,
the way in which F. tularensis is recognised by the complement system
provides an example of how the bacterium can facilitate its pathogenesis

through perturbing the host immune response.

1.2.7.2 Pattern recognition receptors (PRRs)

Pattern recognition receptors (PRRs) are a fundamental part of innate
immune recognition against any pathogen, and are found both on cell
surfaces and intracellularly. Indeed, the host immune system can recognise
gram-negative bacterial pathogens through the lipid A anchor portions of
lipopolysaccharide (LPS) expressed on their outer membranes. Normally,
host immune cells recognise this through toll-like receptor (TLR)4, leading to
a robust pro-inflammatory immune response (Trent et al., 2006). Despite
this, TLR4" mice display no significant differences in IFN-y or interleukin-
12p40 (IL-12p40) levels when compared to WT counterparts following either
intranasal or intradermal LVS infection (Chen et al., 2004a; Chen et al.,
2005b). Furthermore, survival rates did not differ between WT and TLR4"
mice in intranasal LVS infection, irrespective of dosage (Chen et al., 2004a),
suggesting that TLR4 may not be as critical in the immune response against

F. tularensis.

Interestingly, F. tularensis possesses a modified LPS, which may help to
explain the dispensability of TLR4 in the response against the bacteria.
Specifically, the lipid A portion of F. tularensis possesses only three acyl
chains instead of six, longer fatty acid chains and no phosphate groups
(Phillips et al., 2004). This modified LPS appears to instead divert host cell
recognition of F. tularensis to TLR2 — a TLR which is commonly associated
with recognition of bacterial lipoproteins (Oliveira-Nascimento, Massari and
Wetzler, 2012). In the context of infection with F. tularensis LVS, TLR2-
deficient mice display increased susceptibility following either intranasal or
intradermal challenge. Moreover, these mice exhibit impaired macrophage-
derived production of TNF-a and IL-6, and a reduced ability to control both

the growth of LVS and its dissemination (Abplanalp et al., 2009). Thus, these
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data indicate that TLR2 appears to be important in initiation of the immune

response against F. tularensis.

Several other PRRs are important in recognition of F. tularensis, including
RIG-I-like receptors (RIRs) and cytosolic DNA receptors (CDRs) (Kumair,
Kawai and Akira, 2011; Putzova et al., 2017). Despite this, the downstream
effector functions of these receptors can be inhibited through preventing the
formation of TRAF3 and TRAF6 complexes (Putzova et al., 2017) - immune
complexes that are critical points of control for the transcriptional induction
of innate immune mediators and pro-inflammatory cytokines in PRRs
(Hacker et al., 2006). Here, this inhibition appears to occur by use of the
bacteria’s T6SS, and inhibiting the polyubiquitination of TRAF3 and TRAF®6,
as an LVS mutant defective in the T6SS demonstrates higher
polyubiquitination of these immune complexes. Thus, this suggests that
multiple PRR pathways can be simultaneously inhibited during infection with

F. tularensis.

Downstream of multiple TLRs, including TLR2, is the adaptor protein MyD88,
which is critical for activation of pro-inflammatory pathways such as NF-kB
and MAPK. Mice that are deficient in MyD88 exhibit an altered phenotype to
their WT counterparts in the context of both intranasal and intradermal
infection. Indeed, like TLR2-deficient mice, MyD88-deficient mice are more
susceptible to infection, display increased dissemination of bacteria, a failure
to control the growth of LVS in macrophages, as well as a marked reduction
in TNF-a and IL-6 in these cells (Abplanalp et al., 2009). Thus, this indicates
the importance of this pathway in the control of infection with F. tularensis.
As aforementioned, MyD88 is also downstream of other TLRs. Despite this,
no changes in susceptibility are observed in mice lacking the MyD88-
dependent TLRs TLR1, TLR4, TLR6 and TLR9 (Collazo et al., 2006;
Abplanalp et al., 2009), indicating the dispensability of these other TLRs in
the response against F. tularensis and the importance of the TLR2-MyD88
pathway.

1.2.7.3 Alveolar epithelial cells in F. tularensis infection

Given their location, alveolar epithelial cells are well-positioned to interact

with Francisella bacteria during early pulmonary infection, with invasion of
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type Il alveolar epithelial (ATII) cells demonstrated by multiple groups (Hall
et al., 2007; Lindemann et al., 2007; Craven et al., 2008). Following
stimulation with F. tularensis, primary human ATII cells produce high levels
of the neutrophil and monocyte chemoattractants IL-8 and monocyte
chemotactic protein (MCP)-1 respectively (Gentry et al., 2007). More
recently, murine lung epithelial cells have been shown to inhibit intracellular
growth of F. tularensis species both in vitro and in vivo through the induction
of INOS (Maggio et al., 2015). Thus, this indicates that whilst alveolar
epithelial cells can serve as an early replicative niche for bacteria, they may

also play a key role in the early immune response against F. tularensis.

1.2.8 Innate immune response in F. tularensis infection

1.2.8.1 Macrophages

Several in vitro models have demonstrated that F. tularensis LVS is able to
replicate in a wide variety of murine macrophage populations, including
alveolar, peritoneal and bone marrow-derived macrophages (Anthony, Burke
and Nano, 1991; Polsinelli, Meltzer and Fortier, 1994), which can lead to the
induction of apoptosis (Lai and Sjostedt, 2003). For the first 24 hours post-
intranasal infection, alveolar macrophages (AM; which represent over 90%
of all leukocytes in the alveolar lumen) are the primary target for intracellular
infection (Hall et al., 2008; Snelgrove, Godlee and Hussell, 2011). Several
studies have attempted to investigate the importance of AMs as an infectious
niche for bacteria during early infection, with contrasting results. Indeed, the
infectious outcome following clodronate-induced depletion of AMs appears
to be dependent on the infectious dose of bacteria. AM-depleted mice given
a lethal dose of F. tularensis LVS via the intranasal route display decreased
lung burdens up to 3 days post-infection (p.i.) (Bosio and Dow, 2005),
whereas administration of a sub-lethal dose results in enhanced
susceptibility to infection (Steiner et al., 2017). Thus, this highlights the
importance of infectious dose in determining the role of this cell type during

infection with F. tularensis LVS.
Once inside the cell, F. tularensis-infected macrophages begin to display

elements of an alternative activation state through upregulation of markers

such as Arginase-1, Ym1 and FIZZ1 (Shirey et al., 2008). Moreover, mice
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deficient in the IL-4 receptor a chain (which is an integral subunit of both the
IL-4 and IL-13 receptor complexes) exhibit classical activation through
upregulation of IL-12p70, and these mice display enhanced survival following
a typically lethal intraperitoneal (I.P.) dose of F. tularensis LVS (Shirey et al.,
2008). Thus, this indicates that the immune response of infected
macrophages is perturbed from a more beneficial pro-inflammatory cytokine

production, and instead appears to benefit the pathogenesis of F. tularensis.

1.2.8.2 Monocytes

Monocytes are another immune cell type that are involved in the host
immune response against F. tularensis (Hall et al., 2008). For example,
human monocytes infected with the more virulent F. tularensis Schu S4
strain show reduced production of TNF-a and IL-6, and a downregulation of
transcripts for TLR2 and its co-receptor CD14 when compared to uninfected
cells (Butchar et al., 2008), indicating that elements of a pro-inflammatory
host immune response may also be impeded in this cell type. Essential for
monocyte migration from the bone marrow to sites of bacterial infection is
the chemokine receptor CCR2 (Serbina, Shi and Pamer, 2012). Following
intravenous infection, CCR2” mice exhibit a reduced expansion of a splenic
monocyte population, and increased bacterial burdens in the spleen when
compared to WT mice (Pietras et al., 2011), suggesting their importance in
control of bacterial burdens in this organ. Another chemokine receptor
associated with monocyte trafficking, CX3CR1, has been shown to be
involved in infection with F. tularensis LVS (Hall et al., 2009). During
intranasal infection with F. tularensis, CX3CR1” mice display no differences
in bacterial burdens (Hall et al., 2009). Despite this, they display an enhanced
recruitment of monocytes into the lung tissue when compared to WT
counterparts (Hall et al., 2009). Nevertheless, it is important to note that both
CCR2 and CX3CR1 are not selectively expressed on monocytes. Thus,
further studies are required in order to fully understand the importance of

monocytes in pathogen clearance.

1.2.8.3 Dendritic Cells

Dendritic cells represent an critical step in priming the adaptive immune

response through antigen presentation — with their maturation and migration
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to draining lymph nodes proving vital to their function (Hilligan and
Ronchese, 2020). With this in mind, they also represent a possible means of
bacterial dissemination. During the first few days of infection with F.
tularensis, the number of infected dendritic cells (DCs) remains relatively
constant (~10%) (Hall et al., 2008). F. tularensis LVS infection promotes the
early maturation of airway DCs within 24 hours of infection, indicated by an
upregulation of cell surface markers such as MHC-Il and CD86 (Bosio and
Dow, 2005). Moreover, intranasal infection results in enhanced production of
IL-12 in DCs when compared to those of untreated mice, and facilitates their
migration to draining lymph nodes (Slight et al., 2011). Indeed, this has been
implicated as a method of bacterial dissemination and progression of
infection, and is exemplified elsewhere with use of the sphingosine-1-
phosphate receptor agonist FTY720. Here, the number of infected DCs and
bacterial burden as a whole in the draining lymph node are significantly
reduced in FTY720-treated mice when compared to untreated counterparts
(Bar-Haim et al., 2008). Thus, whilst they represent a relatively small
proportion of the infected cell population during infection with F. tularensis,
DCs may serve as a key component in facilitating the pathogenesis of the
bacterium during early infection. However, it is important to note that these
data did not examine how bacterial burdens were affected in peripheral
organs following FTY720 treatment. Thus, it remains to be seen whether this
is the only way in which F. tularensis can disseminate to other organs —
especially considering another study has identified that bacteria are present
in the blood of infected animals, and have thus hypothesised that Francisella

could also disseminate to other organs by this route (Ojeda et al., 2008).

1.2.8.4 Neutrophils

The influx of neutrophils to sites of inflammation is a process associated with
a wide variety of infections (Craig et al., 2009). True to this, intranasal
infection with F. tularensis LVS results in extensive recruitment of neutrophils
to the lung early in infection, with neutrophils representing the major infected
cell type by day 3 p.i. (Hall et al., 2008). Once at these sites of inflammation,
neutrophils can capture and kill pathogens using neutrophil extracellular
traps (NETs) and reactive oxygen species (ROS) (Nguyen, Green and
Mecsas, 2017; Brinkmann, 2018). Despite this, whilst they can trap the

bacteria, NETs exert no bactericidal effects on F. tularensis and instead
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contribute to lung pathology (Pulavendran et al., 2020). Once internalised, F.
tularensis is able to escape the phagosome and evade ROS-mediated killing
through disruption of NADPH oxidase assembly (McCaffrey and Allen, 2006;
McCaffrey et al., 2010). Thus, the inability of neutrophils to carry out their
effector function during infection with F. tularensis instead allows for
extensive cytosolic replication within neutrophils, suggesting that these cells

could serve as a replicative niche as infection progresses.

In order to understand the overall role of neutrophils in control of infection
with F. tularensis LVS, the effects of their depletion have been investigated
in this context. Of note, the route of infection greatly affects the infectious
outcome in neutrophil-depleted mice. When infected either intravenously or
intradermally, neutrophil-depleted mice succumb to an otherwise sub-lethal
dose of F. tularensis LVS (Sjostedt, Conlan and North, 1994; Conlan et al.,
2002). In an intranasal model of infection, only a minor increase in bacterial
burden is observed in peripheral organs, with no effect on lung burdens
observed in neutrophil-depleted mice (Conlan et al., 2002). Interestingly
however, if depleted at day 3 p.i. instead of the day of infection, mice display
enhanced mortality — indicating that the timing of neutrophil depletion plays

an important role in infectious outcome (Steiner et al., 2017).

If dysregulated, the immune response against F. tularensis can be
significantly impeded. In the context of neutrophils, this appears to be at least
in part through a receptor involved in immune regulation. CD200 receptor
(CD200R) is a negative immune regulator, which is prominently expressed
on neutrophils and alveolar macrophages (Wright et al., 2003). Following
intranasal infection, CD200R” mice display enhanced bacterial burden.
Interestingly, this is associated with both enhanced influx and infection of
neutrophils, and defective neutrophil-derived ROS production (Casulli et al.,
2019). Overall, this suggests that immune regulation via the CD200R
pathway may play an important role in control of bacterial infection in

neutrophils.

1.2.8.5 Natural killer cells

During infection with F. tularensis, natural killer (NK) cells represent one of

the primary sources of IFN-y (Lopez et al., 2004; De Pascalis, Taylor and
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Elkins, 2008). Following intranasal infection with LVS, NK cells are among
the first cells recruited to the lungs, and can secrete IFN-y by 72 hours post-
infection (Lopez et al., 2004; Baron, Singh and Metzger, 2007). Interestingly,
in vivo priming of NK cells with bacterial deoxyribonucleic acid (DNA)
reduces replication of F. tularensis in macrophages, with this effect reversed
by antibody-mediated blockade of IFN-y and TNF-a (Elkins et al., 2009).
Thus, these data suggest a critical role for NK cell-derived IFN-y in limiting

early infection with F. tularensis.

Like other cell types, antibody-mediated depletion of NK cells has sought to
enhance our understanding of these cells during infection with F. tularensis.
Anti-asialo GM1 antibody-mediated depletion of NK cells results in no
difference in lung bacterial burdens following intradermal infection with F.
tularensis LVS (Bokhari et al., 2008). Yet following intranasal infection,
depletion results in a reduction in IFN-y-secreting cells and enhanced
mortality (Lopez et al., 2004). More recently, NK cells have been depleted
using an anti-NK1.1 antibody during infection with the more virulent Schu S4
strain of F. tularensis. Despite a reduction in total IFN-y and granzyme B
production in the lung, bacterial burdens remain unchanged (Schmitt et al.,
2013). Overall, whilst these studies present varying findings, it is important
to consider that depletion methods used do not selectively deplete NK cells,
and impact upon other immune cell types such as basophils (anti-asialo
GM1), and NKT cells and ILC1s (anti-NK1.1) (Nishikado et al., 2011; Hill et
al., 2015; Jiao et al., 2016). Thus, more specific methods of depletion are
required in order to dissect these discrepancies and create an enhanced
understanding of the overall importance of NK cells during infection with F.

tularensis.

1.2.9 Adaptive immune response in F. tularensis infection

The role of adaptive immunity in primary pulmonary infection with F.
tularensis has been studied much less, mainly due to the fact that mice
succumb to lethal doses of F. tularensis prior to its total development
(Roberts, Powell and Frelinger, 2018). However, sub-lethal intranasal
infection results in enhanced production of IL-17 from CD4* T cells and IFN-
y from both CD4" and CD8" T cells at day 7 post-infection onwards (Woolard

et al., 2008). Moreover, using a model of low dose antibiotic therapy that
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maintains a low CFU level during pulmonary infection with F. tularensis Schu
S4, the importance of a3 T cells in control of infection has been shown. Here,
aBTCR™ mice succumb to infection after antibiotic treatment was halted,
unlike their WT counterparts (Crane, Scott and Bosio, 2012). Conversely, no
differences in the susceptibility of both thymectomised (removal of the
thymus, and thus no T cell development) and SCID (deficient in functional T
and B cells) mice are observed following intranasal challenge with both type
A and type B strains of F. tularensis (Chen et al., 2004b). Worthy of note
however, is that virulent type A F. tularensis depletes lung a T cells and
induces thymic atrophy (Chen et al., 2005a), indicating that T cell-mediated

immunity may be affected during pulmonary infection with F. tularensis.

Whilst F. tularensis is an intracellular pathogen, part of its life cycle involves
an extracellular phase, exposing itself to the antibody response. Despite this,
B cell-deficient mice are no more susceptible to primary intranasal or
intradermal infection than WT mice (Chen et al., 2004b). It may be that the
role of B cells during primary infection with F. tularensis is focused more on
their ability to internalise the bacteria through the B cell receptor. Indeed, F.
tularensis can replicate effectively inside B cells, and induce host cell
apoptosis in order to continue its life cycle, akin to its behaviour in many other
innate immune cell types (Krocova et al., 2008; Plzakova et al., 2015).
Overall, this suggests that whilst B cells appear dispensable for control of
early infection, they may serve as another site for replication of F. tularensis,

indicating the highly infectious nature of this pathogen.

1.2.10 Pro-inflammatory cytokines during F. tularensis infection

Like many intracellular pathogens, a type 1 immune response against F.
tularensis is important in combatting the infection, involving production of
cytokines such as IFN-y and TNF-a (Celli and Zahrt, 2013). Interestingly, the
route of infection impacts significantly on the time required for the production
of these cytokines (Stenmark et al., 1999; Lopez et al., 2004). For example,
detectable levels of both TNF-a and IFN-y mRNA can be found in the skin
24 hours after intradermal infection with F. tularensis LVS, with levels rising
significantly by 48 hours post-infection (Stenmark et al., 1999). However,
following intranasal infection with lethal doses of LVS (1000 CFU), an

increased level of IFN-y production can only be seen by 72 hours post-
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infection in lung lymphocytes (Lopez et al., 2004; Duckett et al., 2005).
Moreover, use of a sub-lethal dose of LVS in intranasal infection has
demonstrated that levels of IFN-y are delayed to as late as day 7 post-
infection, and never reach those observed following a sub-lethal dose
administered by the intradermal route (Woolard et al., 2008). Thus, this
suggests that the immune response is significantly perturbed in pulmonary

infection with F. tularensis.

Despite the route of infection impacting on the timing of their release, both
IFN-y and TNF-a are critical for host survival during infection with F.
tularensis. Indeed, both IFN-y and TNF-a KO mice exhibit enhanced lung
bacterial burdens following pulmonary infection when compared to WT mice
(Elkins et al., 1996; Chen et al., 2004b; Duckett et al., 2005). The importance
of IFN-y in infection with F. tularensis has also been demonstrated through
several other experimental models. In an in vitro model, alveolar
macrophages that are treated with recombinant IFN-y prior to LVS infection
display the ability to eliminate the bacteria by 48 hours post-infection,
differing greatly from those that are left untreated, in which bacteria replicate
continuously for over 5 days (Polsinelli, Meltzer and Fortier, 1994). Mice
given an intravenous dose of recombinant IFN-y prior to intravenous infection
with LVS display enhanced resistance to infection, accompanied by
significant reductions in bacterial burden when compared to untreated mice
(Anthony and Kongshavn, 1988). In addition to this, neutralisation of IFN-y
and TNF-a with monoclonal antibodies subsequently renders mice
susceptible to an otherwise sub-lethal intravenous dose of LVS (Sjostedt,
North and Conlan, 1996).

Another important cytokine in the type 1 immune pathway and defence
against F. tularensis infection is IL-12. IL-12 is a heterodimer, consisting of
two subunits, p35 and p40. This cytokine is crucial in upregulation and
differentiation of naive CD4" T cells to Th1 cells which are known to produce
IFN-y — as well as IFN-y production by NK cells and ILC1s (Trinchieri, 2003;
Spits et al., 2013). The protective role of IL-12 during LVS infection has been
well documented, with mice deficient in either IL-12 subunit succumbing to
an otherwise sub-lethal intranasal infection (Duckett et al., 2005). Moreover,
WT mice treated with exogenous IL-12 prior to infection survive an otherwise

lethal intranasal dose of LVS, with IFN-y proving critical for this protection
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(Duckett et al., 2005). Indeed, the protective effects of IL-12 are abrogated
in IFN-y” mice (Duckett et al., 2005), indicating an interplay between these
two cytokines during infection with F. tularensis. Additionally, signalling
through the IL-12 receptor (IL-12R) is important in the control of infection with
F. tularensis. Both intranasal and intradermal infection with F. tularensis LVS
causes lethal infection at significantly lower infectious doses in mice that lack
the 32 subunit of the IL-12R (IL-12RB2) when compared to WT mice (Melillo,
Foreman and Elkins, 2013). Thus, this highlights this cytokine and its
signalling pathway as an important component of the pro-inflammatory

response against F. tularensis.

IL-17 has also been suggested to be important in the immune response
against F. tularensis. Indeed, intranasal LVS infection results in detectable
levels of the cytokine at day 3 post-infection, which contributes to the
induction of IL-12p40 and IFN-y production by DCs and macrophages (Lin et
al., 2009). Moreover, at peak infection on day 7, IL-17-deficient mice show
enhanced bacterial burdens in the lungs, liver and spleen following
inoculation via the intranasal route when compared to WT mice (Cowley et
al., 2010). However, during intradermal infection, IL-17"" mice produced no
significant difference in bacterial growth in the lung and liver, and only a
marginal increase in the spleen versus their WT counterparts (Cowley et al.,
2010). At first, induction of IL-17 during LVS infection was proposed to occur
via IL-23-dependent mechanisms (Lin et al., 2009). However, deletion of the
IL-23 p19 subunit in mice produced no change in the immune response
against LVS (Kurtz et al., 2014), suggesting induction of this pathway occurs
independently of IL-23.

Research has also identified IL-6 as a cytokine involved in the immune
response against F. tularensis. During intradermal infection, IL-6 can be
detected in liver homogenates by day 1, with a peak by day 3 post-infection.
Moreover, IL-6-deficient mice show significantly decreased survival following
intranasal infection when compared to WT mice, with reduced LDso levels
and enhanced bacterial burden in the lungs, liver and spleen (Kurtz et al.,
2013). Taken together, these data indicate that IL-6 is an important effector

molecule in immune response against F. tularensis.
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1.2.11 Type 2 cytokines

Whilst much research has focused on the role of typically type 1-based pro-
inflammatory cytokines, type 2 cytokines have also been studied in infection
with F. tularensis, albeit to a lesser extent. IL-4, IL-5 and IL-13 all appear to
be upregulated early during intranasal infection, as shown by analysis of
mMRNA transcript kinetics in pulmonary lymphocytes (Markel et al., 2010).
This early increase then returns to control levels by day 6 post-infection
(Markel et al., 2010). Yet, despite these observed increases in type 2
cytokine mRNA transcripts, no detectable differences are observed at the
level of protein expression (Markel et al., 2010). Indeed, mice treated with an
anti-IL-4 monoclonal antibody prior to intradermal LVS infection show no

difference in susceptibility to infection or survival (Leiby et al., 1992).

As aforementioned, macrophages adopt an alternative activation state
during infection with F. tularensis (Shirey et al., 2008). When infected with F.
tularensis LVS through the intraperitoneal route, this is prevented in mice
deficient for the IL-4 receptor (IL-4Ra”) — with these mice exhibiting
increased survival compared to WT mice (Shirey et al., 2008). However,
when subject to intranasal infection, IL-4Ra™ mice display significantly
increased susceptibility to infection in comparison to WT mice. IL-4Ra” mice
also displayed elevated bacterial burden in lung and spleen at day 3 post-
infection, although these differences did not continue up to day 6
(Ketavarapu et al., 2008). Hence, IL-4 appears to play a critical route-
dependent role in the immune response against F. tularensis, with this

proving detrimental to control of early pulmonary infection.

1.2.12 Regulatory cytokines

Much controversy remains over the role of regulatory cytokines in the
immune response against F. tularensis. One such cytokine that has been
documented to be involved in this initial suppression of the immune response
is IL-10. This cytokine is typically produced by regulatory T cells (Treg) and
other CD4" T cells, functioning to suppress self-harmful inflammatory
responses, often by modulating pro-inflammatory cytokine production
(Ouyang and O'Garra, 2019).
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Interestingly, IL-107- mice are more susceptible to intranasal infection when
compared to WT mice (Metzger, Salmon and Kirimanjeswara, 2013),
suggesting that this cytokine may prevent an exacerbated inflammatory
response during pulmonary infection with F. tularensis. Despite this, IL-10"
mice show enhanced survival following subcutaneous infection with a lethal
dose of LVS - with the same dose killing WT counterparts within 9 days of
infection. Indeed, IL-10"" mice eventually cleared this subcutaneous infection
(Metzger, Salmon and Kirimanjeswara, 2013). Moreover, IL-10" mice show
enhanced levels of IL-17 in their spleens following intradermal infection — a
phenomenon that is not observed in WT mice, indicating an IL-10-mediated
regulation of the host immune response against F. tularensis (McKinstry et
al., 2009). Indeed, levels of IL-10 mRNA can be observed at day 1 post-
intradermal infection with F. tularensis LVS, with subsequent increases in
protein levels observed at day 3 (Metzger, Salmon and Kirimanjeswara,
2013). Overall, this indicates that the role of IL-10 in F. tularensis infection is

route-dependent.

Alongside IL-10, another cytokine that is essential in regulation of the
immune response is TGF-B. TGF-B is pleiotropic in nature, with one
important role being the regulation of pulmonary homeostasis. In the lung,
latent TGF-B is activated by the integrin avB6, which is expressed on
bronchial and alveolar epithelial cells (Munger et al, 1999). Thus, the
importance of the cytokine in maintenance of pulmonary homeostasis has
been demonstrated through mice deficient in the 6 subunit of integrin av36.
Here, these KO mice develop an age-related emphysema, which can be

rescued through transgenic expression of TGF-f (Morris et al., 2003).

Again however, studies have shown conflicting results on the role of this
regulatory cytokine in the context of F. tularensis infection. Mice infected with
LVS through the intratracheal route showed a significant increase in TGF-3
secretion (Bosio and Dow, 2005), with results elsewhere displaying similar
increases in TGF-B levels 24 hours post-intranasal infection (Periasamy et
al., 2011). Despite this, no differences in bacterial burdens are observed
between isotype- and anti-TGF-B antibody-treated mice infected with the
more virulent SchuS4 strain of F. tularensis (Bosio, Bielefeldt-Ohmann and

Belisle, 2007). Thus, this suggests that despite an enhanced level of TGF-3
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during infection, this cytokine appears to be dispensable for the immune

response against F. tularensis.

Above all, F. tularensis represents a complex intracellular pathogen, capable
of rapidly infecting a variety of immune cells, replicating extensively, and
disseminating to multiple organs within days of infection. Yet, whilst initially
benefiting bacterial pathogenesis, this later results in multi-organ failure,
sepsis and death of the host (Mares et al., 2008; Sharma et al., 2011). It is
therefore essential to further understand the early immune response against
F. tularensis in order to improve the outcome for the host following infection.
Now, a family of tissue-resident innate immune cells, known as innate
lymphoid cells (ILCs) are becoming increasingly important in the early
immune response against a wide variety of immunological challenges (Vivier
et al., 2018). However, the role of ILCs in the immune response against F.
tularensis is yet to be considered. Thus, given their function as pre-primed
effector cells which are capable of rapid cytokine production, understanding
the role that ILCs play during early infection with F. tularensis is of paramount

importance.

1.3 Innate lymphoid cells (ILCs)

ILCs represent an innate lymphocyte population that are analogous to CD4"
T helper cell subsets in their phenotype and effector functions. Group 1 ILCs
(ILC1s) have been compared to Th1 cells in their expression of T-bet and
ability to produce IFN-y; group 2 ILCs (ILC2s) are akin to Th2 cells with
expression of GATA3 and secretion of type 2 cytokines such as IL-5 and IL-
13; and group 3 ILCs (ILC3s) are comparable to Th17 cells with expression
of RORVyt, and their secretion of IL-17 and IL-22 (Spits and Cupedo, 2012;
Spits et al., 2013). ILCs are defined by three characteristics. First, they are
of lymphoid origin and arise from a common lymphoid progenitor (CLP).
Second, they are defined by a lack of classical immune lineage markers, and
expression of IL-7 receptor (IL-7R); and finally, they lack antigen receptors,
and thus unlike other lymphoid cells, do not undergo clonal selection or
recombination activating gene (RAG)-dependent rearrangement of antigen
receptors, and lack antigen specificity (Spits and Cupedo, 2012; Spits et al.,

2013). All ILCs require the common cytokine receptor y-chain for their
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development and maintenance, and also require signalling through IL-7R for
their survival (Spits et al., 2013).

Once mature, ILCs are widely distributed throughout the body, with tissue-
dependent variations in the relative proportions of each subset. For example,
ILC1s are the dominant population in the intestinal intraepithelial
compartment and the liver (Jiao et al., 2016). ILC2s are the dominant
population in the lung, where they are found in collagen-rich interstitial
tissues (Mindt, Fritz and Duerr, 2018). ILC2s are also particularly prevalent
in the skin, where they help facilitate type 2 immune responses (Roediger
and Weninger, 2015), and in the lamina propria (LP) of the large intestine (as
well as smaller yet significant numbers in the LP of the small intestine),
indicative of their role in inflammatory responses against helminths
(Nussbaum et al., 2013; Spencer et al., 2014). Finally, ILC3s have been
documented as the dominant cell population in the ileum and colon (Panda
and Colonna, 2019), with a notable presence in intestinal cryptopatches,
isolated lymphoid follicles and within certain sites of Peyer’s patches known
as perifollicular areas (Luci et al., 2009; Klose et al., 2013). The relative
diversity in the distribution of ILC subsets is therefore indicative of potentially

strategic positioning, in order to carry out specific effector functions.

Despite the traditional views of ILCs as tissue-resident cells, it has been
shown that these cells are also capable of migration between secondary
lymphoid organs and target tissues, in a manner akin to T cells. For example,
ILC1s can traffic to lymph nodes in a CD62L and CCR7-dependent manner,
where they are capable of rapid production of IFN-y (Dutton et al., 2019).
Moreover, work with CCR77 mice has shown that this receptor is required
for migration of ILC3s from the intestine to draining lymph nodes (Mackley et
al., 2015). Indeed, ILC3s represent a highly migratory ILC subset in response
to infection with Salmonella Typhimurium, which is associated with enhanced
levels of IFN-y and GM-CSF (Kastele et al., 2021). ILC2s also demonstrate
a capacity to migrate from tissue sites to draining lymph nodes, with these
cells expressing sphingosine 1-phosphate receptors, CCR7, and CD62L
(Kastele et al., 2021). Furthermore, ILC2s have also been shown to migrate
from the intestine to the lung in response to helminth infections, where they
can also contribute to tissue repair through production of amphiregulin
(AREG) (Huang et al., 2018). Overall, this therefore highlights that ILC
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subsets can behave as tissue-resident effector cells, but also a migratory

population that can elicit a rapid effector function at distal sites.

1.3.1 Group 1 ILCs overview

ILC1s express the transcription factor T-bet, and are capable of rapid
production of IFN-y (Spits et al., 2013). Importantly, whilst they have often
been compared to NK cells in their effector function and shared expression
of T-bet, ILC1s do not express Eomes (Jiao et al., 2016). Indeed, ILC1s have
been identified and described as NKp46*NK1.1*Eomes T-bet" cells (Klose et
al., 2014). Moreover, they have also been identified in mouse lung, and
defined as Lineage (Lin)CD90*T-bet*, expressing IL-12RB2 and IL-18Ra
(Silver et al., 2016). It is therefore not surprising that ILC1s are responsive to
IL-12 and IL-18, and have also been shown to produce TNF-a as an effector
cytokine (Bernink et al., 2013; Fuchs et al., 2013; Klose et al., 2014; Silver et
al., 2016). They mirror Th1 cells in their effector functions, and play an
important role in the immune responses against several intracellular
pathogens (figure 1.2) (Fuchs et al., 2013; Klose et al., 2014; Artis and Spits,
2015).

When classifying ILC1s in humans, they can generally be defined based on
differential expression of CD56 and expression of CD127 and T-bet (Simoni
and Newell, 2018). For example, human CD56™ ILC1s have been identified
in the intestine, where they respond to IL-12 and produce IFN-y (Bernink et
al., 2013). Moreover, they are present in a much higher proportion in Crohn’s
disease patients (Bernink et al., 2013), indicating a role for these IFN-y-
producing cells in driving intestinal inflammation. Interestingly, a CD56" ILC1
population that is localised to intraepithelial areas is also enhanced in
Crohn’s disease patients, illustrating the larger detrimental role of ILC1s in

the control of this disease (Fuchs et al., 2013).

