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Abstract

Effector and memory CD8* T cells are critical for the elimination of primary intracellular infections,
and for providing rapid immunity upon re-infection. The T cells responding to an infection can take on
disparate fates. Although many factors have been described that influence the generation of effector
and memory cells, how T cells are polarised to a particular fate is poorly understood. One factor that is
important for T cell fate decisions in the microanatomical localisation of activated T cells in specific
niches that promote T cell differentiation, and this activity is regulated through the specific action of
chemokines and chemokine receptors. However, the molecular mechanisms underlying these processes
are unclear. Understanding the regulation of CD8" T cell trafficking should reveal key mechanisms in T
cell differentiation and protective immunity, and this knowledge would have wide-ranging impacts on
the development of vaccines against intracellular pathogens like influenza, where antibody responses
provide only short-term protection, and against emerging intracellular pathogens. Thus, the regulation
of CD8" T cell trafficking during infection was investigated by focusing on chemokine receptors, which

orchestrate lymphocyte migration.

The expression of chemokine receptors was investigated in CD8" T cells responding to influenza
infection. This revealed that the chemokine receptor CCR2 was highly expressed in CD8"* T cells in
the mLN, spleen, peripheral blood, and lung parenchyma. Further investigation revealed that CCR2
was expressed within the first T cell division in the mLN, and maintained broad and high expression
across all effector and memory T cell subsets. Despite the high expression of CCR2 across CD8" T cell
effector and memory subsets, the receptor was dispensable for CD8" T cell differentiation, acquisition
of effector potential, and expansion and trafficking during viral challenge. Further investigation into
the role of CCR2 on circulating memory T cells however, did uncover a potential role for CCR2 in the

optimal immunosurveillance of damaged or stressed peripheral tissue during sterile inflammation.

Further investigation into the requirement for host CCR2 in protection from influenza infection

revealed a cell-extrinsic requirement for CCR2 in optimal memory T cell function during influenza

xiii



challenge. Although host deficiency of Ccr2 had no impact on the development of memory T cell
populations after primary A/HK-x31 infection, these mice displayed increased morbidity during a lethal
A/PR8-challenge and increased viral titres in the lungs relative to their WT counterparts. This was
associated with a reduction in the re-expansion of influenza-specific memory CD8" T cells in the lungs.
Concomitant with this reduction in T cell proliferation was a reduction in the number of monocytes

and monocyte-derived cells, and an inflammatory c¢DC subset in the lungs.

This project demonstrates that the chemokine receptor CCR2 is dispensable for any cell-intrinsic
role in CD8" T cell effector or memory cell differentiation and trafficking during viral infection. However,
evidence for a cell-intrinsic role for CCR2 in the optimal immunosurveillance of peripheral tissue in
certain contexts of sterile inflammation is provided. Additionally, this project demonstrates a cell-
extrinsic role for CCR2 in shaping optimal re-call responses to a heterosubtypic influenza challenge.
These findings provide a framework for the better understanding of memory T cell re-activation and

immune protection at the site of infection and inflammation.
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1 Introduction



Given the potentially logarithmic growth of a pathogen during the early stages of infection it is
critical for the immune system to generate efficient and appropriate immune responses to meet host
needs [1]]. As such, the immune system has evolved strategies for the optimal immunosurveillance of
naive T cells and the efficient recruitment of antigen-specific T cells to sites of infection. The events
that lead from the activation of a naive T cell, to it’s differentiation into an effector cell, its localisation
at infected peripheral tissue, and eventual development into a long-lived memory cell are regulated to
a significant degree by chemokine receptor-mediated migration [2]. The same chemokine axes that
guide T cell fate are also often co-opted by cells of the innate immune system to ensure the effective
co-ordination of innate and adaptive cells within the same environment for antigen-presentation, and
the provision of cytokines to drive T cell differentiation. The regulation of T cell fate and function by
chemokine receptors has been subject to extensive investigation and is a complex system that requires
the action of many chemokine receptors and their ligands which are differentially expressed across
tissues, leukocyte populations, and activation states. Although the importance of the chemokine receptor
system in CD8" T cell biology has been well established, the majority of studies have focused on the
cell-intrinsic requirements for CXCR3 in T cell fate and function across a number of different infectious
and disease models. While CXCR3 is well established as a key regulator of T cell fate and function,
many other receptors have been investigated for cell-intrinsic and extrinsic effects in T cell biology
and elimination of these receptors often has only minor, or context specific, impacts on T cell fate in
comparison to CXCR3 [24]]. The following section will focus on T cell responses to infection in the
context of cell migration, with a particular focus on CD8" T cell responses during acute infections, and

the myeloid cells that facilitate their activation and differentiation.

1.1 Chemokine receptors and lymphocyte trafficking

The chemokine receptor family consists of around 25 receptors in mice and humans, which co-ordinate
the movement of immune cells through the sensing of their cognate ligands [5]. There are around
50 structurally related chemotactic cytokine ligands that are classified based on the configuration of
a conserved N-terminal cystine motif, the CC family (no separation of the first two cysteines in the
primary aa sequence) the CXC family (1 aa separation) CX3C family (3 aa separation) and the XC (with
only the single cysteine residue) (Table [1.1). Expression of these ligands can be broadly divided into
homeostatic chemokines that are constitutively produced, inflammatory chemokines that are expressed
during infection and disease, and dual-function chemokines that are active both at homeostasis and

during inflammation. These chemokines and their receptors are differentially expressed across tissues



and leukocyte populations, and across differentiation states within specific leukocyte populations. Each

chemokine receptor recognises a specific chemokine ligand, or set of ligands, and this sensing serves to

recruit appropriate

immune responses.

leukocyte populations into particular tissues or micro-anatomical niches to facilitate

Table 1.1: Mouse chemokine receptors

Murine typical chemokine receptors

Receptor Ligand(s) Main function
CCR1 CCL3,5,6,7,8,9, 14, 16 Myeloid cell trafficking
CCR2 CCL2, 7,12 Monocyte recruitment from bone marrow
CCR3 CCL5, 7,9, 11, 24, 26, 28 Eosinophil recruitment
CCR4 CCL17, 22 T cell homing to lungs and skin
CCR5 CCL3, 4, 5, 11, 16 T cell activation
CCR6 CCL20 cDC and Treg recruitment
Naive T cell migration, lymph node homing
CCR7 CCL19, 21
of mature cDCs
CCR38 CCL1, 8 T cell homing to the skin
CCR9 CCL25 T cell homing to the intestines
CCR10 CCL27, 28 T cell homing to skin
CXCR1 CXCL5, 7 Neutrophil recruitment
CXCR2 CXCL1, 2,3,5,6,7 Neutrophil recruitment
CD8* T cell and Th1 migration and
CXCR3 CXCL9, 10, 11
activation
CXCR4 CXCL12 Hematopoiesis
CXCR5 CXCL13 T follicular helper responses
CXCR6 CXCL16 Natural killer cell responses
Non-classical monocyte patrolling of
CX3CR1 CX3CL1
vasculature
XCR1 XCL1 CD8* T cell activation
Murine atypical chemokine receptors
CCL2, 5,7, 11, 13, 14, 17,
ACKR1 Chemokine scavenging & transport
CXCLS5, 6, 8, 11
ACKR2 CCL2,3,4,5,7,8,11,12, 13,17, 22 Chemokine scavenging

Continued on next page...




Table 1.1 — continued from previous page.

Receptor Ligand(s) Main function
ACKR3 CXCL11, 12 Chemokine scavenging
CCL19, 21, 25;
ACKR4 Chemokine scavenging
CXCL13

1.1.1 Chemokine receptors and signalling

Chemokine receptors comprise a single polypeptide, folded and embedded in the cell membrane such that
seven segments span the width of the membrane. The N-terminus and three loops on the extracellular
component form a pocket for ligand binding, while the C-terminus and intracellular loops are coupled to
a heterotrimeric G-protein unit comprised of an a-subunit (Ga) and a tightly associated p and y-subunit.
Signalling through chemokine receptors results in the dissociation of G-protein units and relay of the
signal through phosphoinositide 3-kinases (PI3K) and members of the Rho family of small GTPases [6, 7).
These signalling events establish biochemical asymmetry within cells that produces a polarised myosin
[I-rich trailing edge and an F-actin rich leading edge that drives locomotion. This action, in combination
with interaction between adhesion molecules on the cell and the extracellular matrix, enables navigation
through tissues toward the source of the ligand. Regulation of chemokine receptor signaling and
migration can target the dissociated G-protein units and secondary messengers [8]], or through targeted-
regulation of the membrane-anchored receptor [9]. Post-translational phosphorylation of GPCRs also
enhances the binding of arrestins, uncoupling the receptor from its G-proteins to attenuate signalling.
Arrestins link activated receptors to clathrin-coated pits to promote GPCR internalisation, desensitising
receptors to further signalling [[10,|11]. In addition, there is a sub-family of atypical-chemokine receptors
which do not trigger canonical G-protein mediated signalling upon ligand binding [6] (Table [1.1).
These atypical receptors instead regulate the bio-availability of chemokines by sequestering them from
the extracellular space, thereby facilitating the formation of chemokine-gradients [12], and in certain
contexts can transport chemokines from tissue parenchyma to the lumen of blood vessels to promote

leukocyte tissue infiltration [13H16].



Establishing chemokine gradients with glycosaminoglycans

Chemokines are soluble and will diffuse away from their source, however, most chemokines are
capable of binding to glycosaminoglycans (GAGs) expressed on cells and the extracellular matrix
[17]. Immobilisation of chemokines through GAG binding is thought to limit diffusion, establishing
a gradient of chemokine that is highest at the source. The effective formation of these chemokine
gradients is critical for the directed migration of immune cells, as altering the GAG-binding moieties on
chemokines abrogates leukocyte migration in vivo [18]. Although chemokines can bind GAGs there
is considerable disparity in their binding ability, which in turn affects their ability to form functional
gradients in tissue [19]]. This differential gradient formation may contribute to the formation of local
chemokine gradients for chemokines with high GAG affinity, or tissue-drainage and the formation of
intra-lymphatic and intra-organ gradients for chemokines with low GAG affinity [20,21]. While most
chemokine ligands are secreted to exert their function, CXCL16 and CX3CL1 can be expressed in a
membrane-tethered form which, when membrane anchored, promote integrin-independent adhesion of
leukocytes [22} 23[]. These membrane-tethered chemokines can also be shed by enzymes in a constitutive
or inducible manner to release them into the extra-cellular space [24], promoting dissociation of adhered
cells, and the rapid formation of chemokine gradients. As well as forming stable gradients in tissue
parenchyma, GAGs expressed on blood endothelial cells (BECs) immobilise chemokines on the luminal
surface of BECs, a requirement for leukocyte adhesion on BECs [25]. This immobilisation on the surface
of BECs enables the stable presentation of tissue chemokines in the presence of shear flow, when they

would otherwise diffuse away, and broadcasts the inflammatory-state of the tissue to passing leukocytes.

1.1.2 "Once more unto the breach" Leukocyte transendothelial migration

Leukocyte recruitment into peripheral tissue is mediated through sequential capture, rolling, arrest,
adhesion, crawling, and transendothelial migration, with each step conditional for the next. The
initial events occur when circulating leukocytes establish weak and transient adhesive interactions
with selectins expressed on endothelial cells (ECs)[26]. These initiating events occur in post-capillary
venules, where physical changes restrict hemodynamic forces, enabling leukocytes to physically interact
with the blood endothelium [27, [28]. Interactions between surface glycoproteins such as P-selectin
glycoprotein ligand-1 (PSGL-1), E-selectin ligand-1 (ESL-1), CD44 and L-selectin (CD62L), expressed on
leukocytes, and P and E-selectin, expressed on endothelial cells, promotes the initial capture and rolling

of lymphocytes on endothelial cells, exposing them to chemokine signals that may be present on the



endothelial surface, bound to GAGs [29,30]. Chemokine signalling triggers a conformational change
in lymphocyte integrins such as VLA-4 and LFA-1, from a low-affinity, to high-affinity state. These
high affinity integrin complexes allow leukocytes to firmly adhere to the vascular endothelium through
interactions with VCAM-1 and ICAM-1 expressed on endothelial cells [28]]. This activity can be enhanced
during inflammation by cytokines produced by tissue-resident macrophages (M), such as IL-1p and
TNFaq, that increase expression of adhesion molecules on endothelial cells [31]]. Leukocytes adhered to
the vascular endothelium can then crawl along blood vessels to find a preferred site for transmigration
which primarily occurs at the junctions between endothelial cells [32} 33]]. The chemokines present
on the luminal side of blood vessels that regulate the rolling to adhesion step can be derived from two
sources. Cytokine-stimulated endothelial cells can secrete chemokines [34]], or interstitial cells can
produce chemokines that diffuse to the basal side of the blood endothelium and are transcytosed and
presented on the luminal side to recruit cells [34}[35]]. These secreted chemokines are immobilised by
GAGs present on the apical surface of ECs [18]], and sensing of these chemokines permits transcellular

migration in the junctions between ECs.

