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Abstract

Imaging innate immune cell behaviour in lymphoid organs

Laurence Si Chong Lok

Innate immune cells generate the early host response to infection and tissue injury.
Neutrophils are rapidly recruited from circulation to inflammatory tissues for pathogen killing.
Type 2 innate lymphoid cells (ILC2s) mediate early responses to helminths and allergens via
cytokine production. Innate immune cells interact with adaptive immune cells, for example
via major histocompatibility complex class Il (MHCII) expression for antigen presentation.
Secondary lymphoid organs, including lymph nodes (LNs) and Peyer’s patches, are ideal

sites for innate-adaptive cellular interactions.

Whilst neutrophils migrate to LNs following inflammation, whether this occurs in homeostasis
is unclear. | demonstrated the presence of neutrophils under homeostatic conditions in LNs
from unstimulated mice and human organ donors, trafficking into LNs via blood and
lymphatic vessels. LN neutrophils were located in interfollicular areas, and expressed MHCII
at baseline. Ex vivo, immune complex (IC) stimulation upregulated neutrophil expression of
MHCII and co-stimulatory molecules, and increased antigen-specific CD4™ T cell activation.
In vivo, neutrophils were capable of delivering circulating IC into LNs, and interacted with
dendritic cells at baseline. Overall, these data suggest a novel role of neutrophils in
homeostatic immune surveillance, routinely patrolling LNs and delivering systemic antigen to

influence adaptive immunity.

To date little data exist on ILC2 behaviour in lymphoid tissues in vivo. Using two helminth
inflammatory models, | demonstrated that ILC2s were the early source of interleukin-13.
ILC2s were in T cell areas of LNs and Peyer’s patches, and increased in cell number, size
and speed of movement following inflammatory challenge, suggesting a potential role in
cytokine distribution. Within small bowel wall ILC2s interacted with T cells, suggesting a
broader role in activating tissue T cells. Overall, these data provide novel insights into ILC2

behaviour in vivo.

Neutrophils and ILC2s are involved in chronic inflammatory diseases, but few neutrophil- or
ILC2-targeted treatments exist. These data represent new knowledge on neutrophil and
ILC2 behaviour within LNs, facilitating development of therapeutic approaches to these

diseases.
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Chapter 1. Introduction

1.1. Overview of the immune system

The immune system consists of a number of leukocyte subsets that work together to defend
the body against a diverse range of microbial and inflammatory challenges. Traditionally, the
immune system is considered to have two arms, namely innate immunity and adaptive
immunity. The innate immune response is present in all multicellular organisms and,
together with anatomical barriers such as skin and respiratory tract mucociliary layer, forms
the early host defence against invading pathogens (1). Innate immune cells, including
neutrophils, eosinophils, macrophages and dendritic cells (DCs), respond rapidly to stimuli by
expressing a range of receptors that recognise molecular patterns common to pathogens
and damaged cells (Section 1.5.1) (2). The adaptive immune system consists of B and T
lymphocytes that express antigen-specific receptors generated by somatic rearrangement of
antigen receptor genes; the response is slower but more specific compared to innate
immunity, and the ability to generate long term immune memory enables an effective

response upon rechallenge by the same antigen (3).

The innate and adaptive systems work in conjunction to generate inflammatory responses.
Innate immune cells can process and present antigen to T cells to activate adaptive
immunity, and both innate and adaptive cells can produce a variety of pro- and anti-
inflammatory cytokines resulting in bidirectional cellular crosstalk (4). In addition, innate
lymphoid cells (ILCs) have recently been characterised; these cells originate from lymphoid
progenitors and have analogous functions to T cell subsets in terms of cytokine production,
but do not express antigen-specific receptors and like other innate immune cells respond
rapidly to microbial and inflammatory challenges (5). Therefore, immune cell subsets form a

complex network with interlinked functions.

1.1.1. Innate and adaptive immune cells

Cells of the immune system begin their development in the yolk sac and liver in the fetus,
whilst in adults haematopoiesis occurs in bone marrow (BM), where haematopoietic stem
cells differentiate into common lymphoid progenitors or common myeloid progenitors.
Common lymphoid progenitors give rise to adaptive (B and T cells) and innate (ILCs)
lymphocytes (6). Common myeloid progenitors give rise to innate immune cells including
granulocytes (neutrophils, eosinophils and basophils) and monocytes / macrophages (3).

DCs can develop from myeloid progenitor- or lymphoid progenitor-derived DC precursors (7).



Innate immune cells respond rapidly to infectious and inflammatory stimuli, performing roles
such as pathogen killing and production of cytokines that recruit or activate other immune
cells. Neutrophils and monocytes migrate from the circulation to inflammatory tissue sites,
where they exert their effector functions (8). There are also tissue resident innate immune
cells, such as macrophages (blood monocyte-derived or yolk sac-derived), DCs and ILCs
(9,10), that respond to local inflammatory signals, and some innate immune cells such as
DCs (11) and neutrophils (12) are capable of migration into secondary lymphoid organs such

as lymph nodes (LNs), the sites of adaptive immune responses.

Adaptive immune cells include B and T lymphocytes. Both B cell receptor (immunoglobulin,
Ig) and T cell receptor (TCR) undergo somatic rearrangement of their variable (V), diversity
(D) and joining (J) gene segments, creating a diverse permutation of receptor genes enabling
antigen specificity to be achieved (13). B cells produce different subclasses of
immunoglobulin that can bind specifically to antigen, to neutralise antigen or opsonise
antigen for ingestion by phagocytes. T cells mature in the thymus into CD4" or CD8" T cells.
CD8" or cytotoxic T cells mediate cellular killing by secreting cytotoxic substances such as
granzymes and perforin and triggering target cell apoptosis in a contact-dependent manner.
CD4" or T helper (Th) cells differentiate into subpopulations with varying patterns of cytokine
production, including Th1 cells involved in antiviral immunity, Th2 cells involved in allergy and

anti-helminth immunity, and Th17 cells involved in neutrophilic inflammation (14).

The ILC subsets ILC1s, ILC2s and ILC3s have analogous functions to Th1, Th2 and Th17
cells respectively, but unlike T cells they lack antigen-specific receptors and respond rapidly

to inflammatory stimuli (6).

1.1.2. Antigen presentation

TCRs recognise pathogens and cell fragments presented by major histocompatibility
complex (MHC) molecules, also known as human leukocyte antigen (HLA) in humans and
H2 in mice. MHC class | (MHCI) is expressed on all nucleated cells, and includes HLA-A,
HLA-B and HLA-C subclasses in humans (15), and H2-D, H2-K and H2-L in mice.
Endogenous antigens, such as intracellular proteins from virus-infected cells, are processed
into smaller peptides and loaded onto MHCI on the cell surface. MHCI then presents the

endogenous peptide to CD8" T cells with specific TCRs, thus activating cellular killing.

MHC class Il (MHCII) includes HLA-DP, HLA-DQ and HLA-DR in humans (15), and H2-A,
H2-E and H2-P in mice. Antigen presenting cells, for example DCs and macrophages,

phagocytose exogenous antigens such as bacterial proteins and process them into peptides



for loading onto MHCII and subsequent presentation to CD4" T cells, resulting in their
activation. Exogenous antigens can also be phagocytosed, loaded onto MHCI and cross-
presented to CD8" T cells (3).

In addition to the binding of antigenic peptide-MHC complex to the TCR, a second, co-
stimulatory signal is also required for full T cell activation, for example by the ligation of CD80
(B7.1) / CD86 (B7.2) on the antigen presenting cell to CD28 on the T cell, or that of CD40 on
the antigen presenting cell to its ligand CD40L (CD154) on the T cell (16). DCs,
macrophages and B cells are traditionally considered professional antigen presenting cells,

with high surface expression of MHCII.

Therefore, upon activation by pathogenic stimuli, innate immune cells process and present
antigenic peptides to T cells, resulting in the activation of T cell effector functions (Figure
1.1). B cells that have captured antigens by their immunoglobulin receptors also internalise
and process the antigens for presentation to T cells; B cells, in return, receive reciprocal T
cell help, where co-stimulatory ligand-receptor binding results in B cell maturation and
isotype switching, leading to generation of antibody-producing plasma cells and memory B
cells (14).

Signal 1: antigen presentation
Antigen

Processed
antigen

VHC TCR

Antigen presenting cell T cell

CD80/CD86 CD28
CD40 CD40L

Signal 2: co-stimulation

Figure 1.1. Mechanism of antigen presentation. Antigen is processed by the antigen
presenting cell, loaded onto surface MHC and recognised by TCR. The antigen presenting
cell also upregulates expression of co-stimulatory molecules, providing the second signal

required for full T cell activation.



1.2. LNs: the anatomical site where innate and adaptive immune cells interact

Adaptive immunity involves interactions between antigen-specific cells, which are relatively
rare populations within circulating leukocytes. Therefore, these interactions are concentrated
in secondary lymphoid organs, stations where immune cells congregate and antigens are
trapped within a confined anatomical space, increasing the probability of these cells
encountering each other, and facilitating specific antigen encounter and cellular interactions.
Secondary lymphoid organs include spleen, LNs, and other lymphoid tissues such as

lymphoid aggregates in the small bowel known as Peyer’s patches (17).

LNs are present at multiple sites throughout the body, receiving lymphatic drainage from
local areas of skin, such as inguinal, popliteal and axillary LNs, or from organs, such as
mediastinal LN for the lungs, and mesenteric LN for the gut. Packed with B and T
lymphocytes, the LN has a specific micro-anatomical cellular structure, with innate and

stromal cells contributing to the overall adaptive immune response (18).

1.2.1. LN structure and lymphocyte maturation

Each LN contains an inner medulla and an outer cortex, surrounded by a fibrous capsule
with a subcapsular sinus (SCS). The supplying artery enters from the hilum of the medulla
and branches outwards into capillaries in the cortex, with the draining vein leaving from the
hilum. The post-capillary venules are known as high endothelial venules (HEVs) due to their
specialised layer of cuboidal endothelial cells; these express peripheral node addressin
(PNAd) which is used in studies to identify HEVs (19). Lymphatic fluid from peripheral
tissues drains via afferent lymphatic vessels into the SCS, with protrusions extending into the
LN as cortical sinuses, which in turn connect to medullary sinuses that drain into the efferent
lymphatic vessel at the hilum. Lymphatic endothelial cells express lymphatic vessel
endothelial hyaluronan receptor 1 (LYVE-1), which is used to identify lymphatic vessels
(17,18).

B and T lymphocytes enter from blood into the LN by migration across HEVs in a multi-step
process. Initial rolling is mediated by lymphocyte L-selectin (CD62L) binding to endothelial
PNAd. This is followed by C-C chemokine receptor CCR7 and C-X-C chemokine receptor
CXCR4 on lymphocytes binding to their respective ligands CCL19 / CCL21 and CXCL12 on
the HEV lumen. Adhesion and transmigration is then mediated by lymphocyte function-
associated antigen-1 (LFA-1) binding to endothelial intercellular adhesion molecule-1 (ICAM-
1) (18,20). Within the LN, lymphocytes are guided to their respective locations by resident

stromal cells in those areas; fibroblastic reticular cells (FRCs) produce CCL19 and CCL21 to



guide CCRY7-expressing T cells to the paracortex / interfollicular areas, and follicular dendritic
cells (FDCs) produce CXCL13 to guide CXCR5" B cells into the follicles, as well as CXCR5"
follicular helper T cells that provide B cell help (19,21,22).

T cells are activated in the LN paracortex by antigen presented on MHC molecules together
with a second co-stimulatory signal from antigen presenting cells. Early upon stimulation,
CD4" T cells, known as ThO cells, produce interleukin-2 (IL-2) driving further autocrine T cell
proliferation. ThO cells differentiate into Th cell subsets depending on the types of cytokines
they are exposed to. IL-12 and interferon-gamma (IFNy) drive differentiation into Th1 subset
that produces further IFNy and is involved in cellular immunity and response to intracellular
pathogens. IL-4 drives differentiation into Th2 subset that produces IL-4, IL-5, IL-9 and IL-
13, cytokines involved in humoral immunity, allergy and response to helminth infections. IL-
18, IL-6, IL-23 and transforming growth factor beta (TGFf) drive differentiation into Th17
subset that produces IL-17, IL-21 and IL-22, involved in neutrophilic inflammation, response
to bacterial and fungal infections, as well as autoimmunity. Other Th subsets include
regulatory T cell subset (Treg) that produces the anti-inflammatory cytokine IL-10, follicular
helper T cell subset (Tfh) that produces IL-21, and Th9 subset that produces IL-9 (14,22,23).

Immature B cells first express low affinity IgM, and mature naive B cells also express IgD.
Within LN follicles, naive B cells recognise antigen via surface immunoglobulins (B cell
receptors), and Tfh cells at the T-B border provide co-stimulatory signals for B cell activation.
This interaction results in the formation of germinal centres, and isotype class switching of B
cells where gene rearrangement enables switching of the constant region (Fc) of
immunoglobulin heavy chain, leading to mature B cells switching their immunoglobulin
production to high affinity 19G, IgA or IgE, depending on the stimulatory cytokines involved.
During this B cell maturation, somatic hypermutation and affinity maturation further refine
antigen specificity, and antibody-producing plasma cells as well as long-term memory B cells
are formed in the germinal centre (3,14). IgG consists of several subclasses, and is involved
in pathogen opsonisation and complement fixation, whilst antigen-IgG immune complex (IC)
is involved in a number of autoimmune diseases. IgA is involved in mucosal defences, and

IgE is associated with allergy and responses to helminths (24).

Lymphocytes stay transiently in the LN in search of antigen. Experiments using adoptive
transfer of T cells showed peripheral LN residence time of 12 hours for CD4" T cells with the
time reduced in MHCII” recipient mice, and 21 hours for CD8" T cells with the time
unaffected in MHCI™ recipient mice (25). Lymphocytes egress via efferent lymphatics back

into the circulation, guided by sphingosine-1-phosphate (S1P) gradients in lymphatics (26).



1.2.2. Role of innate immune cells and stromal cells in LNs

In peripheral tissues, antigen such as bacteria can be phagocytosed by DCs; activated DCs
then upregulate CCR7 expression, and migrate via lymphatics into the draining LN (dLN),
guided by CCL19 and CCL21 produced by lymphatic vessels (11,27). Peripheral antigen
draining via afferent lymphatics into the SCS can be captured by LN-resident DCs that
present the antigen to T cells (28). Antigen can also be captured by specialised
CD169°CD11b* macrophages that line the floor of the SCS, limiting the systemic spread of
pathogens beyond the dLN (29).

Within the LN paracortex, resident DCs are positioned near HEVs to facilitate encounters
with incoming T cells (30), and FRCs form conduits providing a structural network along
which T cells can move and interact with DCs (21). FRCs themselves can also directly
present antigen to T cells (31). Therefore, the LN paracortex / interfollicular areas are sites
of T cell activation; innate cells such as DCs capture and process antigen for presentation on
MHC molecules to T cells, influencing T cell differentiation and the immune response to the
antigen. Macrophages resident in T cell zones have also been identified that function to

efferocytose apoptotic T cells (32).

Within LN follicles, B cell activation by antigen encounter with Tfh co-stimulation results in the
formation of germinal centres, with B cells maturing into antibody-producing plasma cells and
long-term memory B cells (14). Antigen from peripheral tissue draining via afferent lymphatic
vessels into the SCS can be captured by SCS macrophages and transferred to follicular B
cells, leading to B cell maturation (33,34). Within the follicle, FDCs act as long-term stores of
antigen, in the form of antigen-antibody IC, to facilitate germinal centre B cell responses (35).

The anatomical structure and cellular organisation of a LN is summarised in Figure 1.2.

Whilst DCs and macrophages are traditionally considered professional antigen presenting
cells, and play important roles in the generation of B and T cell responses in LNs as
described above, it is now recognised that other innate immune cells also play a role in
shaping the adaptive immune response. Neutrophils, traditionally considered the archetypal
circulating innate effector cell type that are recruited from blood to inflammatory tissues for
pathogen killing, are capable of expressing MHCII and co-stimulatory molecules for antigen
presentation and interaction with T cells (36). The recently characterised ILCs reside within
tissues including mucosal barrier sites, responding rapidly (hence innate-like) to local
inflammatory stimuli by producing cytokines; some ILC subsets, including ILC2s and ILC3s,
have also been shown to be capable of expressing MHCII (37). Neutrophils (38), ILC2s and

ILC3s (39) are found within LNs, placing them in locations where they can potentially interact



with lymphocytes and other LN-resident immune and stromal cells to influence the adaptive

immune response (Figure 1.2).

During my research | investigated the influence of innate immune cells on adaptive immunity,
and specifically focussed on studying the dynamic behaviour of two innate immune cell types
within LNs, neutrophils and ILCs (ILC2s in particular). These cell types will be described in

more detail below.

/
47
K~ [
CCR7
Afferent lymphatics
Subcapsular sinus (SCS)

ceL1g_,
ccL21 iian

Paracortex

High endothelial

Medullary sinus
venule (HEV)
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@7 T cell @) sCs macrophage
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Figure 1.2. Structure of LN. B and T cells enter via HEVs to reside in follicles and
paracortex, respectively. Antigen enters via afferent lymphatics, captured by DCs or SCS
macrophages. Migrated DCs reside near HEVs to interact with T cells. Lymphocytes re-
enter circulation via efferent lymphatics. Cell migration is guided by chemokines (in red) from

endothelial and stromal cells and chemokine receptors (in blue) on immune cells.
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Neutrophils have been shown to migrate to LNs in inflammation, and ILCs have also been

shown to be present in LNs.

1.3. Neutrophils: overview

Neutrophils are a key early effector of the innate immune response. They are efficient
phagocytes that are rapidly recruited to sites of infection or tissue injury. The cytoplasm of
neutrophils, also known as polymorphonuclear leukocytes (PMNs) due to their distinct
nuclear morphology, is filled with primary (azurophilic), secondary (specific) and tertiary
(gelatinase) granules, containing pro-inflammatory proteins (40). Neutrophils can be primed
by cytokines such as tumour necrosis factor alpha (TNFa), and a second signal such as the
bacterial peptide N-formyl-methionyl-leucyl-phenylalanine (fMLP) then fully activates primed
neutrophils (41), leading to processes including the generation of reactive oxygen species
(ROS) via nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activation,
phagocytosis of pathogens, degranulation of cytotoxic proteins, and release of neutrophil

extracellular traps (NETSs).

These processes enable efficient killing of pathogens, but can also result in collateral tissue
damage, as evident in a number of chronic respiratory and systemic diseases where
persistent neutrophilic inflammation is an important feature (42). In addition to their functions
in innate immunity, neutrophils are also increasingly recognised to play important roles in
shaping the adaptive immune response, via processes such as antigen presentation,
production of cytokines, and interactions with other immune cells, as described in more detail

below.

1.4. Neutrophil life cycle

Granulopoiesis occurs in the BM, where haematopoietic stem cells differentiate into common
myeloid progenitors, then granulocyte-monocyte progenitors, then myeloblasts, the first
granulocyte-committed stage. Myeloblasts differentiate into promyelocytes then myelocytes,
which terminally differentiate through metamyelocytes, band cells and segmented cells into
mature neutrophils, with the nuclei gradually reshaping to their polymorphonuclear
appearance in these latter stages (43). Neutrophils are produced in response to granulocyte
colony-stimulating factor (G-CSF) and other signals including granulocyte-macrophage
colony-stimulating factor (GM-CSF) and IL-6 (44,45).
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Mature neutrophils are released from the BM into the total intravascular granulocyte pool,
consisting of the freely circulating and marginated pools. The marginated pool consists
mainly of neutrophils in the liver and spleen, and these neutrophils can be readily remobilised
into the freely circulating pool, for example during exercise (46). In mice, neutrophils have
also been shown to marginate in the capillaries of the lungs at baseline, with intravascular
crawling mediated by CD11b, positioning these neutrophils to respond rapidly to systemic
pathogens (47). However, this is not the case in humans, where injection of radiolabelled
autologous neutrophils showed pulmonary margination of GM-CSF-primed neutrophils, but

minimal pulmonary retention of unprimed neutrophils (48).

In humans, neutrophils are the most abundant circulating leukocytes, comprising 50-70% of
blood leukocytes, whilst in mice neutrophils comprise 10-25% of blood leukocytes (49).
Neutrophil trafficking between the BM and blood is regulated by BM stromal CXCL
chemokine and neutrophil surface CXCR signalling, with release from BM mediated by
upregulation of CXCL1/2-CXCR2 and downregulation of CXCL12-CXCR4. Aged murine
neutrophils upregulate CXCR4, leading to their return back to the BM for destruction (50-53),
although circulating neutrophils are also cleared by the liver and spleen in equal proportions
(54).

CXCR4 inhibition by plerixafor (55) results in increased circulating neutrophils due to
increased demargination of lung neutrophils and decreased neutrophil return to BM, whereas
G-CSF results in increased circulating neutrophils by increasing BM neutrophil release (52).
In WHIM (warts, hypogammaglobulinaemia, immunodeficiency and myelokathexis)
syndrome, gain-of-function mutations in CXCR4 result in blood neutropenia due to increased
neutrophil retention in BM (56). Both plerixafor and G-CSF are used clinically in the
management of patients with blood neutropenia. IL-6, a pleiotropic cytokine involved in
autoimmune and inflammatory disorders, can also influence neutrophil return to the BM, as
demonstrated by impaired trafficking of neutrophils to BM in healthy human volunteers
treated with the anti-IL-6 receptor antibody tocilizumab (57). Neutrophil release from and
return to BM follows a circadian rhythm and influences haematopoietic stem cell release from
the BM (53,58).

Neutrophils have traditionally been considered terminally differentiated cells with a short half-
life in peripheral blood. Green fluorescent protein (GFP)-positive neutrophils isolated from
BM and transferred intravenously into wild type recipient mice showed a half-life of 8 hours in
the circulation (59). In vivo and ex vivo radiolabelling studies showed estimated neutrophil
circulatory half-lives of approximately 10 hours in mice and 18 hours in humans (60—-63),

although estimates were variable, which might in part be due to differences in study
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methodologies, such as the radiolabelling of whole blood or isolated neutrophils, and the
different durations of labelling (64). One study using long-term ?H,0 labelling in vivo showed
much longer estimates in murine and human neutrophils, with respective circulatory half-lives
of 12.5 hours and 3.8 days, and lifespans of 0.75 days and 5.4 days (65), but this might be
due to an assumption of a large blood neutrophil pool to BM neutrophil precursor pool ratio
(63).

1.4.1. Influence of microbiota on neutrophil trafficking

The microbiota is increasingly recognised to exert influence on immune responses, and has
been shown to affect neutrophil kinetics. Laboratory mice, maintained in specific pathogen
free conditions, showed significant changes in immune cell populations when co-housed with
pet store mice, including increased numbers of splenic myeloid cells, with peripheral blood
mononuclear cell gene expression profiles more closely resembling that of adult humans
(66). The microbiota has been shown to promote ageing of circulating neutrophils, as
demonstrated by CXCR4 expression, with lower numbers of aged neutrophils in the
circulation of antibiotic-treated or germ free mice (67). In neonatal mice, maternal antibiotic
treatment resulted in reduced number of gut bacteria, reduced numbers of blood and BM
neutrophils, reduced number of BM granulocyte-monocyte progenitors, and reduced plasma
G-CSF level. The effect of the microbiota on neutrophil numbers was shown to be via IL-17
produced by ILC3 (Section 1.13.1) in the gut (68). In zebrafish, conventionally raised
animals had higher numbers of neutrophils at baseline, with higher speed of movement and
increased recruitment to tailfin injury compared to germ free animals, suggesting a role of the

microbiota in neutrophil trafficking at baseline and in inflammation (69).

1.4.2. Neutrophil survival in local tissues

Agents such as GM-CSF and lipopolysaccharide (LPS) delay apoptosis of neutrophils
cultured in vitro (70); such signals are likely to prolong survival of neutrophils recruited to
inflammatory tissues in vivo. In a Staphylococcus aureus skin wound model, BM neutrophils
were mobilised into the circulation, and c-kit® BM progenitor cells were recruited into the
wound where they proliferated and differentiated into mature neutrophils; depletion of these
progenitor cells reduced overall survival from infection (71). In humans, circulating and
alveolar neutrophils isolated from patients with acute respiratory distress syndrome showed
prolonged survival when cultured ex vivo compared to circulating neutrophils from healthy

volunteers (72).
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1.5. Neutrophil surface receptors

Neutrophils express a wide range of cell surface receptors that enable them to recognise and
respond to diverse infectious and inflammatory stimuli. These include pattern recognition
receptors (PRRs) that bind to molecular structures on pathogens and to products of cellular
damage, Fc receptors that bind to the Fc region of immunoglobulin, cytokine receptors that
bind to pro- and anti-inflammatory cytokines, G-protein coupled receptors (GPCRs) including
receptors for bacterial components, chemokines and chemoattractants, and adhesion
molecules that bind to ligands involved in leukocyte migration (73). These receptors allow
neutrophils to function efficiently as early responders to inflammatory signals, and are

described further below.

1.5.1. Neutrophil surface receptors: PRRs

PRRs are innate immune receptors that recognise and bind to molecular structures
conserved across microbial species known as pathogen-associated molecular patterns
(PAMPs), and to fragments released by damaged cells known as damage-associated
molecular patterns (DAMPs). Neutrophils express multiple classes of PRRs, enabling them

to respond rapidly to infectious and inflammatory challenges.

Toll-like receptors (TLRs) are a major class of PRRs that bind to a range of extracellular and
intracellular PAMPs from microbes: TLR1/2 to bacterial lipopeptide, TLR3 to double stranded
RNA, TLR4 to bacterial LPS, TLR5 to bacterial flagellin, TLR7/8 to single stranded RNA, and
TLR9 to CpG DNA motifs (74). Neutrophils express most TLRs, except TLR3 for human
neutrophils (75) and TLR5 for mouse neutrophils (76); TLR7 and TLR9 are intracellular
receptors located on the endoplasmic reticulum. TLRs signal via myeloid differentiation
primary response 88 (MyD88) to activate the transcription factor nuclear factor-kappa B (NF-

kB), leading to transcription of pro-inflammatory cytokines (2).

Neutrophils also express other PRRs. C-type lectin receptors (CLRs), such as dectin-1 and
dectin-2, bind to fungal glucans and activate the NF-kB pathway. NOD-like receptors (NLRs)
expressed on neutrophils include NOD2, which responds to cytoplasmic bacterial
degradation products, and NLRP3, which forms part of the NLRP3 inflammasome
constructed in response to signals of cellular damage including urate, potassium efflux, and
extracellular adenosine triphosphate (ATP). RIG-like receptors (RLRs), such as RIG-1,
respond to viral double stranded RNA (2,73).
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1.5.2. Neutrophil surface receptors: Fc gamma receptors

Neutrophils express a number of surface receptors for the Fc portion of IgG (Fc gamma
receptors, FcyRs) that recognise antibody-coated pathogens, leading to neutrophil activation
and phagocytosis of pathogens; FcyRs also bind to antigen-antibody IC, leading to neutrophil
activation, which may contribute to autoimmunity (77). There are a number of activating
FcyRs containing or associated with an immunoreceptor tyrosine-based activation motif
(ITAM), and a single inhibitory FcyRIlIb containing an immunoreceptor tyrosine-based
inhibitory motif (ITIM). The ratio of IgG binding to the activating receptors and the inhibitory

receptor, known as the A/l ratio, determines the overall response of the immune cell (78).

Murine neutrophils express activating FcyRIIl and FcyRIV and inhibitory FcyRIIb, whereas
human neutrophils express activating FcyRIIA (CD32A) and FcyRIIIB (CD16B), with
inhibitory FcyRIIB (CD32B) expressed only on a subset of neutrophils (79). The ratio of
FcyRIIA to FcyRIIB, and consequently the degree of activation by IgG, has been shown to
vary amongst healthy human neutrophils (80). In patients with rheumatoid arthritis, treatment
with infliximab (anti-TNFa monoclonal antibody) induced an increase in neutrophil FcyRIIB

expression and a corresponding reduction in FcyRIIA expression (81).

1.5.3. Neutrophil surface receptors: GPCRs and cytokine receptors

A number of GPCRs are present on the neutrophil surface, where upon ligand binding the
Ga inhibitory subunit dissociates from the GBy heterodimer, and signalling through the Gy
heterodimer leads to intracellular calcium release and activation of cellular pathways.
GPCRs include formyl peptide receptors that recognise bacterial peptides; receptors for
chemoattractants such as leukotriene B4 (LTB,), platelet activating factor (PAF), and
complement C5a; and chemokine receptors, such as CXCR2, the receptor for IL-8 in
humans, and for IL-8 homologues CXCL1 (KC) and CXCL2 (macrophage inflammatory
protein-2, MIP-2) in mice.

Neutrophils also express a range of cytokine receptors, including type | cytokine receptors
such as IL-6R and GM-CSFR, type Il cytokine receptors such as IL-10R, IL-1R family such
as IL-18R, and TNFR family such as TNFR1 and TNFR2, enabling neutrophils to respond to
a wide variety of cytokines (73). Figure 1.3 summarises the surface receptors found on

neutrophils.
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Toll-like receptors .
Mouse: TLR 1-9 except TLR5 C-type lectin receptors
Human: TLR 1-9 except TLR3 e.g. dectin-1, dectin-2

__4"» RIG-like receptors

NOD-like receptors “ e.g. RIG1

e.g. NOD2, NLRP3

G-protein coupled receptors Fc gamma receptors

e.g. CXCR2 Mouse: activating FcyRIll, FcyRIV
Cytokine receptors inhibitory FcyRIlb
e.g. IL-6R, GM-CSFR Human: activating FcyRIIA, FcyRIIIB

(inhibitory FcyRIIB)

Figure 1.3. Neutrophil surface receptors. Diagram illustrating surface receptors
expressed on neutrophils. PRRs enable rapid response to stimuli by recognition of PAMPs
and DAMPs; these receptors include TLRs, CLRs, NLRs and RLRs. GPCRs and cytokine
receptors respond to signals that result in neutrophil recruitment and activation. FcyRs bind
to antibody-coated pathogens and antigen-antibody immune complex, and are involved in

pathogen killing and in autoimmunity.

1.5.4. Surface markers for identification of neutrophils

Although neutrophils have a distinctive microscopic nuclear morphology, surface
immunological markers are required for the study and identification of murine and human
neutrophils. In mice, lymphocyte antigen 6 complex locus G (Ly6G) is selectively expressed
on neutrophils, and recognised by the 1A8 clone of anti-Ly6G antibody. Myeloid
differentiation antigen-1 (Gr-1) consists of Ly6G and Ly6C (expressed on neutrophils and
monocytes), and the RB6-8C5 clone of anti-Gr-1 antibody recognises both Ly6G and Ly6C,
with neutrophils being Gr-1-high and monocytes Gr-1-intermediate (82). Ly6G has been
shown in one study to inhibit neutrophil migration towards chemoattractants in a 2-integrin
(CD18)-dependent manner, similar to the function of the human Ly6G homologue CD177
(83). However, with the Catchup Ly6G-tdTomato reporter, homozygous animals were Ly6G-
deficient but showed normal neutrophil function in vitro and in vivo (84). CD11b, which
complexes with CD18 as an integrin involved in neutrophil migration, is expressed on
myeloid cells (85); although not specific, CD11b is often used as an additional marker to

Ly6G to identify murine neutrophils.
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There are no specific cell surface markers for human neutrophils. Common markers used to
identify human neutrophils include CD15 (Lewis X), involved in neutrophil migration and
phagocytosis; CD16 (FcyRIIIB), highly expressed on human neutrophils; and CD66b, an
activation marker. CD11b is highly expressed but, as with murine neutrophils, is also

expressed by other myeloid cells (86,87).

1.6. Neutrophil effector functions

Neutrophils are considered the classical early effector cells of the innate immune system,
responding rapidly to inflammatory and infectious stimuli, and killing pathogens by
mechanisms including ROS generation, phagocytosis, degranulation of cytotoxic proteins
and NET production. The processes of ROS generation and NET production involve
activation of the NADPH oxidase complex in a two-step process of neutrophil priming

followed by activation.

The NADPH oxidase complex includes the membrane subunits gp91°"™* and p22°"* that
form the catalytic core, and the cytosolic subunits p40°"™*, p47°"* and p67°"*. Exposure to a
variety of agents, such as TNFa, GM-CSF, PAF, IL-8 and LPS, results in neutrophil priming,
where the p47°"™* subunit is partially phosphorylated, and the gp91°"* and p22°"*
heterodimer, contained within secretory vesicles, is transported to the cell membrane via
vesicle exocytosis. A second activating agent, such as fMLP, stimulates phosphorylation
and membrane translocation of the cytosolic subunits as well as translocation of Rac2,
leading to full assembly of the NADPH oxidase complex. NADPH oxidase activation is
required for ROS generation; on the cell membrane this results in extracellular ROS release
for killing larger extracellular pathogens, whilst for phagocytosed pathogens activated
NADPH oxidase on the phagolysosome results in ROS release within the phagolysosome

and intracellular killing (88,89).

The process of priming results in changes such as shape change, exocytosis of integrins
contained in secretory vesicles, and delayed apoptosis in vitro, and the phenotype of the
primed neutrophil can differ according to the priming agent (41,90,91). Primed neutrophils
show enhanced responses when activated, including degranulation, ROS production, and
NET production. One previous study examining the metabolome of neutrophils by nuclear
magnetic resonance spectroscopy did not find differences in the metabolic profile of control,
TNFa-treated or LPS-treated human neutrophils (92). Neutrophils have also been shown to

deprime, in vitro and in vivo (48,93).