1.3.2 Group 1 ILCs during infection

Given that a defining characteristic of ILC1s is the production of IFN-y (Artis
and Spits, 2015), much research has focused on their role in protection
against intracellular pathogens. During infection with the parasite

Toxoplasma gondii (T. gondii), ILC1s are a major source of IFN-y and TNF-

44



a (Klose et al., 2014). Indeed, adoptive transfer of ILC1 populations rescues
IFN-y and TNF-a production in Rag2”ll2rg” mice (which lack adaptive
immunity and ILCs) infected with T. gondii, which is associated with a
significant reduction in Toxoplasma burdens. Moreover, using this adoptive
transfer model, it was also shown that ILC1s significantly enhance
inflammatory monocyte recruitment (Klose et al., 2014). More recently, ILC1-
derived IFN-y has also been shown to be critical for the maintenance of
inflammatory IRF8" DCs at the site of Toxoplasma infection, propagating
parasite expulsion and host survival (Lopez-Yglesias et al., 2021). Together,
these results suggest that ILC1s are critical to the host immune response

against Toxoplasma infection.

ILC1s have also been studied during infection with the intestinal bacterial
pathogen Clostridium difficile (C. difficile), where they have been identified
as the major IFN-y-producing subset (Abt et al., 2015). Rag1” mice (deficient
in T and B cells only) showed an upregulated expression of ILC1-derived
IFN-y and ILC3-derived IL-22 following infection, and no changes in bacterial
burden or survival, whereas Rag2”ll2rg” mice failed to upregulate this
expression and displayed enhanced mortality (Abt et al., 2015). Indeed,
adoptive transfer of a mixture of all 3 major ILC populations to Rag2”112rg”
mice was found to restore this cytokine production, and reduced
susceptibility to infection (Abt et al., 2015). Additional support for the role of
ILC1s in C. difficile infection comes from an ILC1 depletion model (Rag1™”
Tbx217), and IFN-y-deficient mice (Rag1”Ifng™). Indeed, both strains show
increased susceptibility to a lethal dose of C. difficile, suggesting that ILC1-
derived IFN-y is important in the control of infection (Abt et al., 2015).
Notably, adoptive transfer of T-bet"CD127* LP ILC1s to these ILC1-deficient
mice gave partial protection against lethal infection. However, as adoptive
transfer did not generate full protection, other sources of IFN-y were
suggested, including conventional NK (cNK) cells and neutrophils (Abt et al.,
2015). Moreover, loss of ILC3s also reduced resistance to infection (Abt et
al., 2015), indicating the importance of multiple ILC populations in the control

of this infection.
In more recent years, ILC1s have been shown to be detrimental to the control
of certain infections. For example, IFN-y derived from an ex-ILC3 NK1.1°T-

bet” ILC population has been identified as a driver of intestinal pathology
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during infection with Campylobacter jejuni (Muraoka et al., 2021). Indeed,
adoptive transfer of sort-purified ILCs (CD90.2*Lin'NK1.1") into Rag2™il2rg”
mice resulted in significantly enhanced bacterial burdens and intestinal
inflammation (Muraoka et al., 2021). Elsewhere, recruitment of ILC1s into
the brain during mouse cytomegalovirus infection induces an enhanced
inflammatory response, which ultimately contributes to enhanced
immunopathology and a lack of control of viral infection (Kvestak et al.,
2021). Thus, these highlight the potentially pathogenic role of ILC1s in the

immune response against certain infections.

ILC1s have been identified to play roles in the defence against certain
respiratory pathogens, such as influenza A, Haemophilus influenzae,
respiratory syncytial virus (RSV) and Staphylococcus aureus. Importantly
however, controversy remains around whether these represent a bona fide
ILC1 population, or simply that they arise from other ILC subsets. For
example, during influenza A infection, ILC2s down-regulate their master
transcription factor GATA3, ST2, CD25, IL-7Ra and ICOS. Moreover, these
cells demonstrate a concurrent increase in expression of T-bet, IL-12R32
and IL-18Ra and an increased production of IFN-y (Silver et al., 2016). This
apparent ILC2-ILC1 conversion was tested further using ST2 green
fluorescent protein (GFP) reporter mice in influenza A-infected Rag2™il2rg™”
mice. These mice received transferred GFP* ILC2s, which were found to
infiltrate the lung at day 7 post-infection, where they downregulated their
expression of GATAS3, and increased IL-18Ra and IL-12Rp2 expression
(Silver et al., 2016). Thus, this highlights the plastic nature of ILC2s and the
potential for their conversion to ILC1-like cells. More recently, a similar
phenomenon has been observed in the context of Mycobacterium
tuberculosis (M. tuberculosis), although these ILC1-like cells have been
proposed to arise from an immature IL-18R* ILC2 population rather than
mature ILC2s (Corral et al., 2021).

1.3.3 Group 2 ILCs overview

At first, lineage negative cells that produce IL-5 and IL-13 were reported
simultaneously by several groups and termed ‘nuocytes’, ‘natural helper
cells’ and ‘innate helper 2 cells’, with these later being grouped together
under the term ‘ILC2s’ (Lund, Walford and Doherty, 2013). Akin to Th2 cells,
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ILC2s require GATA3 and RORa for their development, functional maturation
and maintenance (Spits et al., 2013). Of note, minor roles exist for other
transcription factors in the development of ILC2s, including growth factor
independence-1 (Gfi-1) and B cell leukaemia/lymphoma 11b (Bcl11b)
(Spooner et al., 2013; Yu et al.,, 2015; Walker et al., 2015). ILC2s are
responsive to multiple mediators such as the cytokines IL-25, IL-33 and
thymic stromal lymphopoietin (TSLP), as well as neuropeptides (e.g.
neuromedin U) and lipids (e.g. prostaglandin D2) (Duerr and Fritz, 2016).
These mediators can promote secretion of the effector cytokines IL-4, IL-5,
IL-9, IL-13 and amphiregulin (AREG) (Duerr and Fritz, 2016). Specific cell
targets for these ILC2-derived cytokines include eosinophils, macrophages,
DCs and epithelial cells (Mindt, Fritz and Duerr, 2018), with release of these
effector cytokines allowing ILC2s to promote type 2 immune responses, such
as protection against helminth infections, induction of allergic inflammation,
mediation of tissue repair and maintenance of metabolic homeostasis (figure
1.2) (Artis and Spits, 2015).

Several factors have also been shown to inhibit ILC2s, attenuating their
proliferation and cytokine production, including IFN-y, IL-27, prostaglandin I,
and lipoxin A4 (Molofsky et al., 2015; Zhou et al., 2016; Moro et al., 2016;
McHedlidze et al., 2016). For example, prostaglandin lzimpairs ILC2 cytokine
production both in vitro and during intranasal challenge with the fungal type
2 allergen Alternaria alternata (Zhou et al., 2016). Moreover, IFN-y inhibits
the function and proliferation of ILC2s, with IFN-y over-expressing mice
displaying diminished ILC2 responses against N. brasiliensis (Molofsky et
al., 2015). This IFN-y-mediated effect is also observed during co-infection
with N. brasiliensis and Listeria monocytogenes — a bacterium that provokes
a strong IFN-y-mediated response (Molofsky et al., 2015). Overall, this
demonstrates that ILC2-mediated responses can be modulated in multiple

ways.

As previously mentioned, ILC2s are the dominant ILC population in the lung,
with murine ILC2s defined as Lin"'CD90"CD127*ICOS*CD25"ST2" (Monticelli
et al., 2011). Moreover, whilst killer cell lectin-like receptor G1 (KLRG1) can
serve as a marker for ILC2s in other tissues (Meininger et al., 2020), it can
be used to further subdivide ILC2s into natural ILC2s (nILC2s) and

inflammatory ILC2s (ilLC2s) in the murine lung. More specifically, nILC2s are
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identified as a KLRG1™ population that is present under steady-state
conditions. In contrast, ilLC2s are defined as KLRG1", which are proposed
to appear upon helminth infection, or following IL-25 stimulation (Huang et
al., 2015). Interestingly, this ilLC2 population has also been shown to
express intermediate amounts of the ILC3 master transcription factor RORt,
and are capable of IL-17 production in response to Candida albicans. The
importance of this effector function is demonstrated in Rag2™il2rg” mice,
which display enhanced fungal burden and mortality when compared to WT
and Rag2” mice. This can be rescued following adoptive transfer of ilLC2s
to these Rag2”il2rg™ mice, which is associated with IL-17 and IL-13
production (Huang et al., 2015).

In humans, ILC2s have been identified in both foetal and adult lung, as well
as bronchoalveolar lavage fluid (BLF). These cells are Lin
CD127°CD161"CRTH2", with populations differentiated by their expression
of CD117 (Mjosberg et al., 2011; Monticelli et al., 2011). Furthermore, human
lung ILC2s also appear to mirror murine ILC2s in their expression of ICOS,
CD25 and ST2 (Monticelli et al., 2011), suggesting a level of cross-species
comparability for the identification of ILC2s. These cells are also responsive
to the cytokine mediators mentioned previously (Meininger et al., 2020). Akin
to their murine counterparts, human ILC2s are involved in allergic airway
inflammation. Indeed, significantly higher numbers of IL-5- and IL-13-
producing ILC2s have been identified in the blood and sputum of patients
(Smith et al., 2016). Moreover, these effector functions appear to induce an
eosinophilic airway inflammation akin to that observed in murine airway
allergy models, with elevated ILC2 and eosinophil numbers in patients with
mild and moderate asthma (Liu et al., 2015). Human ILC2s can also
demonstrate plasticity in response to multiple other stimuli such as IL-1f, IL-
12, and IL-18 (Ohne et al., 2016; Silver et al., 2016). Indeed, their
responsiveness to IL-12 and IL-18 drives their conversion to an ILC1-like
population that is enhanced in the blood of patients with chronic obstructive
pulmonary disease (COPD), indicating the potentially detrimental role of

ILC2 plasticity in this context.
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1.3.4 Group 2 ILCs during infection

ILC2s represent an important innate effector cell during multiple type 2
immune responses such as allergic airway inflammation, and anti-helminth
immunity (Artis and Spits, 2015). A well-studied example of the role ILC2s
play in anti-helminth immunity is with the parasite N. brasiliensis, which is
first carried to the lungs before full maturation, resulting in significant lung
inflammation, before travelling to the intestine. The immune response in the
lung involves production of TSLP, IL-25 and IL-33 from dying epithelial cells,
stimulating the production of IL-5 and IL-13 from ILC2s (Miller and Reinhardt,
2020). In turn, this ILC2-derived IL-5 can promote the recruitment of
eosinophils to the lung (Nussbaum et al., 2013). ILC2-derived IL-13
promotes goblet cell hyperplasia and mucus secretion, and this is critical to
parasite expulsion, as IL-13-deficient mice display impaired clearance of N.
brasiliensis, which can be rescued upon transfer of WT IL-13-producing
ILC2s (Neill et al., 2010).

Both nILC2 and ilLC2s play roles in N. brasiliensis infection, with the
importance of ilLC2s seen in IL-17RB” mice, which lack ilLC2s — as this
inflammatory ILC2 population express IL-25R (IL-17RB) (Huang et al., 2015).
Here, IL-17RB 7 mice display enhanced worm burdens when compared to
WT mice (Huang et al., 2015). This is also seen in Rag2il2rg” mice, and
adoptive transfer of either iIlLC2s or nILC2s can rescue these enhanced
worm burdens (Huang et al, 2015), indicating the importance of both
populations in control of this parasitic infection. Indeed, the overall
importance of ILC2s is further highlighted using an ILC2-specific depletion
model (ICOS-T), where parasite clearance is noticeably impaired when
compared to WT mice (Oliphant et al., 2014).

ILC2s have also been documented to produce IL-9 to facilitate an autocrine
feedback loop to enhance their production of IL-5, IL-13 and AREG in the
lung (Turner et al., 2013; Mohapatra et al., 2016). The importance of this loop
is observed in IL-9R™ mice, which display impaired clearance of N.
brasiliensis. In these mice, decreased ILC2 numbers are observed, with
concurrent reductions in IL-5, IL-13 and AREG (Turner et al., 2013).
Interestingly, Th2 numbers remain constant in this knockout model,

suggesting that IL-9 plays a crucial role in the maintenance of the ILC2
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population, and that ILC2s appear to be able to coordinate the type 2 immune

response.
Group 3 ILCs
Mouse Group 1ILCs Group 2ILCs
LTi cells NCR- NCR*
ILC3s ILC3s
Transcription T-bet GATA3 RORyt RORYyt, | RORVyt,
factors T-bet T-bet
CD4 - - +/- - -
CcD25 = + + + +
CD49a + - - - -
CD90 + + + + +
CcD117 - +/- + . +
(C-kit)
CcD127 + + + + +
(IL-7Ra)
Sca-1 - + - - -
ICOS - + - - -
NKp46 + - - - +
IL-1R + - + + +
IL-12RB2 + . . . +
IL-17RB - + - - -
(IL-25R)
IL-18Ra + +/- - - -
IL-23R - - + + +
ST2 - + - - -
(IL-33R)
TSLP-R - + - - -
KLRG1 - + - - -
NK1.1 + - - - +/-
CCR6 - - + - -

Table 1.1 - Summary of the phenotypical markers expressed by each innate
lymphoid cell subset in mice

Innate lymphoid cells (ILCs) can be characterised largely by the transcription
factors that they require for their development, which are often paralleled with Th
cell subsets. ILC1s require T-bet, ILC2s require GATA3, and lymphoid tissue-
inducer (LTi) ILC3s require RORyt, whereas NCR* ILC3s require RORyt and T-bet.

Adapted from Spits et al. (2013).
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ILC2s also play important roles in the control of other parasitic infections such
as Strongyloides venezuelensis (S. venezuelensis) and Heligmosomoides
polygyrus (H. polygyrus). Here, WT mice display marked increases in IL-33
and IL-25 respectively, resulting in activation of IL-5- and IL-13-producing
ILC2s that promote parasite clearance (Yasuda et al., 2012; von Moltke et
al., 2016). Moreover, ILC2s have also been shown to be critical for the
coordination of adaptive immune responses. Indeed, ILC2-derived IL-13 can
promote DC migration to draining lymph nodes, where they prime Th2 cells
(Halim et al., 2014). ILC2s can also enhance Th2 cell functions in response
to N. brasiliensis, through interactions of several cell surface markers such
as PD-PD-L1, OX40-OX40L and MHCII (Oliphant et al., 2014; Schwartz et
al., 2017; Halim et al., 2018). Specifically, PD-L1-expressing ILC2s stimulate
Th2-derived IL-13 production, and conditional deletion of PD-L1 on ILC2s
results in impaired Th2 polarisation and impaired worm expulsion (Schwartz
etal., 2017). Moreover, ILC2s that express MHCIl and OX40L can prime and
activate CD4" T cells, and promote their differentiation to Th2 and Treg cells,
with these functions lost in ILC2s deficient in MHCII or OX40L — which leads
to impaired parasite expulsion (Oliphant et al., 2014; Halim et al., 2018).
Thus, this demonstrates the importance of ILC2s as innate effector cells that
can facilitate the mounting of an appropriate adaptive immune response. Of
note, ICOS-ICOSL interactions between ILC2s have been shown to be
critical in the function and homeostasis of ILC2s, with reduced survival and
cytokine production in ICOS-deficient ILC2s (Maazi et al., 2015).

ILC2s have also been observed to play crucial roles in viral infections.
Specifically, ILC2s have been documented to maintain the integrity of
respiratory epithelium during infection with the influenza A virus subtype
H1N1 (Monticelli et al., 2011). Indeed, CD90"CD25" ILCs are recruited to the
lungs of both WT and Rag™” mice post-infection, and a significant reduction
in lung function is observed following either CD90" ILC depletion, or blockade
of IL-33 signalling — resulting in a loss of airway epithelial integrity and
impaired tissue remodelling. Adoptive transfer of CD90.1" lung ILCs into anti-
CD90.2 mAb-treated Rag1” mice restores this epithelial integrity, and is
dependent on ILC-derived AREG (Monticelli et al., 2011).
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IL-12 IL-25 IL-1B
IL-18 IL-33 IL-23
TSLP

IFN- IL-4 IL-5 @ L17a @ L17F
Effector Y
cytokines: TNF-a IL-9 IL-13 @ L22 @ GwmCsF
AREG @ Ny @ LTa
Role: Anti-viral immunity Anti-helminth immunity Lymphoid tissue development
Anti-bacterial immunity ~ Asthma and allergy Intestinal homeostasis
Cancer Anti-viral immunity Anti-bacterial immunity

Figure 1.2 - Overview of innate lymphoid cell subsets and effector functions

Innate lymphoid cells (ILCs) comprise 3 major subsets in ILC1s, ILC2s and ILC3s.
ILC1s secrete IFN-y and TNF-a in response to IL-12 and IL-18, and are involved
in immune responses against viruses and bacteria, as well as the anti-tumour
immune response. ILC2s are stimulated by IL-25, IL-33 and thymic stromal
lymphopoietin (TSLP) to secrete IL-4, IL-5, IL-9, IL-13 and amphiregulin (AREG).
This subset is involved in the immune response against parasites, viruses, and
asthma and allergic airway diseases. ILC3s respond to IL-1 and IL-23 to secrete
IL-17A, IL-17F, IL-22, granulocyte-macrophage colony-stimulating factor (GM-
CSF), IFN-y and lymphotoxin-a (LT-a) to contribute to lymphoid tissue
development, intestinal homeostasis and anti-bacterial immunity. Figure adapted
from Artis and Spits (2015).

Conversely, ILC2s have been shown to play a detrimental role in the control
of pulmonary infections, contributing to the exacerbation of tissue pathology
(Mindt, Fritz and Duerr, 2018). For example, activation of ILC2s drives airway
hyper-reactivity in the context of multiple viral infections. More specifically,
ILC2-derived IL-13 has been shown to significantly enhance mucus secretion
and airway hyper-reactivity (AHR) in respiratory syncytial virus (RSV)
infection (Stier et al., 2016). Furthermore, IL-33 derived from alveolar
macrophages activates ILC2s, leading to significantly exacerbated AHR in
the context of influenza A virus infection (Chang et al., 2011). Conversely,
ILC2-derived IL-13 can induce the alternative activation of macrophages,
although the maintenance of this effector state appears to require the input

of Th2 cells (Bouchery et al., 2015). Overall, this shows that the activation of
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lung ILC2s must be carefully modulated, given that these cells appear to play

dual roles in the control of intracellular infections in the lung.

1.3.5 Group 3 ILCs overview

Group 3 ILCs parallel Th17 cells in their constitutive expression of the
transcription factor RORyt and their roles in promotion of antibacterial
immunity, chronic inflammation and tissue repair (figure 1.2). Moreover, they
respond to the cytokines IL-1[3, IL-6 and IL-23, producing IL-17A, IL-17F, IL-
22 granulocyte-macrophage colony-stimulating factor (GM-CSF), and
lymphotoxin-a (LT-a) in a stimulus-dependent manner (Melo-Gonzalez and
Hepworth, 2017).

Group 3 ILCs are the most heterogeneous ILC group in both mice and
humans (table 1.1). In mice, they can be subdivided on the basis of
expression of NKp46 and chemokine receptor CCR6. Indeed, CCR6" ILC3s,
also termed LTi-like ILC3s, are further divided into CD4* and CD4
populations, and contribute towards the development of lymphoid structures
and tissue homeostasis. Those ILC3s that are CCR6™ are divided in their
expression of NKp46, with NKp46™ and NKp46  ILC3s, termed natural-
cytotoxicity-receptor-positive (NCR*) and NCR™ ILC3s respectively
contributing towards immunity against extracellular bacteria and
autoimmune inflammation (Melo-Gonzalez and Hepworth, 2017).
Interestingly, ILC3s can display plastic behaviours when presented with
certain stimuli. For example, RORyt" ILC3s can downregulate their
expression of this master transcription factor during Salmonella enterica
infection, which is associated with an upregulation in the expression of T-bet
and NKp46, and IFN-y production (Klose et al., 2013). Hence, the loss of
RORyt and the subsequent acquisition of T-bet in these ILCs has allowed
them to be termed ILC1-like ‘ex-ILC3s’. This therefore suggests that ILC3s
are adaptable to the tissue signals in their environment, adopting effector

functions that are distinct from those under steady-state conditions.

Human ILC3s vary on their expression of NKp44, and constitutively express
CCRG6 (Killig, Glatzer and Romagnani, 2014; Yudanin et al., 2019). Those
that lack NKp44 show enhanced accumulation at sites of intestinal

inflammation in Crohn’s disease patients, where they produce IL-17 - which
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has been proposed to recruit other inflammatory cells (Geremia et al., 2011).
Conversely, an NKp44® ILC3 population has been identified in the skin,
where they produce IL-22, and their frequency correlates with the severity of
disease in psoriasis patients (Teunissen et al., 2014). Thus, these studies
highlight how ILC3s can play a detrimental role in multiple infammatory
diseases. Interestingly, ILC3s have also demonstrated the capacity to
produce IFN-y in response to stimulation with IL-12 (Bernink et al., 2013),
suggesting that these cells can produce cytokines other than those

associated with classic Th17 biology.

1.3.6 Group 3 ILCs during infection

ILC3s can play a protective role during infection, via production of the effector
cytokines IL-17 and IL-22 (Artis and Spits, 2015). Both effector cytokines act
to activate epithelial cells, which produce antimicrobial molecules to aid in
defence against extracellular bacteria and fungi (Liang et al., 2006; Aujla et
al., 2008).

To study ILC3s in infection, much research has focused on the extracellular
bacteria Citrobacter rodentium (C. rodentium), which is an intestinal model
of infection. During infection with this pathogen, IL-22-producing cell
numbers increase in the intestinal lamina propria (LP) (Sanos et al., 2009;
Cella et al., 2009). Interestingly, it has been proposed that NCR* ILC3s are
dispensable to the control of early infection in the presence of LTi ILC3s -
with T cells also playing a role as infection progresses (Sonnenberg et al.,
2011; Rankin et al., 2016). Indeed, whilst a lack of NKp46™ ILC3s produced
no difference in the control of infection, a lack of total ILC3s resulted in partial
impairment of bacterial control (Song et al., 2015), and specific depletion of
CD4" LTi ILC3s leads to a reduction in IL-22-induced antimicrobial peptide
production, and increased susceptibilty to C. rodentium infection
(Sonnenberg et al., 2011). Overall, this therefore indicates the importance of

LTi ILC3s in the control of early intestinal bacterial infection.

Other infectious models lend support to the protective role of ILC3s in the
host immune response. For example, ILC3-derived IL-17 is critical for the
control of infection with the fungi Candida albicans. Indeed, Rag1” mice with

antibody-mediated depletion of ILCs, and RORc” mice, demonstrate
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complete failure to control infection (Gladiator et al., 2013). Intriguingly,
ILC3s have also been implicated in the control of viral infections. Here, ILC3-
derived IL-22 is amplified by the production of IFN-A from infected epithelial
cells, which contributes to the attenuation of rotavirus viral replication
(Hernandez et al., 2015).

In the context of infection with Salmonella enterica serovar Typhimurium,
research into the role of IL-22 has demonstrated a complex control of
infection. On the one hand, this ILC3-derived cytokine has been shown to
facilitate the colonisation of the bacteria in the inflamed gut, through the
production of antimicrobial proteins that sequester metal ions from
commensal microbes (Behnsen et al., 2014). Despite this, others have
demonstrated that commensal bacteria promote the production of ILC3-
derived IL-22, which induces fucosylation of intestinal epithelial cells (Goto
et al., 2014). Importantly however, this does not appear to impact upon the
colonisation of Salmonella in the gut lumen, and is instead important in
preventing infection of intestinal epithelial cells (Goto et al., 2014). Thus, this
indicates the importance of ILC3-derived IL-22 in control of this bacterial

infection.

ILC3s have also been implicated in the control of infection with several
respiratory pathogens, and whilst this ILC subset is rare in the steady state
lung (Mjosberg and Spits, 2016), enhanced numbers can accumulate in the
context of infections. For example, ILC3s accumulate in the lung tissue
during infection with the extracellular bacterium Streptococcus pneumoniae
(S. pneumoniae), where they produce IL-22 (Van Maele et al., 2014). This
response can be augmented through administration of the TLR5 agonist
flagellin during infection, which provides enhanced protection against lethal
infection (Van Maele et al., 2014). Thus, this suggests that amplification of
ILC3-mediated responses may serve as an effective way to combat bacterial
infection. This is further highlighted in the context of immunological challenge
with an antibiotic-resistant strain of Klebsiella pneumoniae. Here, monocytes
represent a source of TNF, generating a marked increase in IL-17-producing
ILCs, which were shown to enhance pathogen clearance. Indeed, monocyte-
or TNF-depleted mice show an impaired IL-17A-dependent clearance of

infection (Xiong et al., 2016), suggesting an important link between
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monocytes and ILCs that could be crucial in clearing strains of bacteria that

are resistant to current frontline treatments.

More recently, ILC3s have also been implicated in the control of infection
with M. tuberculosis (Ardain et al., 2019). Here, the expansion of ILC3s and
their production of IL-17 and IL-22 were shown to be critical to the induction
of an early innate immune response, and the formation of protective
lymphoid follicles within granulomas. Moreover, ILC3s influenced the
accumulation of alveolar macrophages during infection, with an absence of
ILC3s resulting in a reduction in this accumulation and enhanced bacterial
burdens. Overall, this indicates that ILC3s are also critical in the control of

certain intracellular bacterial infections.

Overall, ILCs represent a critical source of early cytokine during a wide
variety of immunological challenges. More specifically, these innate effectors
play vital roles in the control of a wide variety of infections, with their
abundance at mucosal barriers meaning they are often in close proximity to
pathogens, and therefore highly adapted to perform their functions. However,
the field of ILC biology is still relatively novel, and as such, the roles that

these cells play in many infectious diseases is still relatively unknown.
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1.4 Aims

The lethality of Francisella tularensis and overall failure of the host to control
infection highlights the importance of understanding the early immune
response against the bacteria. Thus, as they have previously been shown to
play critical roles in the early immune response against multiple other
pathogens (Artis and Spits, 2015), innate lymphoid cells (ILCs) represent a
cell population of particular interest when studying the early immune
response against F. tularensis. The work presented in this thesis therefore
began to address the role of ILCs during infection with F. tularensis, by
utilising a murine model of infection with a live vaccine strain (LVS) of the
bacteria. This strain has been instrumental in the study of tularaemia, as it
represents a less virulent strain in humans when compared to others such
as Schu S4 (Ellis et al., 2002), whilst retaining its lethality in mice when
administered via the intranasal route (Fortier et al., 1991). Specific aims of

the thesis are outlined below:

How are ILCs implicated in the immune response against F. tularensis?

This was an overarching aim, and was addressed at multiple points
throughout this thesis. Changes to the ILC compartment following intranasal
infection, and how these may occur, were investigated in chapter 3. Chapter
5 of this thesis then investigated the cytokine responses by ILCs during
infection, and began to determine the impact of infection-induced changes in

the lung cytokine milieu on ILC numbers.

What effect does manipulation of ILC numbers have on the progression

of infection?

Work in chapters 4 and 5 of this thesis addressed this aim. Specifically, ILC
numbers were expanded through treatment with IL-33 and intranasal
transfers of sort-purified ILCs, and ILCs were depleted using knockout
mouse models such as Rag17il2rg” and ICOS-T mice. Here, the focus was
to determine how changes to the ILC compartment impacted upon the
control of infection with F. tularensis, and how these changes affected other

immune cell populations.
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Chapter 2

Materials and Methods
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2.1 Bacteria

2.1.1 Francisella tularensis live vaccine strain

Francisella tularensis live vaccine strain (LVS) was derived from an original
NDBR101 Pasteurella tularensis live vaccine, experimental lot 4. The
vaccine contained 6x10° colony forming units (CFU) of lyophilised F.
tularensis LVS, which was stored at -20°C at the Defence Science and

Technology Laboratory (DSTL).

2.1.2 Preparation of master stock

Master stocks were prepared by first diluting the lyophilised vaccine (2.1.1)
in 1 ml sterile phosphate-buffered saline (PBS), with 100 ul aliquots of
bacterial suspension streaked onto 10 blood cysteine glucose agar (BCGA)
plates (Oxoid, Thermo Fisher). Plates were incubated for 48 hours at 37°C,
at which point bacterial lawns were scraped into a 15% glycerol solution
(diluted in sterile water). Finally, 1 ml aliquots of bacterial suspension were

placed into vials, and stored at -80°C.

2.1.3 Preparation of challenge stock and challenge dose

For preparation of challenge stocks, a master stock (2.1.2) was thawed, and
100 pl aliquots of bacterial suspension streaked onto 2 BCGA plates.
Following the incubation for 48 hours at 37°C, bacterial lawns were again
scraped into a 15% glycerol solution, and diluted down to a concentration of
1x10° CFU/ml. Here, 100 pl aliquots of 1x10® CFU/ml bacterial suspension
were placed into vials, and stored at -80°C. For intranasal challenge doses,
individual vials of challenge stocks were thawed, and diluted in sterile PBS
to ~2x10* CFU/ml for challenge doses (described further in 2.2.2).

2.2 Infection models with F. tularensis LVS

2.21 Animals

Eight- to twelve-week-old female mice were kept in specific pathogen-free
conditions at the University of Manchester Biological Services Facility, as
defined by institutional and UK Home Office guidelines. C57BL/6 (Charles
River, United Kingdom), Rag1™” (Mombaerts et al., 1992), li2rg”- (Cao et al.,
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1995), Rag1™”ll2rg™ (Song et al., 2010) and ICOS-T (Oliphant et al., 2014)
mice were given food and water ad libitum. All procedures and husbandry
were in accordance with the Home Office Animal Scientific Procedures Act
(1986), and under the DERFA licence.

2.2.2 Intranasal infection with F. tularensis LVS

Mice were anaesthetised via inhalation of isoflurane (2.5% v/v for induction
and maintenance), and subsequently given an intranasal challenge with 50
pl PBS containing ~1000 CFU F. tularensis LVS (obtained from challenge
dose, see section 2.1.3). Control mice received 50 pl sterile PBS. Challenge
doses were confirmed following serial dilution (1:10) of bacteria and a 5-7

day culture period on BCGA plates at 37°C.

Clinical sign 0 1 2
Starring around |Pronounced starring
Coat Normal, smooth
neck all over coat
Pinched loose skin . . Pinched skin
) Pinched skin o .
Dehydration on back retracts remains in position
. . retracts, but slowly .
immediately (>1 min)
Permanent,
Posture Normal Transient hunching pronounced
hunching

Unresponsive to

. ) Reluctant to move | extraneous stimuli
. Active, moving, . . .
Mobility Lo without provocation,| and provocation,
socialising . )
unsteady on feet | immobile, not self-

righting

Eyes closed and/or
Eyes Eyes open, clear | Eyes half-closed
congested.

Table 2.1 - Clinical scoring for monitoring of individual mice during
infection

Post-challenge, all mice were monitored daily and scored for clinical
symptoms. Mice were evaluated based on several factors: coat condition,
dehydration, posture, mobility and eye condition (table 2.1). Maximum
clinical scores of 6, or individual scores of 2 for mobility, were permitted

before euthanasia was deemed necessary. All mice were culled at pre-
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determined experimental time points or when pre-determined humane

endpoints were met.

2.2.3 Determining organ bacterial burden

Bacterial burdens were enumerated from the lung, liver and spleen of mice,
with samples processed less than 2 hours post-mortem. All organs were
collected in either PBS or 1ml protease inhibitor cocktail where appropriate
((Roche, complete mini, EDTA free) 1 tablet dissolved in 10ml PBS), and
weighed. Samples were disrupted through a 40 um cell sieve, followed by
serial dilution of organ homogenates in PBS. Bacteria were incubated for 4-
5 days at 37°C on BCGA plates, and once grown sufficiently, single colonies
were counted and organ weights used to normalise data to CFU per gram of

organ.