1.1.3 Homeostatic trafficking of naive lymphocytes

After mature, naive, T and B cells exit primary lymphoid organs they enter a body-wide state of
surveillance in search of their cognate antigen. The mucosal surfaces of the lungs, gastrointestinal and
reproductive tracts, along with the skin, are all potential portals of entry for invading pathogens. As it has
been estimated that only a few hundred CD8" T cells are specific for any particular antigen, and even less
for CD4" T cells 36, 37]], the probability of a naive T cell encountering its cognate antigen across all this
tissue is extremely low. To increase the chances of a naive lymphocyte encountering its cognate antigen,
secondary lymphoid organs (SLOs) (lymph nodes, spleen, Peyers patches) are spread throughout the
body and serve to concentrate antigen in specific areas for lymphocytes to scan, massively reducing the
total area a cell must patrol to potentially encounter its cognate antigen. The trafficking of immune cells
to, and within, these SLOs is tightly regulated by chemokines and chemokine receptors. Entry of naive
lymphocytes into lymph nodes occurs mainly through transendothelial migration across specialised
vascular endothelium called high endothelial venules (HEVs) 38} 39]. Unlike other ECs in peripheral
tissues, HEVs express distinct lymphocyte trafficking molecules in a largely constitutive manner [40]].
The main adhesion molecule on naive cells that regulates lymph node entry is CD62L which binds
GlyCAM-1 expressed on HEVs, and interactions between these two molecules regulates the initial

tethering and rolling of lymphocytes. However, CD62L expression is not restricted to naive lymphocytes,



so the rolling and tethering of cells on HEVs is common, but the ability to cross these endothelial barriers
requires the expression of specific chemokine receptors, and this activity is primarily regulated through
CCR7 expressed by T cells [41]. The chemokine ligands that entice T cells through HEVs are produced
by lymph node stromal cells, follicular dendritic cells (FDCs), and fibroblastic reticular cells (FRCs),
and are presented on the luminal side of HEVs to promote lymphocyte transendothelial migration
in a CCR7-dependent manner. Once in the lymph node T and B cells are guided to specific niches
through the cell-specific expression of chemokine receptors. In the follicles of lymph nodes network of
FDCs constitutively produce CXCL13 which attracts, and temporarily retains, arriving B cells into the
follicle via CXCRS5 signalling. Within the paracortex of the lymph nodes FRCs constitutively produce
the chemokines CCL19, CCL21 and CXCL12 which pulls arriving T cells into the paracortical regions
of lymph nodes [42]. Recruitment of T cells into the white pulp of the spleen similarly occurs in a
chemokine receptor-dependent manner, but does not require the action of selectins or HEVs. T cells
that are deposited from arterioles into the red pulp sinuses attach to, and migrate along, perivascular

pathways in a CCR7-integrin-dependent manner to enter the white pulp via bridging channels [43]].

T cells present in SLOs undergo seemingly random migration with brief intermittent pauses to
interact with stromal and other immune cells [44]. In the absence of activation, their exit from lymph
nodes is regulated by a family of lipid-sensing GPCRs that demonstrate increasing responsiveness the
longer an immune cell is present within an SLO. Sphingosine-1-phosphate receptor 1 (S1PR1) is the
main receptor regulating T cell egress that senses the lipid molecule sphingosine-1-phosphate (S1P),
the concentration of this ligand is high in the blood and lymph and, in lymph nodes, has an increasing
gradient that runs from the paracortex to the lymph node cortex [45]], directing cells into the draining
efferent lymphatics. Without cognate antigen recognition T cells only transiently survey lymph nodes,
and these dwell times are largely stochastic and result from the competition of retention signals through
CCR7 and exit signals through SIPR1 [46]], with CD4" T cells dwelling on average 10-12 hours, CD8" T
cells 19-21 hours, and B cell 24 hours [47, 48]. These lymph node scanning behaviours are altered in
the case of inflammation whereby CD69 expression, induced by T cell receptor (TCR) signalling and
type I IFNs, antagonises S1PR1 function and mediates retention of T cells in the lymph node, increasing
the likelihood that the cell will encounter an antigen-bearing conventional dendritic cells (cDCs) [49].
Cells that access the efferent lymphatics are eventually returned to the circulation via the thoracic duct

where they may access another SLO.



1.1.4 Lymphocyte trafficking during inflammation

The shift from homeostasis to active infection is associated with a dramatic change in the expression of
inflammatory chemokines that facilitates the rapid recruitment myeloid and adaptive cells to the infected
tissue. Cells resident in peripheral tissues act as important early sources of chemokines through the action
of a number of pattern recognition receptors (PRRs) that enable the detection of evolutionary conserved
structures on invading pathogens (pathogen-associated molecular patterns, PAMPs) or endogenous
stress signals (danger-associated molecular patterns, DAMPs). Ligand sensing through PRRs initiates
inflammatory processes through the activation and secretion of pre-stored pro-inflammatory cytokines
and chemokines, which promote immune cell recruitment from the circulation [50, 51]. Sustained
recruitment relies on the action of cytokines such as IL-1, TNFa , and IFNs produced by activated cells,
and these cytokines promote vascular permeability and the transcription of chemokines by local immune
and stromal cells [52, 53]]. The early stages of an inflammatory response are dominated by chemokines
that, depending on the nature of the insult, primarily promote the recruitment of monocytes, neutrophils,
and NK cells from the periphery [54]. Neutrophils are the first cell that is recruited to inflamed tissue, in
a CXCR1/2-dependent manner. The deformable nature of neutrophils enables them to compress their
nucleus to squeeze through the basement membrane post-transendothelial migration (TEM), which
poses a physical barrier to most cells. Once neutrophils are within the basement membrane they secrete
matrix metalloproteases that degrade the collagen IV network enabling other leukocyte populations
to more rapidly, and efficiently, navigate this physical barrier. By the peak of a response chemokine
expression is diversified to promote the recruitment and retention of adaptive immune cells. For example,
at the peak of T cell responses to herpes simplex virus (HSV) infection in the mouse flank there is
heightened expression of CXCL9/10, CCL1, CCL2, CCL8 and CCR5 ligands compared to naive control
mice [55]. At peak T cell infiltration into vesicular stomatitis virus (VSV) infected ear sheets there is

heightened expression of the chemokines CXCL9 and CXCL10 as well as CCR2 and CCR5 ligands [56]].

Chemokine-regulated peripheral tissue access

The migration of immune cells from the circulation into inflamed peripheral tissue has primarily derived
from studies on neutrophils. The large numbers of these cells, combined with their rapid and predictable
mobilisation from the blood, has enabled direct visualisation of their TEM in intimate detail via intravital
microscopy [35}57]. The migration of adaptive immune cells from the circulation has received far

less attention, and publications that address the problem often rely on flow-based assays or in vitro



generated data [34} |58]]. As mentioned, naive CD8* T cells have migratory patterns that are restricted
to the peripheral blood and SLOs, however, when naive T cells are activated and differentiate they
express additional adhesion molecules and chemokine receptors that enable them to infiltrate peripheral
non-lymphoid tissue (NLT). Although CD8" T cells have been reported to express many chemokine
receptors, the most thoroughly investigated in T cell trafficking into NLT from the circulation is CXCR3.
In HSV infection of the female reproductive tract (FRT) Cxcr3”~ CD8* T cells migrated less efficiently
into the genital mucosa [59]. Additionally, CD8" T cell recruitment into the FRT can be promoted after
subcutaneous infection through exogenous application of CXCR3 ligands to the FRT, which increases T
cell trafficking into the uninflamed tissue and ultimately increases the formation of resident-memory cells
[60]. CXCR3 has also been reported to be important for migration into the central nervous system (CNS)
during bacterial [61], viral [62], and parasitic infections [[63]], and in T cell migration into the inflamed
lung after respiratory viral infection [64}|65]. However, this CXCR3-dependent tissue infiltration may be
context dependent as there was no cell-intrinsic requirement for CXCR3 in CD8" T cell migration into
the inflamed ear pinna [56], flank skin [[66]], or tumour microenvironments [67]]. It should also be noted
that many of these experimental approaches utilize broad knockout mice that could have compromised
T cell activation, which also has the potential to indirectly alter T cell migratory capacity in peripheral

tissues.

In addition to a general peripheral tissue-homing role granted through expression of CXCR3,
several reports have demonstrated that the expression of a specific set of chemokine receptors and
integrins required for tissue-specific homing of T cells can be imprinted in specific lymph nodes, or
by priming through tissue-specific cDCs. For example, lung-homing T cells can be primed by cDCs
sorted from the lungs. In this setting lung-derived ¢cDCs imprinted CCR4 expression on in vitro co-
cultured CD4" T cells, which were more efficient at trafficking to the lung than CD4"* T cells that were
primed by ¢DCs sorted from the mesenteric lymph nodes (MLN) [58]. Conversely, cDCs sorted from
the gut-draining MLN were more efficient at driving, or maintaining, CCR9 expression in naive T cells
which was required for their optimal homing to the intestine [68}|69]]. Additionally, cDCs sorted from
skin-draining lymph nodes were shown to imprint CCR10 expression and subsequent trafficking to the
skin [70}|71]. Altogether, this demonstrates that cDCs derived from specific barrier tissues can induce the
expression of a set of chemokine receptors and integrins in T cells that promote the efficient migration of
those cells into the barrier tissue from whence the priming cDC originally came. Although some studies
have demonstrated that individual chemokine receptors can mediate tissue-specific homing, others have
shown that there is considerable redundancy in the use of chemokine receptors in tissue infiltration,

and loss of any one chemokine receptor could be compensated for by another. For example, by using



multiple individual chemokine receptor knockout transgenic CD4" T cells in adoptive transfer models,
the trafficking of T helper cells to the lungs during Mycobacterium tuberculosis infection has been
extensively investigated [72,|73]]. The authors found no contribution for the migratory receptors CCR1,
CCR2, CCR6, CX3CR1, CXCRS5, or EBI2 in T cell infiltration into the infected lung, and only minimal
contributions from CCR5 and CXCR6, while deficiency in CXCR3 resulted in a 50% decrease in lung
infiltrating CD4" T cells. In a recent publication the entire region of the genome containing the genes
Ccrl, Ccr2, Ccer3 and Ccr5 was excised in mice, and the extent of redundancy in trafficking of myeloid
cells in these multi-receptor knockout mice was compared to each of the individual chemokine receptor
knockout mice [74]]. In that report Dyer et al. demonstrated that while there were profound differences
in tissue infiltration of myeloid cells in the multi-receptor knockout mice, none of the individual receptor
knockout mice alone could reproduce those results. These studies show that within the chemokine
receptor family there is considerable redundancy in immune cell recruitment into inflamed tissue, where
loss of an individual receptor can be, if not entirely, at least partially compensated for by the others.
Additionally, Hoft et al. [73] also found that treatment of cells with pertussis toxin, which prevents
chemokine signalling through GPCRs, only partially reduced CD4" T cell access to the infected lung.
Together, these studies suggest that multiple chemokine receptors can regulate tissue access, and that

chemokine receptor-independent mechanisms of tissue access exist.

Chemokine regulated tissue navigation

At barrier tissues, T cells arriving from the vasculature are deposited into the tissue parenchyma where
they further navigate the extracellular space to find sites of active infection, or additional clusters
of peripheral immune cells to receive further signals for differentiation and division. While many
chemokine receptors are seemingly dispensable for T cell tissue infiltration, these chemokine receptors
may be more important for the positioning of cells within tissue post-TEM. T cells infiltrating the
influenza-infected lungs have two distinct barriers that impede their migration. The first is the blood
endothelium that must be breached, and the second is the airway epithelium, which must be crossed
to gain access to the airways, a step that is required for optimal protection from certain respiratory
infections [75]]. It has been demonstrated that the receptors CCR5 and CXCR6 are not required for
CD8" T cells to breach endothelial barriers but are required for positioning CD8" T cells in the airways
after influenza challenge [76,|77]], a step that is also required for optimal tissue resident memory cell
(Trm) formation [77]], a long-lived memory CD8" T cell subset that will be discussed in detail later.

Additionally, in the skin and FRT, CXCR3 ligands position CD8" T cells in epidermal and mucosal layers
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for efficient formation of Trm cells [[60, 78]]. In several infectious settings peripheral T cells can also be
found in groups of lymphocyte clusters [60,/79-82]]. The formation of these T cell clusters is important
for optimal T cell activation in the periphery, the formation of resident-memory populations, and the
recall function of circulating memory T cells. These clusters also rely on chemokine signalling, primarily
from tissue M, to form, as depleting tissue M¢ or neutralising the receptors CCR5 or CXCR3 on T
cells disrupts their formation, compromising T cell activation and memory formation. Once CD8" T
cells enter infected tissue they must also locate infected cells. This process, once thought to be mediated
by chance through random Brownian motion, has been shown to be enhanced through the action of
CXCR3 on T cells in the CNS [83]], although the source of the CXCR3 ligands was not determined in
that study. Another report demonstrated that CD8" T cells in the skin of Vaccinia Virus (VV)-infected
mice used the chemokine receptor CXCR3 to locate and eliminate CXCL9/10-expressing VV-infected
monocytes [56]]. However, the same action was not observed for HSV flank infection [66]], suggesting
that the use of chemokine receptors by CD8" T cells participating in pathogen clearance may depend on

the context of the infection.