17



Neutrophil granules are formed sequentially during different stages of myelopoiesis, and are
packed with contents that can be readily released by degranulation, including cytotoxic and
antimicrobial proteins for microbial killing, and proteases against extracellular matrix proteins
to guide neutrophils that have transmigrated across the endothelium through the tissues to
local inflammatory sites. Primary or azurophilic granules are peroxidase-positive and are
formed early, containing antimicrobial proteins such as myeloperoxidase, defensins and
bactericidal / permeability-increasing protein, and serine proteases such as proteinase-3,
elastase and cathepsin G. Secondary or specific granules contain predominantly
antimicrobial proteins, including lactoferrin (an iron-binding antimicrobial protein) and
neutrophil gelatinase-associated lipocalin (NGAL), but also the collagenase matrix
metalloproteinase 8 (MMP8). Tertiary or gelatinase granules contain the gelatinase MMP9
for extracellular matrix degradation. Some antimicrobial proteins, such as lysozyme, are
present in multiple types of granules. There are also secretory vesicles containing
membrane proteins such as Mac-1 and formyl peptide receptors, allowing rapid upregulation
of these proteins on the cell surface upon stimulation to facilitate neutrophil migration and
effector function (94,95).

NETs have recently been described as structures consisting of DNA, structural proteins such
as histones and antimicrobial proteins such as myeloperoxidase and neutrophil elastase
(96). NETs are released from activated neutrophils in a NADPH oxidase-dependent manner,
potentially capable of trapping and killing pathogens. NET production has been shown to
occur selectively for pathogens such as fungal hyphae that are too large to be phagocytosed,
with the CLR dectin-1 regulating between phagocytosis and NET release (97). NETSs,
however, have also been implicated in autoimmune diseases, for example by transferring

pathogenic myeloperoxidase to DCs in vasculitis (98).

1.7. Neutrophil recruitment to inflamed tissue

In order for neutrophils to perform the above effector functions, circulating neutrophils are
recruited to inflammatory tissue sites in an orchestrated manner, and the mechanisms in this
neutrophil recruitment cascade have been well described. Chemoattractants, such as fMLP,
Cbha and CXCL1 / IL-8, are produced by endothelial cells and by tissue resident cells such as
macrophages upon stimulation by local inflammatory signals (99); neutrophils, with surface
receptors for these chemoattractants (Section 1.5.3), are guided from the circulation towards

tissue sites of inflammation.
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A number of adhesion molecules are present on the neutrophil surface to facilitate neutrophil
recruitment and migration across the endothelium. Selectins are involved in the initial step of
neutrophil rolling on the endothelial surface, with L-selectin (CD62L) and P-selectin
glycosylated ligand-1 (PSGL-1, CD162) on the neutrophil surface being shed as they bind to
endothelial selectins, and physical tethers being formed on the neutrophils to stabilise the

rolling process (100).

Neutrophil rolling is then followed by adhesion, crawling and subsequent transmigration
across the endothelium and pericyte layer towards the interstitium. These steps involve
integrins, glycoprotein heterodimers on the surface of neutrophils, such as LFA-1, a CD11a/
CD18 or aLB2 heterodimer; macrophage-1 antigen (Mac-1), a CD11b / CD18 or aMp2
heterodimer, also known as complement receptor 3; and very late antigen-4 (VLA-4), an
04B1 heterodimer. Mac-1 is expressed mainly on myeloid cells, with neutrophils showing
high levels of expression at baseline, whereas LFA-1 and VLA-4 are also expressed on other
leukocytes. Neutrophil integrins bind to endothelial cell adhesion molecules, including
ICAMs, junctional adhesion molecules (JAMs) and vascular cell adhesion molecules
(VCAMSs) (40,73).

At the tissue level, intradermally transferred neutrophils have been found to migrate towards
local laser-induced sterile injury in several phases, with small numbers of scouting
neutrophils migrating towards the injury initially, followed by amplified neutrophil recruitment
or swarming, then persistence of neutrophil swarm at the injury site (101). LTB4 and
integrins are required in the chemotaxis and swarming of transmigrated neutrophils towards
inflammatory tissues, as demonstrated in laser-induced injury and Pseudomonas aeruginosa

bacterial infection (102).

Zebrafish models of inflammation have also shown other tissue signals to be involved.
Neutrophil recruitment to P. aeruginosa infection required additional tissue damage signals,
such as phospholipase A2, which initiates arachidonic acid metabolism and production of
eicosanoids, including leukotrienes (103). Local tissue generation of hydrogen peroxide
promoted neutrophil recruitment to wounds but not to bacterial infections (104,105).
Interstitial extracellular matrix components can also play a role; for instance, extracellular
matrix heparan sulphate proteoglycans have been shown to bind to zebrafish CXCL8
homologue to form tissue chemokine gradients, guiding neutrophil migration to the source of

chemotactic signal (106).
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1.8. Fate of neutrophils recruited to inflamed tissue

It is now recognised that, in addition to their role in the early innate immune response,
neutrophils also play important roles in shaping adaptive immunity. Whilst neutrophils
undergo in situ apoptosis and efferocytosis by macrophages at inflamed sites (107), and can
be lost in secretions such as pus and sputum, there is accumulating evidence that cell death
is not the sole fate of neutrophils recruited to inflammatory tissues (Figure 1.4). In rats, in
situ apoptosis and efferocytosis by tissue macrophages only accounted for the fate of one-
fifth of infiltrating neutrophils following IC-induced experimental glomerulonephritis (108). In
zebrafish, some of the neutrophils recruited following tailfin injury were observed by
microscopy to migrate away from the injury site (109); these reverse-migrated neutrophils
exhibited normal migration, ROS production and phagocytic capacity (110). Although
mathematical modelling suggested reverse migration to be a stochastic event in zebrafish
(111), murine studies showed neutrophil reverse migration to occur via the transendothelial
route back into the circulation or via lymphatics to the dLN, both with functional

consequences (112-114).

Inflamed tissue
Chemoattractants (e.g. fMLP, C5a, KC, LTB,)

Bone marrow Blood Subendothelium “1/5' .f'
= 4 /i @ Apoptosis and efferocytosis
CXCR2 Tissue recruitme_nt:
|CXCR4 PSGL-1, L-selectin, Lymphatic migration:

LFA-1, Mac-1 LFA-1, Mac-1, CXCR4

€S

() Transendothelial migration: Afferent lymphatics

& i LTB,, elastase, JAM-C
€

1CXCR4 @ Blood migration:
L-selectin, PSGL-1,
LFA-1, Mac-1, CXCR4

Lymph node

Figure 1.4. Neutrophil trafficking and migration following inflammatory stimulus.
Neutrophil trafficking to and from BM is regulated by expression of CXCR2 and CXCRA4.
Local inflammation results in recruitment of circulating neutrophils, and some undergo
apoptosis and efferocytosis. Neutrophils in the subendothelium can migrate back into the
circulation to disseminate inflammation systemically. Neutrophils can also migrate to the LN

via blood or lymphatic vessels.
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1.8.1. Reverse migration of neutrophils into blood vessels

In vitro, human neutrophils that have reverse-migrated across an endothelial cell layer
showed a different phenotype to blood and tissue neutrophils, with high expression of ICAM-
1 (CD54), low expression of CXCR1 (receptor for IL-8), and prolonged survival. Blood from
healthy volunteers and from patients with rheumatoid arthritis showed 0.25% and 1% of
neutrophils with this phenotype, respectively (115). In a mouse model of local cremaster
muscle ischaemia-reperfusion injury, tissue LTB, promoted neutrophil elastase-dependent
loss of JAM-C at endothelial cell junctions, leading to the reverse transendothelial migration
of ICAM-1"9" neutrophils from the subendothelial layer back into the blood vessel lumen,
which then served to disseminate local inflammation to distant organs including the lungs,
heart and liver (112,116). Similar findings have also been observed in pancreatitis, where
ICAM-1""CXCR1"°" reverse-migrated neutrophils were associated with acute lung injury in

both mice and humans (117).

On the other hand, in a murine model of sterile liver injury, neutrophils were found to migrate
into sites of injury and contribute to tissue repair by phagocytosis of cellular debris from
tissue damage; this was followed by reverse migration of neutrophils from tissues into blood
vessels to the lungs without causing lung injury and then, by upregulating CXCR4, to the BM
where they became apoptotic (118). Whilst some differences in neutrophil migration have
been shown in studies, including different adhesion molecules and cytokines involved, these

are thought to be stimulus-specific rather than organ-specific effects (40).

1.8.2. Reverse migration of neutrophils into lymphatics

Whilst reverse transendothelial migration may contribute to systemic spread of local
inflammation, reverse migration of neutrophils from inflamed tissues into lymphatic vessels
enables neutrophils to traffick to dLN and interact with LN-resident cells to modulate the
adaptive immune response. In mice, intradermal Bacillus Calmette-Guérin (BCG)
immunisation to the ear led to early antigen capture by neutrophils which migrated into
lymphatics in a CD11b / ICAM-1-dependent manner, with confocal microscopy of tissue
explants showing neutrophils in the lymphatic vessel lumen (119,120). Neutrophils have also
been observed by intravital imaging to migrate within lymphatic vessels following peripheral
S. aureus challenge (114). In a complete Freund’s adjuvant (CFA)-induced model of
cremasteric inflammation, TNFa produced by local tissues stimulated CCR7-dependent
neutrophil migration from tissue into lymphatic vessels and Mac-1 / ICAM-1-dependent
neutrophil crawling within the lymphatic vessel lumen (121). TNFa and Mac-1 / ICAM-1 have

also been shown to be required for neutrophil adhesion onto and transmigration across
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human lymphatic endothelial layers, and chemokines such as CXCL2, CXCL5 and CXCL8
produced by the luminal side of lymphatic endothelial cell layer promoted neutrophil

transmigration in vitro (120).

Following ovalbumin (OVA) intradermal immunisation in sheep, examination of the draining
lymphatic fluid showed that the majority of cells responsible for the early wave (6 hours) of
lymphatic antigen trafficking were neutrophils, with a later wave (after 24 hours) of trafficking
by DCs (122). In mice, immunisation with OVA with prior sensitisation resulted in a transient
wave of neutrophils carrying OVA to dLN, with the peak of neutrophil influx at 6 hours post

immunisation, returning to baseline by 12 hours post immunisation (123,124).

Neutrophil lymphatic trafficking may be dependent on the nature of the inflammatory
stimulus. Local sterile injury to the ear by needle scratching resulted in neutrophil
recruitment to the injury, but no subsequent neutrophil migration to the dLN (114). Following
intradermal immunisation with Vaccinia virus, most of the Vaccinia-positive cells in the dLN 4
hours post immunisation were macrophages and DCs, with only 7% being neutrophils (125).
Interestingly, Vaccinia-loaded neutrophils were also found to traffick to BM, inducing a CD8"
T cell response that was attenuated in CCR1-deficient mice (126). In rhesus macaques, at
24 hours following adjuvant-human immunodeficiency virus (HIV) immunisation, antigen-
carrying cells in the dLN consisted of a mixture of myeloid cells, including neutrophils,
monocytes and DCs, with varying proportions depending on the type of adjuvant used (127).
Another study showed neutrophil recruitment to dLN 6 hours following skin infection with S.

aureus but not herpes simplex virus (128).

1.8.3. Neutrophil entry into LNs via lymphatic and blood vessels

As well as lymphatic migration to dLN, neutrophils can also enter the dLN via blood vessels
following local inflammatory challenges. In vivo studies using intravital imaging and local S.
aureus challenges demonstrated that neutrophils arrived in the dLN via lymphatic vessels,
with neutrophils carrying bacteria from the periphery to the SCS (114), or via blood across
HEVs with neutrophils migrating in the dLN towards the SCS to phagocytose bacteria
arriving from the periphery via afferent lymphatics, therefore containing the bacteria within
the dLN and limiting systemic spread of infection (129,130). OVA immunisation to the
footpad also led to neutrophil recruitment into dLN via lymphatics or HEVs, in mice that
received prior OVA / CFA immunisation (123,131).

Whilst most studies showed neutrophil recruitment to LN peaking early within several hours

following administration of an inflammatory stimulus, one study showed that neutrophil
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number in dLN peaked at 12 hours and returned back to baseline by 24 hours following
peripheral stimulus with inactivated S. aureus, but neutrophil number in dLN remained
persistently elevated for up to 7 days following peripheral infection with live S. aureus (129).
The latter, however, might represent continued neutrophil recruitment into dLN with ongoing
skin infection. Another study using hen egg lysozyme (HEL) with adjuvant immunisation
showed an initial wave of neutrophil recruitment to the dLN peaking within 1 hour, followed

by a second wave of neutrophil recruitment from 3 days post immunisation (113).

Experiments using blocking antibodies or inhibitors have shown that some of the
mechanisms for trafficking of inflammatory neutrophils into LNs are similar to that described
for lymphocyte trafficking into LNs (Section 1.2.1) and to that of neutrophil recruitment to
inflamed tissues (Section 1.7). Following local S. aureus or OVA immunisation, L-selectin,
PSGL-1 and PNAd, involved in leukocyte rolling on endothelium and HEVs, were used by
neutrophils migrating into dLNs from blood, whereas CXCR4, LFA-1 and Mac-1, involved in
lymphocyte transmigration across HEVs and / or neutrophil transendothelial migration, were

used by neutrophils migrating into dLNs from both blood and lymphatic routes (114,130,131).

In a tumour model of sterile inflammation induced by photodynamic therapy, IL-17 produced
by dLN Th17 cells drove IL-1B production, leading to neutrophil migration into dLN via HEVs
involving L-selectin / PNAd and CXCL2 / CXCR2 interactions (132). IL-1B produced by
macrophages has also been shown to promote neutrophil recruitment to dLN following local
P. aeruginosa infection, with clodronate macrophage depletion reducing neutrophil

recruitment, and IL-1 co-localising with SCS macrophages by confocal microscopy (29).

Studies on the role of CCR7, required for DC lymphatic migration to LN (11), in neutrophil
migration have yielded conflicting results. Neutrophils contain intracellular stores of CCR?7,
and although at baseline neutrophils only showed low levels of cell surface CCR7 expression
that did not increase following stimulation with agents such as GM-CSF, stimulated
neutrophils showed increased migration towards CCL19 / CCL21 in vitro, and neutrophil
migration to dLN following peripheral CFA stimulation was impaired in CCR7-deficient mice
(131,133). Other studies have shown, however, that CCR7 was not required for neutrophil
migration via lymphatics to dLN following skin Staphylococcal challenge, with the process of
neutrophil migration remaining intact in CCR7-deficient mice, in mice receiving adoptive
transfer of CCR7-deficient BM cells, and in photoconvertible CCR7-deficient mice (114).
Similarly, neutrophil migration via HEVs into dLN following skin Staphylococcal challenge has
been shown to be independent of CCR7 (130).
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Interestingly, whilst S1P produced by lymphatic endothelial cells of the medullary sinuses led
to the egress of lymphocytes, expressing S1P receptor 1 (S1PR1), from LN back into the
circulation (26), IC stimulation in neutrophils led to upregulation of S1PR4 and increased
neutrophil lymphatic and blood migration into dLN, a process that was inhibited by the S1PR

agonist fingolimod that resulted in receptor internalisation and degradation (131).

Therefore, in response to a variety of peripheral tissue microbial and inflammatory stimuli,
neutrophils can migrate to dLN, either capturing peripheral antigen then migrating via
lymphatic vessels draining into the LN, or migrating via blood vessels across HEVs into the

LN where antigen is encountered.

1.9. Function of neutrophils within LNs

Neutrophils that are recruited to dLNs following peripheral inflammatory stimuli have been
shown to migrate to the SCS, where SCS macrophages are located to capture draining
antigen, and to the paracortex, where T cells and DCs and located (113,119,123), placing
recruited neutrophils in positions to interact with these LN immune cells and contribute to the

adaptive immune response.

1.9.1. Survival of neutrophils within LNs

Neutrophils recruited to non-lymphoid inflammatory tissues may show prolonged survival in
response to local pro-survival signals (71,72). Whilst the residence time of neutrophils
recruited to LNs has not been fully characterised, one study showed that, both at baseline
and 8 hours following Staphylococcal challenge to the ear, the majority of neutrophils
recruited to the ear were alive, but the majority of neutrophils in the dLN were apoptotic, as
identified by positive Annexin V staining (114). Apoptotic neutrophils were shown in vitro to
increase production of pro-inflammatory cytokines such as IL-18 and IL-6 by microbe-
infected macrophages, although production of anti-inflammatory IL-10 was also increased
(134). Apoptotic cells generated DAMPs leading to activation of DCs and subsequent
antigen cross-presentation to CD8" T cells (135). CX3CR1" macrophages within T cell
paracortical areas of the LN efferocytosed apoptotic cells, but these macrophages did not

activate antigen-specific CD4" T cells when co-cultured in vitro (32).

Aged neutrophils have been described as showing low L-selectin expression and high
CXCR4 expression; both L-selectin and CXCR4 are involved in neutrophil migration into LNs

(131). Aged neutrophils showed an activated phenotype with higher CD11b expression and
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NET formation (67), and enhanced recruitment to and increased phagocytic capacity in
peripheral tissues following systemic LPS inflammation (136). Aged neutrophils have also
been identified in the lungs where they could potentially contribute to the development of
fibrotic interstitial lung disease (137). Similar processes may occur with LN neutrophils,
which may be apoptotic or aged but nevertheless exert effector functions and modulate other
immune cells (138). However, a recent study has shown in contrast that only a small

proportion of LN neutrophils were Annexin V positive (139).

1.9.2. Neutrophils and SCS macrophages: response to microbes

SCS macrophages, identified as CD169°CD11b*F4/80 cells that line the floor of the SCS
(140), capture antigen draining in from afferent lymphatics and limit the spread of pathogens
beyond the dLN, as evidenced by experiments showing that clodronate macrophage
depletion increased the systemic spread of footpad viral and bacterial infections (29,33).
Pathogens such as S. aureus draining into the SCS can stimulate neutrophil recruitment via
HEVs into the LN, with neutrophils migrating into the SCS to phagocytose the bacteria (129).
Anti-PNAd antibody blockade of neutrophil recruitment worsened LN and systemic spread of
infection above the effects of clodronate macrophage depletion alone, suggesting that
neutrophils as well as SCS macrophages play a role in the control of spread of peripheral
pathogens beyond the dLN (130).

Following skin infection with the intracellular parasite Toxoplasma gondii, neutrophils were
recruited to the dLN and formed swarms in two stages, with an initial stage of pioneer
neutrophils arriving, followed by a second stage of larger swarms; neutrophil recruitment was
reduced in MyD88-deficient mice, where TLR signalling is impaired. These neutrophil

swarms were observed to disrupt the SCS macrophage network (141).

Local infection with modified Vaccinia Ankara virus induced inflammasome activation in dLN
SCS macrophages, as demonstrated by ASC speck formation using intravital imaging,
followed by SCS macrophage pyroptosis and extracellular release of ASC specks, leading to
IL-1R-dependent recruitment of innate cells including neutrophils, monocytes and natural
killer (NK) cells to the dLN (142). SCS macrophage IL-13 has also been shown to drive
neutrophil recruitment to dLN following bacterial infection with P. aeruginosa (29). In a CpG
(TLR9 agonist)-induced inflammation model, however, SCS macrophage disruption required
DCs not neutrophils, as shown using antibody neutrophil depletion and conditional MyD88
deletion (143).
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Together, these studies demonstrate that viral, bacterial and parasitic peripheral microbial
infections can stimulate recruitment of neutrophils to the dLN, where they work in concert
with SCS macrophages to generate an inflammatory response and limit the spread of

pathogens beyond the dLN.

1.9.3. Neutrophils and DCs: antigen presentation

Neutrophils can interact with DCs, which are considered professional antigen presenting
cells that capture and process antigen for presentation and cross-presentation to CD4" and
CD8" T cells in LNs, respectively. Upon antigen encounter, activated DCs upregulate
expression of MHCII for loading of processed antigen, CCRY7 for trafficking into dLN, and co-
stimulatory molecules such as CD40, CD80 and CD86 required for T cell activation. In vitro
human cell co-cultures showed that DC maturation was induced by Mycobacterium
tuberculosis-infected and GM-CSF-stimulated neutrophils, with contact-dependent
upregulation of CD83, MHCII, CD40, CD80 and CD86 expression on DCs (144,145). The
formation of clusters of DCs and activated neutrophils was dependent on interactions
between DC-specific intercellular adhesion molecule-3 grabbing non-integrin (DC-SIGN,
CD209) and Mac-1, as demonstrated by immunoprecipitation and by confocal imaging of co-
cultured cells and colonic biopsies from patients with Crohn’s disease (146). Neutrophils
also produced CCL3, CCL19 and CCL20 to promote DC recruitment to tissues (147-149).

Murine models of lung inflammation have shown that neutrophils promote DC maturation in
non-lymphoid organs in vivo. Following Aspergillus fumigatus fungal lung infection,
neutrophils promoted lung DC maturation including expression of CD40, CD86 and MHCII,
and migration of DCs to mediastinal LN (150). In a model of lung transplantation with
prolonged donor organ cold ischaemic time, recipient neutrophils recruited to the airways
interacted with donor lung DCs with a short mean contact time of 6.8 minutes, with
occasional prolonged interactions observed by intravital imaging in vivo, whilst degranulation
and TNFa production by donor airway neutrophils drove production of the Th1 cytokine I1L-12
by recipient BM-derived DCs ex vivo; anti-Ly6G neutrophil depletion in vivo reduced IFNy
production by donor lung T cells (151). In a murine model of neutrophilic airway
inflammation induced by house dust mite and LPS, neutrophil cytoplasts, being enucleated
neutrophils post NET release, were found in the lungs and mediastinal LN, and in ex vivo co-
culture inflammatory airway neutrophil cytoplasts stimulated lung DCs which, in turn,
stimulated IL-17 and IL-13 production by CD4" T cells (152). Another study using intranasal
house dust mite challenge, however, showed that anti-Ly6G neutrophil depletion resulted in

enhanced delivery of OVA antigen by DCs from airway to mediastinal LN (153).
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Neutrophils stimulated with bacteria and fungi in vitro activated DCs, with increase in IL-2
production, reduction in IL-10 production, and phagocytosis of antigen-containing
neutrophils, subsequently leading to enhanced antigen presentation and cross-presentation
to CD4" and CD8" T cells (144,154,155). However, within LNs, ex vivo imaging of dLN
following HEL / CFA immunisation showed only brief neutrophil-DC contacts of 1 to 3
minutes in duration within the first 2 hours post immunisation. At later time points of 6 to 10
hours post immunisation, the number and duration of subsequent DC-T cell contacts were
enhanced by neutrophil depletion, despite no further neutrophil-DC contacts observed. This
resulted in an enhanced CD4" T cell response with IL-2 and IFNy production, an effect
independent of NADPH oxidase (113). /n vivo studies showed that neutrophils reduced the
activation (as measured by CD86 and MHCII expression), antigen uptake and CCR7
expression (and therefore migration) of DCs, via release of extracellular myeloperoxidase;
neutrophil-mediated DC suppression consequently reduced CD4" T cell activation, including
reduced proliferation and IFNy production, in the dLN, as demonstrated in infectious /
inflammatory models with Leishmania major, delayed skin hypersensitivity and OVA

autoimmune arthritis (156,157).

BCG-infected DCs produced neutrophil chemoattractants including IL-6, CXCL1 and CXCL2,
and induced neutrophil production of IL-10, an effect dependent on CD11b-mediated cellular
contact and the MyD88 pathway, downregulating Th17 response (158). Co-culture of human
monocyte-derived DCs with apoptotic neutrophils resulted in higher DC expression of CD83
and MHCII, indicating activation, but lower DC expression of co-stimulatory molecules and

lower ability of DCs to stimulate T cells in a mixed lymphocyte reaction (159).

Overall, the above studies have shown evidence of both activation and suppression of DCs
by neutrophils in a contact-dependent manner, although some of these experiments were in
vitro or in non-lymphoid organs, and therefore may not truly reflect the effects of neutrophils

on DC functions, including antigen presentation, in LNs in vivo.

1.9.4. Neutrophils: direct antigen presentation

In addition to interactions with DCs, neutrophils themselves can also show phenotypic
features of antigen presenting cells. There are conflicting reports on whether neutrophils can
express surface molecules involved in antigen presentation, including MHCII, and the co-
stimulatory molecules CD40, CD80 and CD86.

Although human peripheral blood neutrophils did not express surface MHCII at baseline

when examined by flow cytometry (160,161), MHCII expression could be induced under
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various inflammatory conditions in vitro. Neutrophil expression of MHCII as well as CD80 /
CD86 was induced by culturing with GM-CSF and IFNy, with variability amongst donors, and
expression enhanced by extracellular acidification (162-164). Another study showed
induction of MHCII expression by ageing neutrophils for 20 hours in culture (160). Antibody
crosslinking of CD11b in whole blood was sufficient to upregulate these molecules on
neutrophils (165). Neutrophils have also been shown to acquire MHCII from macrophages in

vitro (166) and from B cells in vivo (137).

Neutrophils isolated from thioglycollate-induced peritoneal exudate cells expressed MHCII,
but at lower levels compared to isolated macrophages (167). In a murine model of chronic
colitis, increased expression of MHCIlI and CD86 was observed in colonic neutrophils,
compared to mesenteric LN and splenic neutrophils (168). Synovial (joint) fluid neutrophils
from patients with rheumatoid arthritis, an autoimmune disease involving neutrophilic
inflammation, showed higher MHCII expression by Western blotting compared to blood
neutrophils from healthy volunteers and rheumatoid arthritis patients (160). In human
visceral Leishmaniasis, low-density neutrophils have been identified in blood with higher
MHCII, CD80 and CD86 expression (169). Blood neutrophils from patients with allergy,
when stimulated with GM-CSF, IFNy and IL-3 in vitro, showed delayed apoptosis, increased
uptake and processing of allergen, and upregulation of MHCII expression (170). Blood
neutrophils from patients with sepsis, however, did not show any increase in MHCII

expression, despite increased CD40 and CD86 expression (171).

With regards to neutrophils within LNs in vivo, murine neutrophils recruited to the dLN
following peripheral stimulation with S. aureus upregulated expression of MHCII and the co-
stimulatory molecules CD80 and CD86, compared to neutrophils from other sites such as
blood and spleen (114). However, 6 hours following peripheral OVA stimulation, the majority
of OVA-containing cells were neutrophils negative for MHCII expression (123). In rhesus
macaques, 24 hours following peripheral HIV immunisation with adjuvant, monocytes and
DCs showed higher expression of MHCII and CD80 than neutrophils within the dLN (127).

Interestingly, neutrophils have been reported to show a hybrid phenotype, expressing
surface markers of both neutrophils and activated DCs. Murine Gr-1"9" BM granulocytes,
after in vitro culture with GM-CSF for 6-8 days, showed large oval nuclei with dendritic
morphology, and were positive for the neutrophil marker Ly6G, the DC marker CD11c, and
antigen presentation molecules including MHCII, CD80 and CD86. These hybrids retained
phagocytic and NET capacities in response to bacterial and fungal infections, and were

present in vivo in skin and dLN following skin inflammation (172-175).
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Human CD15" cells isolated from peripheral blood mononuclear cell fractions of patients with
infections or haematological malignancies and cultured with GM-CSF, TNFa and IL-4 for 9
days expressed CD15, CD66b (neutrophil markers), CD1c, CD11¢ (DC markers), MHCII and
co-stimulatory molecules (176). CD66b" synovial fluid neutrophils from rheumatoid arthritis
patients expressed CD14, CD64, CD83 and MHCII (177). In human lung cancer tissues,
subsets of CD15"CD66b"CD11b" neutrophils with rounded nuclear morphology expressed
markers associated with antigen presenting cells, including MHCII (HLA-DR), CD14, CD206,
CD86 and CCRY7, but negative for other markers such as CD209 (DC-SIGN), CD163, CD83,
CD1c and CCRG6; these hybrids originated from immature BM neutrophil progenitors, and
produced more TNFa and IL-12 post LPS stimulation ex vivo (178).

1.9.5. Neutrophils and T cells: adaptive immunity

The studies discussed above show that neutrophils interact with DCs to influence antigen
presentation, or directly present antigens via MHC to T cells, thereby affecting the adaptive
immune response. In vitro, neutrophils isolated from thioglycollate-induced peritoneal
exudate cells have been shown to present OVA via MHCII to OVA-specific CD4" T cells in a
contact-dependent manner, leading to T cell activation as demonstrated by proliferation and
production of cytokines including IL-2 and IL-17 (167,179). Lamina propria neutrophils from
mice with chronic colitis increased CD4" T cell proliferation when co-cultured (168). In
rhesus macaques, neutrophils from dLN 24 hours following peripheral HIV immunisation
were able to present antigen to and stimulate proliferation of CD4" T cells ex vivo, although

not as effectively as monocytes or myeloid DCs (127,161).

In vitro, co-cultures of human neutrophils with T cells have shown variable results.
Neutrophils from healthy volunteers, when stimulated with GM-CSF and IFNy, upregulated
MHCII, but studies have not consistently shown antigen-specific T cell proliferation
(162,163). Neutrophils from patients with allergy, when stimulated with allergen, GM-CSF,
IFNy and IL-3, increased T cell proliferation, but less effectively than monocytes (170).
Neutrophils from Cytomegalovirus (CMV)- and Influenza-positive volunteers stimulated
antigen-specific proliferation of autologous CD4" T cells, but less effectively than DCs and
monocytes; neutrophil MHCII upregulation required the presence of antigen and antigen-
specific memory T cells, as stimulation with TLR7/8 ligand was not sufficient (161). Blood
neutrophils from patients with visceral Leishmaniasis showed higher MHCII and programmed

death ligand 1 (PD-L1) expression, but exerted no effects on T cell proliferation (169).

OVA-pulsed neutrophils could also cross-present antigen via MHCI to murine and human

CD8" T cell, leading to antigen-specific OTI CD8" T cell activation, including cell proliferation
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and production of IL-2, TNFa and IFNy, shown in co-cultures in vifro and when pulsed
neutrophils were transferred in vivo (180-182). Blood and tumour-associated neutrophils
from colorectal cancer patients enhanced CD8" T cell activation in vitro as evidenced by
CD69 expression and IFNy production, and tumour-infiltrating neutrophils co-localised with
CD8" T cells, which was associated with improved overall survival (183). Murine neutrophil-
DC hybrids, as described above, could also present and cross-present antigen to CD4" and
CD8" T cells in vitro (172-175). Human neutrophil-DC hybrids isolated from lung cancer
tissues, when exposed to antigen in the form of IC (therefore crosslinking FcyR) in vitro,
could cross-present antigen to antigen-specific CD8" T cells (178). Neutrophils produce a
range of cytokines that can contribute to the activation of tissue effector T cells (149).
Following influenza infection, neutrophils have been shown to secrete trails of CXCL12 to

guide CD8" T cell recruitment in the trachea (184).

Murine studies using in vivo neutrophil depletion have shown conflicting results with regards
to the effects of neutrophils on LN T cell responses (Table 1.1). Following S. aureus
peripheral stimulus, anti-Ly6G neutrophil depletion led to reduced CD4" and CD8" T cell
numbers (129) and proliferation in the dLN (114); neutrophils arriving via HEVs interacted
with CD4" T cells, but the majority of interactions were transient (64% lasting less than 1
minute) and none prolonged (129). However, in a herpes simplex virus skin infection model,
antigen-specific CD4" and CD8" T cell responses in the dLN, as measured by proliferation of
adoptively transferred labelled T cells, were unaffected by anti-Ly6G neutrophil depletion
(128). Furthermore, following HEL / CFA immunisation, CD4" T cell activation, as measured
by IL-2 and IFNy production, was increased by neutrophil depletion with either anti-Ly6G or
anti-Gr-1, independent of NADPH oxidase (113).

Peripheral OVA stimulation in mice with prior immunisation led to increased CD4" T cell
activation and proliferation in the dLN, effects that were abrogated with NIMP-R14 antibody
neutrophil depletion; however, in the same study, neutrophils isolated from OVA-stimulated
dLN also resulted in inhibition of OTII (OVA-specific) CD4" T cell proliferation in vitro, in a
mechanism involving PD-L1 (124). In humans, subsets of CD62L"°" neutrophils have been
found in blood following intravenous LPS challenge and severe injury, and these neutrophils
suppressed T cell proliferation ex vivo in a Mac-1-dependent mechanism (185). Neutrophils
with suppressive effects are a recently described neutrophil subset that forms part of a group
of cells termed myeloid derived suppressor cells. These suppressive neutrophils may
account for the inhibitory rather than stimulatory effects on T cell responses in some of the
above studies, with mechanisms of suppression including arginase secretion and ROS

production (86).
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1.9.6. Neutrophils and B cells: adaptive immunity

Neutrophils have been shown to influence B cell responses in lymphoid and non-lymphoid
tissues. Co-cultures of peripheral blood neutrophils and autologous B cells from rhesus
macaques following viral infection resulted in B cell activation and immunoglobulin class
switching, as evidenced by increased activation-induced cytidine deaminase (AID) and Ki67
(proliferation marker), and decreased CD27, IgM and IgD (186). In human tonsil and small
bowel mucosal associated lymphoid tissue (MALT), elastase” and CD15" cells co-stained for
the B cell activating factor a proliferation inducing ligand (APRIL) (187). In the human
spleen, within the marginal zone (a site for T-independent B cell responses to antigens such
as LPS), a subset of B-helper neutrophils have been described that enhanced marginal zone
B cell antibody production (IgM, IgA and 1gG) in ex vivo co-culture; these B-helper
neutrophils showed higher MHCII and CD86 expression, and produced cytokines involved in
B cell development and activation, including B cell activating factor (BAFF), APRIL and IL-21
(188). These findings, however, have not been replicated in a second, independent study
(189).