2.2.4 Administration of anti-NK1.1 antibody

InVivo mAb anti-mouse NK1.1 (clone PK136; Bio X Cell) or InVivo mAb
mouse 1gG2a isotype control (clone C1.18.4; Bio X Cell) were administered
to mice via the intraperitoneal (i.p.) route at a dose of 200 pg/mouse
administered every 2 days starting 1 day before infection with F. tularensis
LVS.

2.2.5 Administration of diphtheria toxin

Diphtheria toxin (DTx; Merck) was administered daily to mice via the i.p. route
at a dose of 1 yg/mouse. DTx treatment started 4 days before infection with
F. tularensis LVS, and was continued throughout the experiment until mice

were culled.

2.2.6 Administration of IL-33

Recombinant murine IL-33 (rIL-33; carrier-free, R&D Systems) was
administered to mice via the i.p. route at a dose of 0.5 pg/mouse every 2
days starting 5 days before infection with F. tularensis LVS. Mice received 3
doses in total, with the final dose 1 day before infection with F. tularensis
LVS.
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2.2.7 Intranasal transfer of ILC2s

Naive C57BL/6 mice were given 4 doses of recombinant IL-33, receiving
individual doses every 2 days (i.p.; 0.5 ug/mouse), before being culled 2 days
after the final dose. Lung ILC2s (live CD45"Lin"CD127"KLRG1") were then
sort-purified, and 1x10° ILC2s transferred via the intranasal route into LVS-
infected mice at day 3 p.i.. All mice in these studies were subsequently culled

atday 7 p.i..

2.3 Flow Cytometry

2.3.1 Tissue digestion and processing

Whole lungs and mediastinal (lung-draining) lymph nodes were collected into
separate bijou tubes, each in 2 ml PBS. Lung tissue was cut into small
sections, and then left to shake in an incubator at 37°C with 3 mg/ml
Collagenase D (Roche) (diluted in PBS) for 40 minutes. Post-digest, all
tissues were disrupted through a 40 um cell sieve and washed with PBS.
Samples were centrifuged at 1500 rpm for 5 minutes, supernatants removed
and cell pellets re-suspended in 2 ml Red Blood Cell Lysing Buffer Hybri-
Max™ (Merck) for incubation at room temperature for 5 minutes. After this,
samples were washed in PBS, centrifuged, and supernatants removed, for
acquisition of cell counts following pellet re-suspension in PBS. Cells were
centrifuged once more before re-suspension in FACS buffer (2% FCS, 2mM

EDTA in 1X PBS) and flow cytometry analysis.

2.3.2 Anti-F. tularensis LVS antibody

F. tularensis LVS was detected by intracellular flow cytometry using an APC-
labelled anti-F. tularensis lipopolysaccharide (LPS) monoclonal antibody
(clone FB11, Abcam). The antibody was labelled in house with an APC
conjugation kit (Abcam) to a stock concentration of 1.5 mg/ml. An isotype
control (clone RTK2758; BioLegend) was used to determine non-specific

intracellular antibody binding.
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2.3.3 Cell staining protocol for flow cytometry

Samples used for flow cytometry were derived from mice following a
digestion and processing protocol (2.3.1), with fluorophore-labelled
antibodies used throughout. Antibodies were diluted to desired
concentrations in FACS buffer for targeting of cell surface markers (table
2.2), and 1X permeabilisation buffer (concentrate:dH20, 1:9) (eBioscience)

for intracellular markers (table 2.3).

Where appropriate, samples were re-suspended in 200 yl of complete RPMI
(cRPMI), and transferred into round-bottom 96-well plates for ex vivo
stimulations. Samples were incubated at 37°C for 4 hours in cRPMI
containing Cell Stimulation Cocktail (plus protein transport inhibitors (1X,
eBioscience)). The cocktail consisted of phorbol 12-myristate 13-acetate
(PMA) and ionomycin to induce activation of cells to produce cytokines, and
brefeldin A and monensin to allow secreted proteins to accumulate in the
endoplasmic reticulum and Golgi apparatus. Following incubation, cells were
transferred to FACS tubes, and washed in FACS buffer. Samples were then
centrifuged, and subsequently stained with antibodies against cell surface
markers for 30 minutes at 4°C. Where appropriate, cells were washed,
centrifuged and stained with a streptavidin conjugate for 15 minutes at 4°C.
Samples were then washed, centrifuged, and re-suspended in
Fixation/Permeabilisation buffer (concentrate:diluent, 1:3) (eBioscience),
and left overnight at 4°C. For intracellular staining, cells were washed in 1X
permeabilisation buffer, before incubation for 45 minutes at 4°C with
antibodies against intracellular markers. Gating was established using either
fluorescence minus one (FMO) or isotype controls. Prior to data acquisition,
cells were washed in FACS buffer, and stored at 4°C until analysed on a BD
LSR Fortessa (BD Biosciences).
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Target Fluorochrome Specifications Concentration
B220 APC-eFluor 780 eBioscience; clone RA3- 1 pg/mi
6B2
CD3 PercP/Cyanine5.5 | BiolLegend; clone 145- 1 pg/mi
PE-Cy7 2C11
CD4 PE-eFluor 610 eBioscience; clone RM4-5 | 1 pg/ml
BUV395
CD5 PercP/Cyanine5.5 | BiolLegend; clone 53-7.3 1 pg/mi
PE-Cy7
CD11b APC-eFluor 780 eBioscience; clone M1/70 | 1 pg/ml
CD11c APC-eFluor 780 eBioscience; clone N418 1 pg/mi
CD25 APC eBioscience; clone PC61.5 | 1 pg/ml
CD45 BV650 BioLegend; clone 30-F11 1 pg/mi
CD64 PE-Cy7 BioLegend; clone X54- 1 pg/mi
5/7.1
CD90.2 AlexaFluor 700 BioLegend; clone 30-H12 2.5 pg/ml
CD127 BVv421 Biolegend; clone A7R34 1 pg/mi
PE
ICOS PE eBioscience; clone 1 pg/mi
7TE.17G9
KLRG1 FITC eBioscience; clone 2F1 1 pg/mi
PE-eFluor 610
Live/Dead AmCyan Invitrogen; Fixable Aqua 1 pg/mi
Dead Cell Stain Kit
Ly6G FITC BioLegend; clone 1A8 2.5 pg/ml
NK1.1 PercP-eFluor 710 | BioLegend; clone PK136 1 pg/mi
PE-Cy7
BUV395
Siglec-F PercP-eFluor 710 | eBioscience; clone 1 pg/mi
PE-eFluor 610 1RNM44N
ST2 Biotin eBioscience; clone 2.5 pg/ml
RMST2-33
Streptavidin | APC eBioscience; #17-4317-82 | 1 pg/ml
SB600 eBioscience; #63-4317-82
BUV395 BD Biosciences; #564176

Table 2.2 - Specifications of fluorophore-conjugated antibodies for cell
surface markers
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Target Fluorochrome | Specifications Concentration
F. tularensis APC Abcam; clone FB11 2.5 pg/ml
LVS LPS
Rat 1gG2a APC BioLegend; RTK2758 2 pg/mi
FOXP3 eFluor450 eBioscience; clone FJK- 2 pg/mi
PE 16s
GATA3 PercP-eFluor eBioscience; clone TWAJ | 2 pg/ml
710
IFN-y eFluor450 eBioscience; clone 2 pg/mi
XMG1.2
IL-5 APC BioLegend; clone TRFK5 | 2 pug/ml
IL-13 FITC eBioscience; clone 2 pg/mi
eBio13A
RORyt PE eBioscience; clone B2D 2 pg/mi
T-bet FITC BioLegend; clone 4B10 2 pg/mi
APC-eFluor eBioscience; clone 4B10
660

Table 2.3 - Specifications of fluorophore-conjugated antibodies for
intracellular markers and corresponding isotype controls

2.4 Apoptosis/necrosis assays

Lungs of both naive and LVS-infected mice were processed (2.3.1), and
samples stained for cell surface markers as previously described (2.3.3). To
monitor the progression of cell death in immune cell populations during
infection with F. tularensis LVS, samples were subsequently stained with
Annexin V Apoptosis Detection Kit PE (eBioscience) at room temperature for
15 minutes. Samples were then washed with PBS and analysed immediately

on a BD Fortessa.
2.5 Invitro ILC2 culture

Lung ILC2s were sort-purified (2.2.7), and cells transferred to 96-well plates
in 200 pl cRPMI at 1x10°ILC2s per well. Cells were then cultured for 7 days
with IL-7 (Invitrogen) at 25 ng/ml. Naive and LVS-infected lung supernatants
were generated by 24 hour incubation of homogenised lung samples at 37°C
in cRPMI. Cell-free supernatants were collected by centrifugation and

filtration through a sterile syringe 0.22 yM microfilter. 100 ul of supernatants
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were then added to 1x10° ILC2s (in 100 ul) and cultured for 5 days. All wells
were cultured with IL-7 at 25 ng/ml and where indicated, anti-IFN-y (clone
XMG1.2; Bio X Cell) was added to culture media at 10 yg/ml. For live ILC2
cell counts, a hemocytometer counting chamber was used. Cell pellets were
resuspended, and 10 ul removed from wells each day where they were
mixed with trypan blue solution (0.4% v/v) in a 1:2 dilution. Then, 10 pl of the
mixture was applied to a hemocytometer counting chamber and live ILC2 cell

counts enumerated.

2.6 In vitro ILC2-NK co-culture

ILC2s were isolated from C57BL/6 mice for in vitro culture as previously
described (2.5). Cells were cultured for 7 days with IL-7 (Invitrogen) at 25
ng/ml. At this point, sort-purified NK cells (live CD45°'CD3CD5
CD11b*NK1.1%) were isolated from the lung of either naive or LVS-infected
mice at day 5 p.i. and co-cultured with ILC2s in a 1:1 ratio with 2x10* cells
total per well. All wells were cultured with IL-7 at 25 ng/ml and where
indicated, anti-IFN-y (clone XMG1.2; Bio X Cell) was added to culture media
at 10 pg/ml. Levels of cell death were subsequently quantified at 24, 48 and
72 hours by flow cytometry, using the Annexin V Apoptosis detection kit PE

(eBioscience) as previously described (2.4).
2.7 Statistical analysis

Data collected by flow cytometry were analysed using Flow Jo software
version 10.7.2. Bacterial burdens were converted to CFU/gram of organ for
appropriate comparison. Figure legends indicate number of repeats per
group. All statistical analyses were performed using GraphPad Prism 9 for
Mac. Normality was determined using the Shapiro-Wilk normality test, with
appropriate parametric and non-parametric statistical tests performed for
each data set. Data were expressed as mean % standard error of the mean

(S.E.M). Statistical significance was considered at p < 0.05.
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Chapter 3

Determining the role of innate lymphoid cells during pulmonary
infection with Francisella tularensis LVS
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3.1 Introduction

Francisella tularensis (F. tularensis) is an intracellular bacterium that upon
exposure via the inhalational route, results in a pneumonic tularemia, which
is fatal in 30-60% of cases if left untreated (McLendon, Apicella and Allen,
2006). As there is no vaccine currently licenced for use against F. tularensis,
there has been increasing concern over use of the bacteria as a potential
agent of bioterrorism. F. tularensis LVS is an attenuated strain of the
bacteria, which is sub-lethal in humans. Importantly, this strain retains its

lethality in mice, making it more accessible for use in laboratory research.

During pulmonary infection with F. tularensis LVS, the bacteria can replicate
extensively and disseminate to peripheral organs within a matter of days
(Bosio, 2011). Much of the current understanding of the early immune
response against F. tularensis LVS has focused on the role of myeloid cells
such as macrophages and neutrophils (Celli and Zahrt, 2013). However, the
role of innate lymphocytes during the early stages of infection with F.
tularensis LVS is relatively unknown. Innate lymphoid cells (ILCs) are a
relatively newly discovered type of innate lymphocyte, which are capable of
a rapid response to a wide variety of immunological challenges. These cells
are frequently found at barrier sites, such as the skin, intestine and the lung
(Artis and Spits, 2015) — making them a potential cell of interest in the

immune response against pulmonary infection with F. tularensis LVS.

This chapter begins to address the role of ILCs during pulmonary infection
with F. tularensis LVS. As ILCs are pre-primed innate effector cells, capable
of rapid response to pathogens during the initial stages of infection
(Diefenbach, 2013; Artis and Spits, 2015), their role during the early stages
of intranasal infection with F. tularensis LVS was investigated, and how this

changed as infection progressed.
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3.2 Results

3.2.1 Determining the progression of F. tularensis LVS infection

A preliminary objective was to establish the infection kinetics of a lethal
pulmonary infection with F. tularensis LVS in C57BL/6 mice. Thus, mice were
infected with a lethal dose of bacteria (1000 CFU) via the intranasal route,
with bacterial burdens enumerated and weight loss monitored at multiple
time points post-infection (p.i.). Mice were monitored until day 7 p.i., at which

point they had reached the endpoint of the licence and required euthanasia.
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Figure 3.1 - Infection kinetics during infection with F. tularensis LVS

C57BL/6 mice were infected via the intranasal route with F. tularensis LVS (1000
CFU) and monitored at different times p.i. (A) Bacterial burdens (CFU/g of organ)
were enumerated in the lung, liver and spleen of mice at days 1, 3, 5and 7 p.i. (n=4
for day 1; n=7 for days 3 and 5; n=8 for day 7 mice). ND = Not detected. (B) Weight
change was monitored daily in all mice, and plotted as a percentage loss of original
body weight (0% = body weight at day 0). Statistical analysis was performed using
the Kruskal Wallis test for non-parametric data, with Dunn’s multiple comparisons
tests performed for analysis between groups; * p<0.05; ** p<0.01.

Bacterial burdens in the lung were significantly elevated at days 5 and 7 p.i.
versus day 1 p.i., with an increase of more than 2 logs in colony forming units
(CFU) per gram of tissue (CFU/g of tissue) at each time point (figure 3.1A).
Dissemination of F. tularensis LVS to peripheral organs (namely the liver and
spleen) was observed from day 3 p.i. onwards. Here, bacterial burdens rose
significantly at day 5 p.i., and remained elevated at day 7 p.i. (figure 3.1A).
No changes in weight loss were observed until bacterial dissemination to the
peripheral organs (figure 3.1B), when mice began to lose weight rapidly
(figure 3.1B). Overall, these data demonstrate that F. tularensis LVS is
capable of rapid colonisation of multiple organs, establishing a systemic

infection that results in significant weight loss.
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3.2.2 Innate lymphoid cells (ILCs) are reduced during infection with
F. tularensis LVS

As ILCs are important in the early innate response to infection (Diefenbach,
2013), their potential role was investigated in infection with F. tularensis LVS.
To this end, flow cytometry was used to identify and characterise ILC

populations in the lung of LVS-infected mice (figure 3.2).
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Figure 3.2 - Gating strategy for identification of ILCs in the lung of naive
C57BL/6 mice

ILCs were defined as Live CD45Lin (CD3, CD5 CD11b, CD11c, B220, NK1.1) and
CD90.2*CD127* cells. Individual subsets were then identified: ILC1s = ST2’RORyt
T-bet*; ILC2s = ST2*RORyt; ILC3s = ST2" RORyt*. Lin1 = CD3, CD5, NK1.1; Lin2 =
B220, CD11b, CD11c; NK = Natural Killer; Lin" = Lineage Negative; DN = Double
Negative (ST2'RORyt’); TrN = Triple Negative (T-bet ST2’RORyt’). Numbers in FACS
plots represent the percentage of the previous gate e.g. CD45" cells are 78.9% of the
live cell gate.

Initially, a gating strategy was developed to successfully identify ILCs in the
lungs of naive mice (figure 3.2). Leukocytes were identified as live CD45"
single cells, and lineage markers (CD3, CD5, NK1.1, B220, CD11b, CD11c)
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used to broadly identify a variety of immune cells (figure 3.2). A lineage-
negative population was identified, which lacked expression of all these
markers. ILCs were identified as a CD90.2*CD127" population from this
lineage-negative population, and individual ILC subsets characterised based
upon the expression of transcription factors and cell surface markers, with
ILC1s identified as T-bet’'ST2'RORyt, ILC2s as ST2'RORyt, and ILC3s as
ST2'RORyt" (figure 3.2). A triple negative population was also identified

which lacked expression of all 3 markers (figure 3.2).
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Figure 3.3 - F. tularensis LVS infection causes a reduction in lung ILCs.

C57BL/6 mice were infected with 1000 CFU F. tularensis LVS and total lung ILCs
identified by flow cytometry (Lin"CD90.2*CD127*) at different time points p.i. (A)
Representative plots for ILCs in PBS control and LVS-infected mice (plot from day 5
p.i.). (B) Total ILC numbers, expressed as % of live CD45" cells. (C) Total ILC counts
per gram of tissue. Numbers in FACS plots represent the percentage of ILCs from
Lin- cells. Statistical analysis was performed using the Kruskal Wallis test for non-
parametric data, with Dunn’s multiple comparisons tests performed for analysis
between groups; * p<0.05; *** p<0.001; **** p<0.0001.

With the knowledge that this gating strategy was a useful tool to identify ILCs
in the lungs of naive uninfected mice, it was then used to monitor ILCs during
infection with F. tularensis LVS (figure 3.3). From day 3 p.i. onwards, total
ILCs were significantly reduced as a frequency of total live CD45" cells when
compared to control (uninfected) mice (figure 3.3A & B). Total ILC numbers

were also significantly reduced when compared to control mice, but only from

71



day 5 p.i. onwards (figure 3.3C). Thus, total ILCs appear to be reduced as

infection with F. tularensis LVS progresses.

3.2.3 Dynamic changes are observed in multiple lung immune cell
populations during infection with F. tularensis LVS

As the total number of ILCs was reduced during infection with F. tularensis
LVS, it was important to characterise other lung immune cell populations, in
order to investigate how the lung immune environment is affected by the
bacteria as infection progresses (figure 3.4). As mentioned, the gating
strategy for ILCs utilised a variety of lineage markers (CD3, CD5, NK1.1,
B220, CD11b, CD11c), which were spread over two fluorescence channels
(figure 3.2). Whilst useful for identification of ILCs, these markers also helped
identify other immune cell types. Specifically, total T cells were identified as
CD3*CD5" (Lin1), with CD4™ T cells identified from this population. A broader
B220"CD11b*CD11c" (Lin2) immune cell population served to identify B cells
and myeloid cells (figure 3.2 and 3.4A & B). Natural killer (NK) cells were
identified from a double positive population from these markers, expressing
both NK1.1 and CD11b (figure 3.2). NK cells were further distinguished from
other cells which potentially showed expression of markers from both lineage
gates through their expression of T-bet, such that NK cells were identified as
NK1.1*CD11b*T-bet" cells (figure 3.2 and 3.4C & D).

The broader B220"CD11b*CD11c"* cell population showed no reduction
during infection as a frequency of live CD45" cells, or of total cell numbers
when compared to uninfected mice (figure 3.4 A & B). In fact, from day 3 p.i.
onwards, a small but significant increase was observed in the frequency of
this population, which remained high at days 5 and 7 p.i. (figure 3.4A).
Additionally, an enhanced number of total B220"CD11b*CD11c" cells was
observed at day 3 p.i. when compared to day 1 and 5 p.i. (figure 3.4B).

The frequency of NK cells was reduced at days 3 and 7 p.i. (figure 3.4C),
with a reduction in total NK cell numbers also observed at this later time point
(figure 3.4D). Total T cell (CD3"CD5") and CD4" T cell numbers were
markedly decreased from day 3 p.i. onwards (figure 3.4E-H). Overall, these
data indicate that the relative proportions of multiple immune cell populations

are altered during infection with F. tularensis LVS.

72



B
B220*CD11b*CD11c*/Live CD45" Cells B220*CD11b*CD11c* Cell Count

T > 1 ok

=] 7 =
_w 6x10 —
=0 %] A
S3 S 4x107- A
5 O 607 k3
- F £
Tl £
Sa 40 > ,
Lo > 2x107
S o =
N > 204 [
as ©
0- 0=
& &
(o3 D
= 20+ 6%106—
Z ]
©
O 154 H
+ ] o]
HE" 5 4x10
O 10+ £
e g
3 2 2x10°
o 5+ =
3 o
E 0-
(&) o
E . F
T Cells/Live CD45* Cells T Cell Count
sk
T e I 1
§ 40 1 1x107_ kKK
2 g 6
] 8x106-
o k]
+ -
8 %S 6x10°
S g
@ 5 41061
g K
E b 6]
2 & 2x10
o
- 0-
&
00
G . i . H
CD4" T Cells/Live CD45" Cells CD4+ T Cell Count
-
9 i T o !
s 8x105
°
© 3 exto
%105
& 4
o -
o 5
e £ 4x10°
. :
o ks
3 g 2x10°-
e o
5 -
)

Figure 3.4 - Lung immune cell populations exhibit dynamic changes during
infection with F. tularensis LVS

C57BL/6 mice were infected with 1000 CFU F. tularensis LVS and multiple immune
cell populations identified in the lung at different time points p.i. (A-B)
B220*CD11b*CD11c" cells, (C-D) NK cells, (E-F) total and (G-H) CD4* T cells were
identified and expressed as a frequency of live CD45* cells, and cell counts per gram
of tissue (n=16 for control, n=7 for day 1, n=10 for day 3, 5 and 7 mice). Statistical
analysis was performed using either one-way ANOVA for parametric data, or Kruskal
Wallis for non-parametric data, with Holm-Sidak’s and Dunn’s multiple comparisons
tests performed for each method of analysis respectively; * p<0.05; ** p<0.01; ***
p<0.001; **** p<0.0001.
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3.2.4 Subset-specific changes in ILC1s and ILC2s are observed
during infection with F. tularensis LVS

Whilst ILC2s are the dominant ILC subset in the lung of naive mice (Mindt,
Fritz and Duerr, 2018), they are predominantly involved in the innate immune
response against type 2-based immunological challenges (Artis and Spits,
2015). In contrast, ILC1s are known to play a role in the control of intracellular
infections (Artis and Spits, 2015). Thus, it was important to determine
whether the lung ILC compartment was altered during early infection with F.
tularensis LVS — especially given that phenotypic changes have been
previously observed here in other intracellular infections (Silver et al., 2016).
Thus, individual subsets were identified as ILC1s (T-bet®), ILC2s (ST2"),
ILC3s (RORyt), and a triple negative (TrN) population (figure 3.5A & B).
Fluorescent minus one (FMO) markers were used for appropriate
identification of individual subsets (figure 3.5B). As observed by others
(Dutton et al, 2017), a TrN population was identified which lacked

expression of all three phenotypic markers .

ILC1s represented a small proportion (~2%) of the overall ILC compartment
in uninfected mice (figure 3.5C). However, from day 5 pi. onwards, a
significant increase in their frequency was observed, with total cell numbers
also elevated by day 7 p.i. (figure 3.5C & D). ILC2s are the dominant lung
ILC subset in the naive lung (Mindt, Fritz and Duerr, 2018), which was
confirmed here, with ILC2s comprising approximately 90% of the total lung
ILC compartment in uninfected mice (figure 3.5E). From day 5 p.i. however,
a reduction in ILC2s was observed, both as a frequency of the total ILC
compartment and total cell numbers (figure 3.5E & F). ILC3 numbers were
unchanged during infection (figure 3.5G & H). Overall, these results show
that the lung ILC compartment undergoes dynamic changes during infection
with F. tularensis LVS.
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3.2.5 Phenotypic changes are observed in T-bet' ILC1s and GATA3"*
ILC2s at later stages of infection with F. tularensis LVS

Whilst lung ILC2s express ST2 under steady-state conditions (Mindt, Fritz
and Duerr, 2018), they can down-regulate this expression and transition into
a more inflammatory ILC2 phenotype under certain conditions (Huang et al.,
2015). Thus, it was critical to establish whether the apparent reduction in
ST2" ILC2s observed during infection with F. tularensis LVS reflected a
reduction in ILC2 numbers, or was due to a specific down-regulation of ST2
expression, and a transition into a more inflammatory phenotype. Thus,
ILC2s were identified by their master transcription factor, as GATA3" ILCs,
and the lung ILC compartment characterised (figure 3.6A & C-D). Here, a
significant reduction in GATA3" ILC2s was seen from day 5 p.i. onwards
when compared to control uninfected mice (figure 3.6B & C). This reduction
in GATA3" ILC2s was accompanied by a concurrent increase in T-bet” ILC1s
(figure 3.6B & C), confirming ILC1s and ILC2s as the ILC subsets that are
altered during infection with F. tularensis LVS (figure 3.5C & D).

Next, it was important to further investigate the relationship between ILC1s
and ILC2s during infection with F. tularensis LVS, given that ILC2s have
previously been shown to adopt an ILC1-like phenotype during other
intracellular infections (Silver et al., 2016). Specifically, it was important to
determine how the phenotype of ILC2s is altered during the course of
infection, and whether ILC2s display any capacity to convert to an ILC1-like
phenotype. To this end, the expression of the ILC2-specific cell surface
markers CD25, ICOS, KLRG1 and ST2 were measured on both ILC1s (T-
bet®) and ILC2s (GATAS3") during infection with F. tularensis LVS (figure 3.6).

Figure 3.5 - Lung ILC subsets are altered during infection with F. tularensis LVS

C57BL/6 mice were infected with 1000 CFU F. tularensis LVS and individual lung ILC
subsets identified by flow cytometry at different time points p.i. (A) Representative plots
for ILC subsets in PBS (control) and LVS-infected mice (plots from day 5 p.i.). (B) FMO
controls were used to establish gating. Subsets were defined based upon expression
of transcription factors and specific cell surface markers. (C-D) ILC1s (T-bet"), (E-F)
ILC2s (ST2") and (G-H) ILC3s (RORyt") were quantified and expressed as a frequency
of total ILCs, and cell counts per gram of tissue (n=16 for control, n=7 for day 1, n=10
for days 3, 5 and 7 mice). Numbers in FACS plots represent the percentage of the
previous gate (ILC2s, ILC3s and DN as a % of total ILCs, and TrN and ILC1s as a % of
the DN population). Statistical analysis was performed using either one-way ANOVA for
parametric data, or Kruskal Wallis for non-parametric data, with Holm-Sidak’s and
Dunn’s multiple comparisons tests performed for each method of analysis respectively;
*p<0.05; *** p<0.001; **** p<0.0001.
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Here, ILC1s displayed significantly enhanced expression of KLRG1 at day 5
p.i., and ICOS at day 7 p.i. when compared to control mice (figure 3.6E).
Total KLRG1" ILC1s were enhanced at day 5 p.i., with increased numbers of
CD25" ILC1s and ICOS* ILC1s also observed at day 7 p.i. (figure 3.6F).
Thus, this suggests that ILC1s can adopt expression of ILC2 cell surface
markers during infection with F. tularensis LVS. When compared to control
mice, ILC2s (GATA3") showed a reduction in the expression of CD25,
KLRG1, and ST2 during infection with F. tularensis LVS (figure 3.6G). In
contrast, ICOS expression was elevated in ILC2s (figure 3.6G). Despite this,
a reduction in the total number of GATA3" ILCs expressing CD25%, ICOS®,
KLRG1" and ST2" was observed at both day 5 and 7 p.i. (figure 3.6H). Thus,
this shows that infection with F. tularensis LVS alters the cell surface marker
expression of ILC2s, indicating a potential change in ILC2 phenotype as
infection progresses. Moreover, with the enhanced expression of some of
these ILC2 cell surface markers on ILC1s, this may suggest a potential
conversion of ILC2s to ILC1s, and thus begin to uncover how ILC2s are

reduced during the later stages of infection with F. tularensis LVS.

Figure 3.6 - Lung T-bet* ILC1s and GATA3" ILC2s are altered during infection
with F. tularensis LVS

Lung ILC subsets were identified in C57BL/6 mice at days 5 and 7 p.i. with F.
tularensis LVS (1000 CFU). (A) Representative plots for identification of ILC1s (T-
bet*) and ILC2s (GATA3") and (B) expression of CD25, ICOS, KLRG1 and ST2 on
GATA3* ILC2s in PBS control and LVS-infected mice (plots from day 5 p.i.). ILC
subsets were quantified and expressed as (C) a frequency of total ILCs and (D) cell
counts per gram of tissue. Expression of individual markers was quantified on (E-F)
T-bet* ILC1s and (G-H) GATA3* ILC2s and expressed as a frequency of respective
subsets and cell counts per gram of tissue (n=7 for control, n=10 for day 5 and day
7 mice). Numbers in FACS plots represent the percentage of ILC2s expressing the
identified markers. Statistical analysis was performed using either one-way ANOVA
for parametric data, or Kruskal Wallis for non-parametric data, with Holm-Sidak’s and
Dunn’s multiple comparisons tests performed for each method of analysis
respectively; * p<0.05; *** p<0.001; **** p<0.0001.
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3.2.6 ILC2s are not infected during LVS infection

Whilst ILC2s may possess some ability to convert to an ILC1-like phenotype,
the observed increase in ILC1 numbers seen during the later stages of
infection with F. tularensis LVS does not fully compensate for the total
reduction in ILC2s. Thus, other possible reasons for this reduced number of
ILC2s were considered, with lung samples analysed before and after their

reduction, at days 3 and 5 p.i.

Throughout the course of infection, F. tularensis LVS is known to infect
multiple cell types (Hall et al., 2008). Thus, it was hypothesised that ILC2s
may be amongst these cells, which resulted in enhanced cell death that
contributed to a reduction in total ILC2 numbers. Using an antibody specific
to F. tularensis LVS LPS and its isotype control, intracellular infection of
immune cells was monitored during infection (figure 3.7A). Both ST2" ILCs
(ILC2s) and ST2 ILCs (ILC1s and ILC3s) were uninfected at days 3 and 5
p.i. (figure 3.7B). Infection in neutrophils and macrophages, immune cell
types known to be infected by F. tularensis LVS (Hall et al., 2008), was
apparent at day 3 p.i., with the number of these infected cells rising
significantly at day 5 p.i. (figure 3.7B). Thus, these data indicate that ILC2s
are not infected by F. tularensis LVS, and therefore their numbers are not

reduced by direct infection with the bacteria.

79



ILC2s Neutrophils Macrophages

Ft LVS LPS Ft LVS LPS

Ft.LVS ——
FtLVS —— >

LvS* 1

T T T T T T T T T T T T T T T
[ 50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K

FSCH ——> FSC-H —> FSCH ———>

204 LVS*0 10*4 LVSt17.7

Isotype Isotype Isotype

Ft. LVS —
Ft LVS T)
FtLVS —>

L d Vs o

wd Lvst0.47 T LVS*0

T T T T T T T T - T T T T T T T
0 50K 100k 150k 200K 250K ] 50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K

FSCH ——> FSCH —> FSCH — >

LVS* Cells Count

ok Kk KKk

3x1 06- % Kk
A
[}]
§ M Il Control
:.‘; 2x10°+ Day 3
£ Bm Day5
o
2 1x10° [
= A
3 §
| |
0=
d‘? \,oe \\6 &9
¥ a S Sl
3 3 &K
4 éqf'
&>
oY

Figure 3.7 - Lung ILC2s are not infected by F. tularensis LVS

Infected immune cell populations were analysed in the lung of C57BL/6 mice at day
3 and day 5 p.i. with 1000 CFU F. tularensis LVS. (A) Representative plots for
identification of LVS-infected cells using an antibody against the LVS-LPS, and an
isotype control. (B) LVS* ST2* ILC2s (Live CD45*Lin"CD90.2*CD127*), ST2 ILCs,
neutrophils (Live CD45*CD11b*Ly6G*) and CD64" macrophages (Live
CD45*CD11b*Ly6G Siglec-F-CD64") were quantified, and expressed as cell counts
per gram of tissue (n=4 for control; n=8 for day 3 and 5 p.i.). Numbers in FACS plots
represent the percentage of infected cells in each immune cell population. Statistical
analysis was performed with either one-way ANOVA for parametric data, or Kruskal
Wallis for non-parametric data, with Holm-Sidak’s and Dunn’s multiple comparisons
tests performed for each method of analysis respectively; **** p<0.0001.
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3.2.7 ILC2s do not show enhanced cell death during infection with F.
tularensis LVS

Whilst ILC2s are not directly infected by F. tularensis LVS, it remained of
interest to determine whether the reduced number of ILC2s during the later
stages of infection was due to enhanced ILC2 cell death. Annexin V is a
cellular protein that binds to phosphatidylserine, which is a marker of
apoptotic cells. Hence, viability of ILC2s was identified by flow cytometry via
staining for Annexin V in combination with a Live/Dead (LD) viability dye
(figure 3.8). In combination, these viability stains allowed for identification of
live (LD"Annexin V°), apoptotic (apop.; LD'Annexin V*), necrotic (necro.;
LD*Annexin V*), and dead (LD*Annexin V°) cells. A pooled lung cell
suspension from both PBS-control and LVS-infected mice was heat-treated

at 95°C for 2 minutes as a positive control for cell death (figure 3.8).