1.2 The Mononuclear phagocyte system

Over the course of an infection a T cell will undergo multiple distinct interactions with numerous
myeloid cells that will facilitate its activation, differentiation, and eventual death or development into a
long-lived memory cell. The myeloid cells that provide the most critical interactions in determining T cell
fate and function are cells of the mononuclear phagocyte (MNP) system, which consists of monocytes,
Mo and conventional dendritic cells [[84-86]]. These cells have important roles in homeostasis and
infection, both in their own regard, and for the optimal positioning and activation of cells of the adaptive
immune system. The unifying theme in this classification system is the ability of these cells to engulf
particulate matter, and present this to T cells to drive their activation and differentiation. The extent
to which individual subsets of MNPs contribute to this process, however, is not fully clear, and much
of the knowledge regarding the contributions of distinct MNP subsets to this process has come from
deciphering the development of these cells. With the exception of many tissue M¢ populations, MNPs
develop in the bone marrow where they are derived from a common myeloid progenitor cell (CMP) that
is shared with erythrocytes, platelets, cDC, and granulocytes. Historically, these MNP subsets were
thought to be closely related, with circulating monocytes acting as a precursor for mature tissue M¢ and
cDCs. Over the last decade this concept has been overhauled, and it is now recognised that most tissue

Md are seeded during embryogenesis, first from the embryonic yolk sac, then later the fetal liver [87,
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88], with little contribution from circulating adult bone marrow-derived monocytes (Fig. [1.1), although
there are exceptions to this model which will be mentioned later. It was also thought that monocytes
could acquire antigen-presenting capabilities in inflammatory settings to drive the proliferation of afT
cells. However, recent evidence has demonstrated that these monocyte-derived antigen presenting cells
are actually a subset of cDCs that derive from a pre-cDC precursor in a type-I interferon dependent
process, and are not monocytic in origin 90]. These advances over the last decade have greatly
furthered the understanding of the functional roles of M$s and cDCs during homeostasis and infection,

but have rendered the specific functions of monocytes even more enigmatic.
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Figure 1.1: Development and seeding of the mouse MNP system

The discrete waves of hematopoiesis that establish the murine MNP system from extra-embryonic precursors to
bone marrow-derived HSCs. Abbreviations: YS M, yolk sac macrophage; EMPs, erythro-myeloid precursors; HSC,
hematopoietic stem cell; MPP, multipotent progenitor; CLP, common lymphoid progenitor; CMP, common myeloid
progenitor; GMP, granulocyte M¢ precursor; MDP, M¢ dendritic cell precursors; cMoP, common monocyte
progenitor; CDP, common dendritic cell precursor; cDC1, conventional dendritic cell type 1; cDC2, conventional
dendritic cell type 2; inf-cDC, inflammatory conventional dendritic cell. Solid arrows indicate direct lineage
relationship, dashed arrows indicate conditional or conflicting lineage relationship.
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1.2.1 Macrophages

Mo occupy all tissues of the body and, once inside a particular niche, the local environment instructs
the final differentiation of the M¢$ which ultimately dictates its function [94]. Although it is now
appreciated that tissue M¢ are mostly derived from fetal-precursor cells, and not mature adult bone
marrow monocytes, there are some exceptions to this. M@ in the intestine, dermis, heart and pancreas
are continually replaced by bone-marrow monocytes [95]], with these cells taking on a transcriptional
program that is near identical to the fetal-derived M that they replace [95]]. Inflammation induced death
of tissue M@ can also trigger a transient replacement of fetal-derived M¢ with bone marrow monocyte-
derived Mo [96-98]]. In one example, alveolar M¢ death following influenza infection resulted in the
formation of monocyte-derived alveolar M¢. Unlike tissue M that were replaced by bone-marrow
monocytes at homeostasis, these cells were transcriptionally distinct from the resident alveolar M¢
populations and provided short-term enhanced protection from secondary bacterial infections [96].
While tissue M¢ were traditionally thought to act as cellular vacuum cleaners in most tissues, there
has been an increasing appreciation for the roles that these cells play in the maintenance of tissue
homeostasis [99}(100]. This is particularly well demonstrated in the genetic disease alveolar proteinosis,
where humans that lack alveolar M have a build-up of material in the alveoli that causes shortness of
breath [101]. These alveolar M have also been shown to rapidly migrate toward, and phagocytose,
inhaled bacteria, a process that was required to sequester the antigen from neutrophils to prevent their
recruitment, which can lead to inappropriate inflammation and injury [102], demonstrating dual roles

for M@ in the regulation of both immune and physiological homeostasis.

Of relevance to T cell biology, evidence has shown that while M¢ are not considered to be
effective antigen-presenting cells (APCs), directly infected M can drive CD8* T cell proliferation
and differentiation [[103}[104]], although there is evidence that this only appears to occur at very high
infectious doses [[105]. Many M populations are, however, remarkably permissive to pathogen infection,
and can act as "middle-men" that shuttle antigen to c¢DCs for activation of adaptive immune cells [106]
107]. Tissue M@ have also been shown to regulate the homeostatic trafficking of memory T cells
in peripheral tissue. A network of resident M¢ in the FRT has been demonstrated to promote the
retention of HSV-specific CD4" resident-memory T cells in a CCR5-dependent manner [[79]], with a
similar mechanism recruiting, and retaining, CD4* T cells in the skin [55]. When this M¢-dependent
retention is disrupted, the clustering of CD4" T cells is lost and host responses to HSV challenge are
compromised [79]. Dermal M¢ have also been shown to regulate the clustering of dendritic cells in the

skin for the optimal activation and proliferation of effector T cells in situ in a CXCL2-dependent manner
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[82]. Moreover, in the intestine of mice, resident M¢ create inflammatory microenvironments that
support the recruitment, and differentiation, of CD8" Trm cells following bacterial infection [81,|108]].
Taken together, these previous reports all point to M$ being important mediators of tissue homeostasis

and playing important roles in the positioning of immune cells at barrier tissues.

1.2.2 Monocytes

Historically, monocytes were thought to act as precursors for tissue M¢ and c¢DCs, but recent advances
in fate mapping and sequencing technologies have absolved them of this role [109} 110]. Monocytes
are the dominant MNP subset found in the blood and are present in very small numbers in almost
every tissue of mice, except the epidermis [111], alveolar space [87,112]], and the CNS [[113]]. In mice, at
steady-state, two main subsets of monocytes are present, Ly6C* CCR2* CX3CR1™" *classical’ monocytes,
and Ly6C'°V CX3CR1* CD43* 'non-classical’ monocytes [114]. The latter subset of monocytes represents
a minority of total monocytes and patrols the vasculature, maintaining the integrity of the network
[115]), while the former subset has more important contributions to inflammation. At homeostasis
classical monocytes, unlike non-classical monocytes, can enter uninflamed peripheral tissue where they
may differentiate into tissue M, if the niche is vacant, or sample local antigen and migrate to draining
lymph nodes [88]]. Unlike other MNP subsets, large numbers of monocytes are rapidly recruited from
peripheral sites to infiltrate inflamed or infected tissues. In these inflammatory contexts, monocytes
represent a highly plastic cell subset, having been called monocyte-derived cells [90], monocyte-derived
DCs (moDCs) [116} [117]], inflammatory monocytes (IMs)[[118]], exudate M¢ [[119]], and TNFa / iNOS
producing (TIP) DCs [120]], reflecting both their ability to adapt to diverse host needs, and the difficulty
in adopting a consistent nomenclature for them. The major reservoir of monocytes is the bone marrow,
although a large population is maintained in the spleen [[121]], and the mobilisation of these cells to the
bloodstream is heavily dependent on the chemokine receptor CCR2 [74;122]]. Due to this observation,
Ccr2’” mice are commonly used as a model to study the functional role of monocytes during an immune
response. Using these mice, monocytes have been shown to be important for the control of certain
bacterial [123-125], fungal [126}|127]], and viral infections [128]]. In these settings monocytes play an
accessory role, activating other cells via cytokine-dependent enhancement of cytokine production in
other innate-like or adaptive cells in situ, to ensure the optimal control of pathogen spread, or through the
provision of cytokines in SLOs to promote the differentiation of T helper subsets and optimal secretion
of T cell-derived cytokines [[128]. In the spleen during Listeria monocytogenes infection this activity

occurs in discrete clusters that form in the red pulp [129}|130]. In these clusters, monocytes attract NK
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and T cells in a CXCL9/10 dependent manner, with Cxcr3”" cells failing to migrate into clusters and
upregulate IFNy expression. Similarly, in lymph nodes following protein immunisation, monocytes
have been shown to form clusters in the paracortex, which concentrates inflammatory cytokines to

microenvironments, promoting effector differentiation of T cells that localise in these areas[|131]].

Monocyte antigen presentation

The exact contributions of monocyte-derived cells to the development of a functional adaptive immune
response are still unclear as reliable markers that can be used to distinguish these cells from ¢cDC2s
and tissue M¢ have only recently been described [90,|132]. Despite their well documented activity
as professional phagocytes, evidence of monocytes acting as professional antigen presenting cells
is controversial given the ease with which in vitro generated, or FACS-sorted monocytes can be
contaminated with c¢DCs [89, 90]. In infectious settings monocytes have been reported in large
numbers lymph nodes draining inflamed tissue, with broad distribution throughout the paracortex
and interfollicular areas [[131} (133} 134]], and are optimally positioned at these sites to influence both
T cell activation, and differentiation. Some studies report that the monocytes present in lymph nodes
access the tissue through draining lymph and thus, have the potential to bear tissue-associated antigen
(88} [135H137]], while other studies claim that they are poorly motile once in peripheral tissue and are
unlikely to migrate into afferent lymph [90, 138-141]]. Recent data suggest that nearly all monocytes
present in inflamed lymph nodes during the early stages of inflammation arrive via the circulation,
rather than tissue draining lymph, in a CD62L-dependent manner [[131]], as removing the inflamed tissue
from which they would migrate (the ear) had no impact on monocyte accumulation in the ear-draining
lymph node. These data would suggest that, unlike tissue-draining ¢cDCs, monocytes in lymph nodes
are not likely to be bearing foreign antigen and would rely on capture from the draining afferent lymph,
or "cross-dressing" by other APCs, to acquire antigen [142]. Other studies suggest that monocytes
that traffic to draining lymph nodes are ineffectual APCs [90| 143, 144]], but may ‘shuttle’ antigen from
peripheral tissues to lymph node resident ¢cDCs, and provide cytokines to promote T cell differentiation
(145, |146]], while still other studies place them on par with ¢cDCl1s as effective APCs for CD8* T cells
[136,/137,(147.|148]]. As well as potentially presenting antigen to drive T cell proliferation, monocytes
have been shown to influence T helper cell polarisation in vivo. During viral infection, monocytes in
draining lymph nodes were identified as a potent source of IL-12 that drove Th1 differentiation and
IFNy secretion [128,[131]]. The same role for monocytes has been demonstrated for Th1 polarisation

during intracellular bacterial infection [137, (149] and for Th2 and Th17 polarisation during allergic
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inflammation [[136].

Unlike cDCs, M¢ and monocytes both express a wide variety of Fc-receptors that enable the
efficient phagocytosis of antibody-coated cells and particles [136} 141, |143| 150, [151]. B cell-derived
antibodies that develop several days after the initiation of an adaptive response can bind to Fc-receptors
for IgG, IgM, IgA, and IgE expressed on myeloid cells, altering their effector functions. Of particular
importance to APCs is the binding of IgG to Fcy receptors, which enhances the uptake of antigen and
the antigen-presenting capability of the cell, leading to increased T and B cell responses [[1524154]. The
expression of these Fcy receptors is increased in inflamed tissue through the action of effector cytokines
such as IFNy, IL-4, and type I interferons [[90]]. Although monocytes are considered as ineffectual antigen-
presenters, most studies that have reached this conclusion use monocytes that have been FACS-sorted
from peripheral tissue, and tissue-draining lymph nodes, around the peak of replicative infection. In
such settings, antibodies against the invading pathogen would be minimal, as it usually takes up to a
week before germinal centre B cells appear, and monocytes would primarily acquire antigen through
phagocytosis of non-opsonised material, which is not as efficiently processed for antigen presentation
[150]. Thus, while monocytes may be ineffectual at presenting antigen to naive T cells, they may have
important roles in the ongoing expansion of T cells at sites of peripheral inflammation, and in the

reactivation of memory T cells during secondary infections.

1.2.3 Conventional dendritic cells

With the exception of the CNS, cDC1s and cDC2s occupy all tissues throughout the body and can be
distinguished through the surface markers XCR1, for ¢cDCl1s, and CD172a for ¢cDC2s [89]. Plasmacytoid
dendritic cells (pDCs) are also considered as cDCs because they derive from the same precursor cell,
the common dendritic cell precursor, although they do not perform the hallmark role of ¢cDCs, which
is antigen presentation leading to T cell proliferation. These cells are instead recognised as potent
producers of type-I interferons which have important roles for the optimal activation of other immune
cells, and ultimately pathogen clearance [[155, [156]. Whereas M¢ are mostly sessile in peripheral
tissues, cDCs are highly motile upon activation, rapidly migrating from peripheral tissues to local
draining lymph nodes where they engage with T cells. Studies using Batf3”~ and XCR1-DTR mice have
demonstrated that cDC1s are critical for the induction of CD8"* T cell responses [157,|158], as this subset
has the constitutive in vivo capability of cross-presenting exogenously-derived antigen on MHC-I. The

cDC1 subset also has distinct expression of DAMP receptors that enable them to phagocytose, and
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present, dead cell associated antigen. For example, expression of CLEC9A enables cDCl1s to redirect
dead cell-associated antigen present in phagosomes for efficient cross-presentation on MHC-I, which is
important for driving CD8" T cell responses to lytic infections, and against malignant cells [[159-161].
Compared to ¢cDC2s, the cDC1 subset also has superior capacity to secrete IL-12, a cytokine important
for promoting the effector differentiation of CD8* T cells [[162]. In contrast, cDC2s intrinsically lack
the ability to drive CD8" T cell proliferation and instead primarily promote CD4" T cell activation and
humoral immunity [163]. However, in the latter stages of an immune response activated, antigen-specific,
CD4" T cells can ’licence’ ¢cDC2s in a CD40-CD40L dependent manner, permitting them to cross-present
exogenously-derived antigen on MHC-I and further drive CD8" T cell responses [[164H169]. In certain
infectious settings, such as HSV and LCMYV, this licensing of ¢cDC2s is important for the primary CD8"
T cell response, however, in other infections, such as influenza, absence of this cDC2 licensing has no
negative impact on the development of effector CD8" T cell responses, or clearance of the virus. Despite
this, in all infectious settings, cDC2 licensing is important for programming optimal memory CD8* T
cell populations, as memory CD8" T cells that develop in CD4" T cell-deficient mice display suboptimal
recall responses. This effect on memory programming occurs through the engagement of co-stimulatory
receptors on CD8" T cells and licensed cDC2s, where absence of these co-stimulatory interactions leads
to reduced proliferation and cytokine production in memory CD8* T cells upon reactivation [[170].
Although CD8" T cells are spread throughout the paracortex of lymph node, activation of these cells
primarily occurs in the outer regions of the paracortex, closer to the capsule [39}[155}|165}/171}[172]. This
phenomenon occurs when a pathogen directly infects cells within the lymph node, when antigen must
be transported to the lymph nodes via migratory cDCs [[39,|155, /165, |171]], and in non-infectious settings
when soluble antigen drains to the lymph node [[172]]. Localisation to these inflammatory environments
near the capsule and interfollicular regions of the lymph nodes provides access to ¢cDCs bearing antigen,

and inflammatory cytokines that are important for the effector differentiation of responding T cells.