Other studies have demonstrated inhibitory effects on B cells. In a murine model of lupus,
confocal examination showed that splenic neutrophils preferentially co-localised with T cells
at disease onset but with B cells in established disease; anti-Ly6G neutrophil depletion at
disease onset, but not during established disease, increased splenic germinal centre B cells
and Tfh cells, and enhanced autoimmunity (190). Sublingual immunisation with bacterial
antigen resulted in serum and mucosal IgA responses in neutrophil-depleted but not wild
type mice (191). Following intranasal house dust mite allergen challenge, serum levels of
house dust mite-specific IgE and IgG were higher in anti-Ly6G neutrophil-depleted mice
compared to control mice (153). In the pulmonary capillaries, neutrophils have been
observed to interact with B cells with a mean interaction time of 4.5 minutes, with CD18
required for this interaction, leading to neutrophils acquiring MHCII molecules from B cells. B
cell depletion led to reduced apoptosis and interstitial infiltration of neutrophils in the lungs,
resulting in pulmonary fibrosis, suggesting bidirectional crosstalk between neutrophils and B
cells (137).

Within LNs, in vivo studies have also shown inconsistent results on the effects of neutrophils
on B cell responses (Table 1.1). Following HEL / CFA immunisation, depletion of the initial
wave of neutrophil recruitment led to increased IgG production by B cells, as well as
increased CD4" T cell activation (113). Following S. aureus infection, neutrophils migrated
via both lymphatics and HEVs into LNs; anti-Ly6G neutrophil depletion led to increased dLN
B cell numbers and TGFB-dependent production of IgM and 1gG, but reduced dLN CD4" and
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CD8" T cell numbers in one study (129), whilst in another study neutrophil depletion resulted
in reduced proliferation of B cells, CD4" T cells and CD8" T cells in the dLN (114). As with T
cell interactions, neutrophil-B cell interactions were mainly transient (54% lasting less than 1

minute), but some (17%) of the observed interactions were over 30 minutes in duration (129).

In a model of emergency granulopoiesis in neutropenic lysozyme-diphtheria toxin mice, CFA
immunisation did not lead to early neutrophil recruitment, but instead a late wave of
neutrophil recruitment to dLN 7 days post immunisation, with increases in neutrophil BAFF
production, IL-17" T cells, B220" B cells, and CD138" plasma cells (192).

Reference | Stimulus | Neutrophil | Neutrophil | EffectonT Effect on B

depletion LN entry cell response | cell response
Yang etal. | HEL + Anti-Ly6G Lymphatics | 1CD4" 1gG
2010 (113) | adjuvant Anti-Gr-1 activation
Hampton et | S. aureus | Anti-Ly6G Lymphatics | |CD4" and | Proliferation
al. 2015 CD8"
(114) proliferation
Kamenyeva | S. aureus | Anti-Ly6G | HEVs 1CD4" and tPlasma cells,
et al. 2015 CD8" cell TgM, 11gG
(129) numbers
Hor et al. Herpes Anti-Ly6G Not tested No difference Not tested
2017 (128) | simplex in vivo CD4" or CD8"

virus
Table 1.1. Neutrophil and adaptive lymphocytes in vivo. Summary of studies using

antibody neutrophil depletion to examine effect on LN T and B cell responses in vivo. Anti-
Ly6G (clone 1A8) recognises only Ly6G, whereas anti-Gr-1 (clone RB6-8C5) recognises
Ly6G and Ly6C.

Therefore, in response to a variety of microbial and sterile inflammatory stimuli, neutrophils
are capable of interacting with other LN immune cells to influence innate and adaptive
immune responses (Figure 1.5). Although some of the studies described were in vitro or in
non-lymphoid organs, nevertheless they contribute to the emerging concept that neutrophils
have a diverse range of immune functions beyond the traditional role of early innate

pathogen defence.
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Figure 1.5. Function of LN neutrophils in inflammation. Following inflammatory stimuli,
neutrophils can migrate into LN via lymphatic vessels and HEVs, guided by a number of
molecules expressed on neutrophils (in blue). Within the LN, neutrophils have been shown
to interact with B cells, T cells, DCs and SCS macrophages to influence innate and adaptive

responses.

1.9.7. Neutrophil subsets

The studies described above demonstrate the diversity of neutrophils in phenotype and
function. Aged neutrophils showed CXCR4 expression and an activated phenotype (136),
with their presence driven by the microbiota (67); they have also been shown to contribute to
the development of lung fibrosis (137). ICAM-1"9" neutrophils have been shown to reverse
migrate across the endothelium and contribute to systemic dissemination of local
inflammation (116), and have been found in the circulation of patients with rheumatoid
arthritis (115). Neutrophil-DC hybrids have been shown to express surface molecules
associated with DCs and with antigen presentation (172—175). B-helper neutrophils have

been described in the human spleen (188). Neutrophils expressing vascular endothelial
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growth factor receptor have been shown to be recruited from the circulation to tissues and
promote angiogenesis (193). Neutrophils categorised by their CD16 expression, CD62L
expression and degree of nuclear hypersegmentation showed differential responses to S.

aureus ex vivo (194).

Following laboratory density gradient separation of leukocytes (Section 3.4), neutrophils are
found in the lower granulocyte layer, but low-density neutrophils have also been found within
the upper peripheral mononuclear cell layer. These low-density neutrophils consist of both
mature and immature neutrophils, and have been identified in a number of diseases,
showing pro-inflammatory effects in autoimmune disorders but suppressive effects (as
neutrophil myeloid derived suppressor cells) in cancer, although pro-inflammatory neutrophils

have also been described in the context of cancer (195,196).

This phenotypic variation has led to recent proposals of the concept of neutrophil subsets, in
which neutrophils can be categorised into distinct subgroups with characteristic cell surface
markers and different functions. Whilst there is good evidence that neutrophils are
functionally more diverse compared to the classical view of neutrophils being short-lived
terminally differentiated cells with the main function of pathogen killing, it is unclear whether
neutrophils consist of true subsets, or neutrophils consist of a heterogeneous group of innate
immune cells with functional plasticity driven by different tissue environments and different
infectious and inflammatory stimuli. Neutrophils that migrate to LNs following inflammation
can influence other LN immune cells in a number of ways as described above, but similarly it
is unclear whether this represents a distinct LN-specific neutrophil subset or this reflects the

heterogeneity of neutrophils.

1.10. Neutrophils in inflammatory diseases

The multiple roles of neutrophils in immune responses are reflected by their involvement in a
number of inflammatory as well as infectious diseases. For example, deficiency in subunits
of NADPH oxidase results in chronic granulomatous disease, where defective phagocyte
ROS production leads not only to recurrent bacterial and fungal infections, but also to
granuloma formation and inflammatory complications such as colitis (197). Neutrophils are
involved in lupus and vasculitis syndromes, through mechanisms such as NETosis and
release of autoantigens including myeloperoxidase, activation of DCs influencing T cell
responses, and secretion of cytokines such as BAFF that sustains autoreactive B cells (198).
Neutrophils have been shown to infiltrate tumours and can exert both pro-inflammatory and

anti-inflammatory effects on cancer growth (183,199). The crosstalk between neutrophils
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and other immune cells may also contribute to the immunopathology of acute and chronic
rejection in solid organ transplants, with neutrophil infiltration observed in allografts with

rejection (200).

Neutrophilic inflammation is a major feature of chronic obstructive pulmonary disease, with
neutrophil release of elastase and other granule proteins driving persistent inflammation and
tissue damage most commonly seen as a result of tobacco smoking (201). In asthma,
usually considered a Th2-driven airways disease with eosinophilic inflammation being a
feature (202), a proportion of patients have predominantly neutrophilic airway inflammation.
Neutrophils have been shown to stimulate alveolar macrophage IL-1 production and NLRP3
inflammasome activation in mice with respiratory viral infections, common triggers for
exacerbations of airways diseases (203). Other respiratory diseases, such as
bronchiectasis, interstitial lung disease and acute respiratory distress syndrome, are also

associated with pathological neutrophilic inflammation (42).

Many autoimmune disorders are associated with antigen-antibody IC, which can activate
neutrophils directly by Fc receptor crosslinking or indirectly by complement fixation and
complement receptor binding. IC can be soluble or insoluble depending on the antibody to
antigen ratio, with insoluble IC having a higher antibody to antigen ratio (204). In vitro,
soluble IC stimulated degranulation and ROS secretion in GM-CSF-primed but not unprimed
neutrophils, whilst insoluble IC stimulated degranulation and intracellular ROS generation in

both unprimed and primed neutrophils (205).

In rheumatoid arthritis, the synovial fluid of inflamed joints contains IC that stimulates
neutrophils, by mechanisms such as neutrophil C5aR activation leading to LTB, release
enhancing further neutrophil recruitment, and engagement of neutrophil FcyRIII leading to IL-
1B release driving the inflammatory process (206). A lower copy number of the FCGR3B
gene correlates with lower neutrophil surface expression of FcyRIIIB and lower neutrophil
uptake of IC in vitro; low FCGR3B copy number has also been associated with systemic
lupus erythematosus, a disease characterised by IC deposition, in Caucasian but not in
Chinese populations (207). In a model of lung injury triggered by MHCI antibody
administration, FcyR-deficient mice were protected from lung injury, which was restored by
transfer of wild type neutrophils, demonstrating the role of neutrophil FcyR in lung

inflammation (208).

Although neutrophils have been shown to be involved in many inflammatory diseases, and
pharmacological manipulation of the trafficking, tissue recruitment and effector functions of

neutrophils may represent attractive therapeutic strategies, to date there are few specific
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treatments available that target the processes of neutrophilic inflammation. The role of
neutrophils in the resolution phase of inflammation is not as well studied, and understanding
the basic immunological mechanisms in the resolution of inflammation may also provide

therapeutic targets for the treatment of chronic inflammatory diseases (209).

1.11. Neutrophils in tissues at baseline

Whilst neutrophils are considered circulating leukocytes that are recruited to sites of infection
or tissue injury, there is evidence that neutrophils are also present in tissues at baseline
without inflammatory stimuli. Imaging of the non-inflamed ear dermis of lysozyme M (LysM)-
GFP mice, in which neutrophils show high GFP fluorescence, demonstrated the presence of
extravascular neutrophils crawling at a mean speed of 3 ym/min (101). Lethal irradiation of
LysM-GFP mice resulted in neutrophils disappearing from tissues with half-lives of 2 days in
the spleen and 6 days in the lungs, although the study did not distinguish between

intravascular and extravascular neutrophils (59).

A recent study demonstrated, using parabiosis, that circulating neutrophils migrated into
multiple tissues at baseline, with neutrophils being largely extravascular in BM, spleen and
intestine, but largely intravascular in liver and lungs; neutrophils in the intestine were
phagocytosed by macrophages and influenced IL-23 production and consequently
granulopoiesis, whereas neutrophils in the lungs influenced circadian transcription of genes

involved in cell survival, migration and carcinogenesis (210).

Examination of published studies of neutrophil recruitment to dLN following infectious and
inflammatory stimuli shows, in their control conditions, the presence of small numbers of
neutrophils at baseline within peripheral LNs (114,157). Intravital imaging of the popliteal LN
showed motile neutrophils at baseline, with significant increase in neutrophil recruitment
following local infection (130). In healthy aged mice, lymphoid organs including spleen and
LNs contained increased numbers of neutrophils compared to young mice; however, aged
mice also showed increased systemic inflammation with increased plasma IL-6 and TNFa,
and splenic and LN neutrophils from these mice showed an activated phenotype, including
nuclear hyper-segmentation, increased survival, increased CD11b expression and increased
ICAM-1 expression (211).

In sheep, lymphatic fluid draining from the periphery contained neutrophils as well as DCs
and monocytes in the absence of inflammatory stimuli, suggesting lymphatic trafficking of

neutrophils into LNs at baseline (122). In uninfected Rhesus macaques, neutrophils were
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present in inguinal LNs, with higher expression of CCR7 and BAFF compared to blood
neutrophils, although in the study neutrophils were defined as CD66" and eosinophils were
not excluded (186).

1.12. Neutrophils: summary and unanswered questions

The studies described above demonstrate the varied role of neutrophils in modulating innate
and adaptive immune responses. Circulating neutrophils are rapidly recruited to peripheral
sites of infection or tissue injury, with neutrophil migration across endothelium and within
tissues guided by chemoattractants and adhesion molecules. A wide range of surface
receptors allow neutrophils to respond to many different pathological stimuli, exerting their
effector functions including phagocytosis, ROS generation, degranulation of cytotoxic
substances and NET release, ultimately resulting in the disposal of pathogens. Whilst some
of these neutrophils undergo in situ apoptosis, it is now recognised that neutrophils can be

recruited to LNs, the sites of adaptive immune responses.

Following inflammatory and infectious challenges, neutrophils have been shown to migrate
into dLNSs, either carrying antigen via lymphatic vessels into dLNs, or entering dLNs via HEVs
where antigen draining from the periphery is encountered. Within LNs, neutrophils are
capable of interacting with other LN immune cells including SCS macrophages, DCs, T cells
and B cells, influencing innate and adaptive immune responses, and contributing to antigen
presentation indirectly by interacting with DCs or directly by acting as antigen presenting
cells. However, studies have shown conflicting results on the effects of neutrophils on other
immune cells, with some showing stimulatory effects and others showing inhibitory effects; it
is unclear whether this is due to differences in study conditions, stimulus-specific neutrophil

responses, or tissue site-specific neutrophil effects.

Under homeostatic conditions, neutrophils have been shown to be present in a number of
tissues, including lungs, intestine and skin, in addition to their presence in the circulation.
There is also some evidence of the presence of neutrophils in LNs at baseline, but to date
there have not been detailed studies on the anatomical location, interactions with other
immune cells, or the potential function of neutrophils within LNs at baseline. Understanding
the role of neutrophils in innate and adaptive immune responses, in homeostatic and
inflammatory conditions, is important in the development of neutrophil-targeted therapies in

inflammatory diseases.
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1.13. ILCs: overview

ILCs have recently been characterised as a group of innate immune cells with diverse
functions in regulating the initiation and resolution of inflammation. Derived from common
lymphoid progenitors that also give rise to adaptive lymphocytes, ILCs differ from B and T
lymphocytes in that they lack antigen-specific receptors generated by somatic gene
rearrangement. ILCs are found in lower frequencies compared to neutrophils and adaptive
lymphocytes in the circulation, but are instead present and enriched at mucosal barrier sites
such as skin, lungs and intestine, where a variety of epithelial- and mononuclear phagocyte-
derived signals such as cytokines, chemokines and lipid mediators produced upon microbial
stimuli and tissue damage trigger cytokine production by ILCs to influence innate and

adaptive immune responses (6,212).

The original subsets of ILCs identified were NK cells and lymphoid tissue inducer (LTi) cells.
Subsequently further subsets have been identified, and ILCs are now classified into groups
1, 2 and 3, showing analogous expression patterns of transcription factors and effector
cytokines to Th1, Th2 and Th17 cells respectively (213); regulatory ILCs have also been
described (214). These subsets have been characterised in both murine and human
systems, and have been associated with several inflammatory diseases such as

inflammatory bowel disease, asthma and psoriasis (215).

1.13.1. Classification of ILCs

ILCs are identified by a lack of lineage markers for other cell types including myeloid cells, B
cells and T cells (although a subset of ILC3s are CD4"), and positive expression of surface
markers such as IL-7Ra (CD127), IL-2Ra (CD25), common gamma chain (yc, CD132, or IL-
2Ry) and in mice Thy1 (CD90) (6,215). The three groups of ILCs can be considered innate
counterparts to T helper cell subsets, and classified based on their patterns of transcription

factor expression and cytokine production (Figure 1.6).

Group 1 ILCs (ILC1s) express T-bet, a T-box transcription factor expressed by Th1 cells; in
response to the tissue signals IL-12 and IL-15 produced by myeloid and epithelial cells in
intracellular infections such as those caused by viruses, ILC1s secrete IFNy and TNFa to
mediate type 1 immunity. This group also includes T-bet negative NK cells, which require
eomesodermin (eomes) for development (216), and mediate killing of infected cells and
tumour cells by producing cytolytic agents including granzymes and perforins as well as

IFNy, therefore showing similar functions to cytotoxic CD8" T cells.
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Group 2 ILCs (ILC2s) express the transcription factors GATA binding protein 3 (GATA3) and
retinoic acid receptor-related orphan receptor alpha (RORa), although their expression is not
limited to ILC2s. Following tissue damage, epithelial cells produce so-called alarmins,
including IL-25, IL-33 and thymic stromal lymphopoietin (TSLP), which act as tissue signals
that stimulate ILC2s to secrete the type 2 cytokines IL-4, IL-5, IL-9 and IL-13, mediating
responses to extracellular parasitic infections as well as allergic diseases (217). ILC2s are
involved in tissue repair via the production of amphiregulin, the ligand for epidermal growth
factor receptor (218). ILC2s also regulate epithelial cells in a feedback circuit, where ILC2-
derived IL-13 promotes hyperplasia of epithelial tuft cells which in turn produce IL-25 to
stimulate ILC2s (219).

Group 3 ILCs (ILC3s) express retinoic acid receptor-related orphan receptor gamma T
(RORyt) and aryl hydrocarbon receptor (AHR). They respond to myeloid cell-derived IL-1j3,
IL-6 and IL-23 by producing IL-17, IL-22, GM-CSF and lymphotoxin, promoting processes
such as release of antimicrobial peptides from epithelial cells and tissue neutrophil
recruitment to facilitate defence against extracellular bacterial and fungal infections. In mice,
one subset consists of ILC3s negative for CCR6 and positive for T-bet, with some expressing
the natural cytotoxicity receptor (NCR) NKp46 (NKp44 in humans). Another subset consists
of CCR6-positive LTi cells that produce lymphotoxin, with some expressing CD4. CCRG6"
ILC3s are located at mucosal sites such as skin and intestinal lamina propria, whilst CCR6"

LTi cells are located within lymphoid tissues such as LNs and Peyer’s patches (5,6,212,213).

1.13.2. Development of ILCs

Both innate and adaptive lymphocytes are derived from common lymphoid progenitors, found
in the fetal liver and adult bone marrow. Expression of several transcription factors, including
inhibitor of DNA binding 2 (Id2), nuclear factor interleukin-3 related (NFIL3), thymocyte
selection-associated high mobility group box (Tox) and GATAS3, are associated with the
differentiation of common Iymphoid progenitors into ILCs, although some of these
transcription factors are not restricted to ILCs. 1d2 suppresses E-protein transcription factors
such as E2A that are required for B and T Ilymphocyte development, and therefore
upregulation of 1d2 promotes differentiation into ILC subsets. A recent study demonstrated
using a murine 1d2-RFP reporter that 1d2 was expressed in all ILC subsets (including NK
cells, ILC1s, ILC2s and ILC3s), and that 1d2" ILC precursors gave rise to all ILC subsets
(220).

Downstream of common lymphoid progenitors, common helper ILC precursors that express

promyelocytic leukaemia zinc finger (PLZF) give rise to ILC1s, ILC2s and CCR6™ ILC3s,
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whilst NK cells arise from NK precursors, and LTi cells arise from o437 integrin-positive
precursors (221,222). In addition, IL-7Ra” lymphoid-primed multipotent progenitors have
been shown to differentiate into T cells and ILC2s independent of common lymphoid
progenitors, acting as a major source of neonatal ILC2s that in the lungs can persist into
adulthood (223). In humans, CD117 (c-kit)-positive ILC progenitors that can differentiate into
all ILC subsets are present in peripheral blood as well as lungs and tonsillar (lymphoid)
tissues (216). Development from committed ILC precursors into subsets is guided by
transcription factors including T-bet, GATA3, RORa, RORyt and AHR (222) (Figure 1.7). A
recent study reported the generation of a five-colour polychromic reporter mouse for
transcription factors 1d2, GATA3, Bcl11b, RORa and RORvt, facilitating investigation into the

processes of ILC development (224).

There is plasticity between the ILC subsets. In the presence of IL-12, ILC3s have been
shown to downregulate RORyt expression and upregulate T-bet expression to change into
an IFNy-producing ILC1 phenotype (225). IL-1B stimulated human ILC2s to express T-bet
and produce IFNy in the presence of IL-12 ex vivo, thus becoming ILC1-like cells (226); this
plasticity was lost in ILC2s from patients with IL-12R deficiency (227), and could be reversed
with IL-4 ex vivo (228). In response to IL-18 and IL-23, ILC2s showed reduced GATA3 and
increased RORyt, converting into IL-17-producing ILC3-like cells (229). A subset of
regulatory ILCs has also been described in the gut that expressed transcription factors
distinct from other ILCs and inhibited ILC1 and ILC3 activity via IL-10 secretion (214).

The recombination-activating genes RAG1 and RAG2 are expressed in B and T adaptive
lymphocytes and are essential in the VDJ gene rearrangement of antigen receptors. RAG-
deficient mice therefore do not develop adaptive lymphocytes (230), whilst ILC populations
remain intact as they do not express antigen-specific receptors. On the other hand, mice
deficient in both RAG and common gamma chain lack adaptive lymphocytes and ILCs, with
lymphoid tissue development also affected due to a lack of LTi cells. These mouse models
that make use of differences in development between innate and adaptive lymphocytes have

been used in experimental studies of ILCs (231).
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Figure 1.6. Classification of ILCs. ILCs are caterogised into three subsets. In response to
certain types of stimuli, epithelial and immune cells at mucosal barrier sites produce
cytokines that activate ILCs, which express transcription factors and produce cytokines in

patterns analogous to Th cell subsets.
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Figure 1.7. Development of ILCs. Common lymphoid progenitors differentiate into ILCs,
instead of B and T cells, upon expression of several transcription factors. Development into
ILC subsets is further guided by different transcription factors for each group. In addition,
ILC2s can be derived from multipotent progenitors independent of common Ilymphoid

progenitors.

1.14. Characteristics of ILC2s

Whilst ILC subsets share common gene transcripts, such as I//7r and Cxcr6, and some
subsets are not easily distinguishable, ILC2s appear to be a group with higher number of
gene transcripts distinct from other ILC subsets (232). Recent murine and human studies
have provided evidence of the role of ILC2s in the generation of Th2 responses, despite their

relatively low cell numbers compared to other type 2 effector immune cells. During the
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second part of my research project, | focussed on the behaviour of ILC2s in homeostasis and

inflammation, and will therefore consider them in more detail.

The existence of ILC2s was first suggested in studies investigating the effects of IL-25, which
is structurally related to IL-17, showing a population of cells that were not B cells, T cells or
myeloid cells but produced type 2 cytokines (233,234). Several studies were then published
in 2010 characterising this novel population in tissues at rest and following type 2
inflammatory stimuli; these cells were initially named natural helper cells, innate helper type 2
cells or nuocytes (235-237), and subsequently renamed ILC2s when a consensus was

agreed on the nomenclature for ILCs (213).

As well as expressing markers seen in other ILC subsets, including IL-7Ra (CD127), IL-2Ra
(CD25), common gamma chain (CD132), Thy1 (CD90), c-kit (CD117) and in humans CCRG,
ILC2s express markers including ST2 (IL-33R subunit), IL-17RB (IL-25R), inducible T cell
costimulator (ICOS), killer-cell lectin like receptor G1 (KLRG1) and chemoattractant receptor-
homologous molecule expressed on Th2 cells (CRTH2) (215,238,239). Some of these
markers show variable expression depending on the stimuli present, as demonstrated in a
study comparing IL-33- and house dust mite-induced lung inflammation (240). ILC2s from
different tissues have been shown to exhibit distinct transcriptional profiles, such as IL-18R1-
expressing ILC2s in the skin, with cytokine production independent of the microbiota,

suggesting the existence of ILC2 subsets that respond to tissue-specific signals (241).

The transcription factors GATA3, RORa, Bcl11b and Gfi1 are required for ILC2 development
(242,243). Whilst GATAS is expressed during development of other ILC subsets, mature
ILC2s maintain high expression of GATA3 that is important for their function, with TSLP
shown to increase GATA3 expression and type 2 cytokine production by human ILC2s in
vitro (244). Although RORa is also expressed by ILC3s, RORa-deficient mice lacked ILC2s
but still contained RORyt" ILC3s, and RORa deficiency resulted in failure to mount
pulmonary inflammation to allergen (245) and failure to expel intestinal worms (246). In
Bcl11b-deficient mice, ILC2s were absent even following stimulation, whilst ILC3 numbers in
the gut were increased (247). ICAM-1 is also required for ILC2 development and function,
with ICAM-1-deficient mice showing reduced BM and tissue ILC2 numbers, and reduced
ILC2 cytokine production following IL-33 stimulation or allergen challenge with the fungus

Alternaria alternata (248).

ILC2s are early effectors in helminth- and allergen-induced inflammation and produce type 2
cytokines, including significant amounts of IL-5 and IL-13, as well as IL-4 and IL-9. ILC2s are

involved in tissue repair via the secretion of amphiregulin (218,249). Cultured ILC2s have
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also been shown to produce other cytokines, including the immunosuppressive cytokine IL-
10, the pleiotropic cytokine IL-6, and GM-CSF which exerts a range of effects including

granulopoiesis and neutrophil priming (237).

1.15. Distribution and trafficking of ILC2s

ILC2s have been identified in a variety of non-lymphoid and lymphoid tissues. Using an IL-4
reporter, ILC2s (IL-4" cells with negative lineage markers including CD3, siglec-F, CD11b,
CD49b and IgE) have been shown to be present at rest in tissues, with highest numbers in
mesenteric LN, spleen, liver and BM, and also in lung and peritoneum (236). ILC2 numbers
increased following IL-25 stimulation, IL-33 stimulation or Nippostrongylus brasiliensis
helminth infection (which results in release of epithelial IL-25, IL-33 and TSLP); as they are
the main IL-13-producing cell population, IL-13 reporter mice have also been used to identify
ILC2s (237). ILC2s are present in adipose tissues, originally identified as lineage™ and c-
kit'Sca-1" cells within murine and human mesenteric fat-associated lymphoid clusters
(FALCs) that produced IL-5 and IL-13 (235). In the skin, dermal ILC2s constitutively produce
IL-13 at baseline (250).

In long-term parabiosis experiments, the majority of ILC1s, ILC2s and ILC3s, but not NK
cells, remained host-derived in tissues including small intestine lamina propria, lung and
mesenteric LN, demonstrating that they were predominantly tissue-resident cells. Following
N. brasiliensis helminth infection, local tissue-resident ILC2s proliferated and were
responsible for the early expansion of ILC2s at the infection site. At a later time point,
however, donor-derived inflammatory ILC2s recruited from the systemic circulation also
partially contributed to the expansion of ILC2 population post infection (10). Intravenously
transferred ILC2s have been shown, by non-invasive in vivo imaging, to migrate to the lungs
of mice 24 to 30 hours following IL-33 or CXCL16 (ligand for CXCR6) nasal challenge (251).

Intranasal administration of A. alternata, which induces allergic airway inflammation,
increased serum IL-33 and ftrafficking of ILC2 progenitors out of BM; conversely, IL-33
deficiency resulted in BM accumulation of ILC2 progenitors with higher CXCR4 expression
(252). The resultant increase in ILC2 recruitment to the lungs following Alternaria challenge
was dependent on the B2 integrin CD18 (253). The migration of BM ILC2s to the small
intestine involved expression of CCR9 and a4B7 integrin on ILC2s, and, unlike ILC3

migration, was independent of retinoic acid (254).
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Complement activation is involved in ILC2 recruitment, with one study showing that the
increase in lung ILC2 numbers following house dust mite challenge was impaired in mice
deficient in C3a, an anaphylatoxin that also acts as a neutrophil chemoattractant (255).
ILC2s express CRTH2, the receptor for prostaglandin D, and intranasal administration of
prostaglandin D, resulted in ILC2 recruitment to the lungs (256). Human ILC2s have been
shown to produce prostaglandin D, upon stimulation in vitro (257), suggesting that ILC2s

may themselves contribute to cellular recruitment in an autocrine manner.

A subset of ILC2s, expressing IL-25R and KLRG1 but not ST2, has been described as
inflammatory ILC2s that has been shown to develop either into ST2" ILC2s following IL-25
stimulation or N. brasiliensis infection, or into IL-17-producing (ILC3-like) cells following
TGFB / IL-6 stimulation or Candida albicans infection. Whilst local tissue natural ILC2s
respond to IL-33, inflammatory ILC2s respond to IL-25 (258). Adoptive transfer experiments
showed that inflammatory ILC2s were derived from small intestinal ILC2s, and upon
stimulation they migrated via lymphatics into the circulation and to distant organs including
the lungs, dependent on S1P, contributing to defence against N. brasiliensis infection and

subsequent tissue repair via amphiregulin production (259).

Therefore, whilst ILC2s are tissue-resident cells that undergo local renewal and expansion at
baseline and following inflammatory challenges, they are also recruited from BM and the gut
to distant organs following stimulation, a pattern similar to that of T cells which are activated

within LNs then migrate to local tissues to exert effector functions (260).

1.15.1. ILCs in lymphoid tissues

The development of secondary lymphoid organs, including LNs and Peyer's patches,
requires LTi ILC3s. Mice that lacked LTi cells, such as ld2-deficient and RORyt-deficient
mice, failed to develop these secondary lymphoid organs (39). All three ILC subsets have
been identified in adult lymphoid tissues, with differences in composition shown between
mucosal-draining LNs (mesenteric and mediastinal LNs) and peripheral-draining LNs
(inguinal and brachial LNs), including higher numbers of all ILCs subsets in mesenteric LN,

with a larger proportion of ILC3s in mesenteric and mediastinal LNs.

ILC2s and ILC3s have been shown to be located within interfollicular zones of mesenteric
LN. Using the photoconvertible Kaede mice, in which cells photoconvert from green to red
fluorescence following exposure to violet light, ILC2s (IL-7Ra*Sca-1") and ILC3s (IL-

7Ra’CCR6") have both been shown to traffick from the small intestine to mesenteric LN.
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Whilst CCR7 was involved in the trafficking of ILC3s to mesenteric LN, this was not the case
for ILC2s, as CCR7-deficient mice had normal numbers of mesenteric LN ILC2s (261,262).

1.16. ILC2s in Th2 responses

In type 2 immune responses, inflammatory signals from helminths and allergens at mucosal
barrier sites activate a number of immune cell types, including DCs, basophils and ILC2s,
leading to activation of Th2 cells and subsequent effector functions in defence against
parasitic infections and in allergic inflammatory responses. Basophils produce IL-4, the
cytokine that drives Th2 cell differentiation. DCs upregulate transcription factors interferon
regulatory factor 4 (IRF4) and Krippel-like factor 4 (KLF4), and the co-stimulatory molecule
0OX40 ligand (OX40L), leading to Th2 cell stimulation. Th2 cells produce the type 2 cytokines
IL-4, IL-5, IL-9 and IL-13, which exert a number of effects, such as B cell class-switching to
IgE production, eosinophil recruitment, mast cell recruitment, macrophage polarisation,

goblet cell hyperplasia / mucus secretion, and smooth muscle contraction (263).

ILC2s are critical early effectors in the initiation of Th2 responses. In vitro, ILC2s promoted
Th2 differentiation and inhibited Th1 differentiation in a contact-dependent manner (264).
Being tissue-resident cells with surface expression of receptors such as ST2 (IL-33R) and IL-
17RB (IL-25R), ILC2s can respond rapidly to the epithelial cell-derived alarmins IL-25, IL-33
and TSLP, and produce type 2 cytokines. IL-33, in particular, is a key mediator of ILC2
responses in organs such as the lungs, whilst other cytokines may play more important roles
in other organs, such as IL-25 in the gut and TSLP in the skin (219,265).

Lung inflammation induced by the protease allergen papain required ILC2s, as ILC2-deficient
mice showed impaired eosinophil, neutrophil, DC and CD4" T cell recruitment, reduced IL-5
and IL-13 production, reduced IgE levels, and lower mucus production. ILC2s were the main
source of IL-5 and IL-13 early (day 2) following papain stimulation, with CD4" T cells
becoming the dominant source only at a later time point (266). In ozone-induced nasal
inflammation, eosinophil recruitment was abrogated in RagZ"'IIng"' mice that lacked ILCs, T
cells and B cells, but intact in Rag2"' mice that lacked T and B cells but had normal ILC2s
(267). Following house dust mite challenge, however, immune cell recruitment to the lungs
consisted initially of neutrophils, then eosinophils and CD4" T cells, prior to arrival of ILC2s
(268); this may represent stimulus-specific differences in ILC2 dynamics. In vitro, IL-10,

TGFB and dexamethasone inhibited type 2 cytokine production by human blood ILC2s (269).
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ILC2s work in conjunction with other immune and stromal cells in generating type 2
responses. In a transgenic murine model with increased numbers of mast cells,
Heligmosomoides polygyrus helminth infection resulted in early increased IL-33 production
by mast cells and subsequently increased ILC2 numbers, leading to increased worm
expulsion (270). In a vitamin D analogue-induced skin inflammation model of type 2-driven
atopic dermatitis, basophils were the major IL-4 producing cell type required for ILC2
recruitment, ILC2 proliferation and induction of skin inflammation (271). ILC2s themselves
have been demonstrated to contribute to T cell activation via IL-4 in vitro (272). Another
study using papain-induced lung inflammation, however, showed that IL-4 is not essential in

generating type 2 responses (266).

Transfer experiments demonstrated that ILC2s and CD4" T cells worked synergistically in
stimulating type 2 responses, including airway eosinophilia and IL-13 production, following
ovalbumin-induced inflammation (272,273). IL-13 produced by ILC2s promoted a number of
processes in the local tissues and dLN, such as CCL17 production by IRF4" DCs leading to
pulmonary recruitment of memory Th2 cells expressing CCR4 (receptor for CCL17) following
papain-induced inflammation (243), activation of alveolar macrophages involved in killing of
N. brasiliensis larvae (274), and migration of CD40" DCs to and differentiation of Th2 cells in
the mediastinal dLN following papain stimulation (266). In vitro, recombinant IL-13 reduced
production of IL-6 and TNF by BM-derived mast cells (250).