Total apoptotic ILC2s were reduced at both day 3 and 5 p.i. when compared
to control mice (figure 3.9A & B). Moreover, the number of necrotic ILC2s
was also reduced at day 5 p.i. (figure 3.9C & D). Thus, this suggests that an
enhanced level of cell death in ILC2s is not likely to be responsible for the

reduction in total ILC2 numbers during infection with F. tularensis LVS.
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Figure 3.8 - Gating strategy for identification of cell death in lung immune cell
populations during infection with F. tularensis LVS

Apoptotic (apop.; LD"Annexin V*) and necrotic (necro.; LD*Annexin V*) immune cell
populations in the lung of C57BL/6 mice at day 3 (D3) and day 5 (D5) p.i. with 1000
CFU F. tularensis LVS. Control mice were given PBS. A pooled lung cell suspension
of control and LVS-infected mice was heat-treated at 95°C for 2 minutes as a positive
control for cell death. ILC2s were identified as CD45*Lin"CD90.2*CD127*ST2*, CD4*
T cells as CD45"CD3*CD5*CD4*, and B cells and myeloid immune populations
(BCM) as CD45*B220*CD11b*CD11c* cells. Numbers in FACS plots represent the
percentage of live, apop., necro., and dead cells for individual immune cell
populations.
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To determine whether these reductions in cell death were ILC2-specific,
levels of apoptosis and necrosis were also quantified in CD4" T cells and B
cell and myeloid (BCM; B220*CD11b*CD11c") immune cells (figure 3.9E-L).
Akin to ILC2s, both the number of apoptotic and necrotic CD4" T cells were
reduced by day 5 p.i. (figure 3.9E-H). Elsewhere, whilst the number of
apoptotic BCM immune cells was also reduced at day 5 p.i. (figure 3.91 & J)
a significant rise in the number of necrotic BCM immune cells was observed
between day 3 and day 5 p.i. (figure 3.9K & L). Together, these results
indicate that whilst CD4" T cells do not display enhanced levels of cell death
during infection with F. tularensis LVS, certain cells in the BCM immune cell

population undergo a necrotic form of cell death as infection progresses.

Figure 3.9 - Levels of apoptotic and necrotic cell death are altered in multiple
lung immune cell populations during infection with F. tularensis LVS

Apoptotic (Annexin V*LD") and necrotic (Annexin V*LD*) immune cell populations
were identified in the lung of C57BL/6 mice at day 3 (D3) and day 5 (D5) p.i. with
1000 CFU F. tularensis LVS. Control mice were given PBS. (A-D) Apoptotic and
necrotic ILC2, (E-H) CD4* T cell, and (I-L) B220"CD11b*CD11c* immune cell
populations were quantified, and expressed as a frequency of total ILC2s
(apoptotic/necrotic  ILC2s), total CD45* «cells (CD4+ T cells and
B220"CD11b*CD11c" cells), and cell counts per gram of tissue (all cell populations;
n=8). Statistical analysis was performed with either one-way ANOVA for parametric
data, or Kruskal Wallis for non-parametric data, with Holm-Sidak’s and Dunn’s
multiple comparisons tests performed for each method of analysis respectively; **
p<0.01; *** p<0.001; **** p<0.0001.
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3.2.8 ILC2 numbers are also reduced in draining lymph nodes during
infection with F. tularensis LVS

Finally, it was hypothesised that the reduction in ILC2s induced by F.
tularensis LVS infection could be due to enhanced migration of these cells
from the lung tissue into the mediastinal (lung-draining) lymph node (LN). To
begin to test this possibility, ILCs in the mediastinal LN were identified as Lin
CD127" cells (figure 3.10A). Interestingly, instead of enhanced ILCs being
present in the LN, the frequency of total ILCs was significantly reduced at
day 3 p.i. when compared to control uninfected mice (figure 3.10B). Total ILC

numbers were unchanged (figure 3.10C).

Next, specific ILC subsets were analysed in the mediastinal LN at different
times p.i. ILC1 frequency and total number were unaltered in the mediastinal
LN during infection with F. tularensis LVS (figure 3.10D & E). The frequency
of ILC2s in the mediastinal LN was unaltered by infection, whereas the total
number of ILC2s observed was in fact significantly reduced when compared
to control uninfected mice (figure 3.10F & G). Thus, this indicates that ILC2s
may not be migrating from the lung into the mediastinal LN during the later

stages of infection.

As seen by others (Mackley et al., 2015), the majority of ILCs in the
mediastinal LN were RORyt" ILC3s (figure 3.10A & H). Indeed,
approximately 60% of the steady-state ILC compartment in the mediastinal
LN comprised RORyt" ILC3s (figure 3.10H), with this frequency of ILC3s
enhanced at day 5 p.i. (figure 3.10H). Total ILC3 numbers were unchanged
during infection (figure 3.10l), demonstrating that unlike the lung ILC
compartment, the total number of the dominant ILC subset (RORyt" ILC3s)
in the mediastinal LN is not significantly reduced during infection with F.

tularensis LVS.
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3.3 Discussion

3.3.1 Understanding the changes in the lung ILC compartment
during the later stages of infection with F. tularensis LVS

ILCs are capable of rapid response to immune challenges (Spits et al., 2013;
Artis and Spits, 2015). Here in this thesis chapter, it was shown that ILC2s
(ST2'/GATA3") represent the vast majority of the steady-state lung ILC
compartment, which is in line with work by others (Monticelli et al., 2011;
Nussbaum et al., 2013). Principally involved in immune responses against
parasitic infections and allergic diseases (Artis and Spits, 2015), it would be
reasonable to consider that ILC2s would not be as beneficial in the immune
response against F. tularensis LVS, an intracellular bacterium, as perhaps
the ILC1 or ILC3 subsets — given that these latter two subsets are associated
with immune responses against intracellular and bacterial infections
respectively (Artis and Spits, 2015). Despite this, lung ILC3 numbers were
unchanged during infection with F. tularensis LVS, suggesting that this ILC

subset may not be important for the control of F. tularensis infection.

Figure 3.10 - ILCs of the mediastinal lymph node are altered during infection
with F. tularensis LVS

ILCs were identified in the mediastinal lymph node of C57BL/6 mice at day 3 and
day 5 p.i. with 1000 CFU F. tularensis LVS. (A) Representative plots for identification
of ILCs as Live CD45*Lin" (i.e. CD3, CD5 CD11b, CD11c, B220, NK1.1) and CD127*
cells in PBS (control) and LVS-infected mice. (B-C) Total ILCs, (D-E) ILC1s (T-bet*),
(F-G) ILC2s (ST2") and (H-l) ILC3s (RORyt*) were quantified and expressed as a
frequency of live CD45" cells (total ILCs), total ILCs (individual ILC subsets), and
absolute cell counts (n=6 for control mice; n=8 for LVS-infected mice). Numbers in
FACS plots represent the percentage of the previous gate (ILCs as a % of Lin" cells;
ILC2s, ILC3s and DN gates as a % of total ILCs; TrN and ILC1s as a % of the DN
ILC population). Statistical analysis was performed with either one-way ANOVA for
parametric data, or Kruskal Wallis for non-parametric data, with Holm-Sidak’s and
Dunn’s multiple comparisons tests performed for each method of analysis
respectively; * p<0.05; ** p<0.01; **** p<0.0001.
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Interestingly, ILC2s have proven to be of benefit in some intracellular
infections, helping repair viral infection-induced tissue damage (Monticelli et
al., 2011), and displaying a degree of plasticity to convert to an ILC1-like
phenotype (Silver et al., 2016). Akin to the observations in this thesis chapter,
ILC2 numbers have also been shown to be reduced in the context of
influenza infection, with a concomitant rise in ILC1 numbers in response to
this particular immunological challenge (Silver et al., 2016). Here, T-bet”
ILC1s arose from an ST2" ILC2 pool, with IL-12 and IL-18 critical for this
ILC2-ILC1 conversion. It is therefore worthy of note that, following infection
via the tracheal route, IL-12 is observed in the lungs of LVS-infected mice —
with levels of this cytokine increasing as infection progresses (Lin et al.,
2009). Thus, the observed expansion of lung ILC1s during the later stages
of infection with F. tularensis LVS could occur as a result of an ILC2-ILC1
conversion, at least in part due to enhanced levels of IL-12 present as

infection progresses.

3.3.2 Investigating the phenotypic changes in ILC2s during the later
stages of infection with F. tularensis LVS

As previously mentioned, it is possible that a potential ILC2-ILC1 conversion
occurs during infection with F. tularensis LVS. In order for this to happen,
changes in cell surface marker expression of ILC2s would potentially be
observed. Thus, at least some insight into the phenomena of ILC2-ILC1
conversion during Francisella infection can be gained from the analysis of

cell surface marker expression on each ILC subset.

In the lung, both natural and inflammatory ILC2s (nIlLC2 and ilLC2
respectively) have been reported in response to different external stimuli
(Mindt, Fritz and Duerr, 2018). Crucially however, nILC2s, which are
responsive to IL-33, are considered the dominant ILC2 subset under steady-
state conditions (Mindt, Fritz and Duerr, 2018). In contrast, ilLC2s appear
following stimulation with either IL-25, or parasitic infection (Huang et al.,
2015). These two subpopulations of ILC2s can also be differentiated based
upon their expression of cell surface markers. Unlike nILC2s, ilLC2s are an
ST2 population of ILC2s that express the IL-25 receptor (IL-17RB), as well
as higher levels of KLRG1 (Huang et al., 2015). During infection with F.
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tularensis LVS, whilst lung ILC2s showed decreased expression of ST2, this
was not counteracted by an enhanced expression of KLRG1. In fact, lung
ILC2s showed decreased expression of KLRG1 during Francisella infection,

indicating a potential loss of ILC2 phenotype.

Lung ILC2s are also known to express CD25 (Bartemes et al., 2012; Halim
et al., 2012a), with an early study identifying ILC2s as a Lin"CD127*CD25"
population (Halim et al., 2012a). However, this expression of CD25 (amongst
other ILC2 markers) is lost upon viral infection, where ILC2s convert to an
ILC1-like phenotype (Silver et al., 2016). In line with this, the ILC1 population
that arose during infection with F. tularensis LVS expressed lower levels of
CD25 than ILC2s. Moreover, whilst ILC2s from the lungs of uninfected mice
expressed high levels of CD25, expression levels decreased as infection
progressed. Collectively, these data further support the idea that ILC2s lose
their phenotype during infection with F. tularensis LVS. Despite this, it is
currently unclear whether this loss of phenotype correlates with a transition

into an ILC1-like phenotype.

As previously discussed, viral-induced converted ILC1s display significantly
lower expression of CD25 than ILC2s. However, they also express lower
levels of ICOS and ST2 (Silver et al., 2016). In the context of F. tularensis
LVS, this remained true for ST2 expression on ILC1s. Yet, in contrast to
these viral-induced converted ILC1s, ICOS expression was significantly up-
regulated on ILC1s during infection with F. tularensis LVS. This could
therefore indicate multiple possibilities. Due to the inherent differences in the
ILC1 population identified during infection with F. tularensis LVS and that
previously identified during viral infection (Silver et al., 2016), it could suggest
that the ILC1s observed in Francisella model are not derived from the ILC2
pool. Alternatively, it may suggest that these ILC1s are phenotypically
distinct from previously identified converted ILC1s (Silver et al., 2016), and
do originate from the lung ILC2 pool. This becomes increasingly plausible
when considering the consistently high expression of ICOS on ILC2s, and
the down-regulation of the other ILC2 cell surface markers CD25, KLRG1
and ST2 on ILC2s as infection progresses. Therefore, the similarities of the
expression of these specific cell surface markers on ILC1s and ILC2s may
indicate that ILC2s are plastic during infection with F. tularensis LVS.

Nevertheless, in order to ascertain whether these ILC1s are in fact ‘ex-
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ILC2s’, techniques that identify and trace ILC2s throughout the course of

infection are required, such as an ST2-GFP fate mapper mouse model.

3.3.3 Attempting to uncover how lung ILC2s are reduced during LVS
infection

Given that ILC1s can rapidly produce IFN-y (Klose et al., 2014; Abt et al.,
2015), and how this cytokine is essential for control of infection with F.
tularensis LVS (Elkins et al., 1996), it is clear that the emergence of a
population of ILC1s during LVS infection could prove beneficial to the host
immune response. However, the significance of a reduction in ILC2 numbers
during infection is less clear, especially given their previously documented
plasticity and roles in tissue repair in other intracellular infections (Monticelli
et al., 2011; Silver et al., 2016). One possible explanation for the subset-
specific reduction in ILC2s could be that this is a process engineered by F.
tularensis LVS. Here, its rationale would be to reduce the total number of
ILC2s that could adopt an ILC1-like phenotype, and thus limit their IFN-y
production. Alternatively, the reduction in ILC2s may be a host-mediated
response to infection with F. tularensis LVS, reducing the type 2 response
and thus favouring type 1-focused immunity — aspects of which are essential
for control of infection with F. tularensis (Elkins et al., 1996; Duckett et al.,
2005). As previously discussed, it has also been considered that the
increased number of ILC1s may occur as a result of an ILC2-ILC1
conversion, thus resulting in a reduction in ILC2 numbers. Whilst future work
is required to fully determine the validity of this phenomenon, the dramatic
decrease in lung ILC2 numbers cannot be explained solely by an ILC2-ILC1
conversion. Thus, other reasons for this reduced number of ILC2s must be

considered.

F. tularensis LVS invades multiple host cell types during its pathogenesis,
with phagocytic cells ingesting bacteria through a process known as looping
phagocytosis (Hall et al., 2008). Non-phagocytic cells such as alveolar
epithelial cells can also internalise the bacteria, although this appears to be
through the use of the host cell cytoskeleton and phosphatidylinositol 3-
kinase (PI3K) and tyrosine kinase activity (Craven et al., 2008). Thus, given
that invasion of host cells by F. tularensis LVS eventually leads to cell death
(Lai, Golovliov and Sjostedt, 2001; Lai and Sjostedt, 2003; Mariathasan et
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al., 2005; Wickstrum et al., 2009; Lindgren et al., 2013; Jessop et al., 2018),
it was considered whether internalisation of bacteria and bacteria-induced
cell lysis could be a mechanism by which ILC2 numbers were reduced. Here,
it was important to quantify levels of infection in cells that are well known to
be infected by the bacteria, macrophages and neutrophils (Hall et al., 2008),
to serve as a positive control for detection of intracellular bacteria. Indeed,
whilst the number of infected neutrophils and macrophages increased as
infection progressed, ILC2s remained uninfected throughout the course of
infection. Thus, this indicates that the reduction in ILC2s during the later

stages of infection is not due to infection of ILC2s with F. tularensis LVS.

ILC2s are known to be inhibited and undergo cell death upon exposure to
IFN-y, and type 1 interferons such as IFN-B (Molofsky et al., 2015; Kudo et
al., 2016; Duerr et al., 2016). Therefore, when considering the roles that
these cytokines play in the immune response against F. tularensis (Elkins et
al., 1996; Duckett et al., 2005; Cole et al., 2008), it was considered whether
the reduced number of ILC2s was due to an enhanced level of ILC2 cell
death. It was therefore surprising that a significantly lower number of ILC2s
were apoptotic in LVS-infected mice when compared to control (naive)
counterparts. Given the nature of infection with F. tularensis LVS and its
ability to rapidly induce multi-organ inflammation (Parmely, Fischer and
Pinson, 2009), it was also important to determine whether ILC2s were dying
by necrosis - a more inflammatory type of cell death. Whilst the number of
necrotic ILC2s was low in control mice, a further reduction in necrotic ILC2s
was observed at day 5 p.i. Thus, neither apoptosis nor necrosis appear to be
responsible for the reduction in ILC2s in the lung during the later stages of
infection with F. tularensis LVS. It is unclear why ILC2s show reduced
apoptosis during Francisella infection, especially given that multiple
cytokines are present which have previously been shown to promote this
form of cell death in ILC2s (Lopez et al., 2004; Duerr et al., 2016). It remains
a possibility that ILC2s have already undergone apoptosis by the time of
analysis, and have fragmented into apoptotic bodies. However, as these cell
fragments share the same FSC/SSC properties as cellular debris, they were
likely eliminated from analysis at that stage of gating. Thus, in order to
ascertain whether fragmented ILC2s are amongst these apoptotic bodies, a

deeper analysis of cell death would be required in future experiments. Here,
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cellular debris could be differentiated from these apoptotic bodies through
use of the nucleic acid-binding dye TO-PRO-3 (Jiang et al., 2016).

Whilst ILCs are generally considered to be tissue-resident cells, there is now
increasing evidence for migration of these cell types between tissues, and to
draining lymph nodes in response to immunological challenges (Mackley et
al., 2015; Huang et al., 2018; Dutton et al., 2019; Ricardo-Gonzalez et al.,
2020). During infection with F. tularensis LVS, a significant proportion of
extracellular bacteria are present in these draining LNs (Bar-Haim et al.,
2008), which would likely generate a response from ILC3s (amongst other
cell types) (Satoh-Takayama et al., 2008; Sonnenberg et al., 2011; Klose et
al., 2013; Ardain et al., 2019). It is therefore worthy of note that inflammatory
ILC2s can acquire ILC3-like properties during certain immunological
challenges, up-regulating expression of RORyt and producing IL-17 (Huang
et al., 2015). As this cytokine has previously been shown to be important in
control of infection with F. tularensis LVS (Cowley et al., 2010), it was
considered that a reduced lung ILC2 number could be due to lung ILC2
migration to draining LNs, and subsequent acquisition of ILC3-like properties
upon exposure to the extracellular phase of the bacteria. Indeed, this idea
was supported by the reduced number of ST2" ILC2s observed in the
draining LN during infection, given a characteristic of this inflammatory ILC2
phenotype is the reduced expression of ST2 (Huang et al., 2015). Despite
this, total RORyt" ILC3 numbers remained unchanged as infection
progressed. Collectively, the lack of increases in either ILC subset therefore
suggested that it was unlikely that ILC2s are migrating to the draining LN.
Nevertheless, given that ILC3s persisted in the mediastinal LN during LVS
infection, and that they were not significantly reduced like lung ILC2s, this
could indicate that ILC3s at this site are involved in the immune response
against the extracellular phase of Francisella infection. Further work is
required to fully investigate whether ILC3s in the mediastinal LN play any

role in control of infection with F. tularensis LVS.

Both lung ILC2s and draining LN ILC2s express ST2 (Chang et al., 2011;
Monticelli et al., 2011; Martinez-Gonzalez et al., 2016), and more importantly,
no phenotypic differences in expression of surface markers or transcription
factors are observed between resident ILC2s in either compartment (Chang
et al., 2011; Monticelli et al., 2011; Martinez-Gonzalez et al., 2016). Thus, a
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potential caveat of the data concerning the migration of ILC2s to draining
LNs is that these LN-resident ILC2s were not distinguishable in any way from
lung-resident ILC2s. Therefore, whilst draining LN ILC2 numbers were
reduced during infection with F. tularensis LVS, more advanced techniques
would be required in order to fully ascertain whether the observed ILC2s in
the draining LN are ILC2s that have trafficked from the lung. One such
technique utilises the transgenic Kaede mouse model, in which cells express
the Kaede protein — which is irreversibly converted from green to red
fluorescence upon violet light exposure (Morton et al., 2014). Indeed, this
technique has previously been used to analyse the trafficking of labelled
intestinal ILCs to mesenteric LNs (Mackley et al., 2015; Kastele et al., 2021).
Thus, through a similar approach of shielding the mediastinal LNs, and
careful exposure of the lungs to violet light, any potential trafficking of lung

ILC2s could be identified and studied in more depth.

3.3.4 Understanding the reduction in cells of the lymphoid lineage
during infection with F. tularensis LVS

As well as a reduction in ILCs, a significant reduction in NK cells and T cells
was observed during infection, akin to previous observations by others
(Schmitt et al., 2013). Thus, this indicates a widespread reduction in cells of
lymphoid origin during infection with F. tularensis LVS. As previously
mentioned, ILC2s can undergo cell death upon exposure to IFN-y, and type
1 interferons such as IFN-B (Molofsky et al., 2015; Kudo et al., 2016; Duerr
et al., 2016). Likewise, total T cell numbers have also been shown to be
reduced by these cytokines (Kamphuis et al., 2006; de Kleijn et al., 2013).
Therefore, the reduction in both T cells and ILCs may be regulated through
the presence of both IFN-y and type 1 interferons during infection with F.
tularensis LVS (Elkins et al., 1996; Duckett et al., 2005; Cole et al., 2008).

Whilst this is one possible explanation for the reduction in lymphocytes
during infection with F. tularensis LVS, it is worthy of note that reduced T cell
and NK cell numbers have been seen previously in several other models of
infection, and are mainly attributed to an enhanced level of apoptosis as
infection progressed (Hotchkiss et al., 2005; Bradfute et al., 2007; Boonnak
et al., 2014). Despite this, an enhanced level of apoptosis was not observed,
nor necrosis of CD4" T cells during infection with F. tularensis LVS. Thus, as

previously discussed with ILC2 cell death, further work is required to
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determine whether T cells have fragmented into apoptotic bodies and were
consequently eliminated from this analysis. As the levels of cell death in NK
cells were not quantified, it is unclear whether this could be the cause of their
reduction. Interestingly however, it has been suggested that F. tularensis can
infect NK cells, but not replicate within them (Schmitt et al., 2013) —
suggesting that direct infection with F. tularensis could contribute to the

reduced number of NK cells as infection progresses.

3.4 Conclusion

This thesis chapter has demonstrated that several phenotypic changes occur
in the lung ILC compartment during infection with F. tularensis LVS.
Specifically, whilst an ILC1 population emerges, the number of ILC2s is
reduced, which is accompanied by an altered expression of several cell
surface markers on each of these subsets. At present, it is currently unclear
how these changes to the ILC compartment impact upon the host immune
response to F. tularensis LVS. Thus, chapters 4 and 5 will seek to determine
this, through manipulation of ILC numbers during infection with F. tularensis
LVS.
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Chapter 4

Determining the effects of expanding the ILC compartment during
infection with F. tularensis LVS
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4.1 Introduction

Chapter 3 of this thesis established that ILC2s are reduced during the later
stages of intranasal infection with F. tularensis LVS. As previously discussed,
ILC2s have been shown to play an important role in the control of infection
in the lung. Specifically, ILC2s can participate in tissue repair responses
against influenza virus (Monticelli et al., 2011), and possess the ability to
adopt an ILC1-like phenotype, thus contributing to a type 1-based immune
response against pathogens such as Haemophilus influenzae and
Mycobacterium tuberculosis (Silver et al., 2016; Corral et al., 2021). With this
in mind, it was hypothesised that the observed reduction in ILC2s during
infection with F. tularensis LVS may perturb their potentially beneficial roles,

and therefore prove detrimental to the overall host response.

ILC2s are responsive to multiple stimuli including IL-25 and IL-33 (Artis and
Spits, 2015). Despite this, adult lung ILC2s express high levels of IL-33R and
low levels of IL-25R respectively, and are consequently more responsive to
IL-33 than IL-25 (Steer et al., 2020). Treatment with IL-33 can enhance ILC2
numbers, and is also capable of facilitating enhanced conversion of ILC2s to
an ILC1-like IFN-y-producing phenotype when combined with IL-12 and IL-
18 (Silver et al., 2016) — cytokines that are present in the LVS-infected lung
environment (Duckett et al., 2005; del Barrio et al., 2015; Periasamy et al.,
2016). As such, IL-33 was the preferred candidate to induce proliferation and
activation of ILC2s in the lung during infection with F. tularensis LVS. Here,
it was hypothesised that an expansion of lung ILC2s would benefit the host
immune response against the bacteria. Thus, this chapter focuses on how
the expansion of ILC2 numbers impacts on the host immune response in the

lung, and the overall control of infection with F. tularensis LVS.
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4.2 Results

4.2.1 IL-33 treatment results in enhanced mortality and reduced
control of infection with F. tularensis LVS

As ILC2s are reduced during the later stages of infection with F. tularensis
LVS (figure 3.5), it was important to determine how their IL-33-induced
expansion affected the progression of infection. To this end, mice were
treated with IL-33 prior to infection with F. tularensis LVS, and subsequently

monitored (figure 4.1A).
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Figure 4.1 - IL-33-treated C57BL/6 mice display enhanced bacterial burdens
during infection with F. tularensis LVS

(A) C57BL/6 mice were given 3 doses of IL-33 on alternate days leading up to
infection with F. tularensis LVS. Mice were infected via the intranasal route with F.
tularensis LVS (1000 CFU) and monitored daily and culled when the humane
endpoint was reached. (B) Weight change was monitored daily in all mice, and
plotted as a percentage loss of original body weight (0% = body weight at day 0). (C)
Severity of infection was evaluated using a clinical scoring system (see methods).
(D) Bacterial burdens (CFU/g of organ) were enumerated in the lung, liver and
spleen of mice at day 5 and (E) day 4 p.i. (n=4-8). Statistical analysis was performed
by unpaired t-test for parametric data or Mann-Whitney test for non-parametric data;
** p<0.01; *** p<0.001.
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Despite no differences in the progression of weight loss when compared to
untreated mice (figure 4.1B), all IL-33-treated mice exceeded the clinical
score limit at day 5 p.i. (figure 4.1C), showing signs of illness such as
hunched posture, piloerection and low mobility. Moreover, when bacterial
burdens were enumerated, IL-33-treated mice displayed significantly
enhanced bacterial burdens in the lung, liver and spleen when compared to
untreated mice (figure 4.1D). As such, all mice that were used in subsequent
IL-33-based experiments were culled one day earlier at day 4 p.i. to ensure
the work met home office license restrictions. Nevertheless, significantly
enhanced bacterial burdens were also observed in the lung, liver and spleen
of IL-33-treated mice when compared to untreated mice at day 4 p.i. (figure
4 1E). Overall, this indicates that treatment with IL-33 prior to infection with

F. tularensis LVS significantly exacerbates the progression of infection.

4.2.2 |L-33 treatment significantly enhances ILC2 numbers during F.
tularensis LVS infection

At day 4 p.i., IL-33 administration resulted in a significant expansion of total
ILCs — both as a frequency of live CD45" cells and total numbers - when
compared to untreated mice (figure 4.2A-C). Importantly, as treatment with
IL-33 produced a small, but significant portion of CD90.2" ILCs, ILCs were
identified as live Lin"CD127" cells in these studies (figure 4.2A). ILC2s were
also significantly elevated both in frequency and total numbers following IL-
33 treatment in both uninfected (control) and infected mice (4.2A and D-E).
Interestingly however, the number of total ILCs and ILC2s were reduced in
IL-33-treated LVS-infected mice when compared to IL-33-treated control
mice (figure 4.2C and E), suggesting that infection with F. tularensis LVS still
impacts on total ILC and ILC2 numbers despite their IL-33-mediated
expansion. Nevertheless, these data still demonstrate that IL-33 treatment

significantly expands ILC and ILC2s during infection with F. tularensis LVS.

As mentioned, previous reports have shown conversion of ILC2s to ILC1s
(Bal et al., 2016; Ohne et al., 2016; Silver et al., 2016; Corral et al., 2021).
Thus, the effect of IL-33-mediated ILC2 expansion on ILC1s was also
determined. ILC1s were enhanced as a frequency of live CD45" cells (figure
4.2F) and total cell numbers (figure 4.2G) in IL-33-treated control mice when

compared to untreated control mice. Interestingly, IL-33-treated infected

98



A

mice displayed significantly reduced ILC1s versus treated control mice

(figure 4.2F-G). Thus, these results suggest that the expansion of ILC1s in

IL-33-treated mice may arise due to an enhanced number of total ILCs, and

that infection with F. tularensis LVS limits this expansion.
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4.2.3 IL-33-treated LVS-infected mice exhibit an altered myeloid
immune response

IL-33 also impacts on multiple other cell populations, including granulocytes
and myeloid cells (Griesenauer and Paczesny, 2017). Moreover, as these
cell types infiltrate the lung tissue and serve as reservoirs for F. tularensis
LVS (Hall et al., 2008; Casulli et al., 2019), it was important to investigate the
effects of IL-33 treatment on their numbers and relative levels of infection,
and whether this could be contributing to the enhanced bacterial burdens

observed in IL-33-treated mice.

Indeed, the frequency (figure 4.3A and C) and total number (figure 4.3D) of
eosinophils (Ly6GSiglec-F*CD64") were significantly enhanced in IL-33-
treated LVS-infected mice when compared to untreated infected mice,
indicating that IL-33 can induce the expansion of this myeloid population
during infection with F. tularensis LVS. Of note, IL-33-treated control mice
also exhibited eosinophilia (figure 4.3A and C-D), and no differences were
observed between control and infected mice following IL-33 treatment (figure
4.3C and D). Elsewhere, whilst the frequency of macrophages (Ly6G Siglec-
F-CD64%) and neutrophils (Ly6G®), as well as total cell numbers were
increased in all infected mice (figure 4.3B, E and G), IL-33 treatment did not
further enhance this expansion (figure 4.3F and H). Together, these data
suggest that IL-33 can impact on eosinophil, but not neutrophil and

macrophage numbers during F. tularensis LVS infection.

Figure 4.2 - IL-33 treatment significantly increases total ILC and ILC2 numbers
during infection with F. tularensis LVS

(A) Representative plots for identification of ILCs (live CD45'Lin"'CD127* cells), (B)
ILC1s (live CD45*Lin'CD127*T-bet* cells) and ILC2s (live CD45Lin"CD127*ST2*
cells) in the lungs of untreated or IL-33-treated mice at day 4 p.i. with F. tularensis
LVS. (C-H) ILCs, ILC2s and ILC1s were quantified and expressed as a frequency of
live CD45" cells, and cell counts per gram of tissue. (n=8). Numbers in FACS plots
represent the percentage of the previous gate (ILCs as a % of Lin™ cells; ILC2s and
ILC1s as a % of total ILCs). Statistical analysis was performed using either one-way
ANOVA for parametric data, or Kruskal Wallis for non-parametric data, with Holm-
Sidak’s and Dunn’s multiple comparisons tests performed for each method of
analysis respectively; * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001.
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As eosinophils were significantly expanded in IL-33-treated LVS-infected
mice, it was hypothesised that these cells could serve as an enhanced
intracellular niche, and thus contribute to the exacerbated bacterial burdens
in IL-33-treated mice. Indeed, whilst the frequency of infected eosinophils
was unaltered (figure 4.4A-B), the total number of infected eosinophils was
significantly increased following IL-33 treatment (figure 4.4C). Moreover,
whilst macrophage and neutrophil numbers were unaltered by IL-33
treatment, it remained important to determine the relative level of infection in
these cell types, given their roles as a replicative niche for F. tularensis LVS
(Hall et al., 2008; Casulli et al., 2019). Thus, whilst the frequency of LVS®
macrophages was unaltered in IL-33-treated infected mice (figure 4.4A and
D), it was worthy of note that the total number of infected macrophages was
significantly enhanced in IL-33-treated mice (figure 4.4E). In addition to this,
the infected neutrophil pool was expanded when expressed as a frequency
of total neutrophils (figure 4.4F). No differences were observed in the total
number of infected neutrophils between groups (figure 4.4G). Thus, these
results suggest that F. tularensis LVS exhibits an enhanced level of
intracellular infection in multiple myeloid immune cells following IL-33
treatment, which may contribute to the enhanced bacterial burdens observed

in these mice.