Inflammatory ¢cDC2s

As mentioned earlier, the ability of monocyte-derived cells to cross-present antigen to CD8" T cells is
uncertain, given the ease with which these cells can be contaminated by ¢cDC2s in flow-based assays.
In the past, several studies had suggested that, when attempting to determine the function of cDC2s
or monocytes and their derivatives, monocytes and M could be separated from bonafide cDC2s in
FACS-based analyses using the markers CD64 and MAR-1 in mice, and CD14 and CD16 in humans, as

these markers were predominately expressed by monocyte-derived cells or tissue M, but not cDC2s
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(89,195, |136, 143, |173]. By using these markers to FACS-purify monocytes from infected tissues many
studies arrived at the conclusion that monocytes were an important APC when it came to the activation
of naive CD8"* and CD4" T cells. However, experiments performed by Bosteels et al. [90] demonstrated
that within this CD64" fraction of "monocyte-derived" cells are a population of cDC2s that are CD64'™
MAR-17 in inflammatory settings. These inflammatory-cDC2s (inf-cDC2) represented a pre-cDC-derived
cDC subset that is absent during homeostasis, but dramatically increased in number after bacterial, viral,
and allergen challenges. This inf-cDC subset was shown to be a proficient APC and a prolific IL-12
producing cell, driving both CD8" and CD4" T cell activation, proliferation and effector differentiation.
An equivalent population of ¢cDCs that share a similar surface phenotype to monocytes and M, but
is derived from a cDC-restricted precursor cell, has also been identified in humans and is sometimes

referred to as cDC3s [[174-178]].

Further characterisation of inf-cDCs also demonstrated shared tissue-homing mechanisms for
monocytes and inf-cDCs. While monocytes are almost entirely dependent on CCR2 to exit the bone
marrow during inflammation, inf-cDCs were also partially dependent on this axis for their migration into
inflamed peripheral tissue, suggesting that studies using Ccr2”~ mice to determine monocyte function
could have misattributed inf-cDC functions to monocytes [74, [122-124,|126-128,|179]]. Unlike cDC1s
and cDC2s, inf-cDCs express Fcy receptors, enabling them to internalise antibody-complexed antigen
and present it to T cells to drive their activation and proliferation. As stated above, antigen that is
antibody-bound, rather than soluble, enable cDCs to activate T cells more efficiently, as uptake of
immune-complexes by Fcy receptors mainly enter cross-presentation pathways [180-182]]. The presence
of immune-complexes does not enhance the ability of cDCl1s to cross-present antigen but does enhance
the cross-presenting ability of inf-cDC2s [153]], meaning these cells may have important functions in
re-call settings where pre-existing antibodies and immune-complexes are more abundant. With the
identification of inf-cDCs, it is possible that the confusion surrounding the antigen-presenting capacity
of monocytes during infection had been due to the contaminating presence of this APC subset. As
monocyte-derived cells, as identified by Bosteels et al., were not capable of producing IL-12, it is also
possible that reports of T cell polarisation by monocyte-derived IL-12 are actually measuring inf-cDC-
dependent polarisation [[128,137,149]. Together, these observations urge caution when interpreting
data in studies regarding the role of monocytes as, depending on the gating strategy and animal models

used, experimental methodologies could include inf-cDCs.
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1.3 Naive T cell activation and differentiation

CD8* T cells responding to infection are initially phenotypically homogeneous in their expression
of surface molecules. As an immune response progresses, T cells begin to appear that are both
phenotypically distinct from one another and bestowed with distinct effector and longevity potentials
[183,/184]. As these cells often arise in the same tissue where the initial activation and clonal expansion
of cells occurred, how the parallel development of short-lived effector cells and memory precursor
effector cells occur at the same time, within the same general environment, is a key question in CD8" T
cell biology. Activation of naive T cells primarily occurs in tissue-draining lymph nodes and is driven by
interactions with antigen-presenting cDCs that ultimately drive the proliferation, and differentiation of
T cells. The success of these interactions requires the integration of three signals in the T cell: signalling
through the T cell receptor (signal 1), engagement of costimulatory receptors (signal 2), and signalling
through cytokine receptors (signal 3). Importantly, chemokines co-ordinate these signalling events,

fine-tuning the localisation of T cells within appropriate micro-environments of lymph nodes.

1.3.1 Naive CD8"* T cell activation

Due to the unpredictable location and timing of pathogen infection, naive CD8* T cells employ a
body-wide state of immunosurveillance. To minimise the amount of tissue a cell must survey, and to
maximise the chance a naive T cell will encounter its cognate antigen, antigen once present in peripheral
tissues is concentrated in organised lymphoid structures such as specific tissue/organ-draining lymph
nodes, Peyer’s patches, and the spleen. The migratory behaviour of naive T cells within lymph nodes is
primarily regulated by CCR7 ligands released by FRCs, and T cells use these signals to rapidly migrate
along networks of FRCs where they make multiple contacts with DCs in the paracortex [185]]. Once
T cells find their cognate antigen and become activated they must localise to poorly-characterised
inflammatory micro-environments that facilitate their differentiation into effector or memory T cell
subsets. While it is not yet clear what these microenvironments are entirely composed of, they appear
to involve inflammatory signals such as IL-12 and IL-2 [[162} |183} (184,186} |187|], and CD4-licensed cDCs
[164}[165]], and develop in the peripheral interfollicular regions of lymph nodes [[188H190]. T cells that are
recently activated [[190]], or recently recruited to lymph nodes [[189], upregulate several chemokines and
chemokine receptors to optimise cDC interactions and differentiation. Within lymph nodes FRCs also

downregulate CCL19/21 expression, and this, in combination with upregulation of certain chemokine
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receptors, moves T cell migration patterns from ’random’ surveying of LNs to active searching of APCs
for further proliferation and differentiation [42}191]]. T cell-cDC interactions results in expression of
CCRS5 ligands by both T cells and ¢DCs, which promotes the recruitment of recently-activated and
recently-recruited T cells to antigen-bearing DC clusters in both infectious and non-infectious settings
[103,[155,(189]]. CD8" T cells also rapidly express the chemokine XCL1, a ligand for XCR1-expressing
cDCl1s, downstream of TCR signalling which may serve to re-enforce T cell-DC interactions through the
formation of T cell activation clusters observed in lymph nodes [39, 155]]. The co-ordinated formation
of these clusters concentrates antigen, costimulatory, and inflammatory cytokine signals in discrete
areas that T cells can home to for their effective activation. Integration of all these signals results in the
parallel development of short-lived effector cells, which are fated to die after resolution of the infection,
and memory precursor effector cells, some of which are programmed for antigen-independent survival

as long-lived memory cells [[183]].

1.3.2 Generation of effector T cell diversity

T cells developing within the same environment can differentiate into cells that have distinctly different
fates during, and after, the clearance of pathogen. How exactly this diversity in fate specification is
achieved is not completely understood, although it has been demonstrated that certain chemokine
receptors have key roles in regulating this process [3,192]. Thus, to establish a foundation for how
chemokine receptors may regulate the development of discrete T cell fates, an explanation of the current
leading models that explain this phenomenon is required (Fig. [1.2). These models have been named i)
the predetermined precursor model, ii) the signal strength model, iii) the decreasing potential model

and iv) asymmetric cell division. These models are depicted in figure [1.2|and described in detail below.

The predetermined precursor model: This model proposes that individual naive T cell clones
are pre-programmed to a specific effector or memory fate. However, this model has little support, with
experiments using limiting dilution assays and DNA barcoding of CD8" T cells showing that a single
naive T cell can give rise to all possible effector and memory subsets [[193H195]]. However, some recent
publications have provided support for this model, demonstrating that cDCs can provide TGFf signalling
to naive T cells which pre-disposes them to a Trm fate later in life, as removing TGFp signalling prior
to, but not during or after, naive T cell priming causes a reduction in the Trm compartment following
antigen exposure [[196]]. Another report has shown that T cells that develop in the first few days of life

are predisposed to be more effector like than those that develop during adulthood [[197]].
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The decreasing potential model: This model suggests that the sustained exposure of T cells
to antigen and inflammatory cytokines drives their proliferation and differentiation. As T cells go
through successive rounds of division they gradually acquire more effector like traits and lose properties
associated with memory cells, such as CD127 expression, longevity, and proliferation potential. This
linear progression of T cell differentiation generates a spectrum of T cell states, reflective of their
total signalling history, with a range of memory and effector properties. This model is supported by
experiments showing that T cells that arrive in a lymph node during the late stages of infection, when
viral antigen has dwindled and TCR stimulation is reduced, develop into more central memory-like cells
[198]. Early cessation of inflammation also accelerates the generation of memory cells [184;199], and
insulating T cells from inflammatory signals through immuno-supressive cytokines promotes central

memory fates [[200].

The signal-strength model: This model suggests that heterogeneous populations of T cells are
direct products of the overall signal strength delivered by antigen stimulation, co-stimulatory signals
and cytokine signalling. This model differs from the decreasing potential model in that different cell
fates can be programmed in the initial stages of T cell priming, rather than through successive rounds
of antigen stimulation and cytokine signalling. This is supported by the observation that T cell clonal
expansion and memory development can be programmed in the initial antigen encounters [[201,202].
The strength of TCR stimulation can also directly control the expression of cytokine receptors on T
cells, influencing their downstream fate specification 203} 204]. In vivo TCR signalling strength has also
been shown to be important for T cell division, but not acquisition of effector functions [205} |206[]. Thus,

intensity of signal strength during activation may regulate the stemness of the engaging cell.

Asymmetric cell division model: This model has derived from the observation that T cell
division can be asymmetric, with daughter T cells resulting from a single division inheriting unequal
amounts of various proteins, including transcription factors and cell surface and signalling molecules,
from the initial mother T cell [207]]. In this model a dividing T cell that is engaging an APC becomes a
‘proximal’ cell where the formation of the immunological synapse between the T cell and APC promotes
clustering of certain proteins, some of which are associated with effector fates [207, [208]]. As the T
cell divides the distal daughter cell receives fewer effector fate proteins and retains a greater degree of
stemness, whereas the proximal daughter cell becomes more differentiated [208-210]. This model is
supported by the observation that the transcription factor T-bet shows asymmetrical inheritance. T-bet
is known to regulate the formation of short-lived effectors and memory-precursor cells in a graded

manner, and asymmetric cell division provides a mechanism through which that grade can be established
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[183,/208,|210]. Many proteins cluster around the immunological synapse, including some chemokine
receptors, and asymmetrical inheritance of CCR5 could promote retention in CCL5 expressing cDC

clusters increasing antigen and cytokine exposure to the mother cell [211]].

It is still unclear how each of these models of T cell differentiation contribute to T cell heterogeneity,
and this is an area of active research [187,[212]. It is likely that these individual models are not mutually
exclusive and that features of each model may be involved in a complex regulation of T cell differentiation.
Investigations into the mechanisms that regulate T cell diversity are still required for a more complete

understanding of how T cell activation, differentiation, and memory formation really proceed.

22



a) predetermined precursor

A .

. ) self renewing

& memory cell
Naive ‘memory’ cell

PN ® @ .
®—@ — ¥
NS Lo &
Naive 'effector’ cell ®
b) Decreasing potenital

Signals 1, Signals 1, Signals 1,
PN 2and 3 2and 3 2and 3
. —_— . —_—
A 4

v v v
@ @
. . .
D
Tem Tem Short-lived
) effector
. A
c) Signal-strength (@)
&

N
( _ Increasing strength
~ of signals 1,2 and 3
v v
v v
Tem

@ +.®
d) Asymmetric cell division

L) o .l
Tem Short-lived

effector

+—
Segregation of
effector proteins

Figure 1.2: Models for generating effector and memory T cell heterogeneity

a) In the predetermined precursor model the fate of a T cell is pre-programmed into naive T cell prior to its
activation. b) In the decreasing potential model T cells gradually lose their stem-like properties as they undergo
successive divisions, eventually developing into a terminally differentiated effector T cell that will die after the
resolution of infection. c) In the signal strength model the combined strengths of signals 1, 2 and 3 (antigen
stimulation, co-stimulatory signalling and cytokine stimulation respectively) a T cell receives during its initial
activation program the eventual fate of the cell, with combined strong signals promoting terminal effector fate,
and weak signalling a memory cell fate. d) During asymmetric cell division effector-fate transcription factors and
signalling molecules cluster with the dividing cell that forms the immunological synapse Tcm, central memory T
cell; Tem, effector memory T cell. Adapted from .
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1.3.3 CDS8* T cell effector mechanisms

Upon arrival in inflamed tissue CD8" T cells can participate in the removal of virally-infected cells,
and depletion of CD8" T cells during infection results in an increase in pathogen burden, and a delay
in clearance [[213H215[]. For CD8" T cells to eliminate infected or malignant cells they require TCR-
dependent detection, enabling the formation of an immunological synapse, which permits polarised
secretion of effector molecules such as perforins and granzymes, and engagement of death receptors
[213}[216]. In these cell-cell interactions, perforins secreted at the immunological synapse oligomerise
and form pores in the target cell membrane, osmotic disparity promotes influx of Ca®* and granzyme
molecules from the synaptic space into the target cell cytoplasm [217]]. The formation of perforin-pores
in the target cell membrane triggers a Ca?* cell-intrinsic membrane repair pathway that can quickly
patch the pores [218]], preventing osmotic death of the cells which would release cytosolic contents
into the extracellular space. Granzymes that are now in the cell cytoplasm, however, trigger rapid
caspase-dependent apoptotic cell death. Elimination of infected cells can also be delivered by extrinsic
cues, these are delivered through transmembrane receptors expressed on the surface of target cells
belonging to the TNFR superfamily, the main ligands of which, TNFa, TRAIL and FASL are expressed,
or secreted, by CD8" T cells. Engagement of the receptors for these ligands on infected cells, either
through direct cell contact (eg: membrane ligand expression on CD8+ T cell) or in soluble form (ligand
secreted by CD8+ T cell) [219], engages the extrinsic cell death pathway which ultimately leads to

caspase activation and cell death through apoptosis [220].