ILC2s can also promote early immunoglobulin production by B cells. ILC2s promoted B cell
IgM production via IL-5 in co-culture, and adoptive transfer experiments demonstrated that
ILC2s promoted antigen-specific IgM production following inhaled antigen challenge
independent of T cells (275). ILC2s from FALCs produced cytokines including IL-5 and IL-6,
and stimulated B1 cell proliferation and IgA production in ex vivo co-culture (235). Therefore,
ILC2s function as a network with other innate and adaptive immune cells to generate the

early response to type 2 inflammatory stimuli.

1.16.1. ILCs and antigen presentation

Like neutrophils, ILCs are capable of antigen presentation. ILC2s have been shown, by flow
cytometry and microarray, to express MHCII at baseline (233,237), with higher MHCII
expression on ILC2s from lymphoid tissue than those from non-lymphoid tissue. Murine
ILC2s can process and present antigen in vitro via MHCII, and human ILC2s can also
present antigen to T cells. In ILC2 and OTII T cell co-cultures, addition of OVA peptide led to
an MHCII-dependent increase in T cell proliferation. In vivo, ILC2s increased antigen-

specific T cell responses to OVA peptide, whilst MHCII-deficient ILC2s showed impaired
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ability to mediate N. brasiliensis worm expulsion (264,276). C3a did not affect antigen
uptake or processing but increased peptide uploading onto MHCII in vitro, and C3a-deficient
ILC2s showed reduced ability to activate antigen-specific CD4" T cells in vitro and in vivo
(255).

ILC2s can contribute to T cell activation via expression of co-stimulatory molecules (277). In
vitro, ILC2s expressed CD80 and CD86, and in ILC2 and OTII T cell co-culture, OVA
peptide-induced T cell proliferation was reduced by antibody blockade of CD80 and CD86
(276). In response to IL-33 stimulation, ILC2s upregulated surface expression of OX40L,
which was required for tissue expansion of Th2 and Treg cells, and for type 2 immune
response to allergen and to N. brasiliensis infection (278). Murine lung ILC2s and human
peripheral blood ILC2s express both the co-stimulatory molecule ICOS and its ligand ICOS-
ligand (ICOS-L), and ICOS-deficient ILC2s showed impaired ability to stimulate eosinophilic

inflammation and airway hyperreactivity in adoptive transfer experiments (279).

As well as presenting peptide antigen, ILC2s can present lipid antigen to T cells. Human
skin ILC2s express CD1a, which is expressed on other antigen presenting cells in the skin
for presentation of endogenous and exogenous lipids; ILC2s pulsed with house dust mite or
bacterial components produced endogenous lipid ligands for CD1a-mediated presentation to
co-cultured T cells, as evidenced by increased T cell secretion of IFNy, IL-22 and IL-13
(280).

ILC3s have also been shown to express MHCII and present antigen in vitro, leading to
negative regulation of CD4" T cell responses, as the generation of MHCII-deficient ILC3s
resulted in increased CD4" T cell response to commensal bacteria, an effect that was
reversed by antibiotic administration (281). In vivo, mice with MHCII-deficient ILC3s showed
increased follicular helper T cell numbers and increased IgA production in an IL-4-dependent

manner (282).

1.16.2. Crosstalk between ILC2s and neutrophils

Whilst ILC3s mediate neutrophilic inflammation via production of cytokines, including IL-17
(283) and GM-CSF, which promote granulopoiesis, neutrophil priming and neutrophil
survival, there is also some evidence of interaction between ILC2s and neutrophils. GM-CSF
is produced by murine tissue ILC2s (232,237). In human ILC2s, in vitro overexpression of
GATAS led to increased expression of IL-5, IL-13 and GM-CSF following stimulation with IL-
2, IL-33 and TSLP (244). ILC2s, like other ILC subsets, demonstrate plasticity in their

transcription factor expression and cytokine production, including upregulation of RORyt and
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IL-17 production, therefore promoting neutrophilic inflammation (229). IL-33 stimulation
resulted in production of IL-17 by lung ST2" ILC2s that also produced IL-5 and IL-13, in a
process dependent on AHR but independent of RORyt (284). In a murine model of traumatic
injury, increased blood and lung IL-33 led to increased IL-5 production by ILC2s as well as
neutrophils; the upregulation of neutrophil IL-5 expression was dependent on ILC2s, and

amplified the type 2 response (285).

ILC2s have been shown to promote the immunosuppressive effects of neutrophils. In a
lymphocytic choriomeningitis virus (LCMV) hepatitis model, IL-33 treatment increased
neutrophil recruitment and reduced T cell numbers and liver injury, with in vitro experiments
demonstrating the mechanism of this anti-inflammatory neutrophil effect to be via ILC2-
derived IL-13 stimulation of neutrophils, leading to STAT6-mediated production of arginase-1
by neutrophils (286). Furthermore, neutrophils have recently been shown to suppress ILC2s.
In an intranasal house dust mite challenge model, anti-Ly6G neutrophil depletion resulted in
increased ILC2 production of IL-5 and IL-13 in bronchoalveolar lavage fluid, with the lack of
negative feedback by neutrophils to the IL-23 / IL-17 / G-CSF axis leading to increased G-
CSF, which promoted Th2 cytokine production. Human blood ILC2s also showed increased
IL-5 and IL-13 expression following G-CSF stimulation in vitro (153). These studies suggest
that there is bi-directional crosstalk between ILC2s and neutrophils, although both stimulatory

and inhibitory effects have been demonstrated.

1.17. ILC2s and inflammatory diseases

ILC2s have been implicated to contribute to the pathogenesis of a number of respiratory and

systemic inflammatory diseases.

1.17.1. ILC2s and respiratory diseases

Studies have demonstrated the role of ILC2s in respiratory tract diseases (287). In patients
with severe asthma, ILC2 numbers have been shown to be increased in sputum and blood;
although the absolute numbers of CD4" Th2 cells were higher, ILC2s were major producers
of IL-5 and IL-13, with in vitro cytokine production reduced by dexamethasone (288,289).
Biological therapies targeting parts of this pathway have been developed, such as the anti-IL-
5 antibody mepolizumab used successfully for asthma (263,290). ILC2s have been found,
localised in eosinophil-rich areas, in nasal polyps from patients with chronic rhinosinusitis

(228), and ILC2s showed plasticity in producing IL-17 ex vivo (291).
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In chronic obstructive pulmonary disease, where persistent inflammation results most
commonly from tobacco smoking, there is Th1 predominance, and ILC2s show plasticity
towards an ILC1 phenotype. Influenza virus and respiratory syncytial virus, common viral
triggers for disease exacerbations, downregulated lung ILC GATA3 expression leading to an
ILC1 phenotype (292), and cigarette smoke exposure in mice led to decreased ST2
expression on ILC2s (293). ILC2s have also been shown to be involved in airway repair.
Following influenza infection, anti-CD90.2 ILC depletion resulted in impaired murine airway
remodelling, which was restored by adoptive transfer of lung ILC2s or by administration of
amphiregulin (218). Bronchoalveolar lavage fluid from patients with idiopathic pulmonary
fibrosis contained higher numbers of ILC2s compared to controls, suggesting a pathogenic
role (294).

1.17.2. ILC2s and other diseases

Human and murine white adipose tissue contains ILC2s, with their numbers reduced in
obesity. ILC2s have been shown in mice to play a role in the IL-33-dependent beiging of
adipose tissue, which limits obesity (295). Higher numbers of ILC2s and basophils have
been found in proximity to each other in skin biopsies from atopic dermatitis patients (271).
Increased ILC2s have been shown by confocal microscopy in healing human skin wounds,
and in mice ILC2 depletion resulted in delayed skin wound healing (296). In rheumatoid
arthritis, IL-9 production was shown to be from lineage-positive cells in active disease, but
from ILC2s in disease remission, and ILC2-derived IL-9 promoted resolution of arthritis by

stimulating Treg cells (297).

In a murine model of sepsis with caecal ligation and puncture, ILC2 numbers were increased
in the small bowel lamina propria, and plasma IL-33 was increased in this model as well as in
patients with sepsis (298). In common variable immune deficiency, a disorder of impaired
antibody production associated with recurrent infections and autoimmunity, lower numbers of
peripheral blood ILC2s have been found, with reduced expansion and impaired MHCII

expression upon ex vivo stimulation (299).

Some studies, however, have suggested redundancy of ILCs in vivo. In a group of severe
combined immunodeficiency patients that have received stem cell transplants, persistent ILC
deficiency was observed but without clear association with disease (300). In mice, ILC2s
were present in kidneys at baseline, but ILC2 depletion did not alter the severity of
experimental ischaemia-reperfusion renal injury (301). NCR® ILC3s were shown to be

involved in the control of gut infection with Citrobacter rodentium, a Gram-negative organism
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that generates a strong Th17 response, in RAG-deficient mice lacking adaptive lymphocytes,

but ILC3s were redundant in the infection response in immunocompetent mice (302).

1.17.3. ILC2s and helminth infections

Helminth infections trigger type 2 immune responses involving a number of immune cells,
including activation of ILC2s by epithelial alarmins released following mucosal barrier
damage. Infection with the rodent nematode (roundworm) parasite N. brasiliensis is
commonly used as a model of type 2 inflammation of the lungs and gut, and is therefore

used in a number of studies of ILC2s.

In the life cycle of N. brasiliensis (Figure 1.8), eggs present in soil hatch into L1 worms or
larvae, moulting twice into L2 then L3 larvae. L3 larvae infect mice by penetrating the skin,
and within hours enter blood vessels to migrate into the lung parenchyma, where they
mature into L4 larvae and cause acute lung injury and haemorrhage, 2 to 3 days following
initial infection. The larvae then migrate into the airways, and are coughed up and swallowed
into the gut, reaching the small bowel about 4 days post infection. The L4 larvae mature into
adults and lay eggs in the gut, inducing a strong Th2 response. In rats, adult worms can
continue to lay eggs, whilst in mice the Th2 response leads to worm expulsion about 10 days
post infection (249). Worm expulsion from the gut is dependent on IL-13 signalling via
STATG6 (303), and ILC2s are important in providing type 2 cytokines for worm expulsion, as
ILC2 depletion has been shown to result in increased worm burden and reduction in Th2
cells (276). The airway remodelling following infection can subsequently lead to emphysema
in the lungs (249,304).

Another model of type 2 inflammation used for studying ILC2s is infection with Schistosoma
mansoni, a human trematode (flatworm) parasite that causes significant disease worldwide.
In their natural life cycle, S. mansoni eggs hatch in free water and infect snails, an
intermediate host, from which they are released as cercariae. The cercariae infect humans
by penetrating the skin, and migrate into the hepatic portal venous system where they
mature into adult worms, which migrate into the mesenteric veins and lay eggs (305). When
administered to mice, S. mansoni eggs induced a strong Th2 inflammatory response and
granuloma formation; killed eggs and soluble egg antigen also generated the same immune
response (306). Mice challenged with S. mansoni showed increased lung and mediastinal
LN ILC2s, which induced collagen deposition and granuloma formation in an IL-13-

dependent manner (294).
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Figure 1.8. Life cycle of N. brasiliensis. Summary of the life cycle of N. brasiliensis. Eggs
hatch and moult in soil into L3 larvae which penetrate murine skin and enter blood vessels
within hours of infection to migrate to the lungs. L3 larvae mature into L4 larvae, causing
acute lung injury and haemorrhage 2 to 3 days post infection. L4 larvae are coughed up and
swallowed, reaching the small bowel 4 days post infection. In the gut L4 larvae mature into
adults and lay eggs, inducing a strong Th2 response that in mice leads to worm expulsion

about 10 days post infection.

1.18. Dynamic behaviour of ILCs in vivo

To date there have been few studies investigating the dynamic behaviour of ILCs in vivo, in
part due to the difficulties in achieving stable live imaging of tissues such as the lungs and
gut, affected by ventilation and peristalsis respectively. ILC2s were visualised in one study
by intravital imaging in the ear skin, as CXCR6-GFP cells in mixed bone marrow chimeras,
showing similar mean speed to migratory dermal DCs, and slower mean speed but similar
meandering index compared to T cells. ILC2s showed brief interactions (not quantified in the

study) with mast cells, but were not seen to interact with macrophages or DCs (250).
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In another study, using a model where lungs were explanted, sectioned, stained with
antibodies then imaged ex vivo, ILC2s (visualised as IL-13-GFP cells) were observed to
increase in numbers around airways and large blood vessels following IL-33 stimulation,
showing amoeboid movements with speed (median approximately 3 um/min) and distance
higher than that of CD4" T cells. CCR8 antibody blockade reduced ILC2 movement,
suggesting a role of this chemokine receptor in ILC2 migration. Chemical inhibition of
collagen fibre cross-linking increased the speed and distance of movement of ILC2s, and
reduced eosinophil recruitment, suggesting possible ILC2 interaction with the extracellular
matrix (307).

In the gut, intravital imaging of ILC3s, identified as GFP" cells in RAG-deficient IL-23R-GFP
mice, demonstrated trafficking of ILC3s in and out of cryptopatches (structures containing
ILC3s and DCs), with cells mobilising out of cryptopatches following induction of colitis in a
GM-CSF-dependent manner, although ILC3s within the cryptopatches demonstrated little
motility (308).

1.18.1. Reporter mice for identifying ILCs in vivo

To date a number of mouse models have been used in the identification of ILCs.
Fluorescent reporters for type 2 cytokines have been used to identify ILC2s, although other
cells such as Th2 cells also produce type 2 cytokines and therefore these reporter mice
would be expected to have limited specificity as ILC2 reporters for in vivo studies. The 4get
mouse, with GFP fluorescence on cells expressing IL-4, was originally generated for the
investigation of Th2 responses. In contrast to knock-out mouse models, the 4get reporter is
a knock-in model, with IL-4 activity remaining intact (309). Whilst 4get mice have
subsequently been used to characterise ILC2s, GFP expression is not limited to ILC2s, and
one study using genetic tracking of cytokine production was unable to show significant I1L-4
secretion by ILC2s at baseline and following stimulation in vivo despite their GFP

fluorescence in the reporter mice (236).

IL-5 and IL-13 reporter mice have been used to identify ILC2s, which are major but not
exclusive producers of these cytokines. The IL-5 reporter Red5, with tdTomato and Cre
recombinase linked to the //5 gene, has been used to show the constitutive expression of IL-
5 by ILC2s in peripheral tissues, with the majority of fluorescent cells showing phenotypic
markers of ILC2s (310). IL-13 reporters linked to GFP (237) and to YFP / Cre recombinase
(YetCre-13) (236) have also been used to characterise ILC2s. These reporters could,

however, under-estimate ILC2 numbers, as not all ILC2s were positive at baseline (241).
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Cre-containing cytokine reporters have been crossed with Rosa26-stop flox-YFP mice to
achieve stable expression of the reporter in the target cells and their progenies; these fate
mapping reporter mice are useful in the in vivo tracing of cell lineage (231,236,310).
Fluorescent cytokine reporters, such as IL-22 and IL-23, have been used for the identification

of ILC3s, with similar limitations to cytokine reporters for ILC2s (231).

Reporter mice for ILC-associated transcription factors may represent an alternative strategy
in the in vivo identification of ILCs. A recent study proposed the identification of ILC2s as
lineage-negative GATA3-positive cells (311); however, GATA3 is expressed by other ILCs
and T cells, and therefore GATA3-GFP reporter mice would have limited use as an ILC2-
specific reporter (231). RORyt-GFP reporter mice have been used in the study of ILC3s
(312), but similarly the expression of RORyt is not limited to ILC3s. A multi-colour reporter
has recently been generated including fluorescent markers for 1d2, RORa and RORyt (224),

which may help address the issue of cell specificity in the in vivo study of ILCs.

1.19. ILCs: summary and unanswered questions

ILCs are of lymphoid origin but lack antigen-specific receptors, and respond to stimuli by
producing cytokines in an analogous fashion to Th cell subsets. Whilst low in frequency,
ILCs are present in a number of lymphoid and non-lymphoid tissues, and are involved in the
initiation and resolution of inflammation. ILC2s provide the early response to allergens and
helminths, responding to epithelial damage signals by producing cytokines including IL-5 and
IL-13 to promote type 2 immune responses. ILC2s have been shown to express MHCII for
antigen presentation to CD4" T cells, and there is also some evidence of crosstalk between

ILC2s and neutrophils.

Although there is evidence of crosstalk between ILCs and other immune cells, much focus
has been on their role as cytokine producers, with few studies to date investigating the in
vivo dynamic behaviour of ILCs in tissues. ILCs are present in LNs, but there are little data
on their behaviour in LNs in vivo, such as their trafficking patterns, their interactions with
other LN immune cells, and whether similar processes occur in LNs compared to tissue sites
of inflammation. As ILC2s have been implicated in inflammatory diseases such as asthma,
understanding the in vivo dynamics of ILC2s within the network of cells that constitute type 2
immunity can potentially aid the future development of ILC2-targeted therapies for these

disorders.
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1.20. Intravital two-photon imaging

Intravital two-photon or multiphoton microscopy has recently become a useful tool for the
study of immune cell behaviour in vivo, allowing live animal imaging of cellular interactions
within tissues that are otherwise difficult to model in vitro. The physical principles of two-

photon excitation are illustrated in the Jablonski diagram (313).

In two-photon excitation, the simultaneous absorption of two photons, both spatially and
temporally, enables fluorophore excitation at much longer, infrared-range wavelengths, but
with emission spectra identical to that from single-photon excitation. As the simultaneous
absorption of two photons is a rare event, the laser beam is spatially focussed and delivered
in extremely short pulses in the femtosecond range to generate enough two-photon
excitation events of fluorophores for imaging, and specialist lasers such as tuneable titanium
sapphire (Ti:sapphire) lasers are used to achieve this. These properties result in less
scattering and less out-of-focus absorption, and therefore lead to deeper tissue penetration
and reduced photo-damage, enabling intravital imaging over prolonged periods of time (314).
In second harmonic generation (SHG), two-photon excitation results in emission at half of the
excitation wavelength without any loss of energy (vibrational relaxation) and without the need
for fluorophore excitation (313); this is commonly employed in acquiring signals from tissue

collagen fibres during imaging without the need for fluorophore binding.

A wide variety of tissues have now been examined using intravital imaging, including LN
(315,316), ear skin (317), lung (318) and bone (319). In vivo studies of LNs have
significantly advanced understanding of immune cell interactions. The popliteal LN in
particular has often been the LN of choice for imaging studies (320), as it is relatively easy to
access and immobilise surgically compared to other LNs, it is small in size allowing for
imaging of different microanatomical regions concurrently, and it serves as the main
lymphatic drainage from the footpad making it a convenient model for investigating cellular

and antigen trafficking (316).

The principles of single-photon excitation, two-photon excitation and second harmonic

generation are summarised in Figure 1.9.
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Figure 1.9. Principles of two-photon excitation. Jablonski diagram showing the
principles of single-photon excitation, two-photon excitation and second harmonic
generation. Excitation of a single photon from ground (S,) to excited (S1) state results in
photon emission with wavelength (Aer) longer than the excitation wavelength (Agx) due to
some energy loss (vibrational relaxation) following excitation; the difference in wavelengths is
known as Stokes shift. In two-photon excitation, the simultaneous excitation of two photons
allows excitation at much longer wavelengths but with the same Ag, as single-photon
excitation. In second harmonic generation, two-photon excitation to a virtual state results in
emission without energy loss, enabling signal generation from tissues such as collagen

without fluorophore binding.

1.21. Summary

The immune system consists of a complex network of innate and adaptive immune cells
working together to respond to infectious and inflammatory challenges. Innate immune cells
are activated rapidly and form the early host defence, performing functions such as pathogen
killing, cytokine production, and antigen presentation to T cells to activate adaptive immunity.
Whilst DCs and macrophages are traditionally considered professional antigen presenting
cells, other innate cells can also present antigen. Neutrophils are the archetypal innate
effector cell type exhibiting effective mechanisms for pathogen killing, and ILCs are a
recently characterised group of innate cells that are efficient at cytokine production, with
ILC2s producing type 2 cytokines; both neutrophils and ILC2s can also express MHCII and

present antigen to influence adaptive immunity. LNs are organs packed with immune cells
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that encounter incoming antigen from peripheral tissues and from the circulation, and are

thus ideal sites for immune cellular interactions and antigen presentation.

Neutrophils have been shown to migrate to LNs following inflammatory stimuli, influencing
adaptive immunity by interacting with other LN immune cells and by direct antigen
presentation. However, in vitro and in vivo studies have shown conflicting results on the
effects of neutrophils on the overall immune response, and it is unclear whether this
represents stimulus-specific or tissue-specific differences. There is limited evidence of the
presence of neutrophils in tissues at baseline, but detailed studies are lacking on the
anatomical location, in vivo dynamic behaviour and potential function of neutrophils within
LNs in the homeostatic state. ILC2s have mainly been considered tissue-resident effector
cells that influence adaptive immunity via cytokine production, and few studies have
investigated the in vivo behaviour of ILC2s. Although ILCs are present in LNs, little data

exist on the dynamics and cellular interactions of LN ILC2s.

Intravital two-photon microscopy allows the examination of cellular behaviour and interaction
in live animals, and is a powerful tool for investigating innate immune cell behaviour in LNs.
Both neutrophils and ILC2s have been associated with a number of inflammatory diseases,
and understanding the dynamic behaviour of these cells at baseline and in inflammation
provides important mechanistic knowledge potentially leading to strategies for therapeutic

modulation of inflammatory disorders.
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Chapter 2. Hypotheses and aims

2.1. Overall aim

Innate immune cells respond rapidly to pathogenic stimuli to provide the early host response
to infection and tissue injury, and they can also influence adaptive immune responses. LNs
are specialised secondary lymphoid organs where immune cells are concentrated and
arranged in a specific anatomical distribution, and are sites for potential interactions between
innate and adaptive immune cells. Neutrophils have been shown to migrate to LNs following
inflammatory stimuli to influence other immune cells, but whether this occurs in physiological
conditions is less clear. ILCs are tissue-resident cells that shape immune responses via
cytokine production, but to date few studies have investigated their in vivo dynamic

behaviour and interactions with other immune cells in lymphoid and non-lymphoid organs.

Therefore the overall aim of my project is to study the dynamic behaviour of innate immune
cells within lymphoid organs, focussing in particular on neutrophils and ILC2s, using methods

including intravital two-photon microscopy.

2.2. Hypothesis and aims: neutrophil dynamic behaviour

2.2.1. Hypothesis

Neutrophils traffick tonically into LNs under homeostatic conditions, with the potential to
influence the adaptive immune response by interacting with other LN immune cells and by

delivering systemic antigen to LNs.

2.2.2. Aims

* Identify and quantify neutrophils in LNs from unstimulated mice and from human organ
donors

* Examine the anatomical location of neutrophils within LNs, and interactions between
neutrophils and other LN immune cells

* Quantify the dynamic behaviour of LN neutrophils at baseline in vivo

* Investigate the route and mechanism of trafficking of neutrophils from the circulation into
LNs at baseline and following inflammation

* Characterise the phenotype of LN neutrophils, including their expression of MHCII
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* Investigate the potential function of LN neutrophils, such as the delivery of circulating
antigen to LNs

2.3. Hypothesis and aims: ILC dynamic behaviour

2.3.1. Hypothesis

ILC2s are present in lymphoid organs in homeostasis and in inflammation, and their dynamic
behaviour changes in response to type 2 inflammatory stimuli, with the potential to increase

the spatial distribution of type 2 cytokines.

2.3.2. Aims

* Examine ILC2s in lymphoid organs, including Peyer’s patches and popliteal LNs, using
different experimental helminth models of type 2 inflammation

* Quantify and compare the dynamic behaviour of ILC2s in vivo at baseline and following
type 2 inflammatory stimuli in Peyer’s patches and popliteal LNs

* Investigate whether ILC2s and T cells engage in prolonged interactions in vivo

* Quantify the dynamic behaviour of ILC2s in vivo in small bowel mucosa

* Examine the use of a novel triple reporter mouse for simultaneous intravital imaging of ILC

subsets
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Chapter 3. Methods

3.1. Mice

C57BL/6 mice were purchased from Charles River Laboratories UK. LysM-GFP mice (321)
were a gift from Professor Sussan Nourshargh (Queen Mary University London) and used as
neutrophil reporter mice. Ubiquitin-GFP mice (322) were obtained from Jackson
Laboratories and used for isolation of cell type of interest for adoptive transfer. CD11c-
yellow fluorescent protein (YFP) mice (323) were originally obtained from Rockefeller
University and used as DC reporter mice. CD2-GFP/IL-13-tomato mice were obtained from
Dr Andrew McKenzie (Laboratory of Molecular Biology, Cambridge) and used as reporter
mice for ILC2s (CD21L-13") (237) and T cells (CD2"). Id2-blue fluorescent protein
(BFP)/Rora-teal/Rorc-katushka mice were novel triple reporter mice obtained from Dr
Andrew McKenzie (224) for investigating its use in the simultaneous imaging of multiple cell
subsets including ILC2s, ILC3s, DCs and T cells.

Mice were bred in facilities at the University of Cambridge or Laboratory of Molecular
Biology, and were maintained in specific pathogen free conditions. All experimental
procedures were approved in accordance with the Animals (Scientific Procedures) Act 1986
UK.

3.2. Murine unstimulated LN analysis

For the quantification of neutrophils in unstimulated LNs, young female mice aged 8 to 10
weeks were used, avoiding the risk of skin injury and subsequent neutrophil recruitment to
LNs in male mice that may fight when co-housed. Anti-CD45 antibody (1 pg in 100 yl PBS
per mouse) was injected intravenously via the tail vein immediately (within 1 minute) prior to
euthanasia to label all circulating leukocytes within the vasculature, enabling intravascular
and extravascular neutrophils to be distinguished by flow cytometry (324). Inguinal, popliteal,
mesenteric, mediastinal and axillary LNs, as well as spleen, BM and blood for comparison,

were harvested following euthanasia and kept on ice then promptly processed.

For flow cytometry, LNs were mechanically dissociated by mashing through 70 pm cell
strainers into single cell suspensions in phosphate-buffered saline (PBS) with 1% fetal calf
serum (FCS). Spleen and BM were similarly dissociated with additional red cell lysis at room

temperature. Chemical tissue digestion methods were avoided in order to preserve tissue
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neutrophils and minimise ex vivo neutrophil activation. For confocal microscopy, harvested

LNs were fixed and frozen sections generated and stained.

3.3. Murine neutrophil isolation and adoptive transfer

For neutrophil isolation, BM from the femurs of each donor mouse was flushed using PBS
with 2 mM EDTA and 0.5% heat-inactivated normal mouse serum (NMS, Southern Biotech)
and gently strained through a 70 pym cell strainer. Red cell lysis was performed with
ammonium chloride-based lysis buffer for 2 minutes at room temperature, and then cells
washed. During later experiments | omitted the red cell lysis step to reduce neutrophil ex
vivo time and inadvertent activation, and this did not result in any reduction in purity of
isolation. BM neutrophils were isolated by magnetic negative selection using MACS Mouse

Neutrophil Isolation Kit as per manufacturer’s instructions (Miltenyi Biotec).

Cell yield was calculated manually using a haemocytometer. Cell purity was determined by
generating cytospin slides and identifying mature and immature neutrophils counting a
minimum of 200 cells by microscopy, and / or by flow cytometry identifying viable (using
Live/dead stain) neutrophils as Ly6G"'CD11b" cells for C57BL/6 or ubiquitin-GFP donors or
as LysM"9"Ly6G* cells for LysM-GFP donors.

Following isolation, GFP* neutrophils were promptly transferred by intravenous tail vein
injection into C57BL/6 recipients, with 2 x 10° neutrophils in a volume of 100 to 200 yl PBS
transferred per recipient mouse. For PNAd blocking experiments, mice were given one
intraperitoneal injection of anti-PNAd (200 pg) 4 to 6 hours prior to neutrophil transfer, and a

second injection of the same dose 1 hour prior to intravital imaging.

With the LysM-GFP mice (321), although LysM is expressed by other myeloid cells, GFP-
bright neutrophils were distinguishable from GFP-intermediate monocytes and macrophages
during intravital imaging by their morphology as well as fluorescence intensity, and for
adoptive transfer neutrophils were isolated ex vivo prior to transfer to further improve the
neutrophil purity of GFP™ cells. With the ubiquitin-GFP mice, all cells are positive for GFP,

and therefore neutrophil isolation ex vivo was required prior to neutrophil adoptive transfer.

3.4. Human LN analysis and neutrophil isolation
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All human blood and tissue samples were anonymised prior to being used in experiments.
Ethical approval was obtained from the East of England Research Ethics Committee
(references 12/EE/0446 and 15/EE/0152), and experiments were performed in accordance
with the Declaration of Helsinki. Intact whole human LNs and sections of spleen were
surgically removed by the clinical transplant team from deceased organ transplant donors
and kept on ice for transport to the laboratory. In some cases peripheral blood was also
taken at the time of donation. Similar to the processing of murine LNs, human LNs were
mechanically dissociated by mashing through 70 pm cell strainer into single cell suspensions

for flow cytometry, or fixed and frozen for sectioning for confocal microscopy.

For ex vivo neutrophil stimulation experiments, peripheral blood was drawn from healthy
volunteers and transferred into tubes containing citrate as anticoagulant. Autologous
platelet-poor plasma was generated, and red blood cells separated by sedimentation with 6%
dextran for 30 minutes at room temperature. The leukocyte-rich layer was resuspended in
autologous plasma, and discontinuous (42% and 51%) plasma-Percoll (Fisher Scientific)
gradients under-layered for centrifugation. Peripheral blood mononuclear cells from the top
(plasmal42%) interface were removed. Neutrophils were harvested from the lower
(42%/51%) interface and washed three times, first with autologous plasma, then with PBS
without calcium chloride and magnesium chloride (Sigma), then with PBS with calcium

chloride and magnesium chloride (Sigma) (325).

Cell yield was calculated manually using a haemocytometer, and neutrophil purity assessed
by generating cytospin slides and counting a minimum of 200 cells by microscopy, where
neutrophils, eosinophils, peripheral blood mononuclear cells and red blood cells were

distinguished by their different morphologies.

3.5. Neutrophil stimulation

IC was generated by incubating A647-conjugated whole OVA (Molecular Probes) with
polyclonal rabbit anti-OVA (Sigma-Aldrich) in a 1:10 ratio for 1 hour at 37°C. Streptococcus
pneumoniae (serotype 14) was opsonised with 10% NMS for 30 minutes at 37°C. For ex
vivo stimulation, isolated human peripheral blood neutrophils or murine BM neutrophils were
resuspended at 5 million cells per ml in Iscove’s Modified Dulbecco’s Media (IMDM), and
incubated with PBS control, ATP (1 mM, Sigma-Aldrich), LPS (Escherichia coli O111:B4, 1
pg/ml, Sigma-Aldrich), S. pneumoniae (unopsonised or opsonised, neutrophil to bacteria
ratio 1:23) or OVAIC (5 pg/ml OVA) for 1 hour at 37°C in a Thermomixer at 300 rpm,
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following which stimulation was quenched and cells washed with cold PBS for staining for

flow cytometry.

For reverse-transcriptase polymerase chain reaction (RT-PCR), murine BM neutrophils were
stimulated with PBS control, OVA or OVAIC for 2 hours at 37°C, and mRNA expression of
genes for MHCII and co-stimulatory molecules quantified using primers for H2-Aa, H2-Ab1,
Cd80, Cd86 and Cd40. For co-culture experiments, OVA- or OVAIC-stimulated murine BM
neutrophils were incubated with OTII CD4" T cells in a 2:1 ratio for 48 hours prior to staining

for flow cytometry to assess T cell activation.

For in vivo stimulation with systemic IC, OVAIC was generated in vitro as described above.
OVA or OVAIC (5 ug OVA per mouse) was made up to a volume of 200 ul with PBS and
injected intravenously via the tail vein into LysM-GFP mice, followed 1 hour later by popliteal
LN intravital imaging or LN harvest for flow cytometry. For generation of local IC in vivo,
rabbit anti-B-phycoerythrin (PE) antibody (2 mg, Rockland) was administered by
intraperitoneal injection one day prior to imaging, and PE (15 ug, Invitrogen) administered by
subcutaneous footpad (hock) injection at the start of the surgical preparation for intravital

imaging, with PEIC forming in the imaged popliteal dLN (326).

3.6. Antibodies

Antibodies were purchased from BioLegend, eBioscience, R&D or Thermo Fisher for staining
for flow cytometry, confocal microscopy or intravital microscopy. Anti-mouse and anti-human
antibodies used in experiments are listed in Tables 3.1 and 3.2, respectively. For
biotinylated primary antibodies, fluorophore-conjugated streptavidin was used for secondary

staining.
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Antibody Clone Conjugated fluorophore
B220 RA3-6B2 Pacific Blue, BV605, A647
CCRY7 4B12 A488, PerCP.Cy5.5
CD11b M1/70 Pacific Blue, FITC, BV605, PerCP.Cy5.5, APC
CD11c N418 A488, PE.Cy7, A700
CD169 3D6.112 A647

CD25 PC61 PerCP.Cy5.5

CD3 OKT3 BV510, BV605, PE, A647
CD45 30-F11 BUV395, eFluor450

CD69 H1.2F3 BV785

CD8 53-6.7 BV785, PE.Cy7

CXCR4 2B11 PE

F4/80 BMS8 FITC, eFluor660

FceR1 MAR-1 PE.Cy7

GFP Rabbit polyclonal | A488

Gr-1 RB6-8C5 Pacific Blue, PE.Cy7, A700
ICOS C398.4A PerCP.Cy5.5

IL-7Ra A7R34 Biotin

KLRG1 3F12F2 PerCP.eFluor710
Live/dead - Aqua, A780

Ly6G 1A8 Pacific Blue, A647, A700, BV785
LYVE-1 223322 PE

MHCII M5/114.15.2 Pacific Blue, BV650, A700
NK1.1 PK136 BUV395, PE.Cy7

PNAd MECA-79 Biotin

Siglec-F E50-2440 A647

Streptavidin - BV421, APC, A647

Ter119 Ly-76 PE.Cy7

Table 3.1. List of anti-mouse antibodies used.
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Antibody Clone Conjugated fluorophore

CCRY7 3D12 FITC, PE

CD11b M1/70 BV421, Pacific Blue, BV605

CD15 HI198 eF450, FITC, BV650, A700

CD16 3G8 Pacific Blue, BV650, APC.eFluor780
CXCR4 12G5 FITC, PE

HLA-DR L243 PB, PerCP.eFluor710

Live/dead - Aqua

LYVE-1 537028 APC

PNAd MECA-79 PE

Table 3.2. List of anti-human antibodies used.