Figure 4.3 - Effects of IL-33 treatment on the myeloid immune response during
infection with F. tularensis LVS

(A-B) Representative plots for identification of myeloid cell populations in the lungs
of IL-33-treated mice at day 4 p.i. with F. tularensis LVS. (C-D) Eosinophil (live
CD45*Ly6G Siglec-F*CD64"), (E-F) CD64* macrophage (live CD45*Ly6G Siglec-F-
CD64*) and (G-H) neutrophil (live CD45*Ly6G™), and populations were identified and
expressed as a frequency of live CD45" cells and cell counts per gram of tissue (n=8).
Numbers in FACS plots represent the percentage of the previous gate (eosinophils
and CD64* macrophages as a % of Ly6G™ cells; neutrophils as a % of live CD45*
cells). Statistical analysis was performed with either one-way ANOVA for parametric
data, or Kruskal Wallis for non-parametric data, with Holm-Sidak’s and Dunn’s
multiple comparisons tests performed for each method of analysis respectively; *
p<0.05 ** p<0.01 *** p<0.001; **** p<0.0001.
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Figure 4.4 - IL-33-treated mice display significantly enhanced levels of
infection in multiple immune cells during infection with F. tularensis LVS

(A) Representative plots for identification of infected myeloid populations in the lungs
of IL-33-treated mice at day 4 p.i. with F. tularensis LVS. (B-C) LVS* eosinophil (live
CD45*Ly6G Siglec-F*CD64°) and (D-E) LVS* CD64* macrophage (live CD45*Ly6G"
Siglec-F'CD64%) and (F-G) LVS™ neutrophil (live CD45'Ly6G") populations were
identified and expressed as a frequency of parent populations and cell counts per
gram of tissue (n=8). Numbers in FACS plots represent the percentage of infected
cells from individual immune cell populations. Statistical analysis was performed by
unpaired t-test for parametric data or Mann-Whitney test for non-parametric data; *
p<0.05; *** p<0.001.
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4.2.4 NK cell numbers are unaltered following IL-33 treatment during
infection with F. tularensis LVS

NK cells play a critical role during infection with F. tularensis LVS (Lopez et
al., 2004; Schmitt et al., 2013). Moreover, as IL-33 can inhibit their responses
in the context of type 1 immunity (Schuijs et al., 2020), it was important to
determine how administration of this cytokine impacted upon NK cells during
infection with F. tularensis LVS, and whether this could also be contributing
to the enhanced bacterial burdens in IL-33-treated mice. In the absence of
infection, the frequency of NK cells was reduced in IL-33-treated mice versus
untreated control mice (figure 4.5B). Interestingly however, the frequency
(figure 4.5B) and total number (figure 4.5C) of NK cells was unaffected by IL-
33 treatment during infection with F. tularensis LVS. Thus, these data
suggest that IL-33 treatment does not impact upon NK cell numbers during

infection with F. tularensis LVS.
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Figure 4.5 - NK Cell numbers are unaffected in IL-33-treated LVS-infected mice

(A) Representative plots for identification of NK Cells (CD3*CD5CD11b*NK1.1%) in
the lungs of untreated or IL-33-treated mice at day 4 p.i. with F. tularensis LVS. (B-
C) Total NK Cells were quantified and expressed as a frequency of live CD45" cells
and cell counts per gram of tissue (n=8). Numbers in FACS plots represent the
percentage of NK cells of CD3"-CD5 CD11b" cells. Statistical analysis was performed
using Kruskal Wallis for non-parametric data, with Dunn’s multiple comparisons tests
performed; ** p<0.01.
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4.2.5 IL-33 significantly alters adaptive immunity during infection
with F. tularensis LVS

Elements of adaptive immunity are also known to be altered by IL-33. For
example, the polarisation and differentiation of naive CD4" T cells into T
helper 2 (Th2) effector cells is enhanced by IL-33, as well as the expansion
of ST2"Foxp3™ regulatory T cells (Tregs) (Molofsky, Savage and Locksley,
2015). As such, it was hypothesised that the expansion of these cell types
could inhibit the induction of a more beneficial type 1 immune response,
which is essential to the control of infection with F. tularensis LVS (Cowley
and Elkins, 2011). Thus, it was next important to determine whether these
cell types were also expanded following IL-33 treatment, and whether they
could therefore be contributing to the enhanced bacterial burdens observed
in IL-33-treated mice. Indeed, IL-33-treated infected mice displayed
significantly enhanced numbers of ST2*Foxp3™ CD4" T cells (figure 4.6A-B).
Moreover, an ST2"Foxp3* Treg population was preferentially expanded over
ST2 Tregs, both in terms of frequency (figure 4.6C and E) and cell numbers
(figure 4.6D and F). Together, these results suggest that IL-33 treatment
favours the induction of type 2 and regulatory T cell immunity during infection
with F. tularensis LVS.
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Figure 4.6 - IL-33 treatment significantly alters the CD4* T cell compartment
during infection with F. tularensis LVS

CD4" T cell subsets (live CD45*CD3*CD5" cells) were identified in the lungs of
untreated or IL-33-treated mice at day 4 p.i. with F. tularensis LVS. (A-B) ST2"Foxp3"
CD4* T cells, (C-D) ST2'Foxp3" CD4* T cells and (E-F) ST2 Foxp3* CD4" T cells
were quantified and expressed as a frequency of total CD4* T cells, and cell counts
per gram of tissue (n=4). Statistical analysis was performed by unpaired t-test for
parametric data or Mann-Whitney test for non-parametric data; * p<0.05; ***
p<0.001.
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4.2.6 Adaptive immunity is dispensable in the control of infection
with F. tularensis LVS

As IL-33-treated mice displayed significantly enhanced numbers of Th2 and
ST2" Treg cells (figure 4.6), it was next important to investigate whether they
are necessary for the enhanced bacterial burdens observed in these mice.
To this end, bacterial burdens were enumerated in IL-33-treated Rag1”- mice

(which lack adaptive immune cells) to begin to interrogate this role.
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Figure 4.7 - Infection kinetics in IL-33-treated LVS-infected C57BL/6 and
Rag1-- mice at day 4 p.i.

C57BL/6 and Rag1”- mice were pre-treated with IL-33 on alternate days as described
previously, and infected via the intranasal route with F. tularensis LVS (1000 CFU).
Bacterial burdens (CFU/g of organ) were enumerated in the lung, liver and spleen of
mice at day 4 p.i. (n=7 for untreated mice; n=8 for treated mice). Statistical analysis
was performed by unpaired t-test for parametric data or Mann-Whitney test for non-
parametric data; * p<0.05; *** p<0.001 ;**** p<0.001.

As previously observed (figure 4.1), IL-33-treated WT mice displayed an
enhanced bacterial burden in the lung, liver and spleen when compared to
untreated mice (figure 4.7). Across all analysed organs, untreated Rag1™
mice displayed bacterial burdens akin to that of untreated WT mice (figure
4.7), indicating innate immunity is sufficient for control of infection at day 4
p.i.. Interestingly, 1L-33-treated Rag1” mice showed a similar level of
infection in the lung to that of IL-33-treated WT mice (figure 4.7). Indeed, IL-
33-treated Rag1” mice displayed a significantly enhanced bacterial burden
in the lung when compared to untreated Rag1” mice (figure 4.7). Akin to IL-
33-treated WT mice, liver and spleen burdens of IL-33-treated Rag1” mice

were also significantly increased (figure 4.7). Together, these data indicate
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that adaptive immunity does not play a major role in the enhanced bacterial

burdens observed in IL-33-treated mice.

Next, it was important to assess whether innate immune cell types previously
expanded by IL-33 treatment were also elevated in IL-33-treated Rag1™”
mice, to determine whether they may still contribute to the enhanced
bacterial burdens in IL-33-treated mice. Consistent with previous
observations (figure 4.2), total ILCs and ILC2s were also expanded in IL-33-
treated Rag1” mice as a frequency (figure 4.8A and C) and total cell
numbers (figure 4.8B and D), suggesting that the IL-33-induced expansion

of ILC2s during LVS infection does not require adaptive immunity.
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Figure 4.8 - ILC and ILC2 numbers are significantly elevated in the absence of
adaptive immunity during infection with F. tularensis LVS

(A) ILCs (live CD45*Lin"CD127* cells) and (B) ILC2s (live CD45*Lin"CD127*ST2*
cells) were quantified in the lungs of untreated or IL-33-treated Rag1”- mice at day 4
p.i. with F. tularensis LVS. Data were expressed as a frequency of live CD45* cells,
and cell counts per gram of tissue (n=5-8). Statistical analysis was performed
between untreated and treated groups for each genotype respectively, using an
unpaired t test for parametric data, or Mann-Whitney for non-parametric data; **
p<0.01; *** p<0.001; **** p<0.0001.
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Another innate immune cell population that was enhanced in IL-33-treated
LVS-infected WT mice was eosinophils (figure 4.3). Akin to these
observations, eosinophils were elevated when expressed as a frequency of
live CD45" cells (figure 4.9A and C) and total cell numbers (figure 4.9D) in
IL-33-treated Rag1”~ mice when compared to untreated Rag1” mice.
Macrophages and neutrophils were unaffected by IL-33 treatment (figure
4.9A and E-H). Overall, this shows that eosinophils are elevated following IL-

33 treatment, and this occurs irrespective of adaptive immunity.

As multiple myeloid populations displayed enhanced levels of infection in WT
mice following IL-33 treatment (figure 4.4), it was also important to
investigate whether this remained true in IL-33-treated Rag1” mice (figure
4.9), and could therefore be contributing to the enhanced bacterial burdens
observed in this context. Indeed, both the frequency (figure 4.10A-B) and
total number (figure 4.10C) of infected eosinophils was significantly elevated
in IL-33-treated Rag1” mice when compared to untreated Rag1” mice.
Interestingly however, the level of infection in macrophages (figure 4.10D-E)
and neutrophils (figure 4.10F-G) was unaltered in IL-33-treated Rag1” mice
when compared to untreated counterparts. Overall, these data therefore
indicate that the enhanced level of infection in eosinophils could serve as a

reservoir for bacteria in the lungs of IL-33-treated Rag1”~ mice.
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Figure 4.9 - Effects of IL-33 treatment on the myeloid immune response in
Rag1”- mice during infection with F. tularensis LVS

(A-B) Representative plots for identification of myeloid cell populations in the lungs
of IL-33-treated Rag1”- mice at day 4 p.i. with F. tularensis LVS. (C-D) Eosinophil
(live CD45*Ly6G Siglec-F*CD64°), (E-F) CD64* macrophage (live CD45'Ly6G
Siglec-F-CD64%) and (F-G) neutrophil (live CD45*Ly6G*) populations were identified
and expressed as a frequency of live CD45" cells and cell counts per gram of tissue
(n=7 for untreated mice; n=8 for treated mice). Numbers in FACS plots represent the
percentage of the previous gate (eosinophils and CD64* macrophages as a % of
Ly6G- cells; neutrophils as a % of live CD45" cells). Statistical analysis was
performed by unpaired t-test for parametric data or Mann-Whitney test for non-
parametric data; ** p<0.01 *** p<0.001.
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Figure 4.10 - Lack of adaptive immunity alters the relative levels of infection in
multiple myeloid immune cells at day 4 p.i.

(A) Representative plots for identification of infected myeloid populations in the lungs
of IL-33-treated Rag1’- mice at day 4 p.i. with F. tularensis LVS. (B-C) LVS*
eosinophil (live CD45'Ly6G Siglec-F*CD64"), (D-E) LVS* CD64* macrophage (live
CD45'Ly6G Siglec-FCD64*) and (F-G) LVS® neutrophil (live CD45'Ly6G™)
populations were identified and expressed as a frequency of parent populations and
cell counts per gram of tissue (n=7 for untreated mice; n=8 for treated mice).
Numbers in FACS plots represent the percentage of infected cells from individual
immune cell populations. Statistical analysis was performed by unpaired t-test for
parametric data or Mann-Whitney test for non-parametric data; ** p<0.01; ***
p<0.001. 111
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4.2.7 Transfer of ILC2s to mice during F. tularensis LVS infection
significantly exacerbates bacterial burdens

As innate immunity appears to be sufficient in driving enhanced bacterial
burdens in IL-33-treated mice (figure 4.7), it was next important to investigate
how innate sources could contribute to this phenomenon. Specifically, as
ILC2s were increased following IL-33 treatment (figure 4.2 and 4.8), and
these cells can drive eosinophilia (Halim et al., 2012a; Nussbaum et al.,
2013), a more direct way of testing whether ILC2s were sufficient to induce
enhanced bacterial burdens was devised. To this end, sort-purified lung
ILC2s (live CD45"Lin"CD127"KLRG1") from IL-33-treated donor mice were
transferred into LVS-infected mice via the intranasal route at day 3 p.i., with
bacterial burdens enumerated at peak infection (day 7 p.i.). In mice receiving
ILC2 transfer, burdens were significantly elevated in the lung, liver and
spleen of mice when compared to control mice (figure 4.11), indicating that

transfer of ILC2s is detrimental to the control of infection.
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Figure 4.11 - Intranasal transfer of ILC2s results in enhanced bacterial burdens
in LVS-infected C57BL/6 mice at day 7 p.i.

C57BL/6 mice were infected with 1000 CFU F. tularensis LVS, where one group of
mice received 1x10° FACS-sorted live CD45*Lin"CD127*KLRG1* i.n. at day 3 p.i..
Bacterial burdens (CFU/g of organ) were enumerated in the lung, liver and spleen of
C57BL/6 mice at day 7 p.i. (n=8 for all organs). Statistical analysis was performed
with unpaired t-tests, ** p<0.01; **** p<0.0001.

112



4.2.8 ILC2 transfer does not increase type 2 adaptive cell numbers

One of the other major objectives with the ILC2 transfer was to eliminate
other IL-33-mediated effects on the immune system. One such effect was
the expansion of both Th2 (ST2*) and ST2" Tregs (figure 4.6) in IL-33-treated
LVS-infected mice. Thus, as ILC2s have been shown to interact with Th2
and Treg cells and potentiate their activation (Halim et al., 2018), it was
important to investigate how ILC2 transfer impacted upon T cell immunity

during infection with F. tularensis LVS.
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Figure 4.12 - ILC2 transfer does not alter type 2 CD4" or regulatory T cell
numbers during infection with F. tularensis LVS

C57BL/6 mice were infected with 1000 CFU F. tularensis LVS, where one group of
mice received 1x10° FACS-sorted live CD45*Lin"CD127*KLRG1" i.n. at day 3 p.i..
Control mice received PBS. Lung CD4* T cell populations were identified at day 7
p.i. (A-B) ST2*Foxp3  CD4" T cells, (C-D) ST2*Foxp3* CD4* T cells and (E-F) ST2
Foxp3* CD4* T cells were quantified and expressed as a frequency of total CD4* T
cells, and cell counts per gram of tissue (n=8). Statistical analysis was performed
using either one-way ANOVA for parametric data, or Kruskal Wallis for non-
parametric data, with appropriate multiple comparisons tests performed for each
method of analysis respectively; * p<0.05; *** p<0.001.
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Both Th2 (ST2* CD4") cells and ST2" Tregs were unaffected by ILC2 transfer
(figure 4.12A-D). Total ST2" Treg numbers were reduced during infection
(figure 4.12F). Despite this, no differences were observed following ILC2
transfer (figure 4.12F). Taken together, these results indicate that transfer of
ILC2s does not result in expansion of Th2 or Tregs during infection with F.

tularensis LVS.

4.2.9 NK-derived IFN-y is reduced post-ILC2 transfer

As ILC2 transfer did not impact on adaptive lymphocyte numbers, it was
important to consider how their transfer could impact upon other aspects of
the immune response. Indeed, an antagonistic relationship has previously
been described between ILC2s and NK cells (Bi et al., 2017; Schuijs et al.,
2020). Therefore, it was hypothesised that ILC2 transfer may attenuate NK
cell function during infection with F. tularensis LVS. As such, this would mean
disruption of a key element of the type 1 immune response against the
bacteria (Lopez et al., 2004; Schmitt et al., 2013), potentially contributing to

the enhanced bacterial burdens seen in ILC2 transfer mice (figure 4.13).

Akin to previous findings (figure 3.4), infection with F. tularensis LVS
significantly reduced the frequency (figure 4.13A-B) and total number of NK
cells (figure 4.13A and C). However, this was further exacerbated in mice
receiving ILC2 transfer (figure 4.13A-C). Moreover, whilst their capacity to
produce IFN-y was not significantly altered by the ILC2 transfer (figure
4.13D), the total number of IFN-y* NK cells was reduced in mice receiving
ILC2s, to a level similar to that of uninfected mice not receiving ILC2s (figure
4.13E). Thus, these results suggest that transfer of ILC2s can impact upon
NK cells in the host immune response against F. tularensis LVS, through an

enhanced depletion of their total numbers and total IFN-y output.

114



Control LVS LVS +ILC2s

IFN-y+NK Cells | 2 IFN-y+ NK Cells IFN-y+NK Cells
o | 2.41 S 3 15.5 4 15.5

e 10 - . "R ::"-3 Y o X [
2
o

S— . - T v a Py —
3 s w0 e s o 0 4 s

IFN-y

C
NK Cells/Live CD45* Cells NK Cells Count
_ .
X 20+ - .. 6x105— *x
3 . g o —
9 151 n A ° Hl Control
2 ° S 4x10°4
3 o 5 - LVS
O 10+ H £ . LVS +ILC2s
2 i 2 g -
i} u D 2x106- A
5 54 - 2 nia A
° A o ark
8 : A o A
x i1
=z 0= N T T 0- T T
2 > > >
&© &) & &© < Pz
& v N & v Y
& &
S N
E
IFN-y* NK Cells/
Total NK Cells (%) IFN-y* NK Cells Count
g ok — .
Py 25— — 5x105_ p=0.0589
E Q
MELS 4 3 4x105+ A
E I.I A A g 5.
T 154 i %5 3x105- e
to { £ Is
2 10+ u S 2x1054
3 u AA o nm
o n" A 2 5 o .
§ 5= A 8 1%10°= o A : :
+
> A
i & > S & >
o&‘o C\ \\'d" o“\‘ é \\'dl’
(&) x (&) x
& &
S N

Figure 4.13 - NK Cell numbers are significantly reduced following ILC2 transfer
during infection with F. tularensis LVS

C57BL/6 mice were infected with 1000 CFU F. tularensis LVS, where one group of
mice received 1x10° FACS-sorted live CD45*Lin"CD127*KLRG1* i.n. at day 3 p.i..
Control mice received PBS. Lung single cell suspensions were incubated for 4 hours
at 37°C with a cocktail of PMA, ionomycin, brefeldin A and monensin. (A)
Representative plots for identification of IFN-y* NK Cells (CD3'CD5 CD11b*NK1.1%)
in the lung of PBS (control) and LVS-infected mice at day 7 p.i.. (B-C) Total NK Cells
and (D-E) NK Cell-derived production of IFN-y was quantified and expressed as a
frequency of live CD45" cells, total NK Cells, and cell counts per gram of tissue (n=8
for all cell populations). Numbers in FACS plots represent the percentage of IFN-y*
NK cells from total NK cells. Statistical analysis was performed using either one-way
ANOVA for parametric data, or Kruskal Wallis for non-parametric data, with
appropriate multiple comparisons tests performed for each method of analysis
respectively; ** p<0.01; *** p<0.001; **** p<0.0001.
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4.2.10 Intranasal transfer of ILC2s is associated with alterations to the
myeloid cell compartment at peak infection

Given that ILC2s are essential to the proliferation and maintenance of
eosinophils (Nussbaum et al., 2013), it was important to investigate the effect
of ILC2 transfer on this cell population. Moreover, as neutrophils and
macrophages play key roles in the immune response against F. tularensis
LVS (Ellis et al., 2002; Hall et al., 2008), it was also important to consider
whether the enhanced bacterial burdens in the lung could be due to
significant changes in the number and infection of these cells (figure 4.14
and 4.15). Interestingly, the frequency (figure 4.14A) and number (figure
4.14B) of eosinophils were reduced in infected mice, to a similar level
whether they received transferred ILC2s or not. Both the frequency (figure
4 14E) and total number (figure 4.14F) of CD64" macrophages were
significantly enhanced in the lung during infection with F. tularensis LVS, with
transfer of ILC2s not significantly altering these numbers (figure 4.14E-F).
Neutrophils were also significantly increased following infection, and of note,
further increased following ILC2 transfer (figure 4.14C-D). Together, whilst
infection with F. tularensis LVS induces changes to cells of the myeloid
compartment, these data indicate that neutrophils are the primary myeloid

cell population impacted by the ILC2 transfer.

As multiple myeloid cell types serve as a replicative reservoir for F. tularensis
LVS (Hall et al., 2008), the relative infection of these myeloid cell types was
determined after ILC2 transfer. Interestingly, the frequency of infected
eosinophils was enhanced following ILC2 transfer (figure 4.15A-B). Despite
this, the total number of infected eosinophils was unchanged (figure 4.15C).
Moreover, whilst LVS* CD64" macrophages were unchanged following ILC2
transfer (figure 4.15A and D-E), the frequency (figure 4.15A and F) and total
number (figure 4.15G) of infected neutrophils were enhanced in mice that
received ILC2 transfer. Overall, these results suggest that intranasal transfer
of ILC2s results in significantly enhanced infection of eosinophils and
neutrophils, providing an intracellular replicative niche for F. tularensis LVS,
which could contribute to the excessive bacterial burdens observed in mice

receiving ILC2s.
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Figure 4.14 - Characterisation of the myeloid immune compartment in the lung
of LVS-infected C57BL/6 mice following ILC2 transfer

C57BL/6 mice were infected with 1000 CFU F. tularensis LVS, where one group of
mice received 1x10° FACS-sorted live CD45*Lin"CD127*KLRG1* i.n. at day 3 p.i..
Control mice received PBS. Flow cytometry analysis of the myeloid immune
compartment in the lung of C57BL/6 mice at day 7 p.i. (A-B) Eosinophils
(CD45*Ly6G Siglec-F*CD64°), (C-D) CD64" macrophages (CD45*Ly6G Siglec-F-
CD64*) and (E-F) neutrophils (CD45'Ly6G™*) were quantified, and expressed as a
frequency of live CD45* cells, and cell counts per gram of tissue (n=8 for all cell
populations). Statistical analysis was performed with either one-way ANOVA for
parametric data, or Kruskal Wallis for non-parametric data, with appropriate multiple
comparisons tests performed for each method of analysis; * p<0.05; ** p<0.01; ***
p<0.001; **** p<0.0001.
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4.3 Discussion

4.3.1 Determining how IL-33-induced expansion and activation of
ILC2s impacts upon infection with F. tularensis LVS

The cytokine IL-33 has previously been shown to induce significant

expansion and activation of ILC2s (Artis and Spits, 2015). This thesis chapter

has demonstrated that both IL-33-induced expansion of ILC2s, and direct

transfer of these cells to the lung of mice are detrimental to the control of

infection against F. tularensis LVS, resulting in enhanced bacterial burdens

in the lung, liver and spleen.

Other studies have also examined the role of IL-33 and the associated
expansion of ILC2s in intracellular and bacterial infections. For example, the
presence of high levels of IL-33 in the lungs of influenza-infected mice (Le
Goffic et al., 2011) allows for the activation of ILC2s, which contribute to the
repair of the airway epithelium via production of amphiregulin (AREG)
(Monticelli et al., 2011). Moreover, IL-33-activated ILC2s are important in the
maintenance of epithelial integrity during infection with the bacterium
Clostridium difficile (Frisbee et al., 2019). Interestingly, these contributions
appear to be independent of viral titres and bacterial burdens, as depletion
of ILC2s in these contexts does not lead to significant exacerbation of either
readout (Monticelli et al., 2011; Frisbee et al., 2019). Thus, whilst IL-33-
activated ILC2s appear to be beneficial in these models, it remains to be
determined whether an expansion of ILC2s could also contribute to the repair
of the airway epithelium in the context of F. tularensis LVS. Moreover, it is
also important to dissect the relative contribution of ILC2-derived AREG in
this reparatory role, given that the expanded ST2* Treg subset observed in

this chapter could also contribute to tissue repair (Arpaia et al., 2015).

Figure 4.15 - Characterisation of infected myeloid cell populations in the LVS-
infected lung of C57BL/6 mice following ILC2 transfer

C57BL/6 mice were infected with 1000 CFU F. tularensis LVS, where one group of
mice received 1x10° FACS-sorted live CD45*Lin"CD127*KLRG1" i.n. at day 3 p.i..
Flow cytometry analysis of infected immune cell populations in the lung of C57BL/6
mice at day 7 p.i. (A) Representative plots for identification of LVS* eosinophils
(CD45*Ly6GSiglec-F*CD647), LVS* CD64* macrophages (CD45*Ly6G Siglec-F-
CD64%) and LVS* neutrophils (CD45'Ly6G"). (B-G) LVS* myeloid immune cells were
quantified, and expressed as a frequency of individual cell populations, and cell
counts per gram of tissue (n=8 for all cell populations). Numbers in FACS plots
represent the percentage of infected cells from individual immune cell populations.
Statistical analysis was performed with unpaired t-test; * p<0.05.
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Production of AREG by this ST2" Treg subset plays a vital role in the control
of tissue inflammation during viral infection, with AREG-deficient Tregs
exhibiting significantly more tissue damage (Arpaia et al., 2015). Moreover,
Treg-derived AREG does not influence T effector cell function in this context,
indicating a more protective and less inhibitory role for these regulatory cells
in limiting an excessively inflammatory phenotype (Arpaia et al., 2015).
Despite this, it is currently unclear whether this is also the case in the IL-33-
treated LVS-infected mice studied in this thesis chapter. Furthermore, whilst
the enhanced bacterial burdens in IL-33-treated Rag1” mice may suggest
that innate immunity is sufficient to perturb the control of infection, it does not
indicate that tissue repair mechanisms are impeded in the absence of
adaptive immunity. As such, a way in which this anti-inflammatory role for
ILC2s and Tregs could be interrogated further is through use of IL-33-treated
WT, Rag1™ and ICOS-T” knockout mice, the last of which lack ILC2s
(Oliphant et al., 2014). In short, lung H&E sections would be obtained in
conjunction with tissue levels of AREG, to investigate the relative contribution
of innate and adaptive sources of AREG in the maintenance of epithelial

integrity in IL-33-treated mice.

4.3.2 |L-33-activated ILC2 effector functions during infection with F.
tularensis LVS

Given that IL-33 is a potent activator of ILC2s (Artis and Spits, 2015), it is
important to consider the impact of this cytokine in inducing their effector
functions, and how this could lead to an altered immune response against F.
tularensis LVS. Two of the major cytokines produced by ILC2s upon their
activation are IL-5 and IL-13, which act on many downstream targets,
including eosinophils and macrophages (Artis and Spits, 2015). Indeed,
ILC2-derived IL-5 is critical to the maintenance and function of eosinophil
numbers (Nussbaum et al., 2013), and can result in significant eosinophilia
which contributes to airway inflammation following challenge with the
protease allergen papain (Halim et al., 2012a). Interestingly, this can also
occur in the absence of adaptive immunity, indicating a critical role for
activated ILC2s in driving eosinophilia (Halim et al., 2012a). In line with this,
enhanced numbers of eosinophils were observed in both WT and Rag1™
LVS-infected mice following IL-33 treatment, which could suggest that ILC2s

are acting in a similar way during LVS infection.
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An effective way to test the ILC2-eosinophil relationship could be through
use of an anti-IL-5 antibody in IL-33-treated mice. Importantly, as cytokine
levels were not determined in this thesis chapter, confirmation of ILC2-
derived IL-5 would first be required. Nevertheless, the benefits of this
approach have been demonstrated recently in the context of anti-tumour
immunity, where blockade of IL-5 significantly reduced eosinophil
recruitment to the lung, alongside a concurrent decrease in the number of
lung metastases (Schuijs et al., 2020). This becomes especially important in
the context of LVS infection, when it is considered that eosinophils also
exhibit enhanced levels of infection following IL-33 treatment, and may
therefore act as a reservoir to propagate enhanced bacterial burdens in the

lung.

Traditionally, F. tularensis is taken up by a process known as looping
phagocytosis (Ozanic et al., 2015). Despite this, little is known about the
mechanism by which F. tularensis can enter eosinophils. Interestingly,
eosinophils can phagocytose other pathogens, such as Histoplasma
capsulatum, which triggers an enhanced non-protective type 2 immune
response (Verma et al., 2017). Moreover, eosinophils can take up
Staphylococcus aureus in a complement receptor 1 (CR1)-dependent
manner, which can be inhibited through blockade of this receptor (Hatano et
al.,, 2009). Thus, as it has been shown that neutrophils can ingest F.
tularensis using CR1 (Schwartz et al., 2012), it could be possible that
eosinophils also phagocytose F. tularensis in a similar manner. Irrespective
of the mechanism by which this occurs, the observation that eosinophils are
the only myeloid cell identified in this thesis chapter to exhibit consistently
elevated levels of infection in IL-33-treated WT and Rag1” mice suggests
that this cell type could contribute to the enhanced bacterial burdens in IL-

33-treated mice by providing a site for extensive bacterial replication.

In the context of respiratory infections, ILC2-derived IL-13 can drive airway
hyper-reactivity (Chang et al., 2011; Stier et al., 2016; Wu et al., 2019).
Moreover, this can also result in the polarisation of macrophages to an ‘anti-
inflammatory’ phenotype, characterised by enhanced expression of Arginase
1, Fizz1 and Ym1, which proves detrimental in the clearance of
Streptococcus pneumoniae (Saluzzo et al., 2017). Indeed, IL-13" mice show

a more rapid clearance of the bacteria, indicating the detrimental role of this
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ILC2-associated cytokine in the control of another bacterial infection.
Interestingly, IL-13 can also induce an ‘anti-inflammatory’ state in
macrophages in the context of infection with F. tularensis LVS, which results
in enhanced intracellular replication and survival of bacteria (Shirey et al.,
2008). However, it is currently unclear whether this is the case in the context
of IL-33-treated LVS-infected mice, as the activation state of macrophages
was not considered in this model. Moreover, the data concerning the level of
infection in macrophages in IL-33-treated mice is conflicting between WT and
Rag1™ mice, and it is therefore difficult to conclude the effects of IL-33 in this
particular cell type. Future work should at least consider investigating the
phenotype of these macrophages in more depth, by analysis of polarisation
markers such as Arginase 1 (M2) and iNOS (M1) by RT-PCR, in order to
begin to fully dissect the role that macrophages may play in the enhanced
bacterial burdens in IL-33-treated mice — even if this is not due to direct

cellular infection.

4.3.3 The relationship between NK cells and ILC2s during LVS
infection

ILC2s have previously been shown to exhibit an antagonistic role on lung NK
cells in anti-tumour immunity (Schuijs et al., 2020). The mechanism by which
this occurs has been previously described, occurring via an ILC2-eosinophil
cross-talk, with blockade of this by either anti-IL-5 or IL-33R-Fc restoring NK
cell function and numbers (Schuijs et al., 2020). Thus, it was somewhat
surprising that NK cell numbers were unaffected by the IL-33-mediated
expansion of ILC2s and eosinophils. Moreover, whilst NK cells were reduced
as a frequency live CD45" cells in IL-33-treated uninfected mice, this is likely
to be due to preferential expansion of other lymphocyte populations known
to be activated by IL-33 such as ILC2s, Th2 and regulatory T cells (Molofsky,
Savage and Locksley, 2015). Interestingly, intranasal transfer of ILC2s did
appear to significantly impact on NK cell numbers and function, as shown by
a reduction in total IFN-y* NK cells. Furthermore, this appears to be mediated
by an eosinophil-independent mechanism, as a decrease in eosinophils was
observed in the lung of LVS-infected mice receiving ILC2 transfer. Of course,
as ILC2s were transferred via the intranasal route and would have come into
direct contact with the airways, an enhanced number of eosinophils could

still be present here, and potentially identified in the bronchoalveolar lavage
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fluid (BALF). Nevertheless, the data presented in this thesis chapter
suggests that distinct mechanisms may exist in the control of NK cell

numbers, depending on the manner in which ILC2 numbers are expanded.