Aside from direct-killing of infected cells a second way in which CD8" T cells contribute to the
control of infection is through the secretion of effector cytokines, primarily IFNy and TNFa. The cytokine
IFNy can act on various myeloid and dendritic cell subsets, enhancing their antigen-presentation capacity
and promoting further secretion of cytokines and chemokines [67]. CD8" T cells in influenza infected
BALB/c mice are also major producers of the immuno suppressive cytokine IL-10 [221}[222], as well as
conventional effector cytokines such as IFNy. The ability of CD8" T cells to produce IL-10 was restricted
to the effector site, and only present in cells that had recently migrated into the tissue [223]. When this
cytokine is neutralised, influenza-infected mice suffer from enhanced pulmonary infiltration and lethal

injury, indicating that T cells can have dual cytotoxic and regulatory roles in certain infectious settings.
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1.4 Memory CD8" T cell formation and recall

After clearance of a pathogen, most effector cells enter a phase of contraction through apoptosis, and
a small percentage of these cells survive this process to establish a heterogeneous pool of long-lived
memory cells. This memory cell population is comprised of subsets of circulating memory cells that
have distinct patterns of recirculation at homeostasis, and non-migratory resident memory cells that are
retained at the initial site of infection (Fig. [1.3). Through their combined efforts, these memory cells
establish a body-wide state of immunosurveillance that extends far beyond the blood and SLO restricted
re-circulation they offered as naive T cells. These cells have an enhanced capacity for the production of
effector molecules and cytokines, and can rapidly mobilise immune responses to peripheral tissues to

provide rapid immunity in the case of re-infection.
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Figure 1.3: Memory T cell recirculation at homeostasis

Long after the resolution of an infection populations of long-lived memory CD8" T cells maintain a body-wide
state of immunosurveillance. From the circulation Tcm cells can access lymph nodes via HEVs and are also capable
of migrating into the white pulp of the spleen. Tpm cells have similar migratory properties to Tcm cells, but are
also capable of entering uninflamed peripheral tissues, and accessing lymph nodes through the afferent lymphatics.
Tem cells are the most restricted and are only capable of moving between the circulation and the red pulp. Tissue
resident memory cells are typically restricted to the tissue in which the initial infection was present. In certain
contexts however, resident memory T cells are able to access the afferent lymphatics and take up residence in
tissue-draining lymph nodes, and are even capable of de-differentiating into ex-Trm Tcm cells. Abbreviations:
Tem, central memory T cell; Tem, effector memory T cell; Tpm, peripheral memory T cell; Trm, resident memory
T cell, LN, lymph node; HEV, high endothelial venule.
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1.4.1 Circulating memory CD8" T cells

Some of the earliest descriptions of naive and memory T cells with distinct in vivo migratory properties
came from studies in sheep. These early studies demonstrated that memory T cells, but not naive,
could be found in the afferent lymph that directly drained tissue. In contrast, naive T cells were
only found in efferent lymph downstream of lymph nodes, indicating that memory T cells could pass
through peripheral tissue to access lymph nodes and lymphatics, whereas naive T cells could only
enter through lymph nodes [224]. The first description of functionally-distinct subsets of memory T
cells came nearly a decade later when Sallusto et al. [[225]] described two populations of afT cells in
human blood based on the expression of CCR7 [225]. CCR7* central memory T cells (Tcm) displayed
high expression of the lymph node homing marker CD62L and increased expression of proliferative
cytokines upon re-stimulation. In contrast, CCR7" effector memory T cells (Tem) had higher expression
of effector cytokines upon restimulation, lower lymph node homing capacity, and increased expression
of chemokine receptors that were associated with homing to NLT [225]. Based on these observations
Sallusto et al. [[225] proposed a model of memory T cell immunosurveillance where Tem cells would
home to lymphoid tissue and rapidly proliferate upon reinfection to provide secondary effectors, while
Tem cells would scan the blood and NLT, prepared to provide an immediate effector force at the site of
infection, upon reinfection [225H227|]. However, this model of NLT immunosurveillance by Tem cells
was proposed based on observations made on human peripheral blood T cells, and subsequent studies in
mice made the observation that Tem cells isolated from the blood and spleen did not resemble the diverse
phenotypes of putative Tem cells recovered from a range of peripheral NLTs [228-230]]. Additionally, it
was demonstrated that CCR7 may regulate memory T cell egress from peripheral tissue by directing cell
migration into draining lymph, challenging the notion that CCR7" Tem cells could recirculate through
NLT [231} [232]. Some of these contradictions were eventually resolved with the discovery that the
vast majority of Tem cells present in peripheral tissues were actually a functionally distinct population
of non-recirculating resident memory cells [233235]]. Although these observations largely absolved
Tem cells of the need to enter peripheral tissue, their designation as NLT-surveying cells remained
[236/-243]]. While subsequent studies had developed other methods for the identification of circulating
memory cells with distinct functions or potential [[184} 244} [245]], their capacity for recirculation through
peripheral tissue had not been re-examined. More recently, work by Gerlach et al. [246] identified
three distinct populations of circulating memory CD8" T cell subsets through the differential expression
of CX3CRI1, that have distinct patterns of immunosurveillance at homeostasis [246]]. CX3CR1°% cells
represented the classical Tem cells while CX3CR1™ cells represented the classical Tem cells with the
Jint

caveat that these cells cannot enter peripheral tissue. A CX3CR1"™ population represented a novel
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subset of circulating memory cells, termed ‘peripheral memory’ T cells (Tpm), that had an enhanced
capacity to migrate through peripheral NLT at homeostasis. These circulating memory cell subsets were
shown to differentiate in a linear manner with Tcm cells appearing first, and with further stimulation
differentiating into Tpm cells and finally into Tem cells. As these cells progress down the memory
spectrum they acquire a more cytotoxic phenotype and progressively lose their ability to proliferate,
with Tem cells being incapable of further division upon restimulation. Both Tcm and Tpm cells retained
a high degree of stemness, with these cells able to produce high levels of IL-2 upon re-stimulation and

undergo rapid proliferation and differentiation into secondary effector cells [[246].

While the immunosurveillance of naive T cells is restricted to SLOs via blood and lymphatic
vessels, circulating memory cells extend their directed immunosurveillance beyond SLOs to include
visceral and barrier organs [247,[248]]. Yet the specific migratory signals that enable circulating memory
cells to establish these homeostatic trafficking patterns are unclear. Central memory T cells retain their
ability to enter SLOs from the circulation, as these cells either maintain expression of, or re-express,
CCR?7 and CD62L following activation, enabling continual trafficking across HEVs [249]]. In contrast to
naive T cells, however, Tcm cells express CXCR3, which is important for their homing to peripheral
interfollicular regions of lymph nodes, where they are optimally positioned to intercept tissue-draining
cDCs for rapid reactivation in the case of re-infection [250} [251]]. Unlike Tcm cells, Tem cells lose
expression of lymph node homing markers and are unable to re-access SLOs or the white pulp of the
spleen from the circulation and, under homeostatic conditions, these cells are found almost exclusively
within the vascular-positive fractions of visceral and barrier organs [246]]. Evidence of the reluctance
of these cells to enter lymphoid or non-lymphoid tissues derives from the observation that circulating
memory cells that enter lymphoid or non-lymphoid tissue eventually return to the circulation via the
thoracic duct through S1PR1-mediated migration that directs cells into the efferent lymphatics [252].
As such, the immunomodulatory drug Fingolimod, which antagonises S1P-receptors, traps cells that
are recirculating through lymph nodes, within lymph nodes. Administration of this antagonist to mice,
or humans, results in the prolonged depletion of Tem-like cells from the circulation, with little effect
on the non-migratory Tem subsets, suggesting that these cells do not leave the circulation (or that
they have S1PR-independent mechanisms of LN egress) [253]. Another feature that appears to be
unique to the recirculation of this memory subset is its ability to form prolonged contacts with the
blood endothelium enabling Tem cells to efficiently scan the vasculature [254], similar to the vascular
patrolling behaviour that has been reported for non-classical monocytes [[115]], although the function of
this patrolling behaviour in CD8" T cells is not known. The ability of some circulating memory cells to

migrate through peripheral NLT is generally well accepted, however, exactly how this is achieved has
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not been elucidated [246[]. Effector-like memory cells lacking lymph node homing markers have been
detected the efferent lymph through cannulation of the thoracic duct, suggesting that these cells have not
accessed the lymphatics through HEVs. Additionally, in certain contexts, the maintenance of circulating
memory cell populations at barrier tissues has been shown to be partially dependent on activation of
latent TGFP through o, ¢ and ayPs expressed by keratinocytes in the dermis [[255]], suggesting that
active migration through peripheral NLT is required for the optimal maintenance of some circulating
memory cells. While these studies suggest that circulating memory CD8" continuously migrate through
NLT during homeostasis, and that this activity is required for their optimal maintenance, the specific

migratory signals that regulate this process have not been determined.

1.4.2 Resident memory T cells

Trm cells represent a subset of peripheral, non-circulating, CD8" memory T cells that develop at the site
of infection following clearance of the pathogen and are the memory subset predominately responsible
for immunosurveillance of NLTs [234} 235]]. These cells are present at all barrier surfaces, including the
skin [78,[256]], and the reproductive [[79,235], respiratory [257-259]], and gastrointestinal tracts (GIT)
(260, 261]], as well as in non-barrier organs such as the liver [262], kidney [263]], salivary glands [263],
and CNS [264]], in mice, as well as in humans [[265} 266]]. In most tissues Trm cells can be identified
as cells that are protected from intravascular labelling and that express CD103 and CD69, and these
two molecules also have important functions in Trm biology. CD69 antagonises S1PR1, which would
otherwise promote tissue egress, and removing this surface molecule reduces the number of Trm cells
that form in the skin after HSV infection [[267]. CD103 is a ligand for E-cadherin, an adhesion molecule
expressed on epithelial cells. However, in certain tissues, populations of CD69™ or CD103™ Trm cells can
be found, indicating additional mechanisms of tissue-retention [|108} {235} [268]]. In fact, transcriptional
comparisons of Trm cells from disparate tissues has revealed tissue-specific transcriptional profiles for
lung, skin, and intestinal Trm cells, suggesting there may be tissue-specific residency programs and
population redundancy. While Trm populations in most NLTs are stably maintained over time [269],
Trm cells present in the lungs gradually decrease in number in the months following influenza infection
[270]. Uniquely, this population gradually disappears in the months following resolution of infection
and this loss is accelerated in the absence of circulating memory cells, suggesting that the short-term

maintenance of this population requires constant input from circulating memory precursors [259].

The positioning of Trm cells at barrier surfaces enables them to act as a "first line of defence" in case
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of secondary infection. Upon reactivation Trm cells rapidly produce IFNy which enhances local cytokine
and chemokine production and facilitates the rapid recruitment of circulating memory cells for optimal
pathogen control [233]]. Although these cells were originally thought to be terminally differentiated,
due to high expression of co-inhibitory molecules [271]], absence of turnover at homeostasis 78} [272]],
and expression of transcription factors similar to that seen in exhausted T cells [273} [274], they do
retain a degree of stemness and are capable of in situ proliferation upon challenge [271 [275]]. These
proliferating Trm cells can shed their residency program and are able to re-gain a transcriptional program
that resembles that of effector or central memory T cells and even re-enter the circulation [276}|277].
Additionally, some of these daughter Trm cells retain their Trm phenotype and can exit the tissue via the
lymphatics to establish a secondary population of draining LN resident Trm cells [278]. Although SLO
Trm cells arising from secondary infections have been described, primary influenza infection results in
a population of Trm cells that can be detected in the lung-draining mLN [279-282]. Early parabiosis
studies have shown that the majority of memory T cells within the mLN were resident cells, although at
the time this was thought to be retention mediated by residual antigen present within the mLN [279]
281]]. It was recently shown that these Trm cells were not generated in response to residual antigen,
but rather are Trm cells that had left the lungs and made their way through the lymphatics to take up
residency in the mLN [282]]. How this occurs, and why it has only been described for influenza infection
is unclear, but studies of ’free-living’ mice and humans have shown large populations of CD69*CD62L"
putative Trm cells in LNs throughout the body [265[266] [283]], though the specific origins of these LN

resident Trm cells is unclear.

1.4.3 Mechanisms of memory T cell protection

After the clearance of a primary infection the memory cells that develop far outnumber the original
naive precursors and are bestowed with enhanced effector function and distinct migratory capacity.
These enhanced features of memory T cells enables them to rapidly respond in the case of re-infection
and control infectious doses that would otherwise be lethal in a naive mouse. In the case of re-infection,
resident-memory cells present at barrier tissues are the first to come into contact with the pathogen. As
Trm cells exist independent of the circulation, intravenous administration of depleting antibodies depletes
circulating, but not resident-memory cells [78|[271]]. Using such strategies it has been demonstrated that
Trm cells can control secondary infections independently of a contribution from circulating memory
cells [284]. Using an influenza model of re-challenge, mice primed by intra-peritoneal injection of

inactivated influenza, which generates circulating but not resident-memory CD8" T cells, were less
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efficiently protected from secondary infection than mice that had received intranasal vaccination with a
live-attenuated virus [285]]. Using parabiosis experiments with HSV-2-infected and naive parabionts,
where circulating memory cells are equilibrated between the two hosts but Trm cells are not, naive
parabionts that have circulating memory cells, but not resident memory cells, show reduced protection

after secondary infection with HSV-2 [79].