3.7. Flow cytometry

Single cell suspensions of isolated cells or organs (processed as described above) were
given Fc block with 0.5% NMS for 20 minutes on ice prior to staining. Antibodies were used
at 1:200 and cells were stained for 45 minutes on ice, then washed and stained with
Live/dead stain at 1:333 for 15 minutes at room temperature. For antibody mixtures
containing anti-CCRY7, staining was instead performed for 30 minutes at room temperature,
with Live/dead stain added in the last 15 minutes, in order to maximise staining of CCR7
which exhibits receptor recycling. After staining, cells were washed with cold PBS, and
either fixed and kept on ice until analysis, or resuspended in PBS and analysed immediately
to preserve GFP fluorescence on live cells. Data were acquired using LSRFortessa flow

cytometer and FACSDiva software (BD Biosciences).

3.8. Confocal microscopy

Harvested LNs were fixed in 1% paraformaldehyde (PFA) overnight at 4°C, dehydrated in
30% sucrose for 8 to 10 hours at 4°C, and frozen in optimum cutting temperature (OCT)
compound (VWR). Frozen LNs were cut to 30 to 50 ym sections in a cryotome. For
staining, sections were first immersed in blocking buffer containing 0.1 M TRIS, 1% bovine
serum albumin (Reagent diluent, R&D), 1% NMS and 0.3% Triton X-100 (Sigma-Aldrich) for

1 hour at room temperature to reduce non-specific antibody binding, then stained with
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antibodies in blocking buffer overnight at 4°C in a humidified chamber. Antibodies were used
at 1:50 for anti-Ly6G and 1:100 for others. Rabbit polyclonal anti-GFP-A488 was used to
augment GFP fluorescence in fixed tissue sections. Slides were washed three times with
PBS, and when primary biotin-conjugated antibody was used further staining with secondary
streptavidin antibodies was performed for 30 minutes at room temperature in a humidified
chamber. After further PBS washes microscopy coverslips were mounted with Vectashield

mounting medium (Vector).

Confocal images were acquired using a Leica TCS SP8 microscope and 40x oil immersion
objective, with optical sections under 2 pm, and the tiling function used in some cases to
generate images of whole LN sections. With the use of commercially available antibodies
with large Stokes shifts (the difference between excitation and emission wavelengths), such
as the Brilliant Violet antibodies, tissue sections could be stained with five or six fluorophore-
conjugated antibodies simultaneously for confocal imaging with four excitation laser lines,
which in our set up were 405 nm, 488 nm, 561 nm and 633 nm lasers. This technique
enabled multiple cell types to be imaged and analysed by standard confocal microscopy
(327) .

3.8.1. Confocal quantification of neutrophil number and location

For each LN, 50 um sections were generated, with five sections stained and tiled confocal
images of whole sections taken. Neutrophils, with bright LysM-GFP fluorescence, were
manually counted, and the average cell number in a 50-um section multiplied by the total
number of sections to calculate the number of neutrophils in the whole LN. The location of
each neutrophil was determined manually to be within interstitium, within PNAd" HEVs or
within LYVE-1" lymphatic vessels; if the neutrophil was partially within a vessel it was

classified as within the vessel.

3.9. Helminth models for imaging ILC2s

Both N. brasiliensis larvae and S. mansoni eggs were provided by Dr Andrew McKenzie
(Laboratory of Molecular Biology, Cambridge). For the N. brasiliensis model, live L3 N.
brasiliensis larvae were injected subcutaneously into each mouse (300 to 500 live larvae in
200 pl PBS per mouse) on day 0. Intravital imaging of Peyer’s patch and small bowel was
performed on day 5, with confirmation of the presence of larvae in the small bowel by visual
inspection of the bowel lumen after imaging. For the S. mansoni model, S. mansoni eggs

were inactivated by UV irradiation and injected subcutaneously into the left hind footpad
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(5000 eggs in 25 pl PBS per mouse), with PBS injected into the right hind footpad as control
on day 0, and intravital imaging of both popliteal LNs performed on day 1 following footpad

immunisation.

3.10. Intravital microscopy

Popliteal LNs and Peyer’s patches were surgically exposed in anaesthetised mice. For some

experiments, a combination of single- and two-photon excitation was used.

3.10.1. Surgical preparation

Each mouse was anaesthetised using inhaled isoflurane at approximately 2% for induction
and 1-2% for maintenance via a vaporiser and driven through oxygen at a flow rate of 1
L/min. In some experiments, vessels were visualised by intravenous tail vein injection of
Qtracker655 (10 to 20 ul, Life Technologies) to label blood vessels and subcutaneous hind
footpad (hock) injection of anti-LYVE-1-PE antibody (5 pl) to label lymphatic vessels. In
other experiments, the SCS was outlined by subcutaneous hind footpad (hock) injection of
anti-CD169-A647 antibody (5 ul) to label SCS macrophages. Hair was removed from the
skin of the imaged area (knee for popliteal LN, abdomen for small bowel) by shaving and

application of depilatory cream.

The mouse was kept warm on an electric heat pad during the surgical dissection. For
popliteal LN imaging, the mouse was placed prone and one leg secured into position on a
custom-made imaging stage. Under a dissecting microscope, a skin window was made in
the popliteal fossa; the popliteal LN, located lateral to the popliteal vein, was exposed by
careful dissection of overlying structures whilst minimising bleeding. The exposed LN was
kept moist with warm PBS, and a cover slip placed above to create a water seal (Figure 3.1).
The mouse was then transferred to the imaging box, and popliteal LN imaging performed

with the temperature in the imaging box maintained at 36°C.
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Figure 3.1. Intravital popliteal LN imaging. Photograph showing the setup for popliteal LN
imaging with the mouse on a customised stage and the popliteal LN surgically exposed and
secured under a cover slip. The anatomical landmarks used to identify the popliteal LN are

shown in the diagram on the right.

For small bowel imaging, a small midline incision was made in the upper abdomen and the
peritoneum was opened. The mouse was placed laterally on the imaging stage. A loop of
small bowel containing Peyer's patch was carefully externalised to minimise trauma, kept
moist with warm PBS and cover slip placed above to create a water seal. The mouse was
then transferred to the imaging box for imaging of Peyer’s patch and small bowel at 36°C
throughout. With this set up the small bowel wall could be imaged without trauma from

surgical incision of the small bowel.

3.10.2. Image acquisition

Two-photon imaging was performed with a Chameleon Vision-S tuneable (excitation
wavelength range 690 nm to 1050 nm) Ti:Sapphire multiphoton laser attached to a Leica
TCS SP8 microscope on a stabilising platform which minimised movement artefacts during
imaging. A 25x water dipping objective was used, with optical sections 2 ym and one Z
stack imaged every 40 seconds to acquire data for generation of time-lapse movies. For
experiments investigating neutrophil trafficking, two doses of anti-PNAd blocking antibody
were administered prior to imaging as detailed above (Section 3.3). Focal laser damage was
achieved by two-photon excitation of a confined area of the LN at 860 nm and 90% laser
power for 1 to 2 minutes, with subsequent autofluorescence of the damaged area confirming
local tissue injury whilst allowing easy visualisation of neutrophil recruitment towards local

laser damage.

68



For two-photon excitation at around 920 nm, the microscope detectors were set to fixed
wavelengths to detect the following: GFP, 500/15 nm; YFP, 530/11 nm; collagen second
harmonic generation, 460/50 nm; PE, 585/40 nm; Qtracker655, 675/55 nm. For experiments
involving AB47 or equivalent fluorophores, which would not be excited at the 920 nm
wavelength, | used sequential excitation within each time frame, with two-photon excitation at
920 nm for GFP, collagen second harmonic generation, PE and Qtracker655, followed by
single-photon excitation at 633 nm for A647; PE could also be excited with single-photon

laser at 561 nm instead.

3.10.3. CD2/IL-13 double reporter imaging

The optimal two-photon excitation wavelengths for GFP and tomato are different, being
around 920 nm for GFP and 1050 nm for tomato (328). For the intravital imaging of the CD2-
GFP/IL-13-tomato double reporter mouse using two-photon excitation, this would have
required sequential excitation and signal acquisition with repeated re-tuning of the
multiphoton laser, which in our microscope equipment setup would result in significant delay.
Instead, for intravital imaging | used simultaneous single-photon excitation with 488 nm (for
GFP) and 561 nm (for tomato) excitation lasers. Although this had the potential
disadvantages of less tissue penetration and more photo-bleaching, in reality | was able to
obtain images of sufficient Z depth, for durations long enough for quantitative analysis of

cellular dynamics without suffering significant photo-bleaching.

3.10.4. Id2/Rora/Rorc triple reporter imaging

The imaging strategy of the Id2/Rora/Rorc triple reporter, with the fluorophores BFP, teal and
katushka respectively, required careful consideration. Teal was not a bright fluorophore, but
a two-photon excitation wavelength of 920 nm resulted in adequate emission of teal, as well
as collagen by second harmonic generation. BFP, however, required a shorter two-photon
excitation wavelength, at which the signal from teal was significantly masked by macrophage
autofluorescence. There was also overlap in the emission spectra of BFP and teal.
Katushka required two-photon excitation wavelength at approximately 1100 nm, longer than

the limit of our tuneable laser (314).

To avoid these issues, | used a strategy of sequential single- and two-photon excitation, and
in combination with specific detector ranges | was able to achieve minimal signal overlap
between fluorophores. This strategy also allowed for an additional fifth channel, either A647
detection with single-photon excitation (for example SCS macrophage labelling using anti-
CD169-A647 antibody), or Qtracker655 detection with two-photon excitation (for labelling of
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blood vessels). For consistency | used the same settings for all four- or five-channel imaging

experiments with the triple reporter mouse (Table 3.3).

Fluorophore Excitation (wavelength) Detector range
Teal Two-photon (920 nm) 500-550 nm
Collagen second Two-photon (920 nm) 435-485 nm
harmonic generation

Qtracker * Two-photon (920 nm) 648-702 nm
BFP Single-photon (405 nm) 410-485 nm
Katushka Single-photon (516 nm) 565-630 nm
A647 * Single-photon (633 nm) 650-750 nm

Table 3.3. Excitation and detection strategy for the imaging of triple reporter tissues.
Microscope settings for sequential two-photon and single-photon imaging of multiple
fluorophores. * Either Qtracker or A647 (not both) was acquired in combination with teal,

collagen, BFP and katushka, resulting in five-colour images.

3.11. Image processing and data analysis

Intravital movies and confocal images were processed using Imaris software version 7.4
(Bitplane) and Fiji Image J (NIH). Non-specific background noise was filtered using the
Gaussian filter function. For some confocal images the ‘co-localisation’ function was used to
render surfaces with co-expression of two fluorophores. For intravital movies, cells were
tracked using the ‘surfaces’ function, and cell tracks were visually checked and artefactual
tracks manually corrected. Dynamic parameters including mean speed, maximum speed,
track straightness, cell volume and cell surface area were generated for analysis. Time-
lapse movies were recorded at 10 frames per second (fps), or at slower rates for some
movies for clarity of presentation. In vivo cellular interactions were quantified by examining

time-lapse movies and manually determining the durations of interactions.
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For the data from the Id2/Rora/Rorc triple reporter, surfaces were generated for each of the
Id2*, Rora® and Rorc” cell populations, and dual- or triple-positive cells were manually
identified and assigned new surfaces, including Id2*Rora”, Id2"Rora*Rorc” and Rora*Rorc”

cells.

Flow cytometry data were processed using FlowJo software version 10.0.8. Data were
analysed using GraphPad Prism version 6. Statistical analysis was performed using
unpaired t-tests or one-way ANOVA with Holm-Sidak correction for between-group multiple
comparisons. p < 0.05 was considered to be statistically significant. All graphs are shown

as mean = SEM unless otherwise indicated.

71



Chapter 4. The role of lymph node neutrophils in homeostasis

4.1. Background

Neutrophils are traditionally considered early effectors of innate immunity, being circulating
leukocytes with short half-lives that are rapidly recruited to inflamed tissues, responding to
pathogenic stimuli by expressing multiple surface receptors that recognise PAMPs, DAMPs
and antigen-antibody IC. In addition, neutrophils are increasingly recognised to exert
influence on innate and adaptive immunity. Following local inflammatory or infectious stimuli,
neutrophils can migrate to dLNs via both blood and lymphatic vessels, with the mechanism of
entry involving molecules such as PNAd, CXCR4 and CD11b; neutrophils have also been
shown to carry peripheral bacterial antigen via lymphatics to LNs (114,130,131). Within the
LN, neutrophils can interact with other immune cells following inflammatory and infectious
stimuli, such as with SCS macrophages to limit systemic pathogen spread, with DCs to
influence antigen presentation, and with B and T lymphocytes to influence adaptive immunity
directly, although studies have shown inconsistent results on the overall effects of these
interactions on the adaptive immune response. Neutrophils themselves can present antigen
to CD4" T cells via MHCII in vitro (161,167), and cross-present antigen to CD8" T cells via
MHCI in vivo (181).

Beyond their roles in inflammation, the presence of neutrophils has also been demonstrated
in a number of non-lymphoid tissues at baseline (210). Whilst there is limited evidence of
neutrophils being present in LNs at baseline, there have not been detailed in vivo studies
characterising the anatomical location, trafficking, cellular interactions and potential function
of LN neutrophils in homeostatic conditions. Such data would provide evidence of broader
functional remits of neutrophils in immune homeostasis, beyond their classical function of
pathogen killing, and advance knowledge on the biological processes underlying many

chronic inflammatory diseases where persistent neutrophilic inflammation is a feature.

Therefore | addressed the question of whether neutrophils traffick tonically into LNs under
homeostatic conditions, expanding their routine patrol territory beyond the circulation, with
the potential to influence adaptive immunity. For this | used techniques including confocal
and intravital two-photon microscopy to examine the number and location of LN neutrophils
at baseline, in vivo dynamics and interactions with other LN immune cells, the route and
mechanism of trafficking into LNs, and the phenotype and potential function of neutrophils in

LNs, such as delivery of systemic antigen to LNs.
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4.2. Choice of reporter mouse and neutrophil isolation method

For studying LN neutrophils in homeostasis, | first used wild type (WT) C57BL/6 mice and
identified neutrophils as Ly6G'CD11b", using the neutrophil-specific 1A8 clone of anti-Ly6G
antibody. Although neutrophils showed high Ly6G expression by flow cytometry, when used
for confocal microscopy anti-Ly6G gave a weak signal and showed non-specific background
staining, requiring co-staining with anti-CD11b for neutrophil identification. A transgenic
reporter mouse with fluorescent neutrophils was also required for intravital imaging. For
imaging studies, | therefore used the LysM-GFP mouse, commonly used as a neutrophil
reporter (321). Examination of LysM-GFP tissues showed that whilst F4/80 macrophages
were GFP-intermediate, the majority of GFP-high cells were Ly6G'CD11b" neutrophils
(Figure 4.1A,B); by microscopy these cells were also distinguishable by their differences in

nuclear morphology and intensity of GFP fluorescence.

LysM-GFP BM

BM Singlets

Ly6G ——>

e inumnd
= 10.2%

FSC— 5 FSCH—>  GFP— 3 -

38 3%
CcD1Mb— F4I80—)

Ly6G ——>

8 PMNs Macrophages
LysM-GFP spleen 98.7% -
GFPY: | ] S .
Spleen Singlets GFP+ o o
3 . 5. £ 15
-] ? e . N -1 i A’ .
CDMb——>  FaiBo—— >
8.93%
! P w
GFP™ | .| ol
8 .3 “ r}‘!‘:» O .4
2 S 80 3%

COMb—>  Fago- 9

Figure 4.1. Specificity of LysM-GFP mouse for neutrophils in tissues. Flow cytometry

plots showing proportions of neutrophils (Ly6G'CD11b"*) and macrophages (Ly6G'F4/80%) in
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GFP-high (GFP") and GFP-intermediate (GFP™) cell populations in (A) BM and (B) spleen

of an unstimulated LysM-GFP mouse.

| established a method for murine neutrophil isolation, in order to assess neutrophil trafficking
in vivo and to characterise the effects of inflammatory stimuli ex vivo. | made attempts to
isolate murine neutrophils from peripheral blood, drawn via inferior vena caval or cardiac
puncture, using magnetic negative selection, but cell yield was consistently low with a
maximum of 400,000 neutrophils per mouse, insufficient for adoptive transfer for in vivo
imaging. Murine BM neutrophils have been shown to be functionally similar to peripheral
blood neutrophils, in degranulation and reactive oxygen species generation (329), and cell
yields from BM isolation are much higher compared to that from peripheral blood (330).

Therefore, for my experiments | proceeded to neutrophil isolation from BM.

Neutrophils were isolated from BM of donor mice using red cell lysis and magnetic bead
negative selection, with an average vyield of 7.1 x 10° neutrophils per mouse. Assessment of
purity by light microscopy showed average of 80.2% morphologically mature neutrophils
(with characteristic ring-shaped nuclei) and 14.7% immature neutrophils (Figure 4.2A). By
comparison, isolation of human neutrophils from peripheral blood using red cell
sedimentation and plasma-Percoll gradients (325,331) yielded an average purity of 95%
neutrophils, with contaminants being eosinophils (3%), lymphocytes and red blood cells
(Figure 4.2B).

By flow cytometry, for murine BM neutrophil isolation the average viability was 97.1%, and
purity (Ly6G*CD11b") was 92.9% (Figure 4.2C). When LysM-GFP BM was used, the purity
was improved with an average of 96.8% of GFP™ cells being Ly6G" (Figure 4.2D). In later
murine neutrophil isolations, the red cell lysis step was omitted, reducing ex vivo exposure

time without affecting purity post isolation.

The process of isolation did not result in inadvertent neutrophil activation, as demonstrated
by the ability of isolated neutrophils to upregulate CD11b upon ex vivo OVAIC stimulation
(Figure 4.2E). Therefore, neutrophils isolated from BM of WT unstimulated C57BL/6 and
LysM-GFP mice were used for subsequent ex vivo stimulation, confocal microscopy and in

vivo intravital imaging experiments.
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Figure 4.2. Neutrophil purity and activation status ex vivo following isolation. (A) Light
microscopy image of murine BM neutrophils post isolation, with examples of immature (red
arrow) and mature (black arrow) neutrophils; original magnification x100. (B) Light
microscopy image of human peripheral blood neutrophils post isolation; original magnification
x40. (C) Representative flow cytometry plots showing neutrophil purity post isolation from
BM of C57BL/6 mouse. (D) Representative flow cytometry plots showing neutrophil purity
post isolation from BM of LysM-GFP mouse. (E) Neutrophil activation as measured by

CD11b expression of unstimulated and OVAIC-stimulated murine neutrophils post isolation.

4.3. Presence of neutrophils in unstimulated LNs

Firstly, | examined whether neutrophils were present in LNs under unstimulated, homeostatic
conditions. | harvested wild type murine LNs from a number of anatomical sites including
inguinal, popliteal, mesenteric, mediastinal and axillary LNs, using young (aged 8 to 10

weeks) female mice to avoid any confounding from skin injuries in male mice which are more
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prone to fighting when co-housed. In all sampled LNs, small populations of live
Ly6G*CD11b" neutrophils were observed (Figure 4.3A,B), with the popliteal LN containing
the fewest absolute number of cells due to its small size (Figure 4.3C). Circulating
leukocytes were labelled with intravenous administration of CD45 antibody immediately prior
to organ harvest; the majority of LN neutrophils were negative for anti-CD45, showing they

were within tissues and not simply circulating within LN blood vessels (Figure 4.3D,E).
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Figure 4.3. Neutrophils in unstimulated LNs as quantified by flow cytometry. (A-C)
Flow cytometry quantification of neutrophil numbers in inguinal (ing), popliteal (pop),
mesenteric (mes), mediastinal (med) and axillary (axi) LNs from unstimulated wild type mice,
with (A) representative plots of neutrophils, (B) neutrophil numbers as % live cells, and (C)
absolute neutrophil numbers per LN; **p < 0.01 across groups. Data from 10 mice in 7
experiments. (D-E) Extravascular neutrophils quantified as % negative for intravenously
injected anti-CD45, with (D) representative flow cytometry plots, and (E) quantification of

extravascular neutrophils; ***p < 0.001 across groups. Data from 12 mice in 9 experiments.
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Confocal microscopy of LN sections also showed neutrophils within LNs, distributed mainly in
the periphery, and in the interfollicular and interlobar areas (Figure 4.4A). Confocal
quantification showed that the true neutrophil numbers within LNs were over ten-fold higher
than estimates by flow cytometry (Figure 4.4B). Mechanical dissociation for flow cytometry
has been shown to underestimate tissue cell numbers in other organs (332). Together,

these indicate the presence of neutrophils in unstimulated LNs under homeostatic conditions.
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Figure 4.4. Neutrophils in unstimulated LNs as quantified by confocal microscopy.
(A) Confocal image of whole inguinal LN section from unstimulated C56BL/6 mouse; scale
bar 300 ym, Z stack 5 ym. (B) Confocal quantification of neutrophil numbers from

unstimulated LNs. Data from 3 mice.

4.4. Location and dynamic behaviour of neutrophils within LNs

| next asked the question of whether LN neutrophils were present in blood and lymphatic
vessels supplying the LN, or within the LN parenchyma. | examined the anatomical location
of neutrophils by confocal microscopy of unstimulated LysM-GFP (neutrophils as GFP™;
Figure 4.5A) and C57BL/6 (neutrophils as Ly6G'CD11b"; Figure 4.5B) LNs. A small
proportion of neutrophils were within HEVs and lymphatic vessels, labelled by PNAd and
LYVE-1 respectively, but the majority (75-82%) of neutrophils were located within the LN
interstitium, as quantified in LNs from different sites (Figure 4.5C). The presence of
neutrophils within the lumen of both HEVs and lymphatic vessels suggests that they may
traffick into LNs from both blood and peripheral tissues. Staining of WT C57BL/6 LN with
anti-GFP antibody did not show non-specific background staining (Figure 4.6A), enabling the
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use of anti-GFP to improve confocal detection of LysM. LN neutrophils were rarely found in
B cell follicles, but were located predominantly in interfollicular zones and the floor of the
SCS, in close proximity to T cells (Figure 4.7A), SCS macrophages (Figure 4.7B) and DCs

(Figure 4.7C), placing them in positions for potential interactions with these LN immune cells.
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Figure 4.5. Location of LN neutrophils in relation to lymphatic and blood vessels. (A)
Confocal image of inguinal LN from unstimulated LysM-GFP mouse, scale bar 300 ym, Z
stack 10 um; 3 boxed areas magnified, with red arrow showing a neutrophil within lymphatic
vessel, and blue arrow a neutrophil within HEV. (B) Confocal image of popliteal LN from
unstimulated C57BL/6 mouse showing neutrophils (Ly6G'CD11b"); scale bar 200 ym, Z
stack 15 ym. (C) Confocal quantification of neutrophil location in relation to vessels within

LNs. Data from 3 mice.
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Figure 4.6. Absence of background non-specific staining with anti-GFP antibody. (A)
Confocal image of mesenteric LN from WT C57BL/6 mouse stained with anti-GFP; scale bar
200 ym, Z stack 15 ym.
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Figure 4.7. Anatomical location of neutrophils within LNs. (A) Confocal image of
inguinal LN, scale bar 300 ym, Z stack 20 ym; magnified area annotated to show anatomical
location of neutrophils in relation to B cell (B220") and T cell (CD3") areas. (B) Confocal
image of inguinal LN, scale bar 300 ym, Z stack 20 ym; inset showing neutrophils in
proximity to CD169" SCS macrophages. (C) Confocal image of inguinal LN, scale bar 40

um, Z stack 11 um; inset showing neutrophil co-localisation with CD11¢” DCs.

The behaviour of LN neutrophils was examined in vivo by intravital two-photon imaging of
popliteal LNs of LysM-GFP mice without prior infectious or inflammatory challenge. LN
neutrophils were motile and showed random crawling (Figure 4.8A) at a mean speed of 5.8

um/min (Figure 4.8B), similar to that of lymphocytes within LNs (28,333).

4.5. Trafficking of circulating neutrophils into LNs

Given the presence of neutrophils in HEVs, | sought to determine whether neutrophils
tonically traffick into LNs from the circulation. GFP" neutrophils were isolated from donor BM
and transferred intravenously into C56BL/6 mice, and recipient LNs were subsequently
examined by intravital imaging. At 24 hours post transfer, neutrophils were present in the
SCS and cortex of LNs (Figure 4.8C) crawling at a mean speed of 6.5 ym/min (Figure 4.8D),

similar to that of native neutrophils.
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Figure 4.8. Dynamic behaviour of native and transferred neutrophils in LNs in vivo.
(A) Intravital two-photon image of unstimulated LysM-GFP popliteal LN, movements shown

in green tracks; scale bar 40 ym, Z stack 60 um. (B) Mean speed of neutrophil movement
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within LN; pooled data from 4 movies, with each dot representing one cell track. (C) Intravital
image of C57BL/6 popliteal LN 24 hours following intravenous transfer of LysM-GFP
neutrophils, movements shown in green tracks; scale bar 50 ym, Z stack 80 um. (D) Mean
speed of transferred neutrophil movement within LN; pooled data from 3 movies, with each

dot representing one cell track.

Surprisingly, given the dogma that neutrophils are short-lived cells, at 4 to 5 days post
intravenous transfer motile GFP™ cells were still observed within LNs (Figure 4.9A); confocal
microscopy of LNs 7 days post transfer confirmed these GFP" cells were still present, and
co-staining with Gr-1 showed they were intact neutrophils rather than efferocytosed
neutrophils fragments (Figure 4.9B). Although these neutrophils were isolated from BM and
may therefore be less mature, these data challenge the current dogma that neutrophils

exiting the BM only survive for a matter of hours.
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Figure 4.9. Presence of transferred neutrophils in LNs. (A) Intravital image of popliteal

LN of C57BL/6 mouse 4 days following intravenous LysM-GFP neutrophil transfer, cell
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movement in white dotted track; scale bar 30 ym, Z stack 80 um. (B) Confocal image of
mesenteric LN of C57BL/6 mouse 7 days following intravenous LysM-GFP neutrophil
transfer stained with anti-Gr-1, showing transferred (LysM*Gr-1%) and native (LysM'Gr-17)

neutrophils; scale bar 10 um, Z stack 18 um.

Using in vivo administrations of subcutaneous anti-LYVE-1 and intravenous Qtracker to label
lymphatic and blood vessels respectively, intravenously transferred neutrophils were
observed by intravital imaging to traffick into LNs via both lymphatic vessels (Figure 4.10A)
and HEVs (Figure 4.10B), with GFP" cells seen to emerge from labelled vessels. Within the
LN, some of these neutrophils were observed to crawl along collagen fibres, visible via

second harmonic generation, over prolonged periods (Figure 4.11A).
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Figure 4.10. Trafficking of circulating neutrophils into LNs in vivo. (A) Example by
intravital imaging of intravenously transferred neutrophil trafficking from lymphatic vessel into
popliteal LN, cell track in dotted white line; scale bar 20 ym, Z stack 60 ym. (B) Example by
intravital imaging of intravenously transferred neutrophil trafficking from HEV into popliteal

LN, cell track in dotted white line; scale bar 20 um, Z stack 90 uym.
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Figure 4.11. Movement of neutrophils along collagen fibres within LNs in vivo. (A)
Example by intravital imaging of transferred neutrophil crawling along collagen fibre within

the popliteal LN, cell track in dotted white line; scale bar 30 ym, Z stack 80 ym.

4.6. Presence of neutrophils in human LNs

Compared to murine neutrophils, human neutrophils are the most abundant white cell type in
blood and have longer circulating half-lives (60-63,65,334). | therefore investigated whether
neutrophils were also present in human LNs. Whole intact inguinal, mesenteric and thoracic
LNs were obtained from human organ donors and mechanically disaggregated for immediate
assessment by flow cytometry. The characteristics of the organ donors are summarised in
Table 4.1 below, with a mean age of 52 years (range 10 to 78 years), 64% being male, and

the majority of donors having suffered fatal intracranial injury.

Small populations of neutrophils, identified as live CD15°CD16" cells by flow cytometry, were
identified in all LNs studied (Figure 4.12A). The relative neutrophil numbers in human LNs
from different sites were not statistically different (Figure 4.12B), but higher compared to
those in murine LNs. Confocal imaging of LN sections using CD15 as a neutrophil marker
confirmed that these cells were located mainly within the LN interstitium, near LYVE-1*
lymphatic vessels (Figure 4.12C) and PNAd" HEVs (Figure 4.12D). Therefore, similar to
murine LNs, human LNs also contained neutrophils that were mostly located within the LN

tissue.
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Age |Sex |Donor |Cause of death Known infections | Co-morbidities

69 |F DBD Intracranial None Hypercholesterolaemia
haemorrhage

71 M DBD Intracranial None Hypertension, ischaemic
haemorrhage heart disease, asthma

63 |M DCD Intracranial None High alcohol intake
haemorrhage

30 |M DBD |Cerebral oedema Cerebral abscess |Diabetes

76 |M DBD Intracranial None None
haemorrhage

77 (M DCD Subdural Fever of unknown |Diabetes, peripheral
haematoma post source vascular disease,
RTC hypertension, depression

27 |F DBD RTC None None

23 |M DCD Hypoxic brain injury |None None
post RTC

10 |F DBD |Glioma with None Crohn’s disease
intracranial
hypertension

22 M DCD Cardiac arrest post |Possible aspiration | None
heroin overdose pneumonia

64 M DCD |Acute respiratory Bacteraemia Diabetes
distress syndrome

59 |M DCD Hypoxic brain injury |None None

78 |F DBD Intracranial None Hypertension
haemorrhage

52 |F DBD Intracranial Lobar pneumonia |Psoriasis
haemorrhage

Table 4.1. Summary of human organ donor characteristics. Data from 13 spleen, 2

blood, 5 inguinal LN, 9 mesenteric LN and 11 thoracic LN samples from a total of 14 donors.

Age in years. M, male; F, female; DBD, donation after brainstem death; DCD, donation after

circulatory death; RTC, road traffic collision.
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Figure 4.12. Presence of neutrophils in human LNs. (A-B) Flow cytometry quantification
of neutrophils in human inguinal (ing), mesenteric (mes) and thoracic (tho) LNs with (A)
representative plots and (B) neutrophil numbers as % live cells. Data for from 5 inguinal LN,
9 mesenteric LN and 11 thoracic LN samples from a total of 14 human organ donors. (C)
Confocal image of mesenteric LN showing neutrophils (CD15%) near lymphatic vessels; scale
bar 40 ym, Z stack 12 ym. (D) Confocal image of thoracic LN showing neutrophils near

HEVs; scale bar 20 ym, Z stack 18 ym.

4.7. Mechanism of neutrophil entry into LNs

Neutrophils have been shown to be recruited to LNs following S. aureus challenge via HEVs
in a L-selectin / PNAd-dependent manner (130). | established a laser damage model of local
sterile inflammation, which resulted in immediate neutrophil recruitment, and observed a
reduction in neutrophil recruitment in mice given systemic anti-PNAd blockade prior to
imaging (Figure 4.13A). Quantification of the mean number of neutrophils recruited per field
of view showed a significant but incomplete reduction (13.2 control vs 4.8 anti-PNAd, **p <
0.01) follow laser damage. There was also a trend towards reduction in neutrophil
recruitment at baseline (5.4 control vs 1.7 anti-PNAd) (Figure 4.13B). These data showed
that circulating neutrophils trafficked into LNs via both blood and lymphatic vessels in

homeostasis and during sterile inflammation, in a process partially dependent on PNAd.
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Figure 4.13. Effect of PNAd blockade on neutrophil trafficking into LN. (A) Intravital
images of transferred neutrophils showing recruitment (green cell tracks) following local laser
damage, without PNAd blockade (left panel) and with PNAd blockade (right panel); scale bar
50 pm, Z stack 70 ym. (B) Quantification of neutrophil numbers per field of view, before
(grey bars) and after (red bars) laser damage; *p < 0.05 control vs laser, **p < 0.01 laser vs
laser + anti-PNAd. Each dot represents one movie, with 5-9 movies from 3 independent

experiments for each condition.

CD11b / Mac-1 and CXCR4 have been shown to be involved in neutrophil recruitment to
LNs, via lymphatics following S. auerus challenge (114), and via both lymphatics and HEVs
following OVA challenge in OVA/CFA-sensitised mice (131). | therefore examined the
baseline surface expression of CD11b and CXCR4 on neutrophils from LNs, spleen, blood
and (in mice) BM. Neutrophil CD11b expression did not differ between these tissues in
humans (Figure 4.14A,B) or unchallenged mice (Figure 4.14C,D). CXCR4 was expressed in
some human LN neutrophils, but this was not statistically different from blood neutrophils
(Figure 4.15A,B). In unchallenged mice, CXCR4 expression on LN neutrophils from several

sites was significantly higher compared to that on blood neutrophils (Figure 4.15C,D).