In the wider context of understanding the role of ILC2s in the host immune
response against F. tularensis LVS, it is important to further explore the
relationship between ILC2s and NK cells, and whether this is bi-directional.
Previous work has identified that whilst IL-33-activated ILC2s antagonise NK
cell function (Schuijs et al., 2020), activated NK cells can inhibit the
production of ILC2-derived IL-5 and IL-13, and alleviate bleomycin-induced
lung inflammation when transferred in to NK-depleted mice (Bi et al., 2017).
Moreover, as NK cells serve as a major source of IFN-y during infection with
F. tularensis LVS (Lopez et al., 2004; Schmitt et al., 2013), and this cytokine
can inhibit ILC2 function (Molofsky et al., 2015; Duerr et al., 2016),
interrogating the NK-ILC2 relationship further in the context of IL-33-treated
mice may highlight potential therapeutic avenues that could antagonise ILC2
numbers earlier in infection, and result in a more type 1-polarised immune
response. Thus, future work should seek to address how IL-33 treatment
impacts on the activation status of NK cells and their function, and whether

blockade of IL-33 can alleviate this.

4.3.4 ILC2-ILC1 plasticity

As aforementioned, viral infection results in elevated levels of tissue IL-33
(Le Goffic et al., 2011). Moreover, direct ILC2-ILC1 conversion has been
observed in this context, which is mediated by the cytokines IL-12 and IL-18
(Silver et al., 2016). Here, ILC2s upregulate expression of IL-12Rp2 and IL-
18Ra and begin to produce IFN-y, which enhances anti-viral immunity (Silver
et al., 2016). Thus, another objective of the IL-33-mediated expansion of
ILC2s during infection with F. tularensis LVS was to determine whether a
combination of this cytokine and IL-12 in the LVS-infected lung environment
(Lin et al., 2009) could promote a similarly plastic behaviour in the expanded
ILC2 population, and thus benefit the host immune response against the
bacteria. Despite this, no differences were observed in ILC1 numbers in IL-
33-treated LVS-infected mice versus untreated infected mice. As such, this
may suggest that ILC2 plasticity may not be applicable in the context of IL-

33 treatment, as the strength of this cytokine signal may heavily bias the lung
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immune environment to type 2 immunity, and override any potential type 1
signals and interconversion between ILC2 and ILC1s. In future, it would
therefore be more useful to administer a combination of IL-12 and IL-33, to

attempt to polarise an expanded ILC2 population to an ILC1-like phenotype.

The cytokine IFN-y plays a critical role during infection with F. tularensis LVS
(Leiby et al., 1992; Elkins et al., 1996), and as previously mentioned, can
inhibit ILC2 function and proliferation (Molofsky et al., 2015; Kudo et al.,
2016; Duerr et al., 2016). Indeed, mice with elevated levels of constitutive
IFN-y display diminished ILC2 responses during infection with the nematode
Nippostrongylus brasiliensis (Molofsky et al., 2015). This IFN-y-mediated
effect is also observed during co-infection with N. brasiliensis and Listeria
monocytogenes, a bacterium that provokes a strong IFN-y-mediated
response (Molofsky et al., 2015). Thus, the reduced IL-33-mediated
expansion of ILC2s during LVS infection could be due to the persistence of
hallmarks of a type 1 immune response in the LVS-infected lung
environment. For example, it has previously been demonstrated that a
combination of IL-12, IL-18 and IL-33 administered to mice induces a
significantly diminished expansion of lung ILC2s when compared to IL-33
treatment alone (Silver et al., 2016). Thus, as it is already known that IL-12
is present in the lung of LVS-infected mice by day 3 p.i. (Lin et al., 2009), this
could contribute to the observed reduction in ILC2s in IL-33-treated LVS-

infected mice.

4.3.5 Investigating the effects of IL-33 on T cell responses during
infection with F. tularensis LVS

Whilst ILC2s were significantly expanded during infection with F. tularensis
LVS, it is important to note that IL-33 can expand other cells of the lymphoid
lineage, notably Th2 and Tregs (Molofsky, Savage and Locksley, 2015). It
has been discussed earlier that the specifically expanded ST2" Treg subset
seen in this chapter can produce AREG (Arpaia et al., 2015), but they are
also capable of production of the type 2 cytokines IL-5 and IL-13 (Alvarez,
Fritz and Piccirillo, 2019). Indeed, either IL-33 or challenge with an allergen
cocktail (Alternaria alternata, Aspergillus fumigatus, house dust mite and
ovalbumin) is sufficient to induce a Th2-like phenotype in this Treg subset,

characterised by enhanced IL-5 and IL-13 production when compared to
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PBS controls (Chen et al., 2017). Importantly, the IL-33-mediated release of
these cytokines is critical in driving allergic airway inflammation, with their
production ameliorated in IL-33" mice (Louten et al., 2011). However, it
remains to be seen whether the production of IL-5 and IL-13 by adaptive
immune cells is capable of driving airway hyperreactivity and inflammation in
IL-33-treated LVS-infected mice, especially given that the progression of
infection is still significantly exacerbated in the absence of adaptive immunity
(Kondo et al., 2008).

Although IL-33 can act upon both Th2 and Treg cells directly, the activation
of ILC2s and their subsequent interaction with these adaptive immune cells
also drives their extensive proliferation and activation (Molofsky, Savage and
Locksley, 2015). Indeed, the expansion and efficient function of Th2 and
Treg cells is dependent on ILC2s in the immune response against the
parasite Nippostrongylus brasiliensis (Oliphant et al., 2014; Halim et al.,
2018). Thus, it was considered that a similar ILC2-T cell cross-talk occurs in
IL-33-treated LVS-infected mice. Importantly however, whilst this
relationship was not examined here, the data presented in this thesis chapter
would instead suggest that adaptive immunity (and this cross-talk) is
dispensable in causing an exacerbated level of infection in the lung, with IL-
33-treated Rag1”" mice displaying significantly elevated bacterial burdens in
line with those observed in IL-33-treated WT mice. With that in mind, it was
considered that the sources of the enhanced bacterial burdens in IL-33-

treated LVS-infected mice are derived from the innate immune system.

4.3.6 Understanding the relationship between ILC2s and neutrophils
during infection with F. tularensis LVS

In the first part of this chapter, it became evident that whilst IL-33 treatment
successfully expanded the ILC compartment, it also enhanced the numbers
of multiple other immune cell populations. Thus, an intranasal transfer of
ILC2s was seen as a more focused method to expand ILC2s during infection
with F. tularensis LVS. Indeed, ILC2 transfer did not elicit the same effects
on the immune system as observed in IL-33-treated mice, with a lack of
expansion of Th2, ST2" Treg cells and eosinophils post-transfer.

Nevertheless, it was interesting to observe that ILC2 transfer also

125



exacerbated bacterial burdens akin to those seen in IL-33-treated mice,

indicating that ILC2s may be detrimental to the control of infection.

As mentioned throughout this thesis, neutrophil recruitment is important to
the survival of F. tularensis LVS, given their ability to provide the bacterium
with a replicative niche (Hall et al., 2008; Casulli et al., 2019). Taken in
combination with the fact that IL-33 can promote neutrophil influx, and
improve bacterial clearance and control of sepsis (Alves-Filho et al., 2010),
it was important to investigate the impact of IL-33 treatment and ILC2 transfer
on neutrophils. In the context of type 2 lung inflammation, an ILC2-neutrophil
cross-talk has been demonstrated, where ILC2s activated by either IL-33 or
papain adopt an inflammatory phenotype (ilLC2), promoting neutrophil
migration through the production of IL-17 (Cai et al., 2019). Interestingly
however, IL-33 treatment had no effect upon neutrophil recruitment to the
lung during infection with F. tularensis LVS. This may in fact be due to the
vast majority of ILC2s expressing higher levels of CD90, and IL-17 being
produced by ILC2s with lower expression of this marker (Huang et al., 2015).
As such, the major cytokine signals produced from ILC2s in IL-33-treated
LVS-infected mice are more likely to be IL-5 and IL-13. Nevertheless, it
remains of interest to determine the cytokine production of ILC2s in this
context, and whether any disparity in their effector function is observed
based on expression of CD90. Moreover, as IL-25 is a more potent inducer
of this ilLC2 population (Huang et al., 2015), it is also important to consider
whether pre-treatment of mice with this cytokine in lieu of IL-33 would in fact
enhance neutrophil migration, and how this would impact on bacterial

burdens during infection with F. tularensis LVS.

Interestingly, unlike IL-33-treated LVS-infected mice, an enhanced number
of lung neutrophils was observed following ILC2 transfer, potentially
suggesting that ILC2 effector functions are distinct in these two mechanisms.
It is currently unclear how this occurs in ILC2 transfer mice, but could be
considered due to differences in the cytokine milieu between models. For
example, the expansion of ILC2s by treatment with IL-33 will likely result in
robust production of type 2 cytokines, which will polarise the lung immune
environment towards type 2 immunity prior to infection with F. tularensis LVS.
Conversely, the intranasal transfer of ILC2s into the LVS-infected

environment at day 3 p.i. will mean that these ILC2s are exposed to type 1
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stimuli such as IL-12 (Lin et al., 2009; Cowley and Elkins, 2011), which can
induce the production of IL-17 in ILC2s (Huang et al., 2015). As such, tissue
signals may dictate the effector function of ILC2s in both of these contexts,

resulting in different outcomes for the host immune response.

Finally, it was considered whether the enhanced migration of neutrophils
could instead be in response to the enhanced number of ILC2s, as
neutrophils have previously been shown to attenuate ILC2 activity (Patel et
al., 2019). However, it is currently unclear whether a similarly protective role
exists for neutrophils in the context of the data presented in this thesis
chapter, especially given that infection levels of neutrophils were
exacerbated in IL-33-treated WT and ILC2 transfer mice. Thus, this indicated
that these cells may instead serve as an enhanced replicative niche,

contributing to the enhanced bacterial burdens observed in these models.

4.4 Conclusion

Overall, this chapter has demonstrated that IL-33 impacts on multiple
immune cells in the context of infection with F. tularensis LVS, and this
treatment results in significantly enhanced bacterial burdens in the lung, liver
and spleen of mice. Indeed, ILC2s, eosinophils, ST2" CD4" T cells and ST2*
Tregs are all expanded in IL-33-treated mice. However, the consistently
elevated bacterial burdens in IL-33-treated Rag1™ mice, and following
intranasal transfer of sort-purified ILC2s, indicated that ILC2s are detrimental
to the control of infection. This may be due to multiple potential mechanisms,
such as promoting enhanced recruitment of myeloid cells, which leads to an
enhanced number of infected cells; or by inhibition of NK cell function, which
would disrupt the induction of a type 1 immune response. Thus, it is therefore
important to investigate how the absence of ILC2s would impact on the
progression of infection, and how their numbers can be manipulated earlier

in infection — topics that will be addressed in the next results chapter.
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Chapter 5

Determining the impact of the ablation of innate lymphocytes on the
progress of infection with F. tularensis LVS
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5.1 Introduction

In chapter 3 of this thesis, a subset-specific reduction in ILC2s was observed
from day 5 p.i. with F. tularensis. Chapter 4 then investigated whether
rescuing this reduction could influence infectious outcome. Indeed, it was
demonstrated that either IL-33-mediated activation, or transfer of sort-
purified ILC2s by the intranasal route appears to be detrimental to the host
immune response against F. tularensis LVS, with exacerbated bacterial
burdens in both contexts. Nevertheless, it remained unclear why ILC2s are

reduced during infection with F. tularensis LVS.

It was hypothesised that the reduced number of ILC2s could be caused by a
shift of the host immune response to a more type 1-biased immune response,
thus suppressing a cell type that is associated with type 2-driven pathologies
(Artis and Spits, 2015). As such, this chapter now considers whether ILCs
are necessary for the host immune response against F. tularensis LVS, by
interrogating their relative contribution alongside adaptive immunity, and
other elements of innate immunity, through the use of knockout mouse
models. Specifically, this chapter uses Rag1”™ mice (which lack adaptive
immunity), il2rg” mice (which lack the interleukin 2 receptor gamma chain
(il2rg), causing immune defects including a loss of ILCs) and Rag17il2rg™
mice (which lack both adaptive immunity and ILCs). Moreover, it addresses
the specific role of ILC2s in the control of infection using ICOS-T mice (which
can have their ILC2s selectively depleted through treatment with diphtheria
toxin (DTx)) (Oliphant et al., 2014). Finally, this chapter begins to assess the
mechanisms by which ILC2s are reduced in the lung during infection with F.
tularensis LVS, with a focus on the potential of cytokines in regulating ILC2

numbers, and the cellular sources of these cytokines.
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5.2 Results

5.2.1 Lack of adaptive immunity does not alter bacterial burdens
during infection with F. tularensis LVS

Whilst ILCs are lineage negative (Lin’) cells, they share their effector
functions with adaptive lymphocytes (Bando and Colonna, 2016). Moreover,
as most models that deplete ILCs will also impact on elements of adaptive
immunity, it is difficult to interrogate the role of ILCs during infections without
first considering the contributions of adaptive immunity. In order to begin to
separate these roles, the Rag1’ mouse model (which lacks adaptive
immunity) was used, to first address the relative importance of adaptive
immunity in the control of infection with F. tularensis LVS. Rag1” mice
displayed no difference in weight loss (figure 5.1A) or clinical scores (figure
5.1B) when compared to WT mice during infection with F. tularensis LVS. In
addition, Rag1™ mice displayed no differences in bacterial burdens in the
lung, liver and spleen versus WT mice (figure 5.1C-D). Thus, this indicates
that adaptive immunity is not essential for the control of primary infection with
F. tularensis LVS.

5.2.2 Common gamma chain (il2rg) deficiency results in enhanced
bacterial burdens during infection with F. tularensis LVS

As innate immunity appears to be sufficient for the control of infection with F.
tularensis LVS (figure 5.1C-D), the common gamma chain KO (il2rg”") mouse
model was next used to investigate whether ILCs are important in this context
(figure 5.1). These mice lack ILCs, but also display significantly reduced
numbers of NK cells, and adaptive immune cells (Zhao et al., 2019).
Nevertheless, given the aforementioned dispensability of adaptive immunity
in the control of infection, this model therefore served to begin to dissect the
relative contribution of innate lymphocytes in the control of infection with F.
tularensis LVS. Despite no differences in weight loss between WT, Rag1™”
and il2rg” mice (figure 5.1A), only il2rg” mice exceeded the clinical score
threshold at day 7 p.i. (figure 5.1B). Moreover, bacterial burdens were
significantly enhanced in the liver of il2rg” mice when compared to both WT
and Rag1” mice at day 7 p.i. (figure 5.1C). Spleen burdens were also
significantly elevated in il2rg” mice when compared to WT mice (figure

5.1C). As such, all mice strains used in subsequent studies were culled at
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day 6 p.i. due to licence restrictions. At this earlier time point, il2rg”™ mice
showed significantly enhanced bacterial burdens in the lung, liver and spleen
when compared to WT and Rag1”~ mice (figure 5.1D). Overall, these results
suggest that ILCs could contribute to the control of infection with F. tularensis
LVS.
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Figure 5.1 - il2rg” mice display exacerbated bacterial burdens and enhanced
mortality, whilst adaptive immunity is dispensable during infection with F.
tularensis LVS

C57BL/6, Rag1” and il2rg” mice were infected via the intranasal route with F.
tularensis LVS (1000 CFU) and monitored up to day 7 p.i. (A) Weight change was
monitored daily in all mice, and plotted as a percentage loss of original body weight
(0% = body weight at day 0). (B) Severity of infection was evaluated using a clinical
scoring system (see methods). (C) Bacterial burdens (CFU/g of organ) were
enumerated in the lung, liver and spleen of mice at day 7 p.i. (n=2-5) and (D) day 6
p.i. (=10 for C57BL/6 and Rag1’- mice; n=11 for il2rg’ mice). Statistical analysis
was performed using either one-way ANOVA for parametric data, or Kruskal Wallis
for non-parametric data, with Holm-Sidak’s and Dunn’s multiple comparisons tests
performed for each method of analysis respectively; * p<0.05; ** p<0.01; *** p<0.001;
**** p<0.0001.
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5.2.3 The proportions of myeloid cells are altered in Rag1” and
il2rg” mice

As mentioned throughout this thesis, myeloid cells play an integral role in
infection with F. tularensis LVS, with their dysregulation and enhanced
numbers providing an intracellular reservoir for bacterial replication (Hall et
al.,, 2008; Casulli et al., 2019). Thus, as multiple lymphocyte-derived
cytokines also contribute to the induction of effective bacterial killing in
myeloid cells (Ellis and Beaman, 2004; Elkins et al., 2009), it was important
to investigate how the numbers and relative levels of infection of myeloid
cells were impacted on in the il2rg”™ KO model, and whether this could
contribute to the enhanced bacterial burdens observed in these mice during
infection with F. tularensis LVS. In addition to this, whilst the proportion of
myeloid cells has been somewhat characterised in the spleen of il2rg” mice
(Cao et al, 1995), little is known about the lung myeloid immune
compartment in this KO model. Thus, it was important to determine its
composition under steady-state conditions, and whether it differs in il2rg™
mice when compared to WT and Rag1” mice, and could therefore

predispose mice to the observed exacerbations in bacterial burdens.

The frequency of neutrophils was significantly elevated in both Rag1” and
iI2rg” mice when compared to WT mice at steady state (figure 5.2A and B).
Upon infection, the frequency of neutrophils was further elevated in il2rg™
mice when compared to both infected WT and Rag1” mice (figure 5.2A and
B). Moreover, whilst infected Rag1”™ mice displayed no increase in the
frequency of neutrophils when compared to Rag1™ controls (figure 5.2B),
both infected WT and il2rg™ mice exhibited a significantly enhanced
frequency of neutrophils when compared to their respective controls (figure
5.2B). Importantly however, no differences were observed in total neutrophil
numbers between strains during infection (figure 5.2C). Thus, this suggests
that the changes in the frequency of neutrophils in Rag1™” and il2rg” mice

could be due to ablation of lymphocyte populations in these models.
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Figure 5.2 - Effects of ablation of adaptive and innate lymphocytes on the
myeloid immune response during infection with F. tularensis LVS

(A) Representative plots for identification of myeloid cell populations in the lung of
C57BL/6, Rag1”- and il2rg” mice at day 6 p.i. with F. tularensis LVS. Control mice
were given PBS. (B-C) neutrophil (live CD45*Ly6G"), (D-E) CD64* macrophage (live
CD45*Ly6G Siglec-F-CD64*) and (F-G) eosinophil (live CD45'Ly6G Siglec-F*CD64
) populations were identified and expressed as a frequency of live CD45" cells and
cell counts per gram of tissue (n=6-10). Numbers in FACS plots represent the
percentage of the previous gate (eosinophils and CD64" macrophages as a % of
Ly6G- cells; neutrophils as a % of live CD45" cells). Statistical analysis was
performed with either one-way ANOVA for parametric data, or Kruskal Wallis for non-
parametric data, with Holm-Sidak’'s and Dunn’s multiple comparisons tests
performed for each method of analysis respectively; * p<0.05; ** p<0.01; ****
p<0.0001.

At steady state, the frequency of macrophages was significantly elevated in
iI2rg” mice when compared to both WT and Rag1™ mice (figure 5.2A and

133

Em WT Control
WTLVS

B Rag1” Control
Rag1” LVS

B il2rg”- Control
il2rg LVS



D). Upon infection, the frequency of macrophages in il2rg”™ mice was no
different to that of WT and Rag1” mice (Figure 5.2A and D). No changes
were observed in the total number (figure 5.2E) of macrophages between all
three strains during infection with F. tularensis LVS. Thus, this indicates that
the absence of ILCs and adaptive immunity has minimal impact on
macrophages during infection. Finally, whilst no differences were observed
in the frequency of eosinophils between WT, Rag1” and il2rg” mice at
steady state, infection resulted in a significant decrease in both frequency
(figure 5.2A and F) and number (figure 5.2G) of eosinophils relative to the
respective steady state counterparts of each strain, suggesting an infection-

induced decrease in eosinophils irrespective of genetic background.

Next, it was important to investigate whether the levels of infection of myeloid
cells were impacted upon in il2rg” mice, to determine whether this could
contribute to the enhanced bacterial burdens in il2rg” mice when compared
to WT and Rag1™ mice. Both the level of infection and number of infected
neutrophils was unchanged between WT and il2rg”™ mice (figure 5.3A-C),
suggesting that neutrophils may not represent an enhanced reservoir for
bacteria in il2rg” mice. Of note, whilst a significant increase in the number of
infected neutrophils was observed in il2rg” mice when compared to Rag1™
mice, infected neutrophil numbers were unchanged in il2rg” mice versus WT

counterparts (figure 5.3C).

Macrophages of il2rg” mice displayed a significantly increased level of
infection when compared to both WT and Rag1” mice (figure 5.3A and D),
with the total number of infected cells also elevated when compared to those
of Rag1” mice (figure 5.3E). Akin to neutrophils however, the number of
infected macrophages was unchanged in il2rg”” mice versus WT mice (figure
5.3E). Finally, eosinophils also displayed a significantly enhanced level of
infection in il2rg” mice when compared to WT and Rag1” mice (figure 5.3A
and F). Total numbers of infected eosinophils were unaffected in il2rg”™ mice
when compared to WT and Rag1™ mice (figure 5.3G). Thus, these results
suggest that macrophages and eosinophils could provide an enhanced

intracellular niche in il2rg” mice.
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Figure 5.3 - Effects of ablation of adaptive and innate lymphocytes on the
infectious niche during infection with F. tularensis LVS

(A) Representative plots for identification of myeloid cell populations in the lung of
C57BL/6, Rag1”- and il2rg” mice at day 6 p.i. with F. tularensis LVS. Control mice
were given PBS. (B-C) LVS* neutrophil (live CD45*Ly6G") and (D-E) LVS* CD64*
macrophage (live CD45*Ly6G Siglec-F-CD64*) and (F-G) eosinophil (live
CD45*'Ly6G Siglec-F*CD64°) populations were identified and expressed as a
frequency of parent populations and cell counts per gram of tissue (n=9-10).
Numbers in FACS plots represent the percentage of infected cells from identified
immune cell populations. Statistical analysis was performed with either one-way
ANOVA for parametric data, or Kruskal Wallis for non-parametric data, with Holm-
Sidak’s and Dunn’s multiple comparisons tests performed for each method of
analysis respectively; * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001.
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5.2.4 Loss of ILCs and NK cells in Rag1™il2rg” mice is associated with

enhanced bacterial burdens during LVS infection

When combined, the bacterial burden data from Rag1” and il2rg” mice
(figure 5.1) demonstrate the importance of innate lymphocytes in the control
of infection with F. tularensis LVS, as well as the dispensability of adaptive
immunity. However, il2rg” mice also possess a residual number of T cells,
which display a more pro-infammatory phenotype (DiSanto et al., 1995; Cao
et al., 1995; Nakajima et al., 1997). Thus, it remained important to fully
dissect the relative roles of innate and adaptive lymphocytes in the control of
infection with F. tularensis LVS. To this end, the double KO Rag1il2rg”
mouse model was used (figure 5.4). Unlike the previously described Rag1™
and il2rg” models, Rag1™il2rg” mice fully lack adaptive immunity as well as
ILCs and NK cells. Thus, these mice serve as a useful tool to determine the
importance of both ILCs and NK cells in the control of infection with F.
tularensis LVS, without the potential contribution of pro-inflammatory T cells.
Akin to il2rg” mice, Rag17il2rg” mice also displayed significantly enhanced
bacterial burdens in the lung, liver and spleen at day 6 p.i. when compared
to WT and Rag1” mice (figure 5.1D and 5.4A), further indicating that innate

lymphocytes are important for the control of infection with F. tularensis LVS.

Next, it was important to investigate how the myeloid immune response was
impacted in Rag1™il2rg” mice. Whilst, the frequency of neutrophils was
significantly enhanced in Rag1™”il2rg” mice when compared to WT mice
(figure 5.4B), no differences were observed in total numbers (figure 5.4C).
Moreover, no differences were observed in the frequency or total number of
macrophages (figure 5.4D-E) or eosinophils (figure 5.4F-G). Thus, these
results suggest that the proportion and numbers of myeloid immune cells are
relatively unaltered in Rag17il2rg”™ mice during infection with F. tularensis
LVS.

136



CFU/g of tissue

Macrophages/
Live CD45* Cells (%)

Bacterial Burdens Neutrophils

ILive CD45* Cells Neutrophil Count

. ok ok 9
1x1010  —— — — < g
-~ e WT 2 — o
an
1x109 L - = Ragi*il2rg* O . g
2 -
1%10°] ggn ] 5
g4 §
=107 & 3 3
e e 3, 3
10 . : H 3
3 . e
1x10 3 @ »
S O > 4 X y
N & o2 O
\«“’ N .’:’Q\e @ y \{153 y'\\q:\
3 $
o ®
E F . . G
Macrophages Eosinophils ) )
ILive CD45* Cells ILive CD45* Cells Eosinophil Count

40

N @
=) o

s
Cells/gram of tissue

Cells/gram of tissue

Eosinophils/Live CD45" Cells (%)

$

Q-"’&

¥ v
4‘& y @Q @ ’15‘)

.
S
& &

R R
& &

Figure 5.4 — Rag1™il2rg” mice display enhanced bacterial burdens and altered
infectious niche in the lung during infection with F. tularensis LVS

C57BL/6 and Rag17il2rg” mice were infected with 1000 CFU F. tularensis LVS and
(A) bacterial burdens (CFU/g of organ) enumerated in the lung, liver and spleen of
mice at day 6 p.i. Flow cytometry analysis of myeloid immune cell populations in the
lung at day 6 p.i. identified (B-C) neutrophils (live CD45'Ly6G*) (D-E) CD64*
macrophages (live CD45'Ly6G Siglec-F-CD64*) and (F-G) eosinophils (live
CD45*Ly6G Siglec-F*CD64"). Populations were expressed as a frequency of live
CD45* cells and cell counts per gram of tissue. (n=8). Statistical analysis performed
with unpaired t-test for parametric data or Mann-Whitney test for non-parametric
data; * p<0.05; ** p<0.01; **** p<0.0001.

Interestingly, the frequency (figure 5.5A) and number (figure 5.5B) of infected
neutrophils was significantly enhanced in Rag17il2rg” mice. The frequency
of LVS* macrophages was also increased in Rag1™il2rg” mice (figure 5.5C).
Despite this, no differences were seen in the total number of infected
macrophages (figure 5.5D). The frequency (figure 5.5E) and total number of
infected eosinophils were significantly enhanced in Rag1™il2rg” mice (figure
5.5F). Overall, these results suggest that the absence of innate lymphocytes
in Rag17il2rg™ mice results in significant changes to the level of infection in
cells of the myeloid compartment, and that these may contribute to the
enhanced bacterial burdens observed in these mice during infection with F.

tularensis LVS.
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Figure 5.5 - Rag1™il2rg”- mice display enhanced infectious niche in the lung
during infection with F. tularensis LVS

C57BL/6 and Rag1™il2rg” mice were infected with 1000 CFU F. tularensis LVS and
levels of infection were measured for myeloid cell populations in the lung at day 6
p.i. (A-B) Infected neutrophil (live CD45*Ly6G"), (C-D) CD64" macrophage (live
CD45*Ly6G Siglec-F-CD64*) and (E-F) eosinophil (live CD45'Ly6G Siglec-F*CD64
) populations were identified and expressed as a frequency of individual cell types
and cell counts per gram of tissue (n=8). Statistical analysis performed with unpaired
t-test for parametric data or Mann-Whitney test for non-parametric data; * p<0.05; **
p<0.01; *** p<0.001.

5.2.5 ILC1s and NK cells represent innate sources of IFN-y during

infection with F. tularensis LVS

The enhanced bacterial burdens in both il2rg” and Rag17il2rg” mice
indicate that an absence of ILCs may be detrimental to the control of infection
of F. tularensis LVS. However, as chapter 4 of this thesis has already
demonstrated, an expansion of ILC2s can play a detrimental role in the
control of infection with F. tularensis LVS. Yet, the observed expansion of an
ILC1 population during the later stages of F. tularensis LVS infection (figure
3.5) could represent a source of IFN-y — a cytokine that is critical to the
control of this infection (Leiby et al., 1992; Lopez et al., 2004; Schmitt et al.,
2013). Moreover, as NK cells are another innate lymphocyte population that
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are ablated in the double KO Rag17il2rg” mouse model (Song et al., 2010),
and these cells are already known as a major source of IFN-y during infection
with F. tularensis LVS (Leiby et al., 1992; Lopez et al., 2004; Schmitt et al.,
2013), it was important to consider whether the enhanced bacterial burdens
in the double KO Rag1™il2rg” mouse model were instead due to the ablation
of IFN-y-producing innate lymphocyte populations. Thus, in order to further
assess the relative contribution of these innate populations to the immune
response against F. tularensis LVS, it was next important to determine their

cytokine output as infection progressed.

Initially, levels of ILC-derived IFN-y were quantified at days 3 and 5 p.i. (figure
5.6). ILC1s showed an enhanced capacity to produce IFN-y (figure 5.6A-B),
with the total number of IFN-y* ILC1s also significantly elevated as infection
progressed (figure 5.6C). Despite their ability to upregulate expression of
IFN-y during certain infections (Silver et al., 2016), ILC2s displayed no
changes in IFN-y production (figure 5.6A, D and E). Thus, these data suggest
that whilst ILC1s represent a source of IFN-y, ILC2s are not capable of IFN-

y production during infection with F. tularensis LVS.

As ILC2s are known to primarily produce type 2 cytokines such as IL-5 and
IL-13 (Artis and Spits, 2015), it was next important to consider whether they
were doing so during infection with F. tularensis LVS, and potentially
perturbing a type 1 immune response through expansion of type 2 immune
cells. Indeed, the frequency of IL-5" ILC2s was significantly enhanced at day
3 p.i., (figure 5.7A and B). Despite this, the total number of IL-5-producing
ILC2s was unchanged during infection (figure 5.7E). IL-13 production was
also unaffected by infection with F. tularensis LVS (figure 5.7C and D), with
IL-5¥IL-13" ILC2s also unchanged (figure 5.7F and G). Overall, these results
indicate that the production of these ILC2-derived type 2 cytokines is

generally limited throughout LVS infection.