Although these experiments demonstrate that either resident or circulating memory cells alone
are sufficient for protection from lethal challenges, optimal host immunity requires the combined action
of both circulating and resident cell subsets. This protective capacity also relies on the unhindered
migration of memory T cells within the infected tissue, as disrupting migration by blocking integrin or
chemokine binding decreases T cell velocities within infected tissue, and increases pathogen burden [83|
286|]. Critically, this protection relies on IFNYy signals derived from Trm cells, as IFNy receptor knockout
mice, or mice seeded with IFNy-deficient Trm cells, are not protected during lethal challenges [[79]. The
production of IFNy by resident memory cells serves several functions; it enhances the anti-viral activity of
local immune and stromal cells, promotes the secretion of CXCL9 and CXCL10, and increases expression
of integrins in the nearby vasculature which promotes recruitment of pathogen-specific circulating
memory cells that can further eliminate infected cells [287]. However, despite their demonstrated
role in protection from re-infection resident memory cells express very high levels of co-inhibitory
molecules [271]], and Trm cells isolated from the lung airways have poor ex vivo cytotoxic capabilities
(288, 289]. Although imaging experiments have shown that Trm cells move into infectious foci during
HSV challenge [271]], whether Trm cells simply serve as sentinels that rely upon recruited cells for
effective viral control, or whether they are unshackled from their inhibited state by the inflammatory

mileu and participate in elimination of infected cells, is unclear.

The current model for recall responses of circulating memory subsets is that central and peripheral-
memory T cells re-encounter antigen in SLOs, where they undergo secondary expansion to provide
further effector cells to curtail infection. In contrast, Tem cells, which have the highest effector potential
but no proliferative or LN-homing capacity, traffic to inflamed NLT to mediate early pathogen clearance.
While Tem cells were thought to be reactivated and undergo secondary division primarily within
lymph nodes, recent studies have demonstrated that these memory T cells are capable of infiltrating
NLT, and that tissue infiltration can be antigen independent [235| [290]]. This tissue infiltration was
dependent on glycosylation of cell surface adhesion molecules that creates functional ligands for P
and E-selectins present on vascular endothelial cells, enabling the initial tethering and rolling steps

required for transendothelial migration. Interestingly the glycosylation of CD43 by core 2 1,6 N-
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acetylglucosaminyltransferase-I only occurs in Tcm cells and Tpm cells but not Tem cells, indicating
that NLT infiltration may be a feature that is restricted to Tcm cells and Tpm cells [290]]. These CD62L*
NLT-homing Tcm cells were shown to migrate into the skin during Vaccinia virus (VacV) infection
and lyse infected cells in a perforin-dependent manner [290]. It has also been observed that Tem cells,
despite high expression of a number of different chemokine transcripts, have poor migratory capacity
in vivo during infection and inflammation and are largely restricted to the vasculature, suggesting they
may not have a major contribution to the elimination of infected cells in peripheral tissues during
a recall response [254]]. These observations suggest that Tem cells may be a memory subset that is
"resident" in the vasculature and patrol the blood endothelium to search for infected cells, similar to

how non-classical monocytes patrol the vasculature to perform their function [[115].

1.5 The research project

The specific microanatomical localisation of T cells is critical for the formation and execution of primary
and secondary immune responses. To achieve this, the movement of immune cells within, and between,
tissues and organs is regulated through the action of chemokines and chemokine receptors. The specific
chemokine receptors that regulate the discrete events involved in T cell activation, expansion and
eventual memory formation are not completely understood, with only one chemokine receptor to date,

CXCR3, being identified as a key receptor in this process. Therefore, the broad aims of this project were:

» To investigate the homing signals that drive CD8" T cell effector differentiation and responses

» To investigate the homing signals that promote CD8" memory T cell development and homeostatic

maintenance
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2 Materials and Methods
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2.1 Mice

C57Bl/6 (B6) and B6.SJL-Ptprca (Ly5.1) mice were purchased from the Animal Resource Centre (Western
Australia) or bred in-house at the University of Adelaide animal house. OT-I mice were purchased from
Kew Animal Facility at the Walter and Eliza Hall Institute of Medical Research (Victoria) and crossed to
Ly5.1 mice to generate Ly5.1 OT-Is. Ccr2-deficient mice (Ccr2”") mice were bred in house by crossing
Ccr2”* mice to generate Ccr2”’~ and WT littermate controls. Ccr2”~ OT-I mice were generated by crossing
Ccr2’” mice with OT-I mice. Ccr2”~ OT-I Ly5.1 mice were generated by crossing Ccr2”~ OT-I mice with
Ly5.1 mice. Ccr2-CFP-DTR mice were kindly provided by Prof. Andrew Lew (WEHI, Victoria). ifng”"
mice were provided by Dr. Geoff Hill (QIMR, Queensland). UBC-GFP-OT-I mice were generated by
crossing UBC-GFP mice to OT-I mice. Ccl2-Red Fluorescent Protein (RFP) mice, floxed mutant mice
that contain loxP sites flanking exons 2-3 of the Ccl2 gene, which has been modified with a 2A cleavage
site and a cleavable RFP at the 3’ end of exon 3, were purchased from the Jackson Laboratory. Mice were
maintained in a specific pathogen-free, temperature-controlled (22+1°C) mouse facility on a 12-h light,
12-h dark cycle. Stock Mice were fed a standard chow diet, breeder mice were fed a 10% high fat chow
diet, with food and water provided ad libitum. Experiments using OT-I mice were performed with gender
and aged matched mice between 6 to 14 weeks of age, unless otherwise specified. Experiments using all
other mice were of mixed age and gender. All animal experiments were conducted in accordance with
institutional and national regulations with the approval of the University of Adelaide Animal Ethics

Committee.

2.2 Murine tissue processing

2.2.1 Lymphoid organs

Spleens were passed through 70pum filters (BD) and washed in phosphate buffered saline (PBS) before
incubation in murine red cell lysis buffer (MRCLB) for 5 minutes at 37°C. Red blood cell lysed cell

suspension were then washed again in PBS in preparation for cell counting. Lymph nodes were either

(1) mashed through 70pm filters (2) minced in [general digestion medialand incubated at 37°C with gentle

agitation to disrupt tissue (3) minced in PBS and disrupted using a pellet pestle (SigmaAlrdich). All cell

suspensions were centrifuged at 300 rcf for 5-7 minutes unless otherwise specified.

2.2.2 Airways associated mucosa

Mice were dissected to expose the diaphragm which was punctured to induce pneumothorax. To perfuse

the pulmonary vasculature the right aorta was cut and a 21 gauge needle was inserted into the right
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ventricle to flush at least 10mL of cold PBS until lungs had blanched. BAL fluid was harvested by
exposing the trachea and making a small incision in the pharyngeal cartilage. Using a syringe fitted

with an Insyte Autoguard catheter (BD) the airways were washed 2-3 times using three sequential

changes of PBS 5mM EDTA. Individual lung lobes were excised and minced into[general digestion medial

incubated at 37°C with gentle agitation, and passed through a 1000pL pipette every 15 minutes until
fine (30-45 minutes), filtered through a 70pM filter, washed, incubated in MRCLB for 5 minutes at 37°C

and washed for counting. Trachea was excised from just below the cricoid cartilage to just above the

tracheal bifurcation, removed of excess fat, minced into 300uL of|general digestion medial incubated at

37°C with gentle agitation for 30 minutes with the tissue being passed through a 1000uL pipette after 15
minutes. Nasal-associated lymphoid tissue (NALT) was harvested by excising the upper palate using a

razor then processed the same as the trachea.

2.2.3 Skin

Whole ears were removed, split into dorsal and ventral halves using forceps, minced into
and incubated for 1 hour at 37°C with gentle agitation and with mixing every 20 minutes. Digested
tissue was passed through a 50uM filter, incubated in[MRCLB|5 minutes at 37°C and washed in PBS for

counting.

2.2.4 Peripheral blood

For endpoint experiments up to 500ul of blood was harvested from the right ventricle of mice via cardiac
puncture with an insulin syringe and collected into BD Vacutainer heparin coated tubes. For timecourse
experiments mice were bled through the submandibular vein and blood was collected into BD Vacutainer
heparin coated tubes. Blood was lysed in 10mL of for 20 minutes at 37°C and washed 3 times in

PBS before counting.

2.2.5 Peritoneal wash

Peritoneal cavity was washed three times through the peritoneum with 1ml PBS using a syringe fitted

with a 19 gauge needle.

2.2.6 Visceral adipose tissue

In male mice, perigonadal visceral adipose tissue (VAT) was finely minced in [adipose tissue digestion|

incubated at 37°C for 45 minutes with gentle agitation, and passed through a 1000pL pipette
every 15 minutes. After incubation the suspension was diluted 10 times with PBS + 2% fetal calf serum

(FCS) and centrifuged at 800g for 15 min at 4°C. The pellet was lysed with MRCLB for 5 minutes at 37°C,
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washed in PBS 2% FCS, and resuspended for counting.

2.2.7 Bone Marrow

Femurs were removed from mice and flushed twice with 3ml of PBS 5mM ETDA using a 3ml syringe
fitted with a 19 gauge needle. Cells were lysed in 5mL. MRCLB, washed in PBS and resuspended for

counting,.

2.2.8 Human peripheral blood

Peripheral blood mononuclear cells were isolated from human blood using Lympoprep™ (StemCell) per
manufacturers instructions. In brief, Lympoprep™ was warmed to room temperature and 3-4 mL added
to the bottom of a 14 mL conocal tube. Three to four mL of human blood was mixed at a 1:1 ratio with
PBS 2% FCS and layered ontop of Lympoprep™. Tubes were centrifuged at 800g for 20 minutes at room
temperature with no brake. The upper plasma layer was then removed and discarded and the underlying
layer of mononuclear cells removed without disturbing the erythrocyte/granulocyte pellet. Recovered

mononuclear cells were washed 3x in PBS and resuspended in PBS for downstream applications.

2.3 Exvivo techniques

2.3.1 Flow cytometry

Single cell suspensions were stained in 96 well round bottom, or V bottom plates (Corning) at 1.5 —
2x10° cells per well using antibodies and reagents detailed in table (2.1). Cells were washed in PBS
and resuspended in a solution containing BD Horizon™ Fixable Viability Stain 780 (BD) and mouse

y-globulin (myg) (200pg/ml) for 10-15 minutes at room temperature.

a) Purified antibodies

For stains with purified antibodies, cells were stained with the purified antibody for 40-60 minutes at
4°C. Secondary antibody was pre-incubated with 100pg/mL myg and 1% normal mouse serum (NMS),
added after washing cells in FACS buffer, and stained for 20-30 minutes. Cells were washed in FACS

buffer and blocked with rat y-globulin for 15 minutes and stained as below.

b) Standard flow cytometry

Cells were washed in FACS buffer and resuspended in a cocktail containing directly conjugated antibodies

and incubated for 30 minutes at 4°C in the dark. For the use of biotinylated antibodies, cells were washed
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in FACS buffer and resuspended in a solution containing FACS buffer with a streptavidin-fluorophore

conjugate for 15 minutes. Cells were then washed in PBS 0.04% sodium azide.

c) Intracellular staining

For the staining of intracellular cytokines cells were first incubated in restimulation medium containing
either 1pg/mL SIINFEKL or PMA for 4 hours at 37°C. Surface antibodies were stained for as in section
2.3.1 a-b then cells were incubated in Cytofix/Cytoperm (BD) for 20-30 minutes at room temperature,
washed twice in Permwash (BD) and stained with antibodies directed against cytoplasmic proteins for
20-30 minutes. For staining of nuclear factors and Bromodeoxyuridine (BrdU), cells were incubated
in Foxp3 kit fixation & permeabilization buffer (eBioscience) for 30 minutes at room temperature then
washed twice in Foxp3 kit permwash (eBioscience). For staining of nuclear factors, cells were incubated
with a solution containing directly conjugated antibodies directed at nuclear factors in 2% NMS and
normal rat serum (2%) for 20-30 minutes before washing in PBS 0.04% azide. For BrdU detection, after
permeabilisation cells were incubated in PBS 50U/mL DNase for 1 hour at 37°C. Cells were washed with
Foxp3 kit permwash then stained with aBrdU antibodies for 20-30 minutes. Cells were washed in PBS
0.04% azide and acquired immediately. Stained cells were acquired on FACSAria and LSRFortessa flow
cytometers and analysed in Flow]Jo (Treestar) after gating on live, single cells as outlined in (Fig. [2.1),

prior to the identification of immune cell subsets based on lineage markers, and markers of interest.

d) Tetramer staining

For the use of tetramers, cells were incubated in 50uL FACS buffer containing NP and PA tetramers at
4°C for 15 minutes. Surface antibodies were then added directly to cells without washing and processed

as in section 2.3.1 a-c.