Previous studies have shown CCR7 to be involved in neutrophil migration to LNs following
peripheral CFA stimulation (131,133), but not following peripheral S. aureus challenge
(114,130). | examined neutrophil surface CCR7 expression in murine and human LNs, but |
was unable to demonstrate CCR7 expression on blood or LN neutrophils at baseline. This
could, however, have been due to receptor internalisation following ligand binding during

entry into LNs resulting in lack of surface expression on LN neutrophils.
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Figure 4.14. CD11b expression on human and murine LN neutrophils. (A-B) CD11b
expression on human spleen, blood and LN neutrophils with (A) representative plots and (B)
quantification of CD11b MFI on neutrophils. Data from 13 spleen, 2 blood, 5 inguinal LN, 9
mesenteric LN and 11 thoracic LN samples from a total of 14 donors. (C-D) CD11b
expression on murine blood, BM, spleen and LN neutrophils from unstimulated mice with (C)
representative plots and (D) quantification of CD11b MFI on neutrophils. Data from 6

unstimulated mice in 5 experiments.
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Figure 4.15. CXCR4 expression on human and murine LN neutrophils. (A-B) CXCR4
expression on human LN neutrophils with (A) representative plots and (B) quantification of %

CXCR4-high neutrophils. Data from 13 spleen, 2 blood, 5 inguinal LN, 9 mesenteric LN and
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11 thoracic LN samples from a total of 14 donors. (C-D) CXCR4 expression on murine
blood, BM, spleen and LN neutrophils from unstimulated mice with (C) representative plots
and (D) quantification of % CXCRA4-high neutrophils; *p < 0.05, **p < 0.01 vs blood. Data

from 6 unstimulated mice in 5 experiments.

4.8. Neutrophil phenotype

Having quantified the presence of neutrophils in LNs from unstimulated mice and humans,
and examined their route and mechanism of trafficking into LNs at baseline and following
inflammation, | next investigated the potential function of these LN neutrophils. As stimulated
neutrophils have previously been shown to upregulate MHCII expression and present

antigen to CD4" T cells (167), | examined MHCII expression on LN neutrophils at baseline.

4.8.1. Neutrophil MHCII expression in LNs and following ex vivo stimulation

Neutrophils from human LNs expressed variable levels of MHCII, with up to 50% MHC*
neutrophils in some donors (Figure 4.16A,B). Neutrophils from unchallenged murine LNs
showed significantly higher levels of surface MHCIlI expression compared to blood
neutrophils (Figure 4.16C,D). These data showed that LN neutrophils expressed MHCII in
the homeostatic state and could, therefore, potentially be capable of antigen presentation to
CD4" T cells.

To characterise the stimuli that induced neutrophil MHCII expression, human blood
neutrophils were isolated and challenged ex vivo with a variety of immunologically relevant
stimuli, including ATP (a DAMP), LPS (a TLR4 agonist from Gram-negative bacteria), heat-
killed S. pneumoniae (a TLR2 agonist and Gram-positive bacteria), opsonised heat-killed S.
pneumoniae (TLR2 agonist and FcyR crosslinking), and OVAIC (IgG IC, FcyR crosslinking).
To avoid cell death from longer durations of stimulation, isolated neutrophils were stimulated
ex vivo for 1 hour, resulting in minimal cell death (Figure 4.17A), significant upregulation of
CD11b with OVAIC indicating neutrophil activation (Figure 4.17B,C), and high phagocytic
rates of opsonised bacteria and OVAIC (Figure 4.17D,E). OVAIC stimulation resulted in

significant upregulation of MHCII expression on human neutrophils (Figure 4.17F,G).

Isolated murine BM neutrophils were also incubated ex vivo for 1 hour with the same stimuli.
This resulted in reduced survival of cells stimulated with opsonised S. pneumoniae (90.8%)
compared to unstimulated cells (Figure 4.18A). Compared to human blood neutrophils,

opsonised S. pneumoniae and OVAIC stimulation resulted in neutrophil activation, as
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evidenced by significant upregulation of CD11b (Figure 4.18B,C), despite opsonised S.
pneumoniae not being well phagocytosed (Figure 4.18D,E). There was no increase in
surface MHCII expression with any stimuli after 1 hour of ex vivo stimulation (Figure
4.18F,G). Extending the incubation period to 2 hours, OVAIC stimulation resulted in the
upregulation in mRNA expression of the MHCII gene (H2-Aa, H2-Ab1), as well as the co-
stimulatory molecules Cd80, Cd86 and Cd40 (Figure 4.19A). Therefore, these ex vivo
stimulation experiments demonstrated that OVAIC activated both human blood and murine
BM neutrophils, resulting in increased neutrophil expression of MHCII as well as the co-
stimulatory molecules CD80, CD86 and CDA40.
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Figure 4.16. MHCII expression on human and murine LN neutrophils. (A-B) MHCII
expression on human LN neutrophils with (A) representative plots and (B) quantification of %
MHCII-high neutrophils. Data from 13 spleen, 2 blood, 5 inguinal LN, 9 mesenteric LN and
11 thoracic LN samples from a total of 14 donors. (C-D) MHCII expression on murine blood,
BM, spleen and LN neutrophils from unstimulated mice with (C) representative plots and (D)
quantification of % MHCII-high neutrophils; *p < 0.05, ***p < 0.001 vs blood. Data from 6

unstimulated mice in 5 experiments.
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Figure 4.17. MHCIl surface expression on human blood neutrophils following
stimulation ex vivo. Human blood neutrophils were isolated and stimulated ex vivo for 1
hour with ATP, LPS, unopsonised S. pneumoniae (Strep), opsonised S. pneumoniae (Strep
ops) or OVAIC, followed by surface staining for flow cytometry. (A) Cell survival as % live
neutrophils post stimulation. (B-C) Neutrophil activation as measured by CD11b expression,
with (B) representative plots and (C) quantification of CD11b MFI; **p < 0.01 OVAIC vs
unstimulated. (D-E) Neutrophil phagocytosis of Strep, Strep ops and OVAIC, with (D)
representative plots and (E) quantification of % phagocytosis. (F-G) Neutrophil MHCII
expression post stimulation, with (F) representative plots and (G) quantification of % MHCII-
high neutrophils; ***p < 0.001 OVAIC vs unstimulated. Data from 3 donors in 3 experiments

performed in triplicate.
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Figure 4.18. MHCIlI surface expression on murine BM neutrophils following
stimulation ex vivo. Murine BM neutrophils were isolated and stimulated ex vivo for 1 hour
with ATP, LPS, unopsonised S. pneumoniae (Strep), opsonised S. pneumoniae (Strep ops)
or OVAIC, followed by surface staining for flow cytometry. (A) Cell survival as % live
neutrophils post stimulation; ***p < 0.001 Strep ops vs unstimulated. (B-C) Neutrophil
activation as measured by CD11b expression, with (B) representative plots and (C)
quantification of CD11b MFI; ***p < 0.001 Strep ops / OVAIC vs unstimulated. (D-E)
Neutrophil phagocytosis of Strep, Strep ops and OVAIC, with (D) representative plots and (E)
quantification of % phagocytosis. (F-G) Neutrophil MHCII expression post stimulation, with
(F) representative plots and (G) quantification of % MHCII-high neutrophils. Data from 8

mice in 2 independent experiments.
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Figure 4.19. mRNA expression of MHCII and co-stimulatory molecules in murine BM
neutrophils following stimulation ex vivo. (A) H2-Aa, H2-Ab1, Cd80, Cd86 and Cd40

2*2¢Ty "in isolated murine BM neutrophils by RT-PCR

mMRNA expression, relative to Gapdh (
following 2 hours of ex vivo stimulation with OVA or OVAIC; ***p < 0.001 OVAIC vs PBS. 1

of 2 experiments shown, each dot representing a triplicate.

4.8.2. Neutrophil CXCR4 and CCR7 expression following ex vivo stimulation

As murine LN neutrophils expressed higher CXCR4 as well as MHCII compared to
neutrophils in other tissues at baseline, and OVAIC stimulates neutrophil MHCII expression
ex vivo, | next investigated whether OVAIC increased CXCR4 expression on neutrophils. Ex
vivo stimulation with OVAIC did not increase surface CXCR4 expression in human or murine
neutrophils. In murine neutrophils, however, CXCR4 expression was increased following
stimulation with unopsonised but not opsonised S. pneumoniae, potentially suggesting an

inhibitory effect of FcyR crosslinking on the response to TLR2 stimulation (Figure 4.20A-D).

| also examined the expression of CCR7 on neutrophils following ex vivo stimulation.
Although | did not find any CCR7 expression on human or murine LN neutrophils at baseline,
ex vivo stimulation with OVAIC resulted in significant upregulation of surface CCR7 in both
human and murine neutrophils (Figure 4.21A-D), suggesting a potential mechanism through

which neutrophils traffick to LNs following IC stimulation.
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Figure 4.20. CXCR4 surface expression on human and murine neutrophils following
stimulation ex vivo. Neutrophils were isolated and stimulated ex vivo followed by surface
staining for flow cytometry. (A-B) Human blood neutrophil CXCR4 expression, with (A)
representative plots and (B) quantification of % CXCR4-high neutrophils. Data from 3 donors
in 3 experiments performed in triplicate. (C-D) Murine BM neutrophil CXCR4 expression,
with (A) representative plots and (B) quantification of % CXCR4-high neutrophils; ***p <

0.001 Strep vs unstim. Data from 8 mice in 2 independent experiments.
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Figure 4.21. CCR?7 surface expression on human and murine neutrophils following
stimulation ex vivo. Neutrophils were isolated and stimulated ex vivo followed by surface
staining for flow cytometry. (A-B) Human blood neutrophil CCR7 expression, with (A)
representative plots and (B) quantification of % CCR7-high neutrophils; **p < 0.01 OVAIC vs
unstim. Data from 3 donors in 3 experiments performed in triplicate. (C-D) Murine BM
neutrophil CCRY7 expression, with (A) representative plots and (B) quantification of % CCR7-

high neutrophils; ***p < 0.001 OVAIC vs unstim. Data from 8 mice in 2 experiments.

4.9. Effect of IC neutrophil stimulation on T cell activation in ex vivo co-culture

To investigate the functional outcome of IC stimulation of neutrophils, murine BM neutrophils
were isolated and stimulated with OVAIC ex vivo, and co-cultured with CD4" T cells isolated
from the spleen of OTIl (OVA-specific) mice (335). OVAIC-stimulated neutrophils increased
T cell activation in co-culture, as evidenced by increased surface T cell expression of the
activation markers CD25 (Figure 4.22A,B) and CD69 (Figure 4.22C,D). Together, these data
suggest that IC stimulated neutrophil MHCII expression, and IC-stimulated neutrophils led to

increased CD4" T cell activation ex vivo, potentially via antigen presentation.
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Figure 4.22. Effects of OVAIC neutrophil stimulation on T cell activation ex vivo.
Expression of (A-B) CD25 and (C-D) CD69 on OTII CD4" T cells following co-culture for 48
hours with OVA- or OVAIC-stimulated neutrophils or controls, with representative plots and
quantification shown; **p < 0.01, ***p < 0.001 vs PMN + OTIl T control. Data from 1 of 2

experiments shown.

4.10. Uptake of systemic and local IC by neutrophils and early migration to LNs

I next examined the effects of systemic and local IC administration on neutrophil dynamics in
vivo. OVAIC was formed in vitro, and administered intravenously into LysM-GFP mice,
followed by examination of the LNs 1 to 2 hours post administration. By intravital imaging,
OVAIC-positive neutrophils were identified crawling in the popliteal LN (Figure 4.23A). By
flow cytometry, neutrophils containing OVAIC, but not OVA alone, were observed in the

inguinal, mesenteric and axillary LNs as well as the spleen (Figure 4.23B).

IC was also generated locally in vivo by administration of intraperitoneal anti-PE antibody
followed by subcutaneous footpad injection of PE and imaging of the draining popliteal LN.
PEIC generation in the LN resulted in rapid recruitment of neutrophils (Figure 4.24A,B), with
some of these neutrophils being PEIC-positive (Figure 4.24C). These data demonstrated
that exposure to systemic and local IC promoted neutrophil trafficking into peripheral LNs,

suggesting a role of neutrophils in the early delivery of antigen to LNs.

4.10.1. Neutrophil interactions with other LN immune cells in vivo

Following local PEIC generation in vivo, intravital imaging of the popliteal LN showed that
neutrophils were recruited to the SCS, where SCS macrophages phagocytose PEIC, and to
the LN cortex, where cells such as DCs reside (Figure 4.25A). Neutrophils in the SCS
moved at a slower speed than neutrophils in the LN cortex following PEIC stimulation (Figure
4.25B,C). In the SCS, neutrophils were seen to interact with PEIC-positive SCS
macrophages (Figure 4.25D). In the LN cortex, neutrophils were observed to interact with
CD11c" DCs at baseline (Figure 4.26A). Although interactions were short in duration, there
was an increase in the proportion of interactions of over 2 minutes following PEIC stimulation
(Figure 4.26B,C). Of note, confocal examination of LNs from unstimulated CD11c-YFP mice
also demonstrated evidence of neutrophil-DC interactions in the unstimulated state (Figure
4.26D).
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Overall these experiments showed that neutrophils trafficked to LNs and interacted with other
LN immune cells such as SCS macrophages and DCs, potentially shaping the immune
response under homeostatic conditions and following inflammatory stimuli such as IC

challenge.
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Figure 4.23. Uptake of systemic IC by neutrophils and early migration to LNs in vivo.
(A) Intravital image of popliteal LN of LysM-GFP mouse 2 hours following intravenous OVAIC
administration; neutrophil tracks in green, right panel showing image in 3 planes, insets and
boxes / dotted circles showing OVAIC™ neutrophils. Scale bar 30 um, Z stack 40 ym. (B)
Flow cytometry plots of BM, spleen and LN neutrophils 1 hour following intravenous OVA or
OVAIC administration to LysM-GFP mouse.
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Figure 4.24. Early neutrophil recruitment to LNs following local IC stimulation in vivo.
(A) Intravital images of popliteal LNs unstimulated and following local PEIC stimulation; scale
bar 100 um, Z stack 80 um. (B) Quantification of early neutrophil recruitment as fold change
from baseline of cells per field of view. (C) Neutrophils containing phagocytosed PEIC
moving within popliteal LN; left panels showing image in three planes and PEIC-positive
neutrophils in dotted white boxes, right panel showing neutrophils at higher magnification.

Scale bar 50 ym / 15 ym, Z stack 60 uym.
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Figure 4.25. Neutrophil dynamics and interactions with SCS macrophages following
IC stimulation in vivo. (A) Anatomical location of neutrophils in popliteal LN by intravital
two-photon imaging following local PEIC stimulation in vivo; scale bar 50 ym, Z stack 40 ym.
(B-C) Mean and maximum speeds of neutrophil movement in SCS and cortex with and
without PEIC treatment; ***p < 0.001 SCS vs cortical neutrophils. Pooled data from 3
independent experiments, with each dot representing one cell track. (D) Intravital examples
of interactions (white arrows) between GFP* neutrophils and PEIC® SCS macrophages

following IC stimulation; scale bar 30 ym, Z stack 40 ym.
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Figure 4.26. Neutrophil interactions with DCs in vivo. (A) Intravital image of popliteal LN
showing in vivo example of interaction (dotted white boxes) between GFP" neutrophil and
CD11c’ DC at baseline; image shown in two planes, scale bar 20 um, Z stack 80 um. (B-C)
Quantification of (B) duration of neutrophil-DC contact time in minutes and (C) % of
neutrophil-DC interactions lasting = 2 minutes; pooled data from 2 independent experiments,
with each dot representing one interaction. (D) Confocal image of inguinal LN from
unstimulated CD11c-YFP mouse showing PMN-DC interactions (white arrows), with image

shown in three different rotations; scale bar 10 ym, Z stack 7 ym.
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4.11. Summary of results

The results above demonstrated, using flow cytometry and confocal microscopy, that
neutrophils were present in unstimulated murine LNs draining the skin, lungs and gut, with
confocal microscopy showing the numbers of LN neutrophils to be much higher compared to
quantification by flow cytometry. The maijority of neutrophils were located in LN interstitium
outside of blood and lymphatic vessels, as demonstrated by labelling of intravenous
leukocytes and by quantification using confocal microscopy. Within the LN, neutrophils were
located peripherally, in interfollicular areas near the floor of the SCS, enabling them to

interact with other immune cells in the LN including T cells, DCs and SCS macrophages.

Intravital two-photon imaging showed motile neutrophils in LNs at baseline exhibiting random
crawling, with mean speeds similar to that of LN lymphocytes. Intravenously transferred
neutrophils trafficked from the circulation into LNs via both blood and lymphatic vessels at
baseline; mechanistically, neutrophil trafficking at baseline and following laser damage was
partially dependent on PNAd, and neutrophils from unstimulated LNs showed higher CXCR4
expression compared to blood neutrophils. Examination of LNs from human organ donors
also demonstrated the presence of neutrophils within the LN interstitium near blood and

lymphatic vessels, in a similar distribution to that of murine LN neutrophils.

Both human and murine LN neutrophils expressed MHCII at baseline. Ex vivo stimulation
experiments showed that IC upregulated expression of neutrophil MHCII and co-stimulatory
molecules including CD80, CD86 and CD40, whilst S. pneumoniae but not IC upregulated
expression of murine neutrophil CXCR4. IC-stimulated neutrophils increased antigen-
specific CD4" T cell activation, as measured by T cell expression of CD25 and CD69, in co-
culture. In vivo, intravenous administration of systemic IC resulted in early antigen delivery
by neutrophils from the circulation into peripheral LNs, and generation of local IC resulted in
early neutrophil recruitment to LNs. Neutrophils were capable of interacting with other LN
immune cells, such as SCS macrophages and DCs, including neutrophil-DC interactions at
baseline, potentially influencing adaptive immunity in homeostasis and following

inflammatory challenges.

4.12. Discussion

Overall, | demonstrated that neutrophils trafficked tonically into LNs under homeostatic

conditions, showing a distinct phenotype with higher MHCII expression compared to blood
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neutrophils, and potentially influencing adaptive immunity by early delivery of systemic

antigen to LNs.

4.12.1. Presence of neutrophils in unstimulated murine LNs

Whilst neutrophils have been considered circulating leukocytes that are recruited to tissue
sites of inflammation where they exert their effector functions and then undergo local
apoptosis and efferocytosis, there is increasing evidence that they have more diverse roles in
addition to pathogen killing. This includes migration into dLNs following local inflammatory or
infectious challenges to influence other LN innate and adaptive immune cells. Careful
examination of data presented in previous studies as control comparators to the stimulation
under investigation also shows the presence of neutrophils in LNs at baseline (114,130),

suggesting potential functions of neutrophils in homeostasis as well as in inflammation.

Aged mice showed increased numbers of neutrophils with an activated phenotype in
lymphoid organs compared to young mice, although systemic inflammation was also
increased in these animals (211). One study using parabiosis showed that circulating
neutrophils migrated into multiple tissues in homeostasis, with neutrophils being largely
extravascular in BM, spleen and intestine, but largely intravascular in liver and lungs (210).
Another study using a cremasteric inflammation model showed that following PBS
stimulation the majority of neutrophils in the dLN were in the stroma, with the proportion of

neutrophils in lymphatic vessels increased following CFA stimulation (121).

My results provide detailed characterisation of neutrophils in LNs in homeostatic conditions,
using flow cytometry to quantify Ly6G'CD11b" neutrophils in unstimulated LNs draining
multiple mucosal and peripheral sites. Compared to confocal microscopy, mechanical
dissociation of tissues for flow cytometry was shown in a previous study to underestimate
tissue memory CD8" T cell numbers to varying degrees in different organs, with 70-fold
difference in the lungs, 13-fold difference in the small bowel, and 1.2-fold difference in LN;
the degree of underestimation was also affected by the cell phenotype and by the anatomical
location within each organ (332). Therefore | used confocal microscopy to quantify LN
neutrophils, showing much higher true cell numbers of over 10-fold difference compared to
flow cytometry estimates. Whilst this difference in LN neutrophil estimate was higher
compared to previous estimate for LN T cells, as flow cytometry quantification was affected
by the phenotype and anatomical location within T cells (332), the difference in cell type

could also have an effect.
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In addition, confocal microscopy allowed detailed examination of the anatomical location of
neutrophils within LNs in relation to blood and lymphatic vessels and other immune cells.
With intravenous anti-CD45 leukocyte labelling for flow cytometry and with confocal
quantification, | confirmed that the majority of LN neutrophils were within the interstitium, in
proximity to, but outside of, blood (PNAd") and lymphatic (LYVE-1") vessels. Therefore

these neutrophils were not simply circulating leukocytes transiting within vessels.

To ensure the results accurately reflected LNs in unstimulated conditions, for neutrophil
quantification | used young female mice aged 8 to 10 weeks (to avoid potential effects of
ageing) with minimal handling prior to organ harvest, avoiding males which are more prone
to skin injury (which may lead to neutrophil recruitment to dLNs) from fighting when co-
housed. Intravital imaging showed motile neutrophils exhibiting random crawling within LNs
at baseline, with mean speed similar to that of LN lymphocytes. Although intravital imaging
experiments involved surgical exposure of the popliteal LN, the number of neutrophils did not
increase during the period of imaging, suggesting their presence in the LNs was not simply

as a result of neutrophil recruitment induced by tissue damage from the imaging procedure.

4.12.2. Presence of neutrophils in human LNs

There are differences in neutrophil biology and kinetics between mice and humans; for
example, neutrophils comprise a higher proportion of circulating leukocytes in humans
compared to mice (49). | confirmed that the presence of neutrophils in LNs was not a finding
limited to mice, demonstrating the presence of neutrophils in human LNs, by flow cytometry
showing populations of CD15°CD16" cells in LNs from different sites, and by confocal
microscopy showing neutrophils in LN interstitium near blood and lymphatic vessels, in a
similar anatomical location to that observed in murine LN neutrophils. The proportion of
neutrophils is higher in human compared to murine LNs, which may reflect neutrophils as a
higher proportion of circulating leukocytes in humans, or that LN neutrophil dynamics are

affected by the differences in the microbiome of humans and laboratory mice.

Although human LNs were obtained from deceased organ donors who might arguably have
had a degree of systemic inflammation or in a few cases infection, the majority of donors did
not have any specific infectious or inflammatory insult in the tissue territories drained by the
LNs studied. Furthermore, this represented a valuable opportunity to examine whole human
LNs from different body sites as close to the baseline state as possible, as it would otherwise
be unethical to remove whole LNs from healthy volunteers. These results therefore provided

evidence of the presence of neutrophils in both human and murine LNs at baseline.
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4.12.3. Adoptive transfer model for investigating neutrophil trafficking

Following local inflammatory or infectious challenges, neutrophils have been shown to
migrate into dLNs via both HEVs (129-131) and lymphatics (114,131), with neutrophils
migrating via lymphatics capable of carrying bacteria from the periphery into the SCS (114).
However, the baseline migration of neutrophils into LNs in vivo has not been studied in detail.
To address this, | isolated GFP* BM neutrophils for adoptive transfer into wild type mice that
were subsequently imaged, with neutrophils isolated by negative magnetic selection, and
good purity of neutrophils achieved. Neutrophils were transferred promptly following isolation
to minimise ex vivo exposure and inadvertent activation. At 24 hours post intravenous
transfer, neutrophils were observed to be crawling within the LN interstitium at similar speeds
to native neutrophils, demonstrating that circulating neutrophils traffick into LNs under

homeostatic conditions.

The observation by microscopy that LN neutrophils were present up to 7 days post
intravenous transfer challenges the current dogma that neutrophils are short-lived circulatory
leukocytes. One caveat to this conclusion is that for adoptive transfer, neutrophils were
isolated from the BM, which provides much higher cell yields compared to blood but contains
some immature cells. Previous studies showed isolated BM neutrophils to be functionally
mature (329), and when transferred intravenously into wild type mice BM neutrophils showed
a short half-life of 8 hours in the circulation (569). Nevertheless, in my experiments a small
proportion of isolated BM neutrophils were immature, and these might have contributed to

the long-lived neutrophils observed in LNs several days post transfer.

In vivo and ex vivo labelling studies have shown variable estimates of circulating neutrophil
half-life partly due to different study methodologies, such as labelling of whole blood or
isolated neutrophils, and different labelling protocols (60—65,334). Further studies will be
required to investigate the true lifespan of neutrophils within LNs, and to address whether
neutrophils that traffick into LNs encounter pro-survival signals or cellular interactions that
prolong their survival within LNs compared to circulating neutrophils. A recent study showed
that neutrophils were detectable in efferent lymphatic fluid, and that S1PR blockade resulted
in increased neutrophil as well as lymphocyte numbers within LNs, suggesting that, like

lymphocytes, neutrophils that traffick into LNs can egress back into the circulation (139).

4.12.4. Mechanism of neutrophil trafficking into LNs

Using intravital imaging | generated in vivo evidence that neutrophils trafficked into LNs via

both blood and lymphatic vessels at baseline. L-selectin / PNAd has been shown in other
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studies to be involved in lymphocyte entry into LNs (18), and in neutrophil trafficking into LNs
via HEVs post inflammation (130,131,139). | used PNAd antibody blockade to inhibit
trafficking via HEVs, which led to an incomplete reduction of neutrophil trafficking, both at
baseline and following laser damage, but | did not simultaneously inhibit neutrophil trafficking
via lymphatics to examine whether neutrophil trafficking into LNs would be reduced further. It
is therefore possible that the PNAd blockade was incomplete, or that there was also
neutrophil trafficking in a PNAd-independent manner via lymphatics. In keeping with the
latter, | did observe neutrophils within the lumen of lymphatic vessels in LN sections, and

neutrophils emerging from LYVE-1" vessels during intravital imaging experiments.

Whilst circulating neutrophils might be expected to be capable of relatively rapid migration
across HEVs into LNs, the migration via lymphatics into LNs would imply that circulating
neutrophils traffick into peripheral non-lymphoid tissues then migrate via lymphatics to LNs at
baseline. This would be consistent with previous reports showing that in mice neutrophils
were present in non-lymphoid tissues at baseline (210), and in sheep lymphatic fluid draining
from periphery without inflammatory stimuli contained neutrophils as well as DCs and
monocytes, suggesting lymphatic migration of neutrophils from peripheral tissues to LNs
(122). It would be interesting to expand on these findings by quantifying the relative
contributions of neutrophil migration via blood or lymphatic routes, at baseline and following

different infectious and sterile inflammatory stimuli.

CD11b and CXCR4 have been shown to be involved in neutrophil trafficking via HEVs and
lymphatics following sterile and infectious stimuli (114,131). CD11b, part of the Mac-1
integrin heterodimer, is highly expressed on neutrophils and shows upregulation in
expression on activated neutrophils, as | demonstrated on neutrophils activated by OVAIC ex
vivo. The processes of neutrophil transmigration across endothelium towards inflamed
tissues and neutrophil trafficking into LNs post inflammation have both been shown to involve
CD11b. |therefore examined the expression of CD11b on murine and human LN neutrophils
at baseline, but did not find differences in CD11b expression between LN and blood
neutrophils. An antibody clone against the activation epitope of human CD11b exists, which

may be useful in examining the activation status of CD11b / Mac-1 on neutrophils.

CXCR4 is involved in neutrophil trafficking in and out of BM. The release of neutrophils from
BM involves downregulation of neutrophil CXCR4. Aged murine neutrophils upregulate
CXCR4 leading to their return to the BM for destruction (50,53,54). Following S. aureus
peripheral stimulus, the majority of neutrophils recruited to dLNs were apoptotic (38,114); in
vitro, apoptotic neutrophils increased macrophage production of both pro-inflammatory and

anti-inflammatory cytokines (134). In addition to its upregulation on aged neutrophils,
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CXCR4 has also been shown as one of the mechanisms of neutrophil migration to LN post
inflammation (38,131).

I examined for CXCR4 expression on murine and human LN neutrophils at baseline. In
humans, LN and splenic neutrophils from some organ donors expressed CXCR4, but overall
this was not statistically different compared to expression on blood neutrophils. In mice,
unstimulated LN neutrophils from several sites expressed higher levels of CXCR4 compared
to blood neutrophils, demonstrating the possibility that CXCR4 is involved in neutrophil
trafficking into LNs at baseline as well as following inflammation. | did not perform Annexin V
staining to determine directly whether LN neutrophils were live but apoptotic and thus
showing higher CXCR4 expression; however, intravital imaging of transferred and native
neutrophils showed motile neutrophils with high GFP fluorescence, and confocal microscopy
of unstimulated LN sections showed neutrophils with their typical polymorphonuclear nuclei,

not apoptotic nuclei.

Previous studies have investigated the role of CCR?7 in neutrophil migration to LNs, as CCR7
is also required for the migration of DCs from the periphery via lymphatic vessels to the dLN,
in which the corresponding ligands CCL19 and CCL21 are expressed (11). Although
neutrophils contain intracellular stores of CCR7, and neutrophil migration to LNs following
peripheral CFA stimulation has been shown to involve CCR7 (131,133), other studies have
shown using several experimental models that CCR7 was not required for neutrophil
migration via either lymphatic or blood vessels to dLNs following skin S. aureus challenge
(114,130). | examined neutrophil surface CCR7 expression in murine and human LNs, but |
was unable to demonstrate significant CCR7 expression on blood or LN neutrophils at
baseline. This could be because CCR?7 is not required for neutrophil entry into LNs at
baseline, or because CCR7 undergoes receptor internalisation following ligand binding
during entry into LNs resulting in lack of surface expression or staining on LN neutrophils,

and that intracellular staining is required to detect neutrophil CCR7 expression.

Within LNs, neutrophils were observed to be present for prolonged periods during intravital
imaging, with some crawling along collagen fibres. Other studies have shown evidence of
crosstalk between neutrophils and the local tissue environment. Airway neutrophils from
patients with viral respiratory tract infections expressed the collagen receptor leukocyte-
associated immunoglobulin-like receptor-1 (LAIR-1), with LAIR-1 ligation leading to reduced
NET formation ex vivo (336), and LAIR-1-deficient mice showing enhanced airway neutrophil
recruitment (337). Whilst neutrophils can release cytotoxic proteins and cause stromal cell

damage and tissue inflammation (338), the respiratory burst from activated neutrophils has
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also been implicated in the generation of local tissue hypoxia leading to resolution of

inflammation (339).

In summary, | have provided in vivo evidence by intravital imaging of the trafficking of
neutrophils via both blood and lymphatic vessels into LNs in homeostatic conditions. The
process of neutrophil trafficking involved PNAd, as antibody blockade of PNAd partially
impaired the migration of neutrophils into LNs at baseline and following local sterile
inflammation. Murine LN neutrophils showed higher expression of CXCR4 compared to
blood neutrophils at baseline, suggesting another potential mechanism of neutrophil entry
into LNs in homeostatic conditions. CD11b and CCR7, shown in other studies to be involved
in neutrophil trafficking following peripheral inflammatory stimuli, did not show upregulation
on LN neutrophils at baseline. Within LNs, some neutrophils were observed to crawl along

collagen fibres, potentially enabling them to interact with the extracellular matrix.

4.12.5. Neutrophil MHCII expression at baseline

Previous studies have shown that whilst blood neutrophils did not express surface MHCII at
baseline (160,161), inflammatory stimuli were capable of inducing neutrophil expression of
MHCII, CD80 and CD86, leading to antigen presentation and T cell activation in vitro (162—
164,167,340), and in vivo neutrophils recruited to dLNs following peripheral S. aureus
challenge upregulated MHCII, CD80 and CD86 (114). Neutrophils can also influence antigen
presentation via interactions with DCs, and neutrophil-DC hybrids with a mixed phenotype
including expression of the machinery required for antigen presentation have been reported
in the literature (172-174). However, whether neutrophils in tissues express MHCII at

baseline is unclear.

I demonstrated, by confocal imaging of unstimulated LN sections, that neutrophils were
located peripherally in interfollicular areas of LNs, ideally positioned for T cell interactions
including antigen presentation via MHCII to activate CD4" T cells. | examined for MHCII
expression on LN neutrophils by flow cytometry, and found that a proportion of both human
and murine LN neutrophils showed MHCII expression at baseline, demonstrating the

potential for antigen presentation.

Therefore, | have shown that neutrophils present within human and murine LNs in
homeostatic conditions exhibited a distinct phenotype, with expression of CXCR4 as a
potential mechanism through which neutrophils tonically traffick into LNs at baseline, and

expression of MHCII potentially enabling antigen presentation within LNs.
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4.12.6. Neutrophils and antigen presentation

Ex vivo, | tested a number of inflammatory stimuli, showing that IC stimulation of neutrophils
led to increased expression of CD11b indicating activation, and marked increase in the
expression of MHCII, enabling antigen presentation; OVAIC-stimulated neutrophils increased
antigen-specific OTIl CD4" T cell activation in co-culture experiments. These results are
consistent with those of other studies showing the ability of antigen-stimulated neutrophils to

present antigen via MHCII to activate CD4" T cells in vitro (161,167).

IC stimulation led to increased surface expression of CCR7 on neutrophils, which may
represent a mechanism for the migration of neutrophils into LNs following IC stimulation. On
the other hand, | did not find surface CCR7 expression on LN neutrophils at baseline. This
may be due to CCR7 not being required for basal neutrophil migration into LNs without IC
stimulation, or that CCR7 receptor internalisation occurs following basal neutrophil entry into
LNs whilst neutrophils stimulated with IC ex vivo are fixed and stained before receptor
internalisation occurs. Whilst IC stimulation ex vivo led to increased neutrophil expression of
MHCII, CD11b and CCRY7, it is unclear which signals drive MHCII expression on neutrophils

in LNs at baseline in the absence of IC stimulation.