139



ILC1s

ILC2s

Control D3 D5
4 105 10° 10°
10% o 10% 10*
IFN-y* ILC1s IFN-y* ILC1s IFN-y* ILC1s
0 0 245
0?4 10% 4 1034
' | o d o 4
10} E -10° 4 R
. T L T T T
- Im’ ": Im’ "04 'ms 0P o 10° 10* 10° I;g’ '.') Im’ lm“ Ims
10° 10° 10° 4
10* 10* 10 4
IFN-y* ILC2s IFN-y* ILC2s IFN-y* ILC2s
5 0.79 s 1.74 3 0
1009 1079 1079
o3 o3 o3
Ll? E 3 3
1 -10* 4 10° 4 10° 4
— - T T L] T T T T T T T T T T Ll T T T
100 o 10° 10* 10° 10 o 10° 10* 10° 100 o 10° 10* 10°
IFN-y R
B C D E
IFN-y* ILC1s/Total ILC1s IFN-y* ILC1 Count IFN-y* ILC2s/Total ILC2s IFN-y* ILC2 Count
_ S . . o "
5 60— —— 3x10 'ﬁ § 5 ° 2.0x10
0 (] 0 Q N
S s 2 N S 4 2 1.5%10]
] i 3 = 2
= 40 = 2x10°= = -
8 k] g > 5 ,
o £ £ 1.0%10%
E - :]: o E P %
- A (= 13 RS
g 201 KR 5 1x10 ° i, 9 HE B 5 0x100H T
= o =" ° T B o 1 s o}
S Y (5] a > o o
2 » 2 +
£ ol am—— ol am 1 E o 0.0-cB—amm i
> 5 6 S D 5 > D » > D °
O & R ) & N D
& & & & S P & P

Figure 5.6 - ILC1s display enhanced IFN-y production during infection with F.
tularensis LVS

C57BL/6 mice were infected with 1000 CFU F. tularensis LVS and ILCs identified in
the lung at different time points p.i. Control mice were given PBS. Single cell
suspensions were incubated for 4 hours at 37°C with a cocktail of PMA, ionomycin,
brefeldin A and monensin. (A) Representative plots for identification of ILC subsets
and their production of IFN-y in PBS (control) and LVS-infected mice at days 3 (D3)
and 5 (D5) p.i.. (B-C) IFN-y production in ILC1s (T-bet*) and (F-G) ILC2s (ST2*) was
quantified and expressed as a frequency of individual ILC subsets, and cell counts
per gram of tissue (n=7 for control, n=8 for day 3 and 5 p.i.). Numbers in FACS plots
represent the percentage of IFN-y* cells from ILC1 and ILC2 subsets respectively.
Statistical analysis was performed using either one-way ANOVA for parametric data,
or Kruskal Wallis for non-parametric data, with Holm-Sidak’s and Dunn’s multiple
comparisons tests performed for each method of analysis respectively; * p<0.05; **
p<0.01; *** p<0.001.
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Figure 5.7 - ILC2s display enhanced IL-5 production early during infection with
F. tularensis LVS

C57BL/6 mice were infected with 1000 CFU F. tularensis LVS and ILCs identified in
the lung at different time points p.i. Control mice were given PBS. Single cell
suspensions were incubated for 4 hours at 37°C with a cocktail of PMA, ionomycin,
brefeldin A and monensin. (A) Representative plots for ILC2 production of IL-5 and
IL-13 in PBS (control) and LVS-infected mice at days 3 (D3) and 5 (D5) p.i.. (B-G)
IL-5 and IL-13 production by ILC2s was quantified and expressed as a frequency of
ILC2s, and cell counts per gram of tissue (n=7 for control, n=8 for day 3 and 5 p.i.).
Numbers in FACS plots represent the percentage of ILC2s producing IL-5, IL-13, or
both. The DN ILC2 population represents ILC2s that did not produce any of these
cytokines. Statistical analysis was performed using either one-way ANOVA for
parametric data, or Kruskal Wallis for non-parametric data, with Holm-Sidak’s and
Dunn’s multiple comparisons tests performed for each method of analysis
respectively; ** p<0.01.
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Finally, the relative contribution of NK cell-derived IFN-y was assessed
(figure 5.8). Here, both the capacity of NK cells to produce IFN-y (figure 5.8A-
B) and the total number of IFN-y* NK cells were significantly elevated by day
5 p.i. (figure 5.8C). Thus, these data demonstrate that NK cells are a potent

source of IFN-y in the lung during infection with F. tularensis LVS.
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Figure 5.8 - NK Cells display enhanced IFN-y production during infection with
F. tularensis LVS

C57BL/6 mice were infected with 1000 CFU F. tularensis LVS and NK cells identified
in the lung at different time points p.i. Control mice were given PBS. Single cell
suspensions were incubated for 4 hours at 37°C with a cocktail of PMA, ionomycin,
brefeldin A and monensin. (A) Representative plots for identification of IFN-y
production in NK Cells (CD11b*NK1.1*T-bet*) in PBS (control) and LVS-infected
mice at days 3 (D3) and 5 (D5) p.i.. (B-C) NK Cell production of IFN-y was quantified
and expressed as a frequency of total NK Cells, and cell counts per gram of tissue
(n=7 for control, n=8 for day 3 and 5 p.i.). Numbers in FACS plots represent the
percentage of IFN-y* NK cells from total NK cells. Statistical analysis was performed
using either one-way ANOVA for parametric data, or Kruskal Wallis for non-
parametric data, with Holm-Sidak’s and Dunn’s multiple comparisons tests
performed for each method of analysis respectively; ** p<0.01; *** p<0.001.

5.2.6 IFN-y in the infected lung environment appears important in
driving infection-induced reduction in ILC2 numbers

IFN-y has previously been shown to inhibit ILC2 function and induce cell
death (Molofsky et al., 2015; Duerr et al., 2016). Moreover, as data in this

thesis chapter (figures 5.6 and 5.8) and in previous studies (Lopez et al.,
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2004; De Pascalis, Taylor and Elkins, 2008) have identified multiple sources
of this cytokine during infection with F. tularensis LVS, it was next considered
whether IFN-y was important in the control of ILC2 numbers in this context.
Thus, in order to further investigate this relationship, an ex vivo ILC2 culture
system was established. Here, ILC2s were cultured with either naive or LVS-
infected cell-free lung supernatant, with the impact of IFN-y in this context

determined by functional blockade of this cytokine (figure 5.9).
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Figure 5.9 - In vitro culture of sort-purified lung ILC2s with cell-free lung
supernatants

1x10° FACS-sorted live CD45'Lin"CD90.2m¢NCD127*KLRG1* lung ILC2s were
allowed to rest for 7 days in media with IL-7 (25 ng/ml), before culturing with either
naive or F. tularensis LVS-infected cell-free lung supernatant. ILC2s cultured with F.
tularensis LVS-infected supernatant were cultured in the presence, or absence of an
anti-IFN-y antibody (10 pg/ml). Data are representative of two independent
experiments with cells pooled from 4 mice in each. Statistical analysis was performed
using repeated-measures one-way ANOVA, with Holm-Sidak’s multiple comparisons
tests. Significance is shown as LVS-infected versus naive (below red line), and LVS-
infected + anti-IFN-y versus LVS-infected (below blue line); ** p<0.01; *** p<0.001.

The number of live ILC2s was significantly decreased in LVS-infected
supernatant cultures, suggesting that a soluble mediator is important in
driving the infection-induced reduction in ILC2 numbers (figure 5.9). Upon
blockade of IFN-y in these infected lung supernatant cultures, the total
number of live ILC2s was significantly enhanced (figure 5.9). Thus, these
results suggest that the presence of IFN-y in F. tularensis LVS supernatants

could contribute to the reduction in ILC2s in this in vitro model.
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5.2.7 Anti-NK1.1-mediated depletion of NK cells does not rescue
ILC2 numbers

Whilst it has been previously mentioned that there are multiple sources of
IFN-y during infection with F. tularensis LVS (Lopez et al., 2004; De Pascalis,
Taylor and Elkins, 2008), NK cells represent the major source (Lopez et al.,
2004; Schmitt et al., 2013). Thus, given that IFN-y from the LVS-infected lung
can reduce ILC2 numbers in vitro, it was next investigated whether NK cells
are required to reduce ILC2 numbers in vivo. In order to test this, NK cells
were depleted using an anti-NK1.1 antibody, to determine whether ILC2

numbers are reduced in their absence.

Initially, depletion was confirmed via flow cytometric analysis (figure 5.10A),
with anti-NK1.1 antibody-treated mice displaying a significant reduction in
total NK cells and IFN-y-producing NK cells both in frequency (figure 5.10B
and C) and total cell numbers (figure 5.10D and E). Next, the NK cell absence
on ILC2 numbers was assessed. Whilst the frequency of ILC2s was
significantly reduced during infection in IgG-treated mice, NK cell depletion
had no effect upon the frequency of ILC2s (figure 5.10F) or total ILC2
numbers (figure 5.10G). Interestingly, whilst NK cell depletion had no effect
on bacterial burdens in the lung or spleen, liver burdens were significantly
elevated in NK1.1-treated mice (figure 5.10H). Overall, this indicates that NK
cell depletion does not impact on ILC2 numbers, or control of infection in the

lung of WT mice.

Another cell type that can produce IFN-y during infection with F. tularensis
LVS is the T cell (Roberts, Powell and Frelinger, 2018). Thus, it was next
important to assess whether T cell-derived IFN-y could be compensating for
the absence of NK-derived IFN-y and thus potentiating the ILC2 crash.
Indeed, a CD3"CD5'IFN-y* cell population was identified (figure 5.11A),
which showed enhanced IFN-y production in the absence of NK cells (figure
5.11B-C). As a result, this suggests that the presence of an alternative
source of IFN-y may be sufficient to reduce ILC2 numbers during infection

with F. tularensis LVS in the absence of NK cells.
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Figure 5.10 - Anti-NK1.1-mediated NK cell depletion does not alter ILC2
numbers in C57BL/6 mice during infection with F. tularensis LVS

C57BL/6 mice were infected with 1000 CFU F. tularensis LVS, and treated with 3
doses of anti-NK1.1 or IgG control (200 pg/mouse) every 2 days starting 1 day before
infection with F. tularensis LVS. Flow cytometry analysis performed in the lung at
day 7 p.i. following incubation of single cell suspensions for 4 hours at 37°C with a
cocktail of PMA, ionomycin, brefeldin A and monensin. (A) Representative plots for
identification of NK cells (live CD45"CD3'CD5CD11b*NK1.1"T-bet"). (B-C) Total
NK, (D-E) IFN-y* NK cells and (F-G) ILC2s (live CD45*Lin"CD90*ST2*) were
quantified and expressed as a frequency of live CD45" cells, or total ILCs and cell
counts per gram of tissue. (H) Bacterial burdens (CFU/g of organ) enumerated in the
lung, liver and spleen of mice at day 7 p.i. (n=4 for all cell populations). Numbers in
FACS plots represent NK cells as a % of live CD45"CD3 CD5CD11b* cells.
Statistical analysis was performed using either unpaired t-test or one-way ANOVA
for parametric data, or Mann-Whitney test or Kruskal Wallis for non-parametric data,
with appropriate multiple comparisons tests performed for each method of analysis
respectively; * p<0.05; ** p<0.01; *** p<0.001.
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Figure 5.11 - T cell-derived IFN-y compensates for the loss of NK-derived IFN-
y in C57BL/6 mice during infection with F. tularensis LVS

C57BL/6 mice were infected with 1000 CFU F. tularensis LVS, and treated as
previously indicated, with flow cytometry analysis performed at day 7 p.i. Single cell
suspensions were incubated for 4 hours at 37°C with a cocktail of PMA, ionomycin,
brefeldin A and monensin. (A) Representative plots for identification of IFN-y-
producing cells (previously identified as live CD45" cells) in the lung of mice. (B-C)
Total IFN-y* T Cells (live CD45*CD3*CD5") were quantified and expressed as a
frequency of live CD45" cells, and cell counts per gram of tissue (n=4 for all cell
populations). Statistical analysis was performed using either one-way ANOVA for
parametric data, or Kruskal Wallis for non-parametric data, with appropriate multiple
comparisons tests performed for each method of analysis respectively; * p<0.05; **
p<0.01; **** p<0.0001.

5.2.8 Anti-NK1.1-mediated depletion of NK cells does not rescue
ILC2 numbers in Rag1™” mice

In order to exclude the potential role of T-cell-derived IFN-y impacting upon
ILC2s during LVS infection in the absence of NK cells, Rag1” mice (which
lack adaptive immunity) were used in a subsequent experiment. Here, the
compensatory T cell-derived IFN-y response seen in WT mice would be
eliminated, and the effect of the absence of NK cells on ILC2 numbers fully
assessed. Akin to WT mice, anti-NK1.1-mediated depletion of NK cells in
Rag1” mice resulted in a significantly reduced number of NK cells when
compared to both IgG-treated LVS-infected mice and naive controls (figure
5.12A-C) — as well as a significant reduction in the number of IFN-y-

producing NK cells (figure 5.12D and E).
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Figure 5.12 - Anti-NK1.1-mediated depletion of NK cells in Rag1’- mice does
not rescue ILC2 numbers during infection with F. tularensis LVS

Rag1” mice were infected with 1000 CFU F. tularensis LVS, with mice treated as
previously indicated in figure 5.10. Naive controls were uninfected and untreated.
Flow cytometry analysis was performed in the lung at day 5 p.i. following incubation
of single cell suspensions for 4 hours at 37°C with a cocktail of PMA, ionomycin,
brefeldin A and monensin. (A) Representative plots for identification of NK cells (live
CD45*CD3CD5CD11b*NK1.1*T-bet") in the lung of mice. (B-C) Total NK Cells, (D-
E) NK Cell-derived production of IFN-y, (F-H) ILC2s (live CDA45'Lin
CD90*CD127*ST2%) and (I-J) ILC1s (live CD45*Lin"lCD90*CD127*T-bet*) were
quantified and expressed as a frequency of live CD45* cells or total ILCs, and cell
counts per gram of tissue. (K) Bacterial burdens (CFU/g of organ) were enumerated
in the lung, liver and spleen of mice at day 5 p.i. for all mice (n=4 for all cell
populations). Numbers in FACS plots represent NK cells as a % of live CD45*CD3"
CD5CD11b* cells. Statistical analysis was performed using either one-way ANOVA
for parametric data, or Kruskal Wallis for non-parametric data, with appropriate
multiple comparisons tests performed for each method of analysis respectively; *

p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001.
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Interestingly, when expressed as a frequency of total ILCs, ILC2s were
increased in anti-NK1.1-treated LVS-infected Rag1” mice when compared
to IgG-treated LVS-infected Rag1™ mice at day 5 p.i. (figure 5.12F). Despite
this, both ILC2s as a frequency of live CD45" cells and total ILC2 numbers
were similarly decreased in both infected Rag1” mice groups when
compared to naive Rag1” controls (figure 5.12G-H). As aforementioned,
ILC1s also express NK1.1 (Jiao et al., 2016). Thus, both the frequency (figure
5.12l) and total number (figure 5.12J) of ILC1s were also significantly
reduced in anti-NK1.1-treated Rag1” mice. Overall, these results indicate
that NK- and T-cell-derived IFN-y may not impact on ILC2s during infection
with F. tularensis LVS. Moreover, they suggest that the enhanced ILC2s
when expressed as a frequency of total ILCs in anti-NK1.1-treated mice may

only be due to the depletion of ILC1s in these mice.

Nevertheless, as depletion of NK cells and ILC1 is indicative of a reduction
in IFN-y levels in the lung which cannot be compensated for by T cells in
Rag1™ mice, it was also important to assess how this depletion impacted
upon the control of infection in the absence of adaptive immunity. Unlike WT
mice, NK-depleted Rag1™” mice exhibited an exacerbated phenotype, with
anti-NK1.1-treated Rag1™ mice displaying significantly elevated bacterial
burdens in the lung, liver and spleen when compared to IgG-treated Rag1™
mice (figure 5.12K). Indeed, as this was associated with enhanced morbidity,
mice were required to be culled at day 5 p.i. due to licence restrictions.
Overall, these data demonstrate the importance of NK-derived IFN-y in the
control of infection with F. tularensis LVS, with this exacerbated phenotype
in anti-NK1.1-treated Rag1” mice also highlighting a potential caveat in
interpreting whether ILC2 numbers are reduced by NK- and T cell-derived
IFN-y.

5.2.9 Blockade of IFN-y in NK-ILC2 co-cultures does not reduce ILC2
numbers in vitro

As the lung tissue environment is complex, multiple infammatory signals
aside from IFN-y could contribute to the reduction in ILC2s during infection
with F. tularensis LVS (Cowley and Elkins, 2011; Molofsky et al., 2015; Duerr
et al., 2016). Nevertheless, as the previous in vitro data presented in this

chapter indicated a role for IFN-y in reducing ILC2 numbers, it remained
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important to investigate whether NK cells could reduce ILC2 numbers in an
in vitro setting. As a result, an in vitro co-culture system was developed
where sort-purified ILC2s were cultured alone, or alongside sort-purified lung
NK cells from either naive or LVS-infected mice, in the presence or absence
of anti-IFN-y antibody. Cells were cultured in a 1:1 ratio for 72 hours, with
ILC2 cell death assessed at 24, 48 and 72 hour time points. Whilst no
differences were seen in the frequency of total live ILC2s cultured alone or
with NK cells from naive mice at any time point (figure 5.13A-D), live ILC2s
were significantly reduced when co-cultured with NK cells from LV S-infected
mice (figure 5.13A-D). Interestingly however, blockade of IFN-y did not
reverse this reduction (figure 5.13A-D). Thus, although NK cells from infected
mice reduced ILC2 cell counts in vitro, blocking IFN-y was not sufficient to

reverse this effect.

Irrespective of the inhibition of IFN-y, the frequency of apoptotic ILC2s was
increased at 24 hours when cultured with NK cells from LVS-infected mice
versus ILC2s cultured alone (figure 5.13E). Whilst no differences were
observed in apoptotic ILC2s at 48 hours (figure 5.13F), apoptotic ILC2s were
increased at 72 hours when cultured with NK cells from either PBS control
mice, or those cultured with NK cells from LVS-infected mice with anti-IFN-y
antibody present in the media (figure 5.13G). Thus, this suggests that ILC2s
cultured with NK cells may exhibit higher levels of apoptotic cell death in vitro.
Interestingly, the frequency of necrotic ILC2s was only significantly enhanced
at 48 hours, and only when ILC2s were cultured with NK cells from LVS-
infected mice (figure 5.13H-J). The frequency of dead ILC2s was unaltered
throughout the time course (figure 5.13K-M). Overall, these data indicate that
multiple mechanisms of cell death are induced in ILC2s cultured with NK

cells, irrespective of the inhibition of IFN-y.
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5.2.10 Treatment with diphtheria toxin results in significantly
enhanced bacterial burdens during infection with F. tularensis
LVS, with this effect attenuated upon depletion of ILC2s
Finally, as chapter 4 of this thesis demonstrated that ILC2s play a detrimental
role in the control of infection, it was important to investigate the effect of their
specific ablation on the progress of infection. To this end, the ICOS-
diphtheria toxin receptor (ICOS-T) mouse model was used (5.14A). As ILC2s
express ICOS, this model allows for their specific depletion in mice treated
with diphtheria toxin (DTx) (Oliphant et al., 2014). Furthermore, as ICOS is
also expressed on CD4" T cells, the insertion of a floxed DTx receptor (DTR)
gene into the Icos locus allows for the CD4-cre-mediated excision of this
gene i.e. the DTR gene is removed from CD4" T cells, and as a result does

not result in their depletion upon DTx treatment.

Indeed, this was confirmed by flow cytometric analysis, with a significant
reduction in the frequency (figure 5.14B) and total number (figure 5.14C) of
ILC2s in DTx-treated ICOS-T mice when compared to both WT DTx-treated
and WT untreated mice at day 3 p.i.. Unexpectedly, ILC2s were also
significantly reduced in DTx-treated littermate controls (herein referred to as
WT in this study) mice when compared to untreated infected WT mice,
although not to the same extent as in ICOS-T mice (figure 5.14B-C). In total,
DTx-treated ICOS-T mice showed an 87% reduction in ILC2 numbers when
compared to WT untreated mice, and an 80% reduction when compared to
DTx-treated WT mice (figure 5.14C).

Figure 5.13 - Assessment of ILC2 apoptosis during in vitro co-culture of sort-
purified lung ILC2s and NK cells

FACS-sorted lung ILC2s (live CD45*Lin"CD127*KLRG1*) were allowed to rest for 7
days in media with IL-7, before culturing with FACS-sorted NK cells (live CD45"CD3"
CD5CD11b*NK1.1%) from naive or LVS-infected lungs (day 5 p.i.) in a 1:1 ratio, and
ILC2 cell death was subsequently assessed using the Annexin V apoptosis assay.
Where indicated, cells were also cultured in the presence of an anti-IFN-y antibody
(10 pg/ml). (A) Representative plots from 48 hours post-culture for ILC2 (live
CD45*CD11b'CD127*ST2") cell death when cultured alone, with NK cells (live
CD45*CD11b*) from naive (PBS) lung, or NK cells from LVS-infected lung. Apop. =
apoptotic; Necro. = Necrotic. (B-D) Live ILC2s were quantified and expressed as a
frequency of total ILC2s at 24, 48, and 72 hour time points. Numbers in FACS plots
represent the proportion of live, apop., necro. and dead ILC2s as a % of total ILC2s.
Statistical analysis was performed using either one-way ANOVA for parametric data,
or Kruskal Wallis for non-parametric data, with appropriate multiple comparisons
tests performed for each method of analysis respectively; * p<0.05; ** p<0.01.
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Figure 5.14 - Diphtheria toxin (DTx)-mediated depletion of ILC2 cells in
ICOS-T mice during infection with F. tularensis LVS

WT and ICOS-T mice were treated with Diphtheria toxin (DTx) daily at 1 pg/dose
where indicated, and subsequently infected with 1000 CFU F. tularensis LVS, with
flow cytometry analysis of lung cells performed at day 3 p.i. (A) Mice were treated as
indicated. (B-C) ILC2s (live CD45*Lin"CD90*CD127*ST2*), (D-E) ILC1s (live
CD45*Lin"CD90*CD127*T-bet*) and (F-G) CD4* T cells (live CD45*CD3*CD5*) were
quantified and expressed as a frequency of live CD45" cells and cell counts per gram
of tissue (n=8-10). Statistical analysis was performed using either one-way ANOVA
for parametric data, or Kruskal Wallis for non-parametric data, with appropriate
multiple comparisons tests performed for each method of analysis respectively; **
p<0.01; *** p<0.001; **** p<0.0001.

Moreover, frequency and total numbers of ILC1s were unaffected by DTx
treatment (figure 5.14D-E), and although a significant reduction in frequency
of CD4" T cells was observed in DTx-treated WT and ICOS-T mice when
compared to untreated WT mice (figure 5.14F), no differences were
observed between DTx-treated WT mice and DTx-treated ICOS-T mice in
CD4" T cell frequency (figure 5.14F) and no difference in CD4™ T cell
numbers observed between any groups (figure 5.14G). Overall, these results
suggest that whilst some DTx-mediated effects were apparent, ILC2s can be
selectively depleted using the ICOS-T mouse model during infection with F.

tularensis LVS.

Next, to investigate the impact of ILC2 depletion on the progression of
infection, mice were monitored and bacterial burdens enumerated.
Unexpectedly, treatment with DTx in both WT mice infected with F. tularensis

LVS resulted in significantly enhanced weight loss (figure 5.15A) and
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mortality (figure 5.15B), with mice required to be culled at day 3 p.i. due to

licence restrictions.
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Figure 5.15 - DTx enhances bacterial burdens in WT mice during infection with
F. tularensis LVS

Progression of infection in WT and ICOS-T mice during infection with F. tularensis
LVS. Where indicated, mice were treated with Diphtheria toxin (DTx) daily at 1
pg/dose. (A) Weight change was monitored daily in all mice, and plotted as a
percentage loss of original body weight (0% = body weight at day 0). (B) Severity of
infection was evaluated using a clinical scoring system (see methods). (C) Bacterial
burdens (CFU/g of organ) were enumerated in the lung, liver and spleen of mice at
day 3 p.i. (n=8-10). Statistical analysis was performed using either one-way ANOVA
for parametric data, or Kruskal Wallis for non-parametric data, with appropriate
multiple comparisons tests performed for each method of analysis respectively; **
p<0.01; *** p<0.001; **** p<0.0001.

Interestingly, whilst, bacterial burdens were significantly enhanced in the liver
and spleen of both infected WT and ICOS-T mice treated with DTx, only DTx-
treated WT mice displayed a significant exacerbation of infection in the lung
(figure 5.15C). Indeed, lung burdens in DTx-treated ICOS-T mice were
significantly reduced down to a similar level to that of untreated WT mice
(figure 5.15C). Together, these results indicate that whilst treatment with DTx
is detrimental to the control of infection with F. tularensis LVS, selective
depletion of ILC2s appears to benefit the host immune response in this

context.
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5.2.11 The myeloid immune response is significantly altered following
DTx treatment

In order to understand how DTx treatment and the ablation of ILC2s impacts
upon the host immune response and control of infection with F. tularensis
LVS, it was next important to assess the myeloid immune compartment in
this model. Both the frequency (figure 5.16A) and total number of neutrophils
(figure 5.16B) were significantly enhanced in DTx-treated WT and ICOS-T
mice following infection with F. tularensis LVS when compared to infected
WT mice not treated with DTx. Whilst the frequency of CD64" macrophages
was significantly reduced in ICOS-T mice (figure 5.16C), total cell numbers
showed no differences between groups (figure 5.16D). Interestingly,
eosinophils were significantly reduced in both WT and ICOS-T mice following
DTx treatment both as a frequency of live CD45" cells (figure 5.16E) and total
numbers (figure 5.16F). Overall, these results indicate that DTx treatment,
regardless of whether ILC2s are depleted or not, induces significant changes
to the myeloid immune compartment in the lung during infection with F.

tularensis LVS.

To determine whether the enhanced bacterial burdens observed following
DTx treatment were due to enhanced levels of intracellular infection, levels
of infection were quantified in myeloid cell types. Both DTx-treated WT and
ICOS-T mice displayed enhanced levels of infection in neutrophils (figure
5.17A-B), macrophages (figure 5.17C-D) and eosinophils (figure 5.17E-F).
Thus, these results suggest that the enhanced bacterial burdens observed
in DTx-treated mice during infection with F. tularensis LVS may arise as a

result of enhanced intracellular infection in multiple types of myeloid cell.

154



Neutrophils/Live CD45* Cells

Neutrophil Count

= 100 5x107
= *
3 ) A -, WT
O 80 — S ax07 1
o amn Add 2 . WT + DTx
< -5 Aada =
g e " A 5 3x107 a ICOS-T + DTx
g E . ad,
5 40 2x107
i 00%00 ‘%-, x o o a " mng AA
£ 20 T 1x107
g S
£
é 0 ! J 0 T T
& & & &
& xo& xo« S‘ 0& 0«
« x «X
é& o%' Qé o%'
’Y ©
c CD64* Macrophages/Live CD45* Cells D CD64* Macrophage Count
30 1.5%107
~ - o ©
2 E\i [] ] A 2
S o . & .
5320 —u . S1.0x10
00 g Aa
h
2% e aagas 5 Sl
=810 Ada D5 0x106 Ay
5 0O ] A,
82 g an®m N
(S
0 - - 0.0 T
+ + &*
& & & 3
& oy &
o I
& ©
E F
Eosinophils/Live CD45* Cells Eosinophil Count
o Kk *k
e\g Kkk
a2 20 — 5x105 —
3 o o " o
I 1.5 o 2 4x10
a £ 000
© ‘5 3x10%
g 1.0 £
3  2x10° A
2 0.5 AL 2 1 —4
= - u n 3 5
s EaEn SN 81x10 .i":'. AAAﬁ
< asd A
é 0.0 T T 0 T T
4
N & & N & &
x &x x &x
& & N &
’Y Y

Figure 5.16 - Effect of DTx administration on the myeloid compartment during
infection with F. tularensis LVS

Myeloid cell populations were identified by flow cytometry analysis in the lung of WT
and ICOS-T mice at day 3 p.i. (A-B) neutrophil (live CD45'Ly6G"), (C-D) CD64*
macrophage (live CD45'Ly6G Siglec-F-CD64") and (E-F) eosinophil (live
CD45*Ly6G Siglec-F*CD64°) populations were identified and expressed as a
frequency of live CD45" cells and cell counts per gram of tissue (n=8-10). Statistical
analysis was performed with either one-way ANOVA for parametric data, or Kruskal
Wallis for non-parametric data, with Holm-Sidak’s and Dunn’s multiple comparisons
tests performed for each method of analysis respectively; * p<0.05; ** p<0.01; ***
p<0.001; **** p<0.0001.
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Figure 5.17 - DTx enhances levels of infection in multiple myeloid cell
populations during infection with F. tularensis LVS

LVS* myeloid cell populations were identified in the lung by flow cytometry analysis
in WT and ICOS-T mice at day 3 p.i. (A-B) LVS™ neutrophil (live CD45*Ly6G™) and
(C-D) LVS* CD64* macrophage (live CD45*Ly6G Siglec-F-CD64*) and (E-F) LVS*
eosinophil (live CD45*Ly6G Siglec-F*CD64") populations were identified and
expressed as a frequency parent populations and cell counts per gram of tissue
(n=5). Statistical analysis was performed using either one-way ANOVA for
parametric data, or Kruskal Wallis for non-parametric data, with appropriate multiple
comparisons tests performed for each method of analysis respectively; * p<0.05; **
p<0.01; *** p<0.001.
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5.3 Discussion

5.3.1 Determining the relative contributions of innate and adaptive
lymphocytes during infection with F. tularensis LVS

Given the similarities between T cells and ILCs in their effector programs,
the Rag1™”, il2rg” and Rag1™il2rg” mouse models can be used to dissect
the relative importance of innate and adaptive lymphocytes during infection
(Bando and Colonna, 2016). Indeed, adaptive immunity is essential for the
clearance of multiple other respiratory pathogens such as Brucella
melitensis, Streptococcus pneumoniae and influenza A, with Rag1” mice
displaying impaired clearance of these infections (Izadjoo et al., 2000; Blair
et al., 2005; Wu et al., 2010). Yet, Rag1” mice were no less susceptible to
infection with F. tularensis LVS, with bacterial burdens akin to those
observed in WT mice, suggesting that adaptive immunity is dispensable for

the control of primary Francisella infection.

Given the inherent lethality of F. tularensis LVS, and the fact that mice
succumb to the infection within 7 days (Conlan et al., 2002), it is more likely
that innate lymphocytes play a greater role in the host immune response
against F. tularensis LVS than their adaptive counterparts. Indeed, ILCs have
previously been shown to be essential in the control of other intracellular and
bacterial infections (Vivier et al., 2018). For example, Rag1”il2rg” mice
(which lack ILCs and NK cells, as well as adaptive immunity) display reduced
protection against C. difficile infection — with this protection restored upon
adoptive transfer of ILCs (Abt et al., 2015). Moreover, ILC3-derived IL-22 is
essential for the control of Citrobacter rodentium infection, with ablation of
these cells in Rag2™il2rg” mice resulting in significantly reduced levels of IL-
22 and reduced survival when compared to Rag2” mice (Satoh-Takayama
et al., 2008). Indeed, faecal bacterial CFU counts are unchanged in mice
lacking adaptive immunity, and are only elevated in those that lack the
capacity to produce IL-22 in all RORyt-expressing cells —a phenomenon that
can be rescued upon transfer of ILC3s into these mice (Guo et al., 2014). In
line with this, results in this thesis also demonstrate the importance of innate
lymphocytes in the control of infection with F. tularensis LVS, with
exacerbated bacterial burdens and enhanced mortality in both il2rg” and

Rag17il2rg” mice during infection. Nevertheless, it is currently unclear
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whether a loss of ILCs, NK cells, or both causes the exacerbated phenotype
observed in il2rg” and Rag1™il2rg”™ mice during infection with F. tularensis
LVS, and requires further investigation - with ways in which this can be

achieved being considered throughout this chapter’s discussion.