Single Cells

Single Cells U150k single Cells

Viability

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

FSC-A FSC-H SSC-H FSC-A SSC-A

Figure 2.1: Gating strategy for the identification of live, single cells, by flow cytometry.
Representative flow cytometry of the gating strategy used throughout this thesis for the identification of live,

single cells. Further gating proceeds as outlined in each figure throughout this thesis
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2.3.2 Quantitative PCR

All procedures involving RNA were conducted with equipment and work spaces cleaned with RNaseZap
(ThermoFisher). For qPCR on purified cells, cells were stained as described above and sorted on a
FACSAriall. For some OT-I sorts OT-I T cells were first enriched from SLOs using an active CD8" T cell
negative isolation kit (Miltenyi Biotec). mRNA was prepared using RNeasy micro kit (Qiagen) with on-
column DNase I treatment. Alternatively, snap-frozen tissues were ground into a fine powder and RNA
isolated using Trizol reagents, followed by DNase treatment using TurboDNase (AppliedBiosystems).
cDNA was prepared using High-Capacity cDNA Reverse Transcription Kit (Thermofischer). Quantitative
polymerase chain reaction (QPCR) was performed using PowerUp SYBR Green Master Mix™ (ThermoFisher)
on a LightCycler-480 instrument (Roche). Relative gene expression was calculated using the equation

2(CT target ~CT reference) ywhere the reference gene was Rplp0. Primer sequences listed in (Table. [2.2).

2.3.3 Enzyme-linked immunosorbent assay (ELISA)

Harvest of supernatants

Lymph node supernatants were prepared by mincing lymph nodes in 300pL of PBS containing 1X protease
inhibitor (Sigma) and incubating for 10 minutes at 37°C with gentle agitation to liberate proteins. BAL
supernatants were collected by washing the airways with 500uL of PBS and supplementing the BALF
with 1X protease inhibitor. Supernatnats were stored at -80°C and centrifuged at 5000RCF for 10 minutes

prior to use.

ELISA

96 well high-binding plates (Corning) were coated with capture antibody diluted [ELISA coating buffer|

overnight at 4°C. All further incubations were at RT, and all washes were performed 3 times with PBS
0.05% Tween-20. Plates were washed then blocked with PBS 3% bovine serum albumin (BSA) for 2 hr.
Plates were washed and 50 to 80uL protein standards and samples were diluted in PBS 1% BSA and
incubated for 2 hr. Plates were washed then incubated with detection antibody in PBS 1% BSA for 2 hr.
Plates were washed and incubated with streptavidin-HRP (R&D) in PBS 1% BSA for 30 min. Plates were
washed, developed with TMB (eBioscience), stopped with 1M orthophosphoric acid and read at 450nm
on a Biotrak II spectrophotometer (Amersham Biosciences). Concentrations of protein in biological
samples were determined by interpolation of the standard curve of logl0(concentration) vs. Absorbance.

Protein concentration was then used to determine the total amount of protein in the recovered sample.
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2.3.4 Chemotaxis assay

Splenocytes were harvested and rested in [chemotaxis bufter|for 4 hours at 37°C. Chemokine ligands

CCL2 and CXCL11 (from the late Prof. Ian Clark-Lewis) and CCL7 (Peprotech) were serially diluted in

[chemotaxis buffer|and 200uL loaded into the bottom-chambers of 96 well transwell plates (Corning).

Up to 5x10° splenocytes were loaded into the upper-chambers in 100pL of [chemotaxis buffer, and

transwell plates incubated at 37°C for 3 hours. Lower-chambers where then harvested and stained for
flow-cytometric analysis of cells of interest. Before acquisition 2x10* count bright beads were added to
each sample. Event counts were normalized to beads, then divided by no chemokine control to determine

chemotaxis index.

2.4 Invivo assays

2.4.1 Adoptive cell transfer

Splenocytes were harvested from OT-I mice and naive (CD44" CD62L*) CD8" T cells were isolated using
an EasySep naive CD8" T cell negative isolation kit (Stem Cell Technologies). Purity and ratios (for
competitive transfer experiments) of naive OT-I cells was determined by flow cytometry prior to transfer.

1x10* Purified OT-I cells were injected into host mice via the lateral tail vein in 200ul of PBS.

2.4.2 Viral infections

For infections mice were anaesthetised with 6mg/Kg pentobarbitone (Ilium) via IP injection and 32ul of
diluted A/HK-x31, x31-OVA, A/PR8 or PR8-OVA virus (detailed in Table was applied to the nares
of anaesthetised mice. Mice were left to recover on a 37°C heatpad until they regained consciousness.
Infected mice were monitored daily over the course of infection for changes in weight and physical

appearance.

2.4.3 BrdU labelling

Influenza infected mice were injected IP with 1mg BrdU (Sigma) in 100yl of a sterile 0.85% saline solution

24 and 14 hours prior to sacrifice.

2.4.4 Invivo cytotoxicity assay

Splenocytes were harvested from Ly5.1 mice and half of the recovered cells labelled with 1uM eBioscience™
Cell Proliferation Dye eFluor™ 670 as per the manufacturers instructions (Non-target cells). The other

half of recovered splenocytes were pulsed with 10nM Influenza A NPj¢4 374 Strain A/PR8 peptide
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(Anaspec) for 30 minutes at 37°C (Target cells). Both cells were washed three times in sterile endotoxin-
free PBS, mixed at a 1:1 ratio and 5x10° total cells (2.5x10° each of target and non-target) were injected
intravenously into day 28 A/HK-x31 immunised WT and Ccr2”~ mice and WT naive controls. Four hours
post-injection spleens were harvested and stained with CD45.2 and CD45.1 antibodies to discriminate
between host and transferred cells. The percent specific killing was calculated as: 100 (100 x [(% eFluor™

670+/% eFluor™ 670-)/(%CFSE!" in naive group/%CFSEM in naive group)].

2.4.5 Vascular labelling

For the labelling of vascular CD8" T cells 3pug of fluorescently conjugated antibody (detailed in Table

2.1) was injected into the lateral tail vein of mice in 200uL of sterile PBS 3 minutes prior to sacrifice.

2.4.6 Invivo depletion

For the depletion of CCR2-expressing cells Ccr2-DTR mice were injected IP with 10ng per gram of body
weight of diptheria toxin in sterile PBS 1 day before influenza challenge and every 2 days thereafter

until endpoint.

2.5 Solutions and buffers

2.5.1 PBS

1 X PBS was either purchased from the University of Adelaide technical services unit (TSU) or prepared
by diluting 20 X PBS (TSU) in MilliQ water.

2.5.2 PBS + EDTA

PBS EDTA solutions were prepared by diluting 0.5M EDTA (v/v) (TSU) in 1 X PBS to the desired

concentration.

2.5.3 MRCLB

9 parts 155mM NH,Cl (AnalaR) solution and 1 part 170mM TRIS (Biochemicals) solution (pH 7.65) were

mixed and adjusted to pH 7.2.

2.5.4 Paraformaldehyde solutions (PFA)

4% PFA (w/v) was prepared by dissolving paraformaldehyde (Sigma) in PBS and stored at -20°C to
prevent degradation. 1% PFA was prepared by diluting 4% PFA in PBS.
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2.5.5 Fluorescence-activated cell sorting (FACS) buffer

1 X PBS supplemented with 1% BSA (w/v) (Sigma) and 0.04% sodium azide (Ajax Finechem)

2.5.6 General digestion media

Dulbecco’s Modified Eagle Medium (DMEM) (Life Technologies) supplemented with 10% FCS (Sigma),
1mM HEPES (ThermoFischer), 1 X penicillin/streptomycin (Gibco), 2.5mM CaCl, (TSU) and 2.5mM
MgCl (TSU). 30U/mL DNase (SigmaAldrich) and 1mg/mL Collagenase IA (Sigma Aldrich) were added

prior to tissue digestion.

2.5.7 Skin digestion media

Roswell Park Memorial Institute medium (RPMI) 1640 (Gibco) supplemented with 1% FCS (Sigma), 15
mM HEPES (SA Pathology). 85 pg/ml Liberase™ TM (Roche) and 30 U/ml DNase I (Sigma) were added

prior to tissue digestion.

2.5.8 Adipose tissue digestion media

PBS supplemented with 0.5% FCS, 1mg/mL CollagenaselV (Sigma), and 30 U/ml DNase I (Sigma) were

added prior to tissue digestion.

2.5.9 BD Cytofix

BD Cytofix diluted 1:4 with 1x PBS

2.5.10 PBS-Tween

1 X PBS supplemented with 0.05% (v/v) Polyoxyethylene-sorbitan monolaurate (Tween20, SigmaAldrich).

2.5.11 Complete Iscoves Modified Dulbeccos Medium (cIMDM)

IMDM (Gibco) supplemented with 10% FCS (Sigma), 1 X penicillin/streptomycin (Gibco), 1 X Glutamax
(Gibco), 54 pM B-mercaptoethanol (Sigma).

2.5.12 T cell re-stimulation media

cIMDM (2.5.11) supplemented with 1nM ionomycin (Life Technologies), 1/1500 GolgiStop™ (BD) 1/1000
GolgiPlug™ (BD) and either 20 pg/ml phorbol 12-myristate 13-acetate (PMA) (Life Technologies), for

re-stimulation of all cells, or 1pg/mL SIINFEKL (Anaspec), for restimulation of OT-I cells.
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2.5.13 Blocking solution

1 X PBS supplemented with 0.3% Triton-X100 (Sigma) and 1% normal mouse serum

2.5.14 ELISA coating buffer

3.03g of Na,COs3 and 6.0g of NaHCOj3 resuspended in 1L of MilliQ water and pH adjusted to 9.6.

2.5.15 Chemotaxis buffer

RPMI 1640 (Gibco) with 0.5% BSA (Sigma) and 20mM HEPES (SA Pathology)

2.5.16 Sorting buffer

1x PBS supplemented with 2% FCS (v/v) (Sigma) and 1mM EDTA (TSU).

2.5.17 Wash buffer

1x PBS supplemented with 0.3% Triton-X100 (Sigma)

2.5.18 FACS buffer

PBS 1% BSA (Sigma) 0.04% sodium azide (Ajax Finechem)

2.5.19 Tail tip lysis buffer

100mM Tris HCI (pH 8.5) (Biochemicals), 5mM EDTA (TSU), 0.2% SDS (TSU), 200nM NaCl (AnalaR) and

100pg/ml proteinase K (Roche).
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Table 2.1: Antibodies and reagents

Antibodies

Reagent or Resource Conjugate Clone Source

B220 UV496 RA3-6B2 BD

BrdU AF488 3D4 Biolegend

BrdU PeCy7 RA3-6B2 Biolegend

CD103 V421 M290 BD

CD11b V510 M1/70 Biolegend

CD11b PeCy7 M1/70 BD

CD11c V711 HL3 BD

CD172a Uv395 P84 BD

CD19 Uv395 1D3 BD

CD27 V711 LG.3A10 BD

CD3 V711 145-2C11 BD

CD3 PECF594 145-2C11 BD

CD4 Uv496 GK1.5 BD

CD43 Uuv737 S7 BD

CD44 V450 M7 BD

CD44 V711 M7 BD

CD45 AF700 30F11 BD

CD45 Uvsos 30F11 BD

CD45.1 V605 A20 BD

CD45.1 PE A20 BD

Continued on next page...
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Table 2.1 - continued from previous page.

Reagent or Resource Conjugate Clone Source

CD45.1 AF647 A20 Biolegend

CD45.2 FITC 104 BD

CD45.2 APC 104 BD

CD45.2 Biotin 104 BD

CD62L BB515 MEL-14 BD

CD64 PE X54-5/7.1 BD

CD8a BV480 53-6.7 BD

CD8a PeCy7 53-6.7 BD

CD8a Uvsos 53-6.7 BD

CX3CR1 V421 SA011F11 BD

CX3CR1 PeCy7 SA011F11 BD

F4-80 Biotin BMS8 Biolegend

Granzyme B V421 GB11 BD

IFNy FITC XMG1.2 BD

IFNy PeCy7 XMG1.2 BD

IL-17 V711 TC11-18H10.1 Biolegend

IL-2 PE JES6-5H4 Invitrogen

Ki67 AF660 SolA15 Invitrogen

KLRG1 V786 2F1 BD

Ly6C FITC AL-21 BD

Ly6C V786 HK1.4 Biolegend

Continued on next page...
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Table 2.1 - continued from previous page.

Reagent or Resource Conjugate Clone Source
LyeC AF700 Col3 BD

Ly6G V650 1A8 BD

MHC-II BB515 M5/114.15.2 BD

MHC-II BV480 M5/114.15.2 BD

NK1.1 Biotin PK136 BD

TCRp V786 H57-597 BD

TER-119 PE TER-119 BD

TNFa V510 MP6-XT22 BD

XCR1 V421 ZET BD

Purified antibodies
CCR2 - Col3 BD

Other flow cytometry reagents
Streptavidin PerCP-Cy5.5 N/A BD

V510 BD

PE BD

Uvsos BD

AF488 Polyclonal BD

Fixable viability dye APC-Cy7

Uv395 BD

In vivo antibodies
TCRP FITC H57-597 Invitrogen

CD45 PE/Dazzle 30-F11 Biolegend

Continued on next page...
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Table 2.1 - continued from previous page.