In vivo, | demonstrated that neutrophils were capable of the early delivery of circulating IC to
LNs, with IC-positive neutrophils observed crawling in peripheral LNs within one to two hours
of intravenous IC administration. | did not determine directly whether IC-positive neutrophils
process and present IC to antigen-specific CD4" T cells in LNs in vivo. However, the data on
baseline LN neutrophil MHCII expression, neutrophil MHCII upregulation and CD4" T cell
activation following IC stimulation ex vivo, and location of neutrophils in T cell areas of
unstimulated LNs all provided supportive evidence that circulating 1gG-opsonised antigen
may be sampled by neutrophils for delivery to LNs and direct presentation to CD4" T cells,

thus positively influencing adaptive immunity.

Other studies examining the effects of neutrophils on LN T cell responses following
peripheral inflammatory stimuli have shown conflicting results, with in vivo antibody depletion
of circulating neutrophils leading to reduced LN T cell numbers following S. aureus challenge
(114,129), increased LN CD4" T cell activation following HEL stimulation (113), and no
difference in LN T cell response following Herpes simplex virus challenge (128). Similarly, in
vivo neutrophil depletion in two different studies both using S. aureus as the inflammatory
challenge led to increased LN B cell response in one study and decreased LN B cell
response in another (114,129). Further intravital imaging studies are required to investigate

directly, within LNs in vivo, whether neutrophils present antigen to T cells, the nature of the
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interactions between neutrophils and T cells, and whether these interactions stimulate or

inhibit B and T cell responses.

4.12.7. Neutrophil interactions with other LN immune cells

Following generation of IC locally within the popliteal LN, | showed that intravenously
transferred neutrophils were rapidly recruited to the LN, and were present in both the LN
cortex and the SCS, suggesting that similar to the unstimulated state neutrophils traffick via
blood and lymphatic vessels into LNs in inflammation. Neutrophils in the SCS moved slower
than neutrophils in the cortex, supporting the finding of neutrophils interacting with SCS
macrophages following local IC stimulation. Whilst most of the PEIC was taken up by SCS
macrophages, some PEIC was also taken up by neutrophils, showing that neutrophils are
capable of IC uptake both locally from within LNs and systemically from the circulation for
delivery to LNs. Other studies have also shown crosstalk between neutrophils and SCS
macrophages following inflammatory stimuli; for example, neutrophil swarms have been
shown to disrupt SCS macrophages (141), and SCS macrophage-derived IL-1B may drive

neutrophil recruitment to LNs (29).

In the LN cortex, | observed in vivo interactions between neutrophils and DCs, both at
baseline and following local IC stimulation, although the interactions were mostly short in
duration. Other imaging studies have shown similar durations of interactions between
neutrophils and DCs following inflammatory stimuli, in the lungs in vivo (151) and in LNs ex
vivo (113). My results provide additional novel intravital imaging data on in vivo interactions
between neutrophils and DCs within LNs at baseline. In terms of subsequent effects on T
cell responses, previous studies have shown evidence of neutrophils activating DCs and
enhancing antigen presentation in vitro (144,154) but inhibiting DCs in vivo (156,157). The
effect of neutrophil-DC interactions, in the absence of prior inflammatory stimuli, on CD4"

and CD8" T cell responses in LNs is currently unclear.

4.12.8. Significance of findings

Neutrophils are traditionally considered circulating leukocytes that are recruited to tissues
following infectious and inflammatory stimuli, being terminally differentiated leukocytes with
short circulatory half-lives that act as early innate effector cells with functions such as
phagocytosis, release of antimicrobial proteins and generation of NETs. More recently,
neutrophils have been shown to have more diverse roles, including migration into LNs
following local inflammatory stimuli to influence other innate and adaptive immune cells, for

example by MHCII expression and antigen presentation. This is of relevance in human
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inflammatory diseases, for example in rheumatoid arthritis where synovial fluid neutrophils
have been shown to express higher MHCII (160), and in human visceral Leishmaniasis
where blood neutrophils have been shown to express higher MHCIlI and co-stimulatory
molecules (169). During homeostatic conditions, however, it is unclear whether neutrophils
have functional roles in lymphoid organs. Limited data exist on the presence of neutrophils
in non-lymphoid tissues in mice (210), but there are no studies characterising in detail the
number and anatomical location of LN neutrophils under homeostatic conditions, and there

are no studies examining at baseline the presence and function of neutrophils in human LNs.

| have provided novel data, using flow cytometry and confocal microscopy as complimentary
methods, showing that neutrophils were present in murine and human LNs at different body
sites in the absence of prior inflammatory stimuli. The majority of neutrophils were within LN
interstitium and localised peripherally in interfollicular zones, sites of T cell activation. |
provided direct in vivo evidence that neutrophils trafficked into LNs via blood and lymphatic
vessels at baseline, partially dependent on PNAd, and that neutrophils formed interactions
with DCs in LNs at baseline. LN neutrophils had a distinct phenotype, with higher expression
of MHCII and CXCR4. Ex vivo, IC stimulation resulted in upregulation of MHCII and co-
stimulatory molecules leading to T cell activation. In vivo, neutrophils were capable of

carrying systemic IC into peripheral LNs.

The above data are in support of a novel role of neutrophils in homeostatic immune
surveillance, whereby under homeostatic conditions neutrophils traffick tonically into murine
and human LNs, extending their routine patrol beyond the circulation. Neutrophils are
capable of sampling circulating IgG-opsonised antigen for delivery to peripheral lymph
nodes, with the potential for subsequent antigen presentation and influence on adaptive
immune responses. Consistent with this, LN neutrophils show a distinct phenotype with
higher MHCII expression, and form interactions with DCs within LNs at baseline. These data
suggest neutrophils have broader, under-appreciated functions in homeostasis and immune

surveillance, in addition to their classical roles as innate effector cells in inflammation.

Whilst neutrophils are critical in innate host defence, persistent neutrophilic inflammation can
also lead to tissue damage, as is the case in many chronic inflammatory diseases, such as
chronic obstructive pulmonary disease, bronchiectasis and rheumatoid arthritis. To date
there are few neutrophil-targeted therapies for managing these inflammatory disorders.
Understanding the diverse role of neutrophils in homeostasis, and their basal dynamic
behaviour in LNs, sites for interactions between innate and adaptive immune cells, will

contribute to the scientific knowledge required in the future development of such therapies.
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4.12.9. Future work

The above results could be complemented by a number of additional experiments. Whilst |
observed the presence of neutrophils within LNs several days following intravenous transfer,
further experiments are required to determine the lifespan of neutrophils in LNs. One
approach could involve intravenous adoptive transfer of fluorescent neutrophils followed by
harvest of LNs at different time points for flow cytometry and confocal quantification of
neutrophil numbers and calculation of neutrophil half life. Local inflammatory stimuli, such as
LPS, could be administered and their effect on LN neutrophil lifespan examined. Another
approach could involve radiolabelling isolated neutrophils, for example with the radioisotope
indium-111 chelated to tropolone, for intravenous transfer and measuring gamma
radioactivity of whole LNs harvested at different time points. | have previously used
radiolabelled autologous neutrophils to investigate human whole body neutrophil trafficking in
healthy volunteers (57,341), and could potentially adapt this approach with the use of gamma
probe counters to quantify radioactivity non-invasively over time in human volunteers,

providing novel in vivo data on homeostatic neutrophil LN trafficking in humans.

For the examination of neutrophil trafficking into LNs, | used PNAd antibody blockade to
inhibit trafficking via HEVs. Further reduction in neutrophil trafficking could be demonstrated
by concomitant blockade of lymphatic trafficking, for example by antibody blockade of ICAM-
1, expressed on lymphatic endothelium and shown to be involved in neutrophil lymphatic
trafficking (121), comparing the relative contribution of blood and lymphatic routes of
neutrophil entry into LNs at baseline and following sterile or infectious stimuli, such as laser-
induced damage, IC stimulation, and bacterial stimulation. In terms of the mechanism of
neutrophil entry into LNs under homeostatic conditions, examining the role of CXCR4,
CD11b and CCR7 would be reasonable, given their involvement in neutrophil trafficking into
LNs following inflammatory stimuli (114,131). Potentially, one could block each of these
molecules and investigate whether this leads to a reduction in neutrophil numbers within
LNs. For example, CXCR4, expressed on LN neutrophils at baseline as shown in the data
above, could be blocked using the CXCR4 inhibitor plerixafor (also known as AMD3100)
(55). CD11b and CCRY7 could be inhibited by using neutrophils from CD11b-deficient (342)
or CCRY7-deficient (343) mice for adoptive transfer, or by using antibody blockade, although
systemic CCRY7 blockade would also affect trafficking of DCs and lymphocytes.

| showed that IC stimulation resulted in upregulation of MHCII and co-stimulatory molecules
ex vivo, and neutrophils were capable of carrying systemic IC into LNs. Direct in vivo
examination of whether these antigen-carrying neutrophils process and present antigen to T

cells in LNs would add to these results; for example, fluorescent neutrophils could be
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adoptively transferred to OTIl mice then intravital imaging of LNs performed following
systemic IC administration to observe for interactions between IC-positive neutrophils and
antigen-specific T cells within LNs, and the role of MHCII examined by quantifying neutrophil-
T cell interactions following transfer of wild type or MHCII-deficient neutrophils. In addition to
the capacity for carrying IC, an IgG-opsonised sterile antigen, into LNs, | could examine
whether neutrophils carry other IgG-opsonised pathogenic antigen, such as opsonised
bacteria, from the circulation into LNs and if so whether this leads to subsequent interactions
with T cells. | could also examine by intravital imaging whether neutrophils transfer systemic
antigen to other LN immune cells, such as DCs and SCS macrophages, to influence adaptive

immune responses indirectly.

Whilst | observed neutrophil interactions with DCs at baseline, the effect of these interactions
on adaptive immune responses is unclear. This could be investigated by using antibodies to
block neutrophil trafficking into LNs then examining levels of LN T cell activation. | could
examine whether neutrophil-DC interactions result in trogocytosis and neutrophil acquisition
of MHCII. Further intravital imaging could be performed to observe for interactions in vivo
between neutrophils and other LN immune cells at baseline, for example by adoptively
transferring fluorescent neutrophils to T- and B-cell reporter mice and performing intravital
imaging of LNs. The concept of neutrophils trafficking into LNs to contribute to immune
surveillance in homeostasis could be explored further, using techniques such as single cell
sequencing or mass cytometry (344) to characterise the phenotype of LN neutrophils more
broadly. This would enable the examination of the expression profiles of cytokines and co-
stimulatory molecules that may reveal further information on the potential functions of
neutrophils within LNs, such as antigen presentation to T cells, antigen transfer to other LN
innate immune cells, or interaction with B cells. It would be of interest to examine whether
these interactions occurring at baseline encourages immune tolerance, for example by

examining the effects of blocking neutrophil trafficking in autoimmune disease models.

In summary, the above findings of neutrophils tonically trafficking into LNs with the potential
to influence adaptive immunity could be expanded upon, including quantification of the
lifespan of neutrophils within LNs, investigation of the route and mechanism of neutrophil
trafficking into LNs, examination of the occurrence and nature of neutrophil interactions with
other LN innate and adaptive immune cells at baseline and their functional significance, as

well as investigation of the in vivo effects of systemic antigen delivery to LNs by neutrophils.
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Chapter 5. The behaviour of ILC2s in homeostasis and inflammation

5.1. Background

ILCs are a recently characterised group of cells present at mucosal barrier sites such as the
lungs, skin and intestine, responding rapidly to local tissue signals of infection and tissue
damage. ILC2s express transcription factors such as GATA3 (242,244) and RORa
(245,246), and are critical early effectors of type 2 immunity; in response to the tissue
alarmins IL-25, IL-33 and TSLP produced in helminth- and allergen-induced inflammation,
ILC2s are the main early source of cytokines including IL-5 and IL-13. ILC2s have been
identified in a number of lymphoid and non-lymphoid tissues at baseline (236), and following
inflammatory stimuli tissue ILC2 numbers increase as a result of local expansion as well as
recruitment from BM and gut (10,259,345). There is evidence of interactions between ILC2s
and other immune cells, including mast cells and basophils promoting ILC2 recruitment,
ILC2s activating DCs, Th2 cells and B cells, and ILC2s interacting with neutrophils, although
both stimulatory and inhibitory effects on neutrophils have been demonstrated. ILC2s can
also express MHCII (237) and co-stimulatory molecules, process and present antigen in

vitro, and contribute to T cell responses in vivo.

The interactions between ILC2s and other immune cells have been considered to be mainly
via cytokine production, and few studies have examined the in vivo dynamic behaviour of
tissue ILC2s. Intravital imaging of the ear skin showed ILC2s moving at similar speed to
migratory DCs and interacting with mast cells (250). Ex vivo imaging of sectioned lung
explants showed ILC2s moving at higher speed compared to T cells post IL-33 stimulation
(307). Whilst ILC2s are present in LNs, to date there are little data on the in vivo dynamics of
LN ILC2s. ILC2s have been associated with inflammatory disorders such as asthma (346),
and understanding their dynamic behaviour would add to knowledge on the role of ILC2s in

type 2 inflammation and potentially lead to future development of ILC2-targeted therapies.

Therefore | addressed the question of whether ILC2s exhibit different dynamic behaviour in
homeostasis and in inflammation. Using two different helminth models of type 2
inflammation, | examined ILC2s in Peyer’s patch and popliteal LN to quantify their in vivo
dynamics at baseline and following type 2 inflammatory stimuli, and to examine for cellular
interactions. For comparison | examined the behaviour of ILC2s in small bowel mucosa. |
also investigated the use of a novel triple reporter mouse for simultaneous imaging of

different ILC and other immune cell subsets.
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5.2. CD2/IL-13 double reporter mouse for imaging ILC2s

For imaging ILC2s in vivo, | used a CD2-GFP/IL-13-tomato double reporter mouse, in which
ILC2s were identified as CD2IL-13" cells, whereas Th2 cells were CD2*IL-13". Previous
studies demonstrated that the majority of IL-13-producing cells in the mesenteric LN 5 days
following N. brasiliensis infection were ILC2s (237). | made attempts at intravital imaging of
mesenteric LN, but this was difficult to achieve, as the process of surgical exposure of the LN

caused significant trauma and bleeding to tissues, rendering live imaging problematic.

Instead, Peyer’s patches and popliteal LNs were imaged, using N. brasiliensis infection and
S. mansoni immunisation respectively as experimental models of type 2 inflammation. By
flow cytometry, both tissues had very few IL-13" cells at baseline, but these were all ILC2s,
being positive for IL-7Ra (all ILCs) and ICOS (ILC2s), and negative for CD2 (T cells), Siglec-
F (eosinophils), and lineage markers CD8, CD5 (T cells), CD19 (B cells), NK1.1 (NKT cells),
CD11b (myeloid cells), CD11c (dendritic cells), Gr1 (neutrophils), FceR1 (basophils), and
Ter119 (red blood cells) (Figure 5.1A,B). Therefore the CD2/IL-13 reporter provides a model
for studying ILC2s in vivo, with CD2" T cells acting as in vivo controls. However, gating in
reverse showed that of the Lin'SiglecFIL-7Ra’ICOS" cells in the popliteal LN, 40% were IL-

13", illustrating the caveat that not every ILC2 is visualised with this reporter mouse.
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Figure 5.1. Specificity of IL-13" cells for ILC2s in the CD2/IL-13 reporter. Flow

cytometry plots showing proportions of ILC2s (LinSiglec-F", IL-7Ra’ICOS") in CD2IL-13" cell
populations in (A) Peyer’s patch and (B) popliteal LN of a CD2/IL-13 reporter mouse.
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5.3. N. brasiliensis infection model

In N. brasiliensis infection (Section 1.17.3), L3 larvae infect mice by penetrating the skin, and
migrate via blood vessels into the lungs, where they mature into L4 larvae and cause acute
lung injury. The larvae are coughed up and swallowed, reaching the small bowel where they
mature into egg-laying adults, which induce a strong Th2 response leading to worm
expulsion (249,303). This is a commonly used model of type 2 inflammation of the lungs and
gut, and therefore | used this model to investigate the behaviour of ILC2s in vivo. Confocal
microscopy of lung tissue harvested following N. brasiliensis infection showed the presence
of ILC2s, being IL-13-high cells that were negative for CD2 and siglec-F; ILC2s were mostly
located near clusters of T cells (CD2") and eosinophils (siglec-F*) within the lung (Figure
5.2A,B), and in the mediastinal LN ILC2s were mostly in T cell zones although some were

also in B cell areas (Figure 5.3A).

Siglec-F  CD2

Lung

Siglec-F CD2
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Figure 5.2. ILC2s in lungs following N. brasiliensis infection. (A) Confocal image of the
lung of CD2/IL-13 mouse 3 days post N. brasiliensis infection, showing IL-13" ILC2s; scale
bar 30 ym, Z 2 um. (B) Confocal image of ILC2 in the lung post N. brasiliensis infection;

scale bar 40 ym, Z 2 ym.
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Mediastinal LN

Figure 5.3. ILC2s in mediastinal LN following N. brasiliensis infection. (A) Confocal
image of whole mediastinal LN following N. brasiliensis infection showing location of IL-13"

ILC2s in relation to T cell areas (white dotted lines); scale bar 300 um, Z 2 pm.

5.3.1. ILC2s in Peyer’s patch following N. brasiliensis infection

From the lungs, N. brasiliensis larvae migrate into the gut where they mature, with adult
worms seen in the small bowel from about 4 days post infection. Intravital examination of
Peyer’'s patches, lymphoid aggregates on the wall of the small bowel, showed that whilst
some IL-13" cells were present at baseline, the number increased from 5 days following
infection, persisting to 9 days post infection, when worm expulsion is expected to occur
(Figure 5.4A,B).

Similar to the lungs, most IL-13" cells were located in T cell areas. At 5 days post infection,
an early time point following the arrival of N. brasiliensis into the small bowel, these IL-13"
cells were CDZ2’, confirming their identity as ILC2s (Figure 5.4C). At this early time point, Th2
cells (CD2°IL-13") were not present, suggesting that ILC2s instead were important early

sentinel effector cells following type 2 inflammatory challenge.
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Figure 5.4. ILC2s in Peyer’s patch following N. brasiliensis infection. (A) Intravital
images of IL-13" ILC2s in Peyer’s patch in CD2/IL-13 mice uninfected, and 5, 8 and 9 days
post infection (dpi) with N. brasiliensis (Nippo); scale bar 50 ym, Z stack 40 ym. (B)
Quantification of ILC2 numbers per field of view; ***p < 0.001 vs uninfected. Pooled data
from 1-5 movies from 1-3 mice for each time point, with each dot representing one field of
view. (C) Intravital image of IL-13" ILC2s in Peyer’s patch 5 dpi; scale bar 50 um, Z stack 40

um.



5.4. Dynamic behaviour of ILC2s in Peyer’s patch

| then examined the in vivo dynamic behaviour of ILC2s in the Peyer’s patch at baseline and
5 days post N. brasiliensis infection. In uninfected Peyer’s patch, ILC2s and T cells moved at
similar speed and with similar directionality. Following N. brasiliensis infection, T cells did not
show any increase in speed of movement, although the directionality of movement increased
compared to that of uninfected T cells. ILC2s, in contrast, moved at significantly greater
speed and with increased directionality, compared to T cells as well as to uninfected ILC2s
(Figure 5.5A-C). ILC2s also increased in size post infection, showing significantly higher cell
surface area and cell volume (Figure 5.6A-C). No cell divisions were observed during the

acquisition of intravital movies. Therefore, these data showed that ILC2s increased in size

and moved at faster speed following N. brasiliensis infection.
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Figure 5.5. Dynamic behaviour of ILC2s in Peyer’s patch. (A) Intravital images of IL-13"
ILC2s in CD2/IL-13 Peyer’s patch, uninfected and 5 dpi, cell tracks in red; scale bar 50 ym, Z

stack 48 ym. (B-C) Quantification of (B) mean speed and (C) track straightness (measure of
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directionality) of Peyer’s patch T cells and ILC2s, uninfected and 5 dpi; ***p < 0.001. Pooled

data from 6-9 movies from 3 mice per condition, with each dot representing one cell track.

A B C
—_—
Uninfected Nippo 5 dpi 3000,
E
ﬂj £
Q
£
3
$ 10004
=
©
Q
@ E
e 0-
T ILC2 T ILC2 T ILC2 T ILC2
Peyer’s patch Uninfected Nippo Uninfected Nippo

Figure 5.6. Cell size of ILC2s in Peyer’s patch. (A) Intravital images of IL-13" ILC2s in
Peyer’s patch, uninfected and 5 dpi; scale bar 50 um, Z stack 48 ym, insets (white boxes) at
same scale. (B-C) Quantification of (B) mean cell surface area and (C) mean cell volume of
T cells and ILC2s, uninfected and 5 dpi; ***p < 0.001. Pooled data from 6-9 movies from 3

mice per condition, with each dot representing one cell track.

5.4.1. Interactions between ILC2s and T cells in Peyer’s patch

In uninfected mice, rare incidences of interactions between ILC2s and T cells were observed
(Figure 5.7A), although the majority of ILC2s moved within the Peyer’s patch without
interacting with T cells. Following N. brasiliensis infection, there were no incidences of

interactions seen between ILC2s and T cells in any of the intravital movies acquired.

Overall, in vivo imaging of ILC2s and T cells in Peyer’s patch showed that, early following N.
brasiliensis infection, ILC2s increased in size and moved with increased speed and
directionality, without interacting with T cells, suggesting a role of ILC2s in distributing

cytokines early in the Th2 response.
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Figure 5.7. Interaction between ILC2 and T cell in Peyer’s patch. (A) Intravital image
showing interaction between IL-13" ILC2 and CD2" T cell (dotted white boxes) in an

uninfected Peyer’s patch, image shown in three planes; scale bar 15 ym, Z stack 36 ym.

5.5. Dynamic behaviour of ILC2s in small bowel following N. brasiliensis infection

Next | examined the presence and behaviour of IL13" ILC2s in the wall of the small bowel at
baseline and following N. brasiliensis infection. There were very few IL13" ILC2s present in
the small bowel wall in uninfected mice, and the number of IL13" ILC2s significantly
increased 5 days post N. brasiliensis infection (Figure 5.8A,B). ILC2s were located in the
mucosa, where T cells were also present; similar to the Peyer’s patch, at this early time point
the IL-13" cells present in the small bowel were CD27IL-13" ILC2s rather than CD2*IL-13"
Th2 cells (Figure 5.8C).

In uninfected mice, there were too few ILC2s in the small bowel wall to examine their in vivo
behaviour by intravital imaging. Following N. brasiliensis infection, ILC2s were observed to
crawl along the small bowel wall (Figure 5.9A); in keeping with findings in the Peyer’s patch,
ILC2s in the small bowel moved at higher speed and with greater directionality compared to
T cells (Figure 5.9B,C). There was, however, no difference in mean cell surface area or

mean cell volume between ILC2s and T cells (Figure 5.9D,E).
Whilst there were no observed interactions between ILC2s and T cells in the Peyer’s patch

following N. brasiliensis infection, in the small bowel wall ILC2s were observed to interact

with T cells, with an example of a prolonged 40-minute interaction shown in Figure 5.10A.
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Figure 5.8. ILC2s in small bowel following N. brasiliensis infection. (A) Intravital image
of IL-13" ILC2s in small bowel, uninfected and 5 dpi; scale bar 50 ym, Z stack 16-30 um. (B)
Quantification of ILC2 numbers per field of view; ***p < 0.001. Pooled data from 4 movies
from 1-3 mice for each condition, with each dot representing one field of view. (C) Confocal

image of IL-13" ILC2s in the small bowel 5 dpi; scale bar 300 ym, Z 2 pym.
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Figure 5.9. Dynamic behaviour of ILC2s in small bowel. (A) Intravital image of small
bowel 5 dpi, with CD2" T cell tracks in green and IL-13" ILC2 cell tracks in red; scale bar 50
um, Z stack 30 ym. (B-E) quantification of (B) mean speed, (C) track straightness, (D) mean
cell surface area and (E) mean cell volume of T cells and ILC2s 5 dpi; **p < 0.01, **p <

0.001. Pooled data from 3 movies, with each dot representing one cell track.

Small bowel Nippo 5 dpi

121



Figure 5.10. Interaction between ILC2 and T cell in small bowel. (A) Intravital image of
small bowel 5 dpi showing interaction between IL-13" ILC2 and CD2" T cell (white box);
scale bar 40 ym, Z stack 26 ym.

Therefore, early following N. brasiliensis infection in the gut, ILC2s were recruited into
Peyer's patches and the small bowel wall, crawling at greater speed and with greater
directionality compared to T cells. In the Peyer’s patch, ILC2s increased in cell size and
were not observed to interact with T cells; in the small bowel wall, ILC2s did not increase in
size, but interactions were observed between ILC2s and T cells. Together, these data
demonstrated changes in the dynamic behaviour of ILC2s early following N. brasiliensis
infection, with differences in the Peyer’s patch and small bowel wall suggestive of ILC2s

having different roles in the early response to type 2 inflammatory stimuli.

5.6. S. mansoni immunisation model

To complement the data on the dynamic behaviour of ILC2s in the Peyer’'s patch and small
bowel following N. brasiliensis infection, | next used a different model of Th2 inflammation to
study ILC2 behaviour in vivo. S. mansoni is a parasite that causes significant disease in
humans worldwide, and S. mansoni eggs can induce strong Th2 response in mice, with
ILC2s shown to be involved in this response (294,305,306). | therefore used S. mansoni

eggs as an experimental model to investigate the behaviour of ILC2s.

CD2/IL-13 mice were subcutaneously injected with UV-killed S. mansoni eggs into the left
footpad and PBS into the right footpad, followed by intravital imaging of the draining popliteal
LNs day 1 post immunisation. This experimental setup had the advantage of having S.

mansoni-immunised and control popliteal LNs within the same animals.

5.6.1. ILC2s in popliteal LN following footpad S. mansoni immunisation

At the early time point of day 1 following immunisation, the IL-13" cells present in the
popliteal LN were ILC2s not Th2 cells, as they were CD2 (Figure 5.11A). This was
consistent with the flow cytometry data in Figure 5.1B. Similar to the data from the Peyer’s
patch, ILC2s were mostly located near T cell areas within popliteal LNs, and ILC2 cell
numbers were higher following S. mansoni immunisation compared to control (Figure
5.11A,B).
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Preliminary analysis to date showed that, following S. mansoni immunisation, popliteal LN
ILC2s moved at a higher mean speed compared to T cells (Figure 5.11C), but there was no
difference in the directionality of movement (Figure 5.11D), or in cell size (Figure 5.11E).
This was therefore supportive of the data on the dynamic behaviour of ILC2s in the gut,
although more data are required to draw conclusions on the changes in dynamic behaviour

of ILC2s in the popliteal LN following S. mansoni immunisation.
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Figure 5.11. Dynamic behaviour of ILC2s in popliteal LN following PBS or S. mansoni
immunisation. (A) Intravital images showing IL-13" ILC2s in popliteal LN 1 day post
immunisation (dpi) with PBS or S. mansoni (Schisto) by subcutaneous footpad injections;
PBS, scale bar 100 ym, Z stack 40 ym; Schisto, scale bar 150 ym, Z stack 70 ym. (B)
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Quantification of ILC2 numbers per field of view; ***p < 0.001. Pooled data from 5-6 movies
from 4 mice for each condition, with each dot representing one field of view. (C-D)
Quantification of (C) mean speed and (D) track straightness of popliteal LN T cells and
ILC2s, 1 dpi; *p < 0.05. Data from 1 movie for each condition. (E) Quantification of mean

cell surface area of popliteal LN ILC2s, 1 dpi. Data from 1 movie for each condition.

5.7. Id2/RoralRorc triple reporter mouse for imaging ILCs

The CD2/IL-13 reporter mouse provided a useful tool for studying ILC2s in vivo; however,
one potential limitation was that only IL-13" ILC2s were visualised, and this might not
represent the whole ILC2 population, especially at baseline when IL-13 production might be
lower. To address this, | investigated the use of a novel 1d2-BFP/Rora-teal/Rorc-katushka

triple reporter mouse to examine ILC subsets (224).

Id2 is a transcription factor required for the differentiation of all ILC subsets from common
lymphoid progenitors (6,220,347); it is also expressed by DCs (348). RORa, encoded by
Rora, is required for ILC2 development. RORyt, encoded by Rorc, is expressed by ILC3s
but not ILC2s (232,245). Therefore, with this triple reporter, ILC2s would be expected to be
Id2"Rora” (Figure 5.12A population 2), and ILC3s Id2"Rora‘Rorc” (Figure 5.12A population
3), providing a means of simultaneously studying different ILC subsets, with other cells, such
as 1d2" cells (largely DCs, Figure 5.12A population 1), Rora® and Rora*Rorc” cells (T cells),

acting as control cells within the same in vivo environment.

Popliteal LN (PBS- and S. mansoni-immunised), Peyer's patch and small bowel from the
triple reporter were harvested, and tissues mechanically dissociated for flow cytometry. The
markers CD3 (T cells), IL-7Ra (ILCs, provided a negative T cell marker also present) and
KLRG1 (ILC2s) were used to identify ILC2s as IL-7Ra’KLRG1*, and ILC3s as CD3’IL-7Ra";
these were applied to the 1d2* populations as negative control. The proportions of Id2"Rora*
cells that were ILC2s in the PBS-immunised popliteal LN (14.7%), S. mansoni-immunised
popliteal LN (35.8%) and Peyer's patch (38.0%) were lower than expected, and some
Id2"Rora” cells were T cells. A higher proportion in the small bowel lamina propria (72.8%)
was ILC2s. The purity of the Id2"Rora’Rorc” populations was better, with higher proportions
in the PBS-immunised popliteal LN (63.0%) and S. mansoni-immunised popliteal LN (69.2%)
being ILC3s, and the majority in the Peyer’s patch (95.6%) and small bowel lamina propria
(99.1%) being ILC3s (Figure 5.12B-E).
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Therefore, the Id2/Rora/Rorc triple reporter had limitations in its use as a tool for examining
ILCs, with variable proportions of Id2°Rora” cells being ILC2s in different tissues, but a
higher proportion of Id2"Rora*Rorc” cells being ILC3s, especially in the gut where the triple

reporter mouse could potentially be used for simultaneous ILC2 and ILC3 imaging.
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Figure 5.12. Specificity of Id2/Rora/Rorc triple reporter cell populations for ILCs. (A)
Flow cytometry plots showing gating strategy for identifying 1d2" (population 1), Id2"Rora*
(population 2) and Id2'Rora*Rorc” (population 3) cells. (B-E) Flow cytometry plots of (B)
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PBS popliteal LN, (C) Schisto popliteal LN, (D) Peyer’s patch and (E) small bowel, showing
purity of Id2'Rora” (population 2) for ILC2s (IL-7Ra’KLRG1"), and of Id2'Rora*Rorc”
(population 3) for ILC3s (CD3'IL-7Ra"), with 1d2" (population 1) as control.

5.7.1. Identifying triple reporter cell populations by microscopy

An imaging strategy of sequential single- and two-photon excitation was used to acquire
images with the triple reporter fluorophores, with additional CD169 labelling of SCS
macrophages in some experiments (Section 3.10.4). This allowed visualisation of the three
different cell populations (Id2*, Rora®, Rorc") of the triple reporter mouse, and most of these

cells were situated within T cell rather than B cell areas in the popliteal LN (Figure 5.13A).

In the analysis of these images, ‘surfaces’ were generated for each cell population (1d2°,
Rora®, Rorc"), and dual- or triple-colour cells were manually identified and assigned new
surfaces, including I1d2"Rora’, Id2*Rora*Rorc* and Rora’Rorc” cells. This resulted in cellular
maps of multiple cell populations. 1d2"Rora* and Id2*Rora*Rorc” populations were largely
within T cell areas, in both PBS-stimulated (Figure 5.14A) and S. mansoni-stimulated (Figure
5.15A) popliteal LNs.
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Popliteal LN PBS 1 dpi

Rorc-Katushka

Figure 5.13. Microscopy of Id2/Rora/Rorc triple reporter LN. (A) Intravital image of
whole popliteal LN showing 1d2*, Rora® and Rorc® populations in relation to B and T cell
zones and SCS (SCS macrophages labelled with anti-CD169); scale bar 100 ym, Z stack 40

um.
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Figure 5.14. Identifying triple reporter cell populations by microscopy in PBS-
immunised LN. (A) Image showing surfaces rendered from intravital imaging of popliteal LN
1 day post PBS immunisation, with B and T cell areas outlined (dotted white lines); scale bar
50 ym, Z stack 30 ym.
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Figure 5.15. Identifying triple reporter cell populations by microscopy in S. mansoni-
immunised LN. (A) Image showing surfaces rendered from intravital imaging of popliteal LN
1 day post S. mansoni immunisation, with B and T cell areas outlined (dotted white lines);

scale bar 50 ym, Z stack 36 pym.