It is well known that NK cells represent a major source of IFN-y during
infection with F. tularensis LVS (Lopez et al., 2004; Schmitt et al., 2013).
Now, this thesis chapter has begun to uncover the importance of this effector
function. Specifically, as the work in Rag1” mice demonstrated that adaptive
immunity appears dispensable for the control of infection, the enhanced
mortality and exacerbated bacterial burdens in Rag1” NK1.1-deficient mice
highlights the potential importance of NK-derived IFN-y in the control of
infection with F. tularensis LVS. However, it is important to recognize that
ILC1s also express NK1.1 (Jiao et al., 2016), and were also depleted
alongside NK cells in the experiments involving anti-NK1.1 treatment of mice
in this thesis chapter. Indeed, as the expanded ILC1 population during the
later stages of infection demonstrate significant increases in their IFN-y
output, it is currently unclear how much each of these cell types contributes
to the control of infection with F. tularensis LVS. It may be possible to
consider their relative importance in the liver, where ILC1s and NK cells
represent the dominant innate lymphocyte populations (Sojka et al., 2014).
Interestingly, ILC1s may represent a more critical source of innate IFN-y in
the liver of mice during infection with F. tularensis LVS. Specifically, whilst
depletion of NK cells using an anti-asialo-GM1 antibody results in a
significant reduction in tissue IFN-y levels, bacterial burdens are unaffected
(Bokhari et al., 2008). Conversely, research in this thesis chapter
demonstrated a significant organ-specific increase in bacterial burdens in the
liver of WT anti-NK1.1-treated mice. Thus, as ILC1s would not be depleted
by an anti-asialo-GM1 antibody, the disparity in these methods of NK cell
depletion may also indirectly highlight the importance of ILC1-derived IFN-y
in the control of F. tularensis LVS infection in the liver. It is therefore essential
to interrogate the precise roles of ILC1s and NK cells in the future, with a
suggested model being the NK-Eomes” (Nkp46°* x Eomes™) mouse,
which allows for specific ablation of NK cells, but not ILC1s or CD8" T cells
(Weizman et al., 2017). Thus, differences observed between these mice and
NK1.1-depleted mice could help to unearth the relative role of NK cells and

ILC1s during infection with F. tularensis LVS.
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5.3.2 Considering the impact of innate lymphocytes on myeloid cells
during LVS infection

An important area of investigation in this thesis chapter was to determine
how the absence of innate and adaptive lymphocytes impacted upon myeloid
cell numbers, given that cells such as neutrophils and macrophages serve
as important reservoirs for bacterial replication (Hall et al., 2008), and their
dysregulation, or enhanced recruitment can result in significantly enhanced
bacterial burdens (Casulli et al., 2019). Previously, it has been shown that
the spleens of il2rg” mice possess a significantly enhanced frequency of
macrophages, monocytes and granulocytes (Cao et al., 1995). Despite this,
the relative proportions of these cells in the lung tissue are not well studied.
Unsurprisingly, data in this thesis chapter also presented a consistently
elevated proportion of neutrophils in the lungs of il2rg”, but also Rag1™ and
Rag17il2rg” mice. However, this data is perhaps somewhat misleading,
considering the elevated proportions of this cell type are likely as a result of
ablation of adaptive immunity and ILCs and NK cells in il2rg” and Rag1™

il2rg” mice.

Nevertheless, whilst the general composition of the myeloid immune
compartment appears to be relatively unaltered, it is still important to
consider why some of these cell types exhibit significantly enhanced levels
of infection in il2rg”™ and Rag17il2rg” mice, and whether ablation of innate
lymphocytes may contribute to the ability of these myeloid cells to internalise
and kill bacteria. Interestingly, NK-derived effector molecules are vital for the
control of intracellular replication of Francisella in macrophages (Elkins et al.,
2009). Specifically, CpG (bacterial) DNA-activated NK cells co-cultured with
LVS-infected macrophages exhibit significantly lower levels of bacterial
growth than those cultured with either control methylated DNA, or alone
(Elkins et al., 2009). Here, control of bacterial growth could be reversed
through blockade of IFN-y, TNF-a, IL-12 or iINOS (Elkins et al., 2009),
indicating that these components of NK effector function are critical to
controlling intracellular growth of Francisella in myeloid cells. Thus, the
absence of NK cells in il2rg” and Rag1™il2rg™ mice may provide an
explanation as to why macrophages exhibit enhanced levels of infection in

in this context, and consequently contribute to the exacerbated bacterial
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burdens observed in these mice. Conversely, the underlying mechanism for
this extensive replication in neutrophils remains unclear, although this may
also be due to the absence of NK cells, given that IFN-y can prime
neutrophils for more efficient kiling (Ellis and Beaman, 2004). The
importance of NK-derived IFN-y in the control of bacterial growth in these
myeloid cells could of course be considered through use of an in vitro co-
culture system similar to that described in Elkins et al. (2009), with either
LVS-infected neutrophils or macrophages from these immunodeficient mice
co-cultured with activated NK cells from WT mice. However, it is critical that
this approach considers the impact of other NK effectors alongside IFN-y,
such as TNF-a and IL-12, as each of these are critical for the control of
intramacrophage growth of bacteria at least (Elkins et al., 2009). Overall, this
would not only help to uncover what makes these myeloid cells so
susceptible to infection with F. tularensis LVS, but also further understand

the importance of NK-derived IFN-y to each of these myeloid cell types.

In the context of infection with F. tularensis LVS, ILC2s appear to contribute
very little in the way of cytokine responses, suggesting that signals that result
in the activation of ILC2s are either absent, or present at very low levels, in
the lung tissue throughout infection. Of course, the transient increase in IL-5
production observed at day 3 p.i. may indicate a brief period of activation of
ILC2s during the initial stages of infection, which may have been missed by
the time points considered in this thesis chapter. However, as tissue levels
of IL-5 remain low throughout infection (Griffin et al., 2013), it is more likely
that this element of ILC2 effector function becomes less important as
infection progresses. Interestingly, when taken alongside the overall
reduction in ILC2 numbers as infection progresses, this could also help to
explain why lung eosinophil numbers are reduced in WT mice, given that
ILC2-derived IL-5 maintains the homeostatic function of eosinophils
(Nussbaum et al., 2013). Indeed, ILC2s may be key to the function of
eosinophils in infection with F. tularensis LVS, given a similar reduction in
their frequency and numbers is observed in infected il2rg” and Rag17il2rg”
mice, where ILC2s are ablated (Bando and Colonna, 2016). Nevertheless, it
was interesting to observe that eosinophils display significantly enhanced
levels of infection in these immunodeficient mice when compared to WT mice
— although this could simply reflect an exacerbated level of bacterial

replication as a whole, arising from an overall lack of pro-inflammatory
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cytokines in the tissue due to the ablation of innate and adaptive
lymphocytes. Indeed, the enhanced levels of infection present in neutrophils
and macrophages of il2rg” and Rag1™il2rg” mice would support this. Thus,
administration of such cytokines as IFN-y to these immunodeficient mice
may help to interrogate whether the enhanced level of infection in these
myeloid cells is in fact due to a reduced proinflammatory immune response

against the bacteria.

5.3.3 Identifying a soluble mediator to successfully modulate ILC2
numbers during infection with F. tularensis LVS

Data presented in this thesis chapter demonstrates that IFN-y from the LVS-
infected lung can reduce ILC2 numbers in an ex vivo setting. As NK cells
represent a major source of IFN-y during infection with F. tularensis LVS
(Lopez et al., 2004; Schmitt et al., 2013), it was therefore considered that
some degree of cross-talk occurs between ILC2s and NK cells in this context.
Others have demonstrated an antagonistic relationship between ILC2s and
NK cells, with NK-derived IFN-y inhibiting ILC2 proliferation and cytokine
production (Bi et al., 2017). Interestingly however, whilst the in vitro NK-ILC2
co-culture system developed in this chapter indicates that NK cells are
capable of reducing ILC2 numbers in vitro, this reduction appears to be IFN-
y-independent, as blockade of IFN-y in this system does not impact on the
number of live ILC2s present in culture. This is further complicated by the
persistent reduction in ILC2s during infection, even after anti-NK1.1-
mediated depletion of NK cells. It remains to be elucidated whether
alternative mechanisms are in place to reduce ILC2 numbers in the absence
of NK-derived IFN-y, although this could potentially be addressed in the
ILC2-NK in vitro culture system presented in this chapter, adopting a similar
approach to that discussed in Elkins et al. (2009), with inhibition of multiple
other NK effector molecules such as TNF-a and IL-12. Between the latter
two cytokines, it appears more likely that IL-12 may negatively impact on
ILC2 survival — as TNF-a has been shown to be protective in ILC2 function
and survival by signalling through TNF-receptor 2 (Hurrell et al., 2019), whilst
IL-12 is critical for the conversion of ILC2s to ILC1s (Silver et al., 2016).
However as previously alluded to, this may then become more complex in
vivo, when other type 1 mediators are present in the LVS-infected lung

environment and potential compensatory mechanisms arise — an example of

161



which may be seen in the enhanced levels of T cell-derived IFN-y when NK-

derived IFN-y is removed in WT anti-NK1.1-treated mice.

Importantly, type 1 interferons and IL-27 can also inhibit ILC2 function and
survival (Molofsky et al., 2015; Duerr et al., 2016). Interestingly however,
type 1 interferons play a larger role in control of infection with F. tularensis
novicida, another type B strain of the bacterium (McLendon, Apicella and
Allen, 2006; Krocova, Macela and Kubelkova, 2017). Whilst this is true,
infection with F. tularensis LVS can still induce the production of the type 1
interferon IFN-B in macrophages in vitro (Cole et al., 2007). Thus, this may
still be a potential contributor to the reduction in ILC2 numbers observed
during infection with F. tularensis LVS. This could be tested in vitro through
antibody-mediated inhibition of IFN-f in a co-culture system of ILC2s and
LVS-infected macrophages, but also in vivo in type 1 interferon receptor KO
(IFN-IR™) mice. However, the use of these KO mice must be carefully
considered, as it has previously been demonstrated that the absence of type
1 interferon receptor signalling in influenza A-challenged mice causes type 2
immunopathology, which is associated with enhanced ILC2s, eosinophilia
and increased susceptibility to infection (Duerr et al., 2016). Thus, whilst this
may serve to identify a soluble mediator in the control of ILC2 numbers during
LVS infection, it may also result in enhanced bacterial burdens and
enhanced mortality in these mice — perhaps akin to that observed in chapter

4 of this thesis in IL-33-treated mice.

5.3.4 Dissecting the importance of ILC2s during infection with F.
tularensis LVS

Data presented in chapter 4 of this thesis demonstrated a detrimental role
for elevated ILC2 responses in the control of infection. Thus, use of the
ICOS-T mouse model was seen as an effective way to assess whether
depletion of ILC2s would benefit the host immune response against F.
tularensis LVS. Indeed, this model has been described elsewhere (Oliphant
et al., 2014), with ablation of ILC2s during infection with N. brasiliensis
highlighting their importance in the induction of an effective type 2 immune
response (Oliphant et al., 2014). Whilst the regimen detailed in Oliphant et
al. (2014) began on the day of infection, it was critical to ensure ILC2s were

depleted prior to challenge in the context of infection with F. tularensis LVS,
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to fully assess the impact of their absence throughout the course of infection.
As such, the dosing regimen presented in this thesis chapter was
significantly altered when compared to previously published work (Oliphant

et al., 2014), with treatment starting 4 days prior to infection.

Over the years, treatment with diphtheria toxin (DTx) has been well
established to produce side effects in mice such as weight loss and
proteinuria (Meyer Zu Horste et al., 2010; Goldwich et al., 2012). Moreover,
mice display enhanced susceptibility to other intracellular infections such as
influenza A and lymphocytic choriomeningitis virus (LCMV) during DTx
administration (Schmitz et al., 2013; Mayer et al., 2014). Thus, whilst the
weight loss observed during the early stages of infection with F. tularensis
LVS may represent a side effect of treatment with DTx, the rapid deterioration
in the condition of DTx-treated mice during infection with F. tularensis LVS

may in fact indicate a significantly more lethal infection in this model.

ILC2s represent the dominant ILC subset in the lung at steady-state, and
during the early stages of infection with F. tularensis LVS. Elsewhere, the
relative proportions of murine ILC subsets are much more diverse in the liver
and spleen. For example, NK cells and ILC1s represent the dominant innate
lymphocyte populations in the liver (Sojka et al., 2014), with their importance
in the control of infection discussed earlier. Thus, it is perhaps unsurprising
that the impact of ILC2 depletion on the control of infection was more
apparent in the lung of ICOS-T DTx-treated mice when compared to WT
DTx-treated mice. Thus, these results highlight a potentially negative role for
ILC2s in the control of infection with F. tularensis LVS. Nevertheless, the
interpretation of these findings must be considered carefully, as the inherent
lethality of DTx in this context indicates that this model requires optimization.
This should at least include adjusting the quantity of DTx administered per
dose, frequency of dosing, length of treatment, and the start and end dates
of treatment. Through optimization of these parameters in the context of
infection with F. tularensis LVS, the role of ILC2s may be able to be

interrogated further using this model.
Should optimization of the ICOS-T mouse model not prove successful, other
approaches should also be considered in investigating the role of ILC2s in

LVS infection. For example, adoptive transfer of sort-purified, rested ILC2s
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into Rag17il2rg” mice, which has been exemplified by others in papain-
induced airway inflammation and during infection with C. difficile (Halim et
al., 2012a; Abt et al., 2015). Alternatively, another method of studying the
role of ILC2s during LVS infection could be the Rag2™lI7ra®®"* Rora™""**"
mouse model (Schuijs et al., 2020). Here, mice display total ablation of
adaptive immunity, alongside deficiency in ILC2s — as all IL-7Ra* cells that
express RORa are deleted, and this transcription factor is essential for the
development of ILC2s (Wong et al., 2012; Halim et al., 2012b). Thus, as data
in this thesis chapter has demonstrated that innate immunity is sufficient for
the control of infection with F. tularensis LVS, this could present an attractive
alternative to the ICOS-T mouse model in determining the role of ILC2s
during LVS infection. It is important to note however, that this model has a
potential caveat, given that RORa is also expressed by ILC3s (Lo et al.,
2016; Lo et al., 2019). Nevertheless, ILC3s represent a very small proportion
of lung ILCs, and are not enhanced as LVS infection progresses, meaning
that whilst this should be acknowledged, it may not be of concern in
dissecting the role of ILC2s in the lung during infection with F. tularensis LVS

using this model.

5.4 Conclusion

This chapter has begun to highlight the relative importance of innate
lymphocyte populations in the control of infection with F. tularensis LVS, as
well as the dispensability of adaptive immunity. Indeed, the enhanced
mortality and elevated bacterial burdens in il2rg”, Rag1™il2rg”, and anti-
NK1.1-treated Rag1” mice demonstrates that NK cells and ILC1s likely play
important roles in the control of infection with F. tularensis LVS. Moreover,
whilst lung bacterial burdens are significantly lower in ILC2-depleted mice
when compared to DTx-treated mice, this approach must be optimised, or
alternative approaches considered in lieu of this, in order to further explore
the significance of the absence of ILC2s in the host immune response
against F. tularensis LVS. Overall, these findings suggest that early
interventions that reduce ILC2 numbers, and bolster NK and ILC1 effector
functions, could prove to be of benefit for the host immune response against
F. tularensis LVS. If successful, these could widen the therapeutic window

for antibiotic treatments, and potentially limit the severity of infection.
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Chapter 6

General Discussion
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6.1 General Discussion

This thesis aimed to address the role of ILCs during pulmonary infection with
F. tularensis (figure 6.1). Initially, data in chapter 3 of this thesis identified
multiple changes to the ILC compartment during infection with F. tularensis
LVS. For example, a reduction in the total number of ILCs was observed as
infection progressed, which was associated with a subset-specific reduction
in ILC2s, and a concurrent increase in ILC1s. At first, it was hypothesised
that this could be of potential benefit to the immune response, given the role
of ILC2s in the control of intracellular infections (Monticelli et al., 2011).
However, chapter 4 of this thesis revealed that expansion of ILC2 numbers
by IL-33, or by direct transfer of ILC2s, proved to be detrimental to the control
of infection, with enhanced bacterial burdens in the lung, liver and spleen in
these studies. Thus, it was next considered that the reduction in ILC2s seen
during infection could occur as a result of an enhanced type 1 immune

response, and therefore be beneficial to the host’s control of infection.

Chapter 5 of this thesis began to explore the relative contribution of
lymphocyte populations in the host immune response against F. tularensis
LVS. Initially, it was revealed that whilst adaptive immunity is dispensable,
the absence of innate lymphocytes was detrimental to the control of infection.
Here, it was demonstrated that the absence of NK cells and ILC1s proved
detrimental to the control of infection. Specifically, the exacerbated bacterial
burdens observed in anti-NK1.1-treated Rag1” mice revealed the
importance of innate lymphocyte sources of IFN-y in the host immune
response against F. tularensis LVS. Elsewhere, as ILC2-depleted ICOS-T
mice displayed reduced bacterial burdens when compared to WT DTx-
treated controls, this further demonstrated a detrimental role for ILC2s in the
control of infection with F. tularensis LVS. This chapter will now consider the
implications of the findings presented in this thesis in a wider context, and
address areas of interest for future work in order to further understand how
the ILC compartment can be successfully manipulated to the benefit of the

host during infection with F. tularensis LVS.
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Figure 6.1 — ILC2s are detrimental to the host immune response during
infection with F. tularensis LVS

Pulmonary infection with F. tularensis LVS results in a reduction in ILC2 numbers,
with a concurrent increase in ILC1s. Alongside NK cells, this expanded ILC1
population provides an important source of IFN-y during infection. Increasing ILC2
numbers either by IL-33 treatment, or direct intranasal transfer of ILC2s, results
in significantly enhanced lung bacterial burdens, likely arising from enhanced
recruitment and infection of myeloid cells, and reduced NK-derived IFN-y.
Conversely, specific ablation of ILC2s in ICOS-T mice does reduce lung burdens
when compared to WT diphtheria toxin (DTx)-treated mice, though some DTx-
mediated side effects are also observed in this model.

6.2 Generating an appropriate immune response against F.
tularensis

Type 1 cytokines are critical to the control of intracellular infections
(Spellberg and Edwards, 2001). Indeed, several of these are essential for
control of infection with F. tularensis (Cowley and Elkins, 2011). As such, this
would suggest that the presence of innate cells that are capable of producing
these cytokines during early infection might be of benefit to the host. ILC1s
represent one potential source of these cytokines, capable of rapid
production of IFN-y and TNF-a (Artis and Spits, 2015). Despite this, the
dominant ILC subset in the murine lung at steady state is the ILC2 (Mindt,
Fritz and Duerr, 2018), which are predominantly involved in the immune

response against type 2 insults (Artis and Spits, 2015). Thus, the lack of early
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expansion of ILC1s, and the fact that ILC2s remain the dominant subset
during the early stages of infection with F. tularensis LVS indicates a
potentially inappropriate immune response from the ILC compartment.
Moreover, it is important to note that the relative composition of ILC subsets
in the lung differs between mice and humans. Specifically, whilst ILC2s
represent nearly all ILCs in the murine lung (Mindt, Fritz and Duerr, 2018),
the healthy human lung is predominantly composed of ILC3s (Bal et al.,
2016; Yudanin et al., 2019). Thus, these differences must be considered, as
well as how the results presented in this thesis are interpreted in the context

of human infection.

As elements of a type 1 immune response are required to mount a successful
immune response against F. tularensis (Cowley and Elkins, 2011), it would
be interesting to see how augmenting ILC1 numbers during early infection,
through cytokines such as IL-12 and IL-18, would impact on the control of
infection. Investigating the potential benefits of ILC1s in this context becomes
even more intriguing when considering the importance of ILC1s in the control
of liver-based infections, where ILC1s represent the dominant ILC subset
(Jiao et al., 2016). For example, infection with mouse cytomegalovirus
(MCMV) yields enhanced viral burdens and mortality in ILC1-deficient mice,
with this rescued upon adoptive transfer of IFN-y-producing ILC1s (Weizman
etal., 2017). Thus, this demonstrates how the presence of an abundant ILC1
population during early infection can positively impact on the control of
infection. Conversely, data in this thesis highlighted that an ILC1 population
only begins to manifest during the later stages of infection with F. tularensis
LVS (day 5 p.i. onwards) — a time point which may be too late to benefit to
the host immune response against the bacterium. Evidence for this is that
the LDso (the dose of bacteria required to cause death in 50% mice) is
reduced upon neutralisation of IFN-y at day 0 and 2 p.i., but not at day 4 p.i.
(Leiby et al., 1992). Thus, this highlights the potential importance of the
earlier expansion of an IFN-y-producing ILC1 population. Importantly
however, as NK cells were also shown to provide a large source of IFN-y at
day 5 p.i., and significantly exacerbated bacterial burdens were observed in
anti-NK1.1-treated Rag1” mice (which lack NK cells and ILC1s), a role for
this innate lymphocyte population in this excessive cytokine response cannot
be excluded. Overall, future work should therefore seek to manipulate both

of these innate lymphocyte populations earlier during infection by treatment
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with recombinant cytokines, and attempt to dissect the functional importance
of each population — perhaps through comparison of ILC1-deficient and NK-

deficient mice.

If a type 1 immune response is mounted early enough in infection with F.
tularensis LVS, then this could perhaps lead to bacterial clearance. At this
point, it would be important to consider the role of type 2 immune cells such
as ILC2s and their roles in tissue repair responses. ILC2-derived
amphiregulin (AREG) has already been shown to be critical to this process
after viral infection (Monticelli et al., 2011). Thus, it would be important to
identify whether enhancing levels of ILC2s during the resolution phase of
infection would result in a similar reparatory role in the context of LVS
infection. This could be further investigated perhaps in future studies where
the infectious dose of bacteria is lowered to sub-lethal levels — as bacteria

are cleared after 1-3 weeks in this context (Elkins, Cowley and Bosio, 2003).

6.3 Missing the therapeutic window during infection with F.
tularensis

It is often difficult to diagnose infection with F. tularensis, due to non-specific
clinical symptoms (Maurin, 2020). This difficulty in diagnosis becomes even
more problematic when considering the timing of treatment of F. tularensis
infection is of critical importance to the control and clearance of infection
(Klimpel et al., 2008). This is exemplified with an antibiotic model used during
intranasal infection with F. tularensis. Specifically, treatment with the
fluoroquinolone levofloxacin at 72 hours p.i. confers 100% protection from
infection, whilst administration at 120 hours p.i. results in a no protection
(Klimpel et al., 2008). Thus, these results highlight the importance of
enhancing the understanding of the early immune response against this
pathogen, in order to widen the therapeutic window for effective treatment of

infection.

Reduced effectiveness of antibiotic treatments when delivered at a later time
point p.i. could suggest an enhanced severity of infection, and an inability to
control bacterial growth. However, infectious outcome may instead be
related to an exacerbated response by the host immune system in attempting

to control and clear the pathogen. Thus, the use of immunomodulatory
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agents could also benefit the host immune response against F. tularensis if
the initial therapeutic window has closed, which has been suggested to have
occurred when a patient presents with symptoms of an infection (D'Elia et
al., 2013). As such, if treatment is not given prior to the development of
symptoms, the use of an immunomodulator at a later time point may help to

regulate an otherwise exacerbated pro-inflammatory response.

The effectiveness of immunomodulation during pulmonary infection has
been observed recently, with treatment of hospitalised SARS-CoV-2 patients
with the glucocorticoid and immunosuppressant dexamethasone (Horby et
al., 2021). Here, the incidence of death was lower in hospitalised patients
receiving respiratory support that were treated with dexamethasone (Horby
et al., 2021). Thus, as dexamethasone is capable of inhibiting IFN-y (Giles
et al., 2018), its use in this context may have been key in limiting tissue
damage caused by an excessive host immune response (Quirch, Lee and
Rehman, 2020). These observations highlight the potential use of
immunomodulators as a potential therapeutic option to other pulmonary
infections associated with a ‘cytokine storm’, such as F. tularensis. Thus, it
would be interesting to assess whether addition of immunomodulatory
agents at a late stage of infection with F. tularensis could regulate the host
immune response against the bacteria, and allow for a more controlled
immune response if the initial therapeutic window is missed. Indeed,
immunomodulatory therapies are already in circulation that act upon ILC-
derived cytokines (Cobb and Verneris, 2021). For example, treatment with
an IL-12/23 p40 monoclonal antibody (mAb) can reduce the levels of an
inflammatory ILC1 population in Crohn’s disease, which is associated with
mucosal healing (Li et al., 2016). Thus, the expansion of ILC1s observed in
the latter stages of infection with F. tularensis could be modulated by use of
such an approach, or even if the ILC1 population was initially expanded, in

order to limit excessive inflammation.

6.4 Future directions

This thesis utilised a lethal dose of bacteria when administered via the
intranasal route (Fortier et al., 1991), and focused more so on how ILC2s
were detrimental during this period. However, the complete mechanism by

which this occurs remains to be elucidated. It can at least be considered that
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this may occur via ILC2s and eosinophils in the context of IL-33-treated mice.
Indeed, this appears increasingly likely when considering that both of these
cell populations are expanded following IL-33 treatment, and this is
associated with enhanced levels of eosinophil infection. Moreover, ILC2-
derived IL-5 is essential for the maintenance and tissue recruitment of
eosinophils (Nussbaum et al., 2013). Thus, it is critical that this ILC2-
eosinophil relationship be tested further. Specifically, this could occur
through use of an anti-IL-5 neutralising antibody in IL-33-treated mice, in
order to block the recruitment of eosinophils to the lung. Here, a reduction in
bacterial burdens could indicate that ILC2-derived IL-5 is important in the
enhanced bacterial burdens observed in IL-33-treated mice. It would also be
important to ascertain whether aspects of type 1 immunity, such as NK cell-
derived IFN-y production, are also impacted upon by blockade of this
eosinophil recruitment — especially as ILC2-induced eosinophilia has already
been shown to inhibit NK cell function in the context of anti-tumour immunity
(Schuijs et al., 2020).

The relationship between ILC2s and eosinophils can be further considered
in the context of untreated LVS-infected mice, with data in chapters 3 and 5
of this thesis highlighting that both ILC2 and eosinophil numbers are reduced
during the later stages of infection. Indeed, data in chapter 3 demonstrated
that ILC2s show reduced levels of KLRG1 (a marker of ILC2 activation) in
the later stages of infection with F. tularensis LVS, potentially reflecting a
reduction in cytokine production at this stage. It appears that the mechanism
by which ILC2s are reduced occurs at least in part through production of IFN-
y in the lung tissue, as highlighted with the in vitro data presented in chapter
5 of this thesis. Indeed, this has been demonstrated previously by others,
with IFN-y inhibiting ILC2 activation, cytokine production and enhancing
levels of ILC2 cell death (Molofsky et al., 2015; Duerr et al., 2016). However,
it is currently unclear whether IFN-y represents the only cytokine that can
reduce ILC2 numbers and inhibit their function in the context of LVS infection.
Indeed, whilst the loss of ILC2s at day 5 p.i. is associated with enhanced
IFN-y-producing NK cells and ILC1s, the fact that the reduction in ILC2
numbers is not rescued following depletion of NK cell and ILC1s suggests
that other ILC2 inhibitors such as IL-27 and type 1 interferons (Duerr et al.,
2016) may also impact on ILC2 numbers during LVS infection. This could be

confirmed through similar in vitro cultures of sort-purified ILC2s with
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neutralising antibodies against these cytokines, or a combination of them,
and subsequently tested in vivo through treatment of mice with the same

antibodies to observe the effects of their inhibition on ILC2 numbers.

As previously mentioned, ILC2s can inhibit NK cell function during anti-
tumour immune responses (Schuijs et al., 2020). Thus, it was therefore
interesting to observe that ILC2s also appear to negatively impact on NK cell
function in the context of infection with F. tularensis LVS, with reduced NK-
derived IFN-y following ILC2 transfer. Given the protective effects of IFN-y
during infection with the bacteria (Leiby et al., 1992; Lopez et al., 2004), it
may therefore be considered that this reduced IFN-y output could contribute
to the enhanced bacterial burdens in ILC2 transfer mice. In order to test this
further, the impact of ablation of ILC2s on NK cell function must be
determined using ICOS-T mice. Specifically, as data in this thesis has
already identified that these mice display reduced lung bacterial burdens,
determining how this model impacts on NK cell function could therefore help
to further interrogate an ILC2-NK relationship, and highlight the importance
of reducing ILC2 numbers earlier in infection. Of note, this work would likely
require the use of an anti-NK1.1-treated group, to determine the functional
importance of this relationship between ILC2s and NK cells, and whether the
loss of NK cell-derived IFN-y would reverse the decrease in lung bacterial

burdens seen in ICOS-T mice.

Infection with F. tularensis LVS causes a reduction in ILC2s and a concurrent
increase in ILC1s. However, this thesis did not determine the exact
mechanisms driving these changes. It may be possible that this ILCA1
population arises from local proliferation of the small number of bona fide
ILC1s in the lung — especially given the relatively small increase in ILC1s
when compared to the larger decrease in ILC2s during infection. However,
in the context of other intracellular infections, ILC1-like IFN-y-producing
populations have been shown to be derived from ILC2s in the lung, and are
identified as an ST2'IL-18Ra" ILC population (Silver et al., 2016). More
recently, ILC1s have also been proposed to arise from an immature
population of IL-18Ra*ST2" ILC2s (Zeis et al., 2020). Indeed, this has been
demonstrated in the context of infection with another intracellular bacterium
Mycobacterium tuberculosis (Corral et al., 2021). Thus, it is important to

determine the exact origin of these ILC1s in the context of infection with F.
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tularensis LVS, with studies that interrogate this ILC2-ILC1 relationship likely
requiring the use of fate mapping tools such as ST2 reporter mice - which
track ST2-expressing cells over their lifetime. Overall, this could help
determine how ILC1 and ILC2 numbers can be manipulated, in order to

benefit the host immune response.

The cytokines IL-12 and IL-18 have been highlighted throughout this thesis
as critical players in pulmonary infections, where they can facilitate the
conversion of ILC2s to ILC1-like cells (Silver et al., 2016; Corral et al., 2021).
Moreover, they are also of vital importance to the control of infection with F.
tularensis LVS (Duckett et al., 2005; del Barrio et al., 2015; Periasamy et al.,
2016). Thus, uncovering whether ILC2s are impacted upon by these
cytokines during infection with F. tularensis LVS may help to further
determine the origins of ILC1s during infection, whilst uncovering how ILC2
numbers can be successfully manipulated to the host’s advantage. Initially,
this could be achieved by flow cytometry analysis for expression of IL-12R[32
and IL-18Ra on ILC2s. Should expression be confirmed, subsequent studies
may then seek to assess how inhibition of either of these cytokines impacts
on ILC2 numbers during infection, and whether early administration of these
cytokines could facilitate the conversion of ILC2s to an ILC1-like IFN-y-

producing population.

6.5 Thesis conclusion

In conclusion, this thesis has begun to address the role of ILCs during
infection with F. tularensis LVS (figure 6.2). It demonstrates that ILC2s are
reduced as infection progresses, and this is likely to be of benefit to the host
immune response. Specifically, as both IL-33-mediated expansion of ILC2s
and direct intranasal transfer of ILC2s result in significantly exacerbated
bacterial burdens, it highlights their detrimental role in the control of infection,
and a potential need to reduce ILC2 numbers earlier during infection. Indeed,
the decreased bacterial burden in the lungs of ILC2-deficient mice confirms
this, providing an example of the potential benefits of an earlier loss of ILC2s.
Moreover, whilst IFN-y can serve as one potential mediator for reducing ILC2
numbers, further study is required to uncover the overall mechanism by
which ILC2s can be manipulated during infection with F. tularensis LVS.

Overall, it can therefore be considered that targeted approaches that allow
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for ILC2 depletion during early infection with F. tularensis may prove to be of

great benefit to the host immune response against the bacterium.

Francisella
tularensis LVS

LN migration

Figure 6.2 — Immune cell interactions in the lung during infection with F.
tularensis LVS

F. tularensis LVS infects multiple cell types in the lung following intranasal
inoculation. Alveolar macrophages (AMs) are the principal cell type infected during
the initial stages of infection, where the bacteria replicates and exits the cell to
infect other cell types. Infected dendritic cells (DCs) migrate to draining lymph
nodes (LNs), which facilitates dissemination of the bacteria to peripheral organs
such as the liver and spleen. At day 3 post-infection (p.i.), the extensive recruitment
of neutrophils means that this cell type becomes the major replicative niche for F.
tularensis. During this early stage of infection, ILC2s represent the dominant ILC
subset. These cells are postulated to inhibit NK cell function, either through direct
cellular interactions, or through an ILC2-derived IL-5 eosinophil-mediated
mechanism. ILC2-dervied IL-13 may also induce alternative activation of
macrophages to enhance their susceptibility to infection (solid and dashed black
arrows). As infection progresses (red arrows), levels of bacteria rise significantly
and NK cells produce soluble mediators such as IFN-y and IL-12 to inhibit ILC2
survival. NK-derived IFN-y can also increase the efficiency of bacterial killing in
macrophages. A small proportion of ILC2s may convert to an ILC1-like phenotype
in response to IL-12 and IL-18 in the infected lung environment (red dotted arrow).
These ILC1-like cells are capable of IFN-y production, which may act in an
autocrine feedback loop to propagate their survival.
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