Reagent or Resource Conjugate Clone Source

Human antibodies

CD107c PeCy7 H4A3 BD

CD3 Uuv737 UCHT1 BD

CD45RA BB515 HI1100 BD

CD62L 647 DREG-56 BD

CX3CR1 PeCy7 2A9-1 Biolegend

Granzyme B AF647 GB11 Biolegend

IL-2 V711 5344.111 BD

TNFa V510 MADb11 BD
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Table 2.2: Primers

Primers used in qPCR
Gene Forward primer (5’ — 3’) Reverse primer (5’ — 3°)
Rplp0 TGCAGATCGGGTACCCAACT ACGCGCTTGTACCCATTGA
Chemokines
Ccl1 TCCCCCAGCTGTGGTATTCAG GGTTAGCAGGGGTTCACCTT
Ccl2 AGCTGTAGTTTTTGTCACCAAGC GTGCTGAAGACCTTAGGGCA
Ccl3 CCATATGGAGCTGACACCCC TCAGGAAAATGACACCTGGCT
Ccl4 GCCAGCTGTGGTATTCCTGA TGAACGTGAGGAGCAAGGAC
Ccl5 TGCTGCTTTGCCTACCTCTC TCCTTCGAGTGACAAACACGA
Ccl7 CCCTGGGAAGCTGTTATCTTCA CTCGACCCACTTCTGATGGG
Ccl8 CTACGCAGTGCTTCTTTGCC GGTGACTGGAGCCTTATCTGG
Ccl17 AGGGATGCCATCGTGTTTCT AGGTCATGGCCTTGGGTTTT
Ccl20 GCAGAAGCAAGCAACTACGAC CTTTGGATCAGCGCACACAG
Ccl25 AGTTCACTGATCCCATAGGCA GGTTTAAGGGGGCCACCAAT
Ccl27 ATGAGTTACCCGAGGTCCAGTG TACTCGTGTGACCGGATATTGC
Ccl28 AGTCATTGCCAGACTCAGTGG CCATGGGAAGTATGGCTTCTGA
Cxcl1 ACCGAAGTCATAGCCACACTC CTCCGTTACTTGGGGACACC
Cxcl2 TGAACAAAGGCAAGGCTAACTG CAGGTACGATCCAGGCTTCC
Cxcl5 TGCCCTACGGTGGAAGTCAT AGCTTTCTTTTTGTCACTGCCC
Cxcl9 TGTGGAGTTCGAGGAACCCT AGTCCGGATCTAGGCAGGTT
Cxcl10 CCACGTGTTGAGATCATTGCC GAGGCTCTCTGCTGTCCATC
Cxcl12 AAAGCTTTAAACAAGGGGCG GCAGGAAGCGGGGAACTA
Cxcl16 CTTCTGGCACCCAGATACCG AGTTCCACACTCTTTGCGCT
Xcl1 CATGGGTTGTGGAAGGTGTGG AATTACAGCTCTCATGGCCCC
Cxscll GCGACAAGATGACCTCACGA TGTCGTCTCCAGGACAATGG
Chemokine receptors
Cerl ACTCTGGAAACACAGACTCAC TCCTTTGCTGAGGAACTGGTC
Cer2 AGGAGCCATACCTGTAAATGCC TGTCTTCCATTTCCTTTGATTTGT
Ccr4 CTTTCAGAAGAGCAAGGCAGCTC TCTGTGACCTCTGTGGCATTC
Cer5 CCCTACAAGAGACTCTGGCTC TTGGCAGGGTGCTGACATAC
Cer7 CATGGACCCAGGTGTGCTT CATGAGAGGCAGGAACCAGG
Cer8 GCTCGCTCAGATAATTGGTCTT GAGGAACTCTGCGTCACAGG
Ccr9 TGGAGGCTGGTCTGCATTATC CATGCCAGGAATAAGGCTTGTG
Cer10 AAGCCCACAGAGCAGGTCTC GGGAGACACTGGGTTGGAAG
CX;serl TCACCGTCATCAGCATCGAC CGCCCAGACTAATGGTGACA
Xcrl TCAAAGGAAGCACAAAGCGT CAGGGATACTGAGAGCATCTGAC
Cxcrl CCAGCTGGTGCCTCAGATCAA AATAATCTCCAGTGGGCAGCA
Cxcr2 TCGTAGAACTACTGCAGGATTAAG GGGACAGCATCTGGCAGAATA
Cxcr3 GCCATGTACCTTGAGGTTAGTGA ATCGTAGGGAGAGGTGCTGT
Cxcr4 GAAGAGCAAGGCAGCTCAAC GACCTCCCCAAATGCCTTGA
Cxcr5 AGGCACCAGCACAAACCTTC AGGCCAGTTCCTTGTACAGGTC
Cxcré6 TACTGGGCTTCTCTTCTGATGC TCGTAGTGCCCATCGTACAG

Continued on next page...

47



Table 2.2 — continued from previous page.

Gene Forward primer (5’ — 3’) Reverse primer (5 — 3’)
Sipri TTCTCTTCTGCACCACCGTC TGTTCTTGCGGAAGGTCAGG
Sipr5 CAGTCCTGGAGTAGCAACCG GCGCTTATTTGGCGAGTCAG

Table 2.3: Virus strains

Strain Stock concentration
A/HK-x31 2.4 x 10* TCIDs,
A/PRS 1.8 x 10°> TCIDs,
x31-Ova 3.6 x 10° TCIDs,
PR8-Ova 2 x 10° TCIDs,
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3 The role of cell-intrinsic CCR2 in
CDS8™ T cell fate and function
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3.1 Introduction

The co-ordinated control of CD8" T cell movement by chemokine receptors during infection is critical for
their interactions with antigen-presenting cells [39} /155,165, homing to anatomical micro-environments
to drive differentiation [291-294], infiltration of inflamed peripheral tissues [65} 76} 77, and execution
of effector function [56} |66]. Although CD8"* T cells responding to infection have been reported to
express numerous chemokine receptors that could potentially regulate these responses, the majority of
reports focus on just two of these receptors, CXCR3 and CCR5 [[4]]. However, inflamed lymph nodes and
infected peripheral tissues express many different chemokines that have the potential to influence T
cell responses [42, |56]]. The extent to which these other chemokine axes influence CD8" T cell fate and
function has not been fully explored. Thus, to address these gaps in knowledge and to better understand
what other chemokine receptors could influence CD8" T cell responses to infection, the expression of
chemokine receptors on antigen-specific CD8* T cells, and the function of novel chemokine receptor

candidates, was investigated in a model of virus infection.

3.2 Chemokine receptor expression by antigen-experienced CD8" T

cells

To study the chemokine-dependent regulation of T cell responses to infection, an influenza model of
viral infection was used. Unlike infection models where pathogens are injected IV or IP, ’short-cutting’
peripheral immune responses [295], influenza is delivered through the nasal passage and establishes a
peripheral mucosal infection that develops over several days. The infection is entirely localised within
the respiratory tract, with viral antigen only reaching the lung-draining mediastinal lymph node (mLN)
via antigen-bearing cDCs [296]]. Segregation of the site of infection, and the site of T cell priming,
provides distinct locations, and processes, in which T cell migration can be assessed. T cells within
the mLN must co-locate with antigen-bearing cDCs to undergo clonal expansion, and then home to
inflammatory niches within SLOs for their effector differentiation [[155} [165} [294]]. In the periphery,
effector T cells must transmigrate across the vascular endothelium and enter the lung parenchyma and
airways where they must find, and eliminate, influenza-infected cells. As CD8" T cells can recognise
internal viral proteins that are often more conserved across virus strains than surface proteins, memory
CD8" T cell responses to heterosubtypic stains of influenza can also be assessed. Different strains of

influenza are classified by expression of different surface hemagglutinin and neuraminidase proteins. As
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these two surface proteins are the primary targets of the neutralising antibody response, infecting mice
with one strain of influenza and then challenging with another minimises the contribution of B cells to
the recall response, while still enabling the study of influenza-specific memory CD8" T cell responses

during recall.

To determine which chemokine receptors are expressed by antigen-specific CD8" T cells during
influenza infection, the transgenic OT-I system was used. In OT-I mice all CD8" T cells express a
transgenic T cell receptor that is specific for the ovalbumin (Ova) peptide Ovags7-z64, When presented in
the context of the MHC-I variant H-2K9 [297]. To determine the kinetics of OT-I T cell (hereafter called
OT-I cells) responses to infection, 10* naive OT-I cells were transferred intravenously (IV) into C57BL/6
(hereafter called B6) hosts. Twenty four hours after transfer, host mice were infected with 10TCIDs
x31-Ova, a transgenic strain of the A/HK-x31 influenza virus engineered to express the Ovags;-z64 peptide
in the neuriminidase stalk [298], and OT-I responses to viral infection were tracked in the blood over the
course of infection (Fig. [3.1A). At this infectious dose mice show moderate weight loss with robust OT-I
cell expansion and differentiation of effector subsets, and a sizeable memory population that enables
easy quantification several weeks after infection. Responding OT-I cells were first identifiable in the
blood in small numbers at day 6 post-infection, after which OT-I cell proportion and numbers steadily

increased until numbers peaked at day 8 post-infection, and declined thereafter (Fig. [3.1B-C).

Based on the kinetics of the response to infection, OT-I cells were FACS-sorted to high purity
from the mLN (the site of priming), the blood and red pulp of the spleen (cells in transit, identified as
being positive for an IV injected «TCRP antibody), and the parenchyma of the lungs (the effector site,
identified as being negative for an IV injected aTCRp antibody), of infected mice on day 7 post-infection
to screen cells for expression of chemokine receptors by qPCR (Fig. [3.2]A). Naive splenic OT-I cells were
used as a control to determine relative expression in activated cells. This day 7 timepoint would capture
cells that are still undergoing expansion and differentiation in the mLN, as well as mature effector cells
in the blood and spleen that are trafficking to the effector site, and cells that are already at the effector
site, the lung parenchyma. Expression of chemokine and lipid-sensing receptors was mostly consistent
across tissues, only varying in intensity of expression. Notable exceptions to this are Cxcr4 and Cecrs,
which had high expression in OT-I cells from the lungs but little to no expression in OT-I cells from
other organs (Fig. -C). Relative to naive OT-I cells, activated OT-I cells down-regulated Ccr4, Ccr7,
Ccr9, Cxcr4, and Cxcr5, and transcripts encoding the lipid-sensing receptor S1PR1, which is important
for tissue egress, while S1PR5 was elevated in OT-I cells from all tissues, and highest in the OT-I cells in

circulation. Compared to naive OT-I cells, Cxcré was elevated in OT-I cells from all tissues and highest
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in OT-I cells in the lungs, where its expression may identify early Trm precursor cells [260]. Ccr1, Ccr2,
Cecr5, Xcr1, and Cxcr3 displayed strong upregulation in activated OT-I cells relative to naive OT-I cells,

with the most dramatic increase in Ccr2, which had a 10 log, fold-increase in expression relative to

naive controls (Fig. [3.2B-C).

3.3 Distinct patterns of chemokine ligand expression in influenza- infected

lungs

Having determined which chemokine receptor transcripts were expressed by OT-I cells responding to
influenza infection it was next determined which chemokines were expressed in the lungs of influenza-
infected mice. A time-course was performed to screen for changes in chemokine expression in whole
lung over the course of infection. Mice were infected intranasally with 10TCIDs, of x31-Ova and
whole lungs from infected mice snap frozen at 0, 1, 3, 5, 7 and 9 days post-infection and processed for
gPCR. Analysis of expression of transcripts encoding chemokines over the course of influenza infection
revealed that the lungs of naive mice displayed low expression of the majority of chemokines, with
exceptions being Ccl5, Cxcl12, Cxcl16 and Cx3cl1 (Fig. ), in infected mice these chemokines were
either unchanged in their expression, or downregulated. Relative to naive controls, influenza-infected
mice displayed strong upregulation of chemokines commensing day 3 post-infection, with expression
decreasing by day 7 post-infection (Fig [3.3B). High levels of expression of chemokine mRNA in the
infected lungs correlated with the presence of replicating virus as influenza nucleoprotein (NP) mRNA
was detectable in the lungs only on days 1, 3 and 5 post-infection (Fig[3.3|C). Of the chemokines that
were upregulated in the lungs following infection, genes encoding the CC-chemokines CCL2 and CCL?7,
and CCL3 and CCL4, ligands for the chemokine receptors CCR2 and CCR5, respectively, and the CXCR3
ligands CXCL9 and CXCL10, showed the highest extent of upregulation relative to naive controls
(Fig. [3.3B). The genes encoding the CCRS8 ligand CCL1 and the CCR6 ligand CCL20 also displayed
intermediate expression. Because results in Fig[3.2|indicated strong up-regulation of CCR2 on activated
OT-I cells, expression of the CCR2 ligand CCL2 was investigated in more detail. CCL2 protein was
detectable in the BALF from day 3 post-infection, peaking at days 7 post-infection, and elevated in mLN
over the course of x31-Ova infection (Fig. [3.3D-E)).
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3.4 CCR2 is expressed by antigen-experienced CD8" T cells in both

mice and humans

The results from qPCR screens of influenza-infected mice identified a core “chemokine signature” of
influenza infection in the lungs that involved upregulation of ligands for CCR2, CXCR3, CCR5, CCRS,
and CXCR6, although CXCL16 was expressed only late in infection. Activated OT-I cells sorted from
diverse tissues 7 days post influenza-infection were shown to express high levels of transcripts for all
of these receptors. Though the receptor CCR8 had tissue-specific expression, with transcripts only
elevated in OT-I cells in the lung parenchyma, there is currently no CCR8 antibody available for use
in flow cytometry, complicating a comprehensive analysis of CCR8 expression and function on T
cells. Transcripts for the receptor CXCR6 were also highly expressed in OT-I cells present in the lung
parenchyma, however, CXCR6 has previously been shown to regulate CD8" T cell access to the airways
after influenza infection [77], and so was not pursued further. Additionally, previous studies of CD8" T
cells responding to infection had also demonstrated key roles for the chemokine receptors CXCR3 and
CCR5 in both the formation and execution of CD8" T cell responses to infection [56} 76} 162} 291H294].
In contrast, the chemokine receptor CCR2 and its function on CD8" T cells has not been extensively
investigated, despite numerous publications reporting its expression on T cells following a diverse range
of infectious and non-infectious challenges [209,299-304]. Thus, CCR2 was further investigated for a
cell-intrinsic role in CD8" T cell biology, including the generation of CD8" T cell effector responses and

formation of long-lived memory cells following influenza infection.

First, the earliest point of CCR2 expression on activated CD8 T cells was investigated following
influenza infection. The CCR2 ligand CCL2 was present in mLN from day 4 post-infection (Fig. [3.3E),
which coincides with the initiation of clonal expansion for influenza