5.8. Dynamic behaviour of triple reporter cell populations in popliteal LN

Four populations of cells were analysed: 1d2" (including DCs), Rora*Rorc’ (T cells) (349),
Id2"Rora” (including ILC2s), and Id2"Rora*Rorc” (ILC3s) (Figure 5.16A). 1d2" cells crawled
at the slowest speed and with the least directionality, consistent with them being DCs,
previously shown to move slower than T cells in LNs (350). Id2*Rora” cells moved at lower
speed and directionality following S. mansoni immunisation. 1d2*Rora*Rorc’ ILC3s moved
with mean speed similar to that of LN neutrophils but higher than that of Id2"Rora” cells, with
no increase following S. mansoni immunisation (Figure 5.16B,C). Id2"Rora’Rorc” cells were
larger than Id2"Rora” cells (Figure 5.16D,E). The reduction in speed and directionality of
Id2*"Rora” cells following a Th2 stimulus would suggest potential interactions with other LN

immune cells, for example with Id2* DCs (Figure 5.17A).
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Figure 5.16. Dynamic behaviour of triple reporter cell populations in popliteal LN. (A)
Intravital images of triple reporter popliteal LN 1 dpi (PBS or Schisto), with cell tracks shown
for 1d2" (cyan), Rora’Rorc” (yellow), Id2*Rora” (white) and Id2*Rora’Rorc” (purple); scale bar
40 ym, Z stack 32 ym. (B-E) Quantification of (B) mean speed, (C) track straightness, (D)

mean cell surface area and (E) mean cell volume of cell populations as per (A); *p < 0.05, **p
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< 0.01, **p < 0.001. Pooled data from 5-7 movies from 3-4 mice per condition, with each dot

representing one cell track.
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Figure 5.17. Interaction between Id2* and Id2'Rora* cells following S. mansoni
immunisation. (A) Intravital image of popliteal LN (Schisto 1 dpi) showing interaction
between 1d2" cell and Id2"Rora® cell (white arrow), with an adjacent Id2"Rora*Rorc” cell

(purple arrow); scale bar 50 pm (10 um for magnified white box), Z stack 32 uym.

5.8.1. Relationship of triple reporter cell populations to the SCS

Using subcutaneous footpad injections of anti-CD169 antibody to label popliteal LN SCS

macrophages in vivo, Id2"Rora” and Id2*Rora’Rorc” cells were observed to be present in the
SCS at baseline (Figure 5.18A).

Id2 Rora Collagen

Popliteal LN PBS 1 dpi

Figure 5.18. Id2'Rora’ and Id2'Rora’Rorc” cells in SCS of popliteal LN. (A) Intravital
image of popliteal LN (PBS 1 dpi), with SCS macrophages labelled in vivo by subcutaneous
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footpad injection of anti-CD169, showing Id2"Rora* (white arrow) and Id2"Rora*Rorc* (purple

arrow) cells in SCS; scalr bar 30 ym, Z stack 30 pm.

Examples of cell trafficking are shown, including Id2"Rora” cell initially co-localising with
CD169" SCS macrophage then moving away from the SCS into the LN cortex (Figure
5.19A), and Id2"Rora“Rorc” cell moving along the SCS (Figure 5.19B).
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Figure 5.19. Trafficking of Id2'Rora* and Id2'Rora’Rorc” cells in relation to SCS. (A)

Intravital image of Id2"Rora” cell (dotted white circle) interacting with SCS macrophage then
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moving away from SCS into cortex of popliteal LN (PBS 1 dpi); scale bar 40 um, Z stack 14
um. (B) Intravital image of Id2"Rora*Rorc” cell (dotted white circle) crawling along the SCS

in popliteal LN (PBS 1 dpi); scale bar 40 ym, Z stack 14 um.

5.9. Triple reporter cell populations in the footpad

Following S. mansoni immunisation, most cells seen in the footpad were 1d2* DCs, with few

examples of Id2"Rora’Rorc* and Rorc” cells (Figure 5.20A). However, the imaging of Rora-

teal cells in the footpad was difficult due to significant background autofluorescence.

Id2 Rora

Footpad Schisto 1 dpi

Figure 5.20. Triple reporter cell populations in S. mansoni-immunised footpad. (A)
Intravital image of footpad of triple reporter mouse day 1 post S. mansoni immunisation;

scale bar 50 ym, Z stack 55 ym.

5.10. Triple reporter cell populations in Peyer’s patch

| also examined the gut of the triple reporter mouse, using the N. brasiliensis infection model.
In the Peyer’s patch, the Id2", Rora® and Rorc™ populations were in similar distributions in
both the uninfected (Figure 5.21A) and N. brasiliensis-infected (Figure 5.21B) mice. Whilst in
the popliteal LN the majority of Rorc™ cells were also Id2"Rora”, in the Peyer’s patch more
Rorc” cells were seen, with some cells appearing dendritic in morphology and situated near
blood vessels (Figure 5.22A).
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Figure 5.21. Triple reporter cell populations in Peyer’s patch. (A) Intravital image of
Peyer’s patch from uninfected triple reporter; scale bar 150 um, Z stack 24 pm. (B) Intravital
image of Peyer’s patch from triple reporter 5 dpi with N. brasiliensis; scale bar 50 ym, Z stack

60 um. Blood vessels were labelled in vivo with intravenous Qtracker injection in both.
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Figure 5.22. Rorc’ cells near blood vessels in Peyer’s patch. (A) Intravital images
showing Rorc” cells situated near Qtracker-labelled blood vessels, in both uninfected and 5

dpi Peyer’s patch; scale bar 50 um, Z stack 30 pm.

5.11. Neutrophil expression of RORyt

Whilst RORyt" ILC3s are present in lymphoid tissues, other cells may also express RORyt.
Using a RORyt-GFP reporter mouse, | harvested unstimulated LNs for examination by
confocal microscopy and demonstrated the presence of Ly6G" neutrophils co-expressing

RORvt, situated near lymphatic vessels in the popliteal LN (Figure 5.23A).

Ly6G*RORyt"

Popliteal LN unstimulated

134



Figure 5.23. Neutrophil expression of RORyt in unstimulated LN. (A) Confocal image of
unstimulated popliteal LN of RORyt-GFP reporter, with magnified areas (1 and 2) showing
neutrophils with Ly6G and RORyt co-localisation (yellow circles) within LN tissue; scale bar

20 ym, Z stack 18 ym.

5.12. Summary of results

The results | have generated provide data on the dynamic behaviour of ILCs within lymphoid
tissues. The CD2/IL-13 double reporter mouse enabled in vivo studies of ILC2 behaviour.
Using this reporter mouse, two models of type 2 inflammation were studied; N. brasiliensis
worm infection followed by Peyer’s patch and gut imaging, and S. mansoni egg footpad
immunisation followed by popliteal LN imaging. In both experimental models, the IL-13-
producing cells early following stimulation were ILC2s not Th2 cells, confirming the

importance of ILC2s in the early response to type 2 inflammatory stimuli.

Within Peyer’s patches, the number of IL-13" ILC2s increased following N. brasiliensis
infection compared to the number at baseline, with ILC2s located mainly in T cell areas.
Intravital imaging of Peyer’s patches showed that ILC2s and T cells had similar speed and
directionality of movement at baseline; following N. brasiliensis infection, ILC2s moved with
increased speed and directionality compared to T cells and to uninfected ILC2s, and no
interactions were seen between ILC2s and T cells. The cellular size of ILC2s increased
following infection, although no cell divisions were observed directly. In the small bowel wall,
ILC2s similarly increased in cell number following N. brasiliensis infection, moving at higher
speed and directionality compared to T cells, but in contrast to the Peyer’s patch interactions
were observed between ILC2s and T cells within the small bowel wall following infection. In
popliteal LNs, ILC2s were located in T cell areas, and following footpad stimulation with UV-
killed S. mansoni eggs ILC2s increased in number and moved at higher speed compared to
T cells, providing evidence of changes in ILC2 number and dynamic behaviour following

different type 2 inflammatory stimuli in different tissues.

| also examined the utility of a novel Id2/Rora/Rorc triple reporter mouse for the simultaneous
imaging of immune cell subsets. The proportion of Id2"Rora” cells being ILC2s was variable
and lower than expected, limiting the use of this reporter mouse, although the proportion of
Id2"Rora"Rorc” cells being ILC3s was higher. 1d2*Rora” and Id2"Rora*Rorc” cells were
located in T cell areas of popliteal LNs and Peyer's patches, at baseline and post

inflammatory challenge. Following S. mansoni footpad immunisation, Id2"Rora” cells in the
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popliteal dLN moved with lower speed and directionality, suggesting their interaction with

other LN cells.

5.13. Discussion

Overall | demonstrated, using two different helminth experimental models, that early following
type 2 inflammatory stimuli ILC2s increased in number in different tissues and were the main
source of IL-13, with intravital imaging showing changes such as increased speed, increased
directionality and increased cell size post stimulation. Consistent with this, IL-13" ILC2s did
not interact with T cells in lymphoid tissues following inflammatory stimuli, despite their co-
location; on the other hand, ILC2-T cell interactions were observed in the small bowel wall

following stimulation.

5.13.1. CD2/IL-13 reporter for ILC2 imaging

The CD2-GFP/IL-13-tomato double reporter mouse provided a useful tool for studying ILC2
behaviour in vivo. Previous studies have used IL-13 reporter mice to identify ILC2s
(237,307). | confirmed by flow cytometry that IL-13" cells in Peyer’'s patches and popliteal
LNs were ILC2s, being positive for IL-7Ra and ICOS, and negative for markers of other cell
types including T cell, eosinophils and granulocytes. GFP fluorescence on CD2" cells
provided an important discriminator between Th2 cells (CD2*IL-13") and ILC2s (CD27IL-13%),
and in addition provided a population of CD2*IL-13" T cells that in vivo facilitated identification
of T cell zones of LNs and acted as controls for quantifying ILC2 dynamic behaviour. One
limitation, however, is that not all ILC2s are IL-13" especially at baseline, and there may be
differences in the dynamic behaviour between IL-13" subsets of ILC2s and ILC2s as a whole
group. Nevertheless, some interesting insights into ILC2 behaviour have been generated

with this reporter.

In view of the different optimal two-photon excitation wavelengths of GFP and tomato, to
avoid issues with repeated multiphoton laser re-tuning during imaging | used single-photon
excitation instead (Section 3.10.3). Although single-photon excitation has the theoretical
disadvantages of less tissue penetration and more photo-bleaching, in practice | was able to
obtain intravital movies with adequate Z depth, whilst avoiding photo-bleaching over the
duration of imaging by using low laser power levels. Therefore, despite these technical
issues | was still able to obtain good quality in vivo data with the CD2/IL-13 double reporter

mouse.
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5.13.2. ILC2s in early type 2 immune responses

During the imaging of Peyer’s patches and popliteal LNs following N. brasiliensis infection
(day 5 post infection, an early time point following larvae arrival in gut) and S. mansoni egg
immunisation (day 1 post immunisation) respectively, none of the IL-13" cells were CD2",
suggesting that at these early time points, ILC2s but not Th2 cells were the major source of
IL-13 in lymphoid tissues. IL-13" ILC2s increased in number, and in Peyer's patches
increased in cell size following stimulation, which would be consistent with higher cytokine
production. A previous study also showed that ILC2s were the main source of IL-13 early
following papain-induced lung inflammation (266). My results demonstrated further evidence
of the role of ILC2s early in type 2 inflammatory responses, acting as sentinel effector cells
and producing cytokines such as IL-13 to initiate type 2 immune responses prior to Th2 cell

activation.

5.13.3. Dynamic behaviour of ILC2s in lymphoid tissues

In Peyer’s patches, | showed in vivo that early following N. brasiliensis infection ILC2s moved
with higher speed and directionality compared to T cells and to uninfected ILC2s, and that
the cell size of ILC2s increased compared to uninfected ILC2s. These changes in dynamic
behaviour potentially suggest that ILC2s activate the early type 2 response via increase in
production of cytokines including IL-13. ILC2-derived IL-13 has been shown in other studies
to promote a number of cellular responses in non-lymphoid and lymphoid organs, such as
DC-mediated recruitment of memory Th2 cells to the lungs (243) and DC migration to and
Th2 differentiation in mediastinal dLN following papain-induced lung inflammation (266), and

alveolar macrophage activation leading to N. brasiliensis killing in the lungs (274).

The increase in ILC2 cell movement may facilitate the distribution of secreted IL-13 to
activate other cells. A previous study investigating the influence of T cell-derived IL-2 on
Treg activation in LNs showed that IL-2* cells were present at the centre of Treg clusters,
and Treg cells positioned within 100 pm of the centre expressed significantly higher pSTATS
(representing Treg activation) compared to cells further away (351). In zebrafish, neutrophils
showed more directed migration towards zebrafish CXCL8 when within 100 ym of the source
but not at further distances (106). These studies suggest that cytokines have a limited area
of influence in tissues, and therefore the finding of ILC2s moving with increased speed and
directionality following stimulation could enable them to distribute cytokines over wider areas

of lymphoid tissues to augment the initiation of type 2 responses.
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| sought to expand these findings on ILC2 dynamic behaviour in the gastrointestinal tract to
secondary lymphoid organs in other areas by examining LN from a different site with a
different experimental model, namely performing intravital imaging of popliteal dLN early (day
1) following footpad immunisation with UV-inactivated S. mansoni eggs. This showed that
ILC2s had higher speed of movement following S. mansoni stimulation compared to PBS
stimulation. Although this was in support of the Peyer’s patch data, the analysis of the
popliteal LN dynamic data was preliminary, and data from more experiments have to be

analysed to draw conclusions on the behaviour of ILC2s in this experimental model.

ILC2s and ILC3s have previously been shown to be located in interfollicular zones of
mesenteric LN (262). Similarly, | have found ILC2s and ILC3s to be located in T cell areas
within Peyer's patches and popliteal LNs. Despite their location within LNs, in Peyer’s
patches there were only rare incidences of interactions between ILC2s and T cells at
baseline, and following N. brasiliensis infection no interactions between ILC2s and T cells
were observed in any of the intravital movies examined. This was further evidence in
support of the role of ILC2s in moving faster and distributing cytokines following stimulation,
rather than moving slower and forming cellular interactions, in lymphoid tissues early in the

Th2 response.

5.13.4. Dynamic behaviour of ILC2s in small bowel

Whilst the Peyer’s patch and popliteal LN intravital data presented above have provided
evidence supporting the notion that ILC2s influence immune cells via cytokine production,
ILC2s have also been shown to form direct interactions with other immune cells. In vivo
imaging of the ear skin showed that ILC2s formed brief interactions with mast cells (250).
ILC2s have been shown to express MHCII and co-stimulatory molecules, enabling peptide
presentation to and activation of antigen-specific T cells in vitro, and mediating N. brasiliensis

worm expulsion in vivo (276).

Examination of the small bowel wall following N. brasiliensis infection showed that, similar to
Peyer's patches, ILC2s were the main cell population producing IL-13, and IL-13" ILC2s
moved at higher speed and directionality compared to T cells. There was also evidence of
ILC2-T cell interaction. This may represent different roles of ILC2s in different tissues
following type 2 inflammatory stimuli, whereby in lymphoid tissues ILC2s act mainly as
cytokine producers, but in mucosal tissues ILC2s also interact with tissue-resident T cells,
with the potential for antigen presentation. ILC2s from different pulmonary compartments
showed different surface markers (311), and IL-33 stimulated OX40L expression on lung but

not mediastinal LN ILC2s (278). Further studies are required to investigate whether there
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are differences in ILC2 chemokine or receptor expression that influence the nature of

crosstalk between ILC2 and other immune cells at lymphoid and mucosal tissues.

5.13.5. Id2/Rora/Rorc triple reporter mouse

Using IL-13 to identify ILC2s may not represent the whole ILC2 population, as some ILC2s
may have low IL-13 production at baseline. In the small bowel wall, for example, few IL-13"
ILC2s were seen at baseline during imaging. | examined the use of a novel 1d2-BFP/Rora-
teal/Rorc-katushka triple reporter (224) that would theoretically capture whole ILC subsets,
with ILC2s expected to be Id2*'Rora” and ILC3s Id2'Rora’Rorc’. By flow cytometry, the
proportion of Id2"Rora” cells being ILC2s were unfortunately lower than expected in Peyer’s
patch and popliteal LN. Nevertheless, imaging of popliteal LNs following footpad
immunisation showed that Id2'Rora” cells as a whole group moved at slower speed and
directionality following S. mansoni challenge, suggesting interactions between these cells,
which could be non-ILCs, and other LN cells, as opposed to IL-13" ILC2s which increased in

speed following S. mansoni challenge.

There were technical issues with using this triple reporter for intravital imaging, with teal not
being a bright fluorophore, and katushka having an optimal two-photon excitation wavelength
beyond the tuneable range of the multiphoton laser in our laboratory; in order to overcome
these issues | employed a strategy of sequential single- and two-photon excitation during

intravital imaging.

| was unable to generate confocal images of harvested triple reporter LNs, as the process of
LN fixation resulted in loss of fluorescence signal of the teal fluorophore, and unlike GFP
there are no antibodies available against teal to augment the signal on LN sections.
Therefore the 1d2/Rora/Rorc triple reporter mouse can be used for intravital imaging studies,

but not for confocal microscopy after tissue fixation.

The analysis of images from the triple reporter mouse was time-intensive, as | manually
identified different cell populations and rendered “surfaces” to generate images of cell
subsets. To improve upon this, a computerised algorithm could be applied to the analysis to
reduce subjective errors. Such methods have been developed for the analysis of multiple
cell types. For example, histo-cytometry utilises deconvolution algorithms, fluorophore
compensation, Boolean voxel gating and surface rendering to visualise multiple cell
populations with complex combinations of markers (352), and its use could be explored for
the analysis of imaging data from the triple reporter mouse. Tissue clearing techniques have

also been developed for imaging whole organs made transparent by chemical methods
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(353,354), and these have been used in combination with computerised imaging analysis to

generate quantitative confocal data with multiple fluorophores in bone marrow (355).

5.13.6. Dynamic behaviour of ILC3s

The Id2/Rora/Rorc triple reporter mouse showed better purity for ILC3s, identified as
Id2"Rora’Rorc” cells. Within popliteal LNs, ILC3s were present mainly in T cell areas,
consistent with findings from a previous study (262). Currently little data exist on the in vivo
behaviour of ILC3s, with one study showing that ILC3s exhibited little motility within
cryptopatches of the gut during intravital imaging, although there was evidence of ILC3s
trafficking into and out of cryptopatches; in this study, ILC3s were visualised using an IL-23-
GFP RAG-deficient reporter mouse which lacked adaptive B and T lymphocytes (308). In
comparison, the intravital imaging data | presented above showed that ILC3s in the popliteal
LN were motile, moving at similar speed to LN neutrophils and at higher speed compared to
Id2'Rora” cells, in a reporter mouse with intact lymphocytes. In addition, some

Id2"Rora’Rorc’ cells and Id2*'Rora” cells were observed to traffick within and out of the SCS.

Due to time constraints | only obtained limited data of triple reporter cell populations in
Peyer's patches. In the small bowel lamina propria, the majority of Id2*Rora" cells were
ILC2s, and almost all Id2"Rora’Rorc” cells were ILC3s, therefore potentially making this a
more useful reporter for imaging these ILC subsets simultaneously in the gut. It would be of
interest to examine the gut, Peyer’s patches and cryptopatches of the triple reporter mouse
further, to investigate the behaviour of these ILC subsets using intravital imaging and to

compare the results with previously published data more directly.

5.13.7. Neutrophils and ILCs

| showed evidence that neutrophils as well as ILC3s expressed RORyt in unstimulated LNs.
Gr-1" neutrophils expressed RORyt in a model of liver ischaemic-reperfusion injury (356).
Murine BM neutrophils and human peripheral blood neutrophils have been shown to express
RORVyt and produce IL-17 upon stimulation with IL-6 and IL-23 (357), although a subsequent
study was unable to detect IL-17 production by human neutrophils in vitro (358). In animal
models of asthma with intranasal fungal and protein allergen challenges, both Th2 and Th17
responses were induced (359), and RORyt inhibition, either in RORyt-deficient mice or with
the use of pharmacological RORyt blockade, resulted in reduction in both Th2 and Th17
responses, including reduced airway recruitment of eosinophils and neutrophils respectively
(360). Furthermore, RORa and RORyt exerted synergistic effects on Th17 differentiation, as

shown in vitro and in vivo using RAG-deficient mice reconstituted with BM cells deficient in
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RORyt or in both RORa and RORyt (349). Intradermal administration of killed N. brasiliensis
larvae to the ear skin has been shown to result in neutrophil recruitment and NETosis, in
addition to a Th2 response (361).

These studies suggest common links between neutrophils and ILCs in inflammatory
responses, and further investigation of neutrophil-ILC crosstalk in homeostasis and in
inflammation may provide insights into the cellular processes and therefore potential
therapeutic targets in inflammatory diseases such as asthma and chronic obstructive

pulmonary disease that show heterogeneous immunological phenotypes.

5.13.8. Significance of findings

To date there are only few studies on the dynamic behaviour of ILC2s, with in vivo imaging
showing ILC2s (as CXCRG6-GFP cells) in the ear skin moving slower than T cells (250), and
ex vivo imaging showing ILC2s (as IL-13-GFP cells) in the lungs moving faster and over
longer distances than CD4" T cells (307). Although ILCs are present in LNs, data are lacking

on their behaviour in LNs in vivo.

With the results detailed above | have generated novel data quantifying the dynamic
characteristics of ILC2s in different lymphoid tissues at baseline and following type 2
inflammation. ILC2s have been shown to express MHCII for antigen presentation (37), a
process in which one would expect reduction in speed of movement to enable interactions
with T cells to occur. In contrast, | showed that in lymphoid tissues ILC2s responded to type
2 stimuli with increased cell number and increased speed and directionality of movement,
without forming interactions with T cells, suggesting their role as early cytokine producers. At
local sites of inflammation such as small bowel, whilst ILC2s as a group increased speed and
directionality of movement, some ILC2s also formed interactions with T cells, potentially

suggesting roles additional to cytokine production.

Together these intravital imaging data on cellular dynamics suggest that ILC2s exert varying
functions, which may show heterogeneity in lymphoid and non-lymphoid tissues. ILCs are a
recently characterised group of cells with diverse effector functions. ILC2s have been shown
to be important early effectors of type 2 immune responses, and are involved in a number of
chronic inflammatory diseases such as asthma (289,346). Few intravital imaging studies
have been performed for the study of ILC2s, and understanding their dynamic behaviour
would contribute to knowledge on the role of ILC2s and their influence on innate and

adaptive immunity, in lymphoid tissues in homeostasis and in inflammation.
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Similarly, little data exist for the dynamic behaviour of ILC3s, with one previous study
investigating ILC3s in gut cryptopatches in RAG-deficient mice (308). Utilising the
Id2/Rora/Rorc triple reporter mouse, | have presented novel intravital data on the motile
nature of ILC3s within LNs. Although the triple reporter mouse has its limitations, it could
potentially be a useful tool for the simultaneous imaging of multiple immune cell subsets,
including ILC2s and ILC3s in the gut.

5.13.9. Future work

| have shown that, compared to baseline, ILC2s increased in number, size and speed of
movement in Peyer’s patches following N. brasiliensis infection, supportive of ILC2s acting
mainly as cytokine producers. The evidence could be strengthened by examination of the
fluorescence intensity of IL-13 from intravital images to compare semi-quantitatively the
amount of cytokine pre- and post-infection. Whilst manipulating cellular movement
specifically on ILC2s in vivo would be difficult, | could examine the relationship between ILC2
speed of movement and cytokine production for example by inhibiting motility with

cytochalasin and quantifying ILC2 cytokine secretion in vitro.

To confirm these findings in a different LN and in a different experimental model, | examined
popliteal LNs following either PBS or S. mansoni egg foot immunisation; preliminary analysis
showed similar changes in cell number and dynamic behaviour with S. mansoni
immunisation, but data from more experiments have to be analysed in order to draw
conclusions on this, and to identify whether there are any cellular interactions between ILC2s
and T cells in skin-draining (popliteal) LN compared to gut-draining Peyer’s patches. There
are differences in tissue activation signals for ILC2s, such as TSLP in the skin and IL-25 in
the gut (219). | could investigate whether tissue specific signals impact on the dynamic
behaviour of ILC2s in draining LNs, for example by stimulating the footpad with these signals

and comparing the dynamics of ILC2s in the draining popliteal LN.

In the small bowel, ILC2s also increased in number and speed of movement suggesting
cytokine production, but in contrast to Peyer’s patches where no cellular interactions were
observed, ILC2-T cell interactions were observed in the small bowel. This may reflect a
more diverse role of ILC2s at tissue sites of inflammation. More experiments are required to
quantify the relative frequency and duration of interactions between ILC2s and T cells. As
ILC2s have been shown in previous studies to express MHCII and present antigen to T cells
(276), further experiments could be performed to examine whether these ILC2-T cell
interactions represent MHCII-dependent antigen presentation, for example by administering

antibody MHCII blockade to CD2/IL-13 reporter mice and observing for differences in ILC2-T
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cell interactions, or by transferring antigen-specific fluorescent OTII T cells to IL-13 reporter
and stimulating with OVAIC to observe for in vivo interactions between ILC2s and antigen-

specific T cells.

| have so far examined ILC2 interactions with CD2" T cells using CD2/IL-13 reporter mice.
Further work is required to investigate whether ILC2s interact with other immune cells in the
LN, by using the approach of isolating and adoptively transferring the cell type of interest into
CD2/IL-13 reporter mice, followed by Peyer’s patch or popliteal LN intravital imaging at
baseline and post inflammatory stimuli. | could, for example, isolate and transfer B cells
either labelled ex vivo with cell tracker dye or from fluorescent reporter mice, then examine
for interactions between ILC2s and B cells in lymphoid tissues. Similarly, ILC2 interactions
with other innate immune cells such as DCs and neutrophils could be studied. | have shown
that neutrophils can capture systemic IC for delivery to peripheral LNs (Section 4.10); | could
examine by intravital imaging whether these antigen-carrying neutrophils interact with other
LN immune cells, including ILC2s, and whether the nature of any interactions differ with
different 1gG-opsonised antigen, such as IC and opsonised bacteria. For investigating
interactions of ILC2s with SCS macrophages, CD169 antibody labelling could be used, for
example anti-CD169 injected subcutaneously in the footpad to label SCS macrophages in

the draining popliteal LN.

Whilst the ILC2 purity in Peyer’s patches and LNs of the Id2-BFP/Rora-teal/Rorc-katushka
triple reporter mouse was lower than expected, in the small bowel lamina propria the majority
of 1d2'Rora” cells were ILC2s, and almost all Id2"Rora*Rorc” cells were ILC3s. 1d2" cells
include DCs, and although 1d2 is not a selective marker, DCs can be distinguished from other
Id2" cells during intravital imaging by their distinctive morphology. My data showing larger
cell size and slower speed of movement of 1d2" cells compared to other groups (Section 5.8)
would also support most 1d2" cells being DCs. Therefore, although this triple reporter mouse
has limitations for ILC2 imaging in lymphoid tissues, it could potentially be of value in the
simultaneous imaging of multiple cell subsets in the small bowel, including ILC2s (Id2"Rora”),
ILC3s (Id2"Rora‘’Rorc’) and DCs (Id2"), for example to investigate whether any cellular
interactions occur between these innate cell types. With my imaging strategy with this
reporter, Qtracker labelling of blood vessels could be used in addition to examine the relation
of these cells to blood vessels. However, as stated above, the method of analysis would

have to be optimised for future experiments using this reporter.
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Chapter 6. Summary and conclusion

6.1. Summary

The innate immune system consists of circulating and tissue-resident cell subsets that form
the early host response to infection and tissue injury. Neutrophils are circulating leukocytes
that are rapidly recruited from blood to inflammatory tissues, responding to infectious and
inflammatory stimuli by expressing a variety of surface receptors for recognition of PAMPs
and DAMPs, and exerting their effector function of pathogen killing by methods including
phagocytosis, ROS production, degranulation of cytotoxic proteins and NET production.
ILCs are a recently characterised group of cells present at mucosal barrier sites such as the
skin, lungs and gut with analogous functions to those of Th cell subsets. ILC2s are involved
in the initiation of type 2 inflammation, with epithelial alarmins released during tissue damage
stimulating ILC2s to produce type 2 cytokines, mediating the early response to helminth

infection and allergen-induced inflammation.

In addition to their effector functions, innate immune cells can also interact with adaptive
immune cells, for example by processing and presenting antigen to T cells via MHCII,
leading to T cell activation. LNs are secondary lymphoid organs packed with immune cells
arranged in microanatomical regions, and are ideal sites for enabling these cellular
interactions to occur. DCs and macrophages have traditionally been considered professional
antigen presenting cells, and DCs can migrate from peripheral tissues into dLNs to interact
with lymphocytes; however, other innate immune cells have also been shown to influence

adaptive immunity.

Neutrophils are increasingly recognised to have diverse roles beyond their classical effector
function of rapid pathogen killing. Following tissue inflammation, whilst some neutrophils
undergo apoptosis and efferocytosis, neutrophils have also been shown to migrate to dLNs,
where they interact with other LN immune cells such as DCs, SCS macrophages, T cells and
B cells, including by MHCII expression and antigen presentation, although studies have
shown conflicting results on the overall effect of neutrophils on other LN immune cells.
Under homeostatic conditions, it is unclear whether neutrophils similarly migrate into LNs and

interact with other immune cells.

| demonstrated that neutrophils were present in unstimulated murine LNs from different body
sites. The majority of neutrophils were located within the LN interstitium outside blood and
lymphatic vessels, in interfollicular areas near the floor of the SCS. Intravital imaging

showed that neutrophils tonically trafficked into LNs at baseline via both blood and lymphatic

144



vessels, with the mechanism partially dependent on PNAd. Neutrophils were also present in
a similar anatomical distribution in LNs from human organ donors. Both human and murine
LN neutrophils expressed MHCII at baseline. Ex vivo, IC stimulation upregulated neutrophil
expression of MHCII and co-stimulatory molecules, and IC-stimulated neutrophils increased
antigen-specific CD4" T cell activation. In vivo, neutrophils were capable of early delivery of
circulating IC into peripheral LNs, and were observed to interact with SCS macrophages
following IC stimulation and with DCs at baseline and following IC stimulation. Overall, these
data suggest that neutrophils traffick into LNs under homeostatic conditions, express MHCII
at baseline, sample systemic antigen for delivery to LNs, and can potentially interact with

other LN immune cells to influence adaptive immunity (Figure 6.1).

Neutrophil

5: Neutrophil interaction Afferent lymphatics - -
with LN immune cells 1: Presence of neutrophils

in unstimulated LN

2: Neutrophil trafficking
into LN via blood and
lymphatic vessels

Blood

3: MHCII expression

IC
on LN neutrophils

4: Neutrophil delivery
of circulating IC to LN

Figure 6.1. The role of LN neutrophils in homeostasis. Summary diagram showing that
neutrophils are present in LNs under homeostatic conditions, traffick into LNs via blood and
lymphatic vessels, express MHCII at baseline, sample systemic antigen for delivery to LNs,

and can potentially interact with other LN immune cells to influence adaptive immunity.
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ILCs, like neutrophils, are thought of as early innate effector cells, and whilst neutrophils are
traditionally considered to be pathogen killers, ILCs are considered to influence other
immune responses mainly via cytokine production. ILC2s are present in LNs and have been
shown to exhibit crosstalk with other innate and adaptive immune cells. Whilst a few studies
have examined the behaviour of ILC2s in non-lymphoid tissues in vivo or ex vivo, to date

there are little data on the dynamic behaviour of ILC2s in lymphoid tissues in vivo.

Using two helminth models of type 2 inflammation, | demonstrated that early following
stimulation ILC2s were the main source of IL-13 in lymphoid tissues (Peyer’s patches and
popliteal LNs) and at local tissue sites of inflammation (small bowel), increasing in cell
number and cell size compared to baseline in these tissues. Within lymphoid tissues, ILC2s
were located in T cell areas, and intravital imaging showed that ILC2s increased in speed
and directionality of movement following inflammatory stimuli, with no interactions observed
between ILC2s and T cells, suggesting that in lymphoid tissues ILC2s exhibit dynamic
changes early following stimulation to distribute type 2 cytokines. In contrast, in the small
bowel wall ILC2s and T cells were observed to interact following stimulation, potentially
suggesting broader roles of ILC2s beyond cytokine production. Overall, these data provide

novel insights into the dynamic behaviour of ILC2s in lymphoid tissues in vivo (Figure 6.2).

=12

Unstimulated mucosa Stimulated mucosa
Uninfected gut N. brasiliensis-infected gut
PBS-stimulated footpad S. mansoni-stimulated footpad

Peyer’s patch
Popliteal LN

Stimulated ILC2s in lymphoid tissue:
1 Number
1 Size
1 Speed of movement
1 Directionality of movement
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Figure 6.2. The behaviour of ILC2s in homeostasis and inflammation. Summary
diagram showing that ILC2s are present in lymphoid tissues such as Peyer’s patches and
popliteal LNs at baseline, responding to mucosal helminth inflammatory stimuli by increasing

in cell number and cell size, and moving with higher speed and directionality.

6.2. Conclusion

Both neutrophils and ILCs have diverse roles beyond their effector functions of pathogen
killing and cytokine production. Using different experimental approaches including intravital
imaging, | have investigated the dynamic behaviour of neutrophils and ILC2s in peripheral
LNs and Peyer’s patches, sites of adaptive immune responses. | have demonstrated a novel
role of neutrophils in homeostatic immune surveillance, whereby neutrophils routinely patrol
LNs at baseline, bringing sampled systemic antigen into LNs for potential antigen
presentation with subsequent influence on adaptive immunity. | have characterised the
behaviour of ILC2s, with novel in vivo data showing changes in ILC2 number and movement

dynamics in lymphoid tissues following helminth models of inflammation.

Innate immune cells such as neutrophils and ILC2s are involved in a number of chronic
inflammatory diseases, but currently few neutrophil- or ILC2-targeted treatments exist. The
data presented above extend the scientific knowledge on the trafficking pattern and dynamic
behaviour of these cells within LNs at baseline and following inflammatory stimuli, potentially
facilitating the future development of therapeutic approaches to modulate neutrophil- or ILC-

driven inflammation in these chronic diseases.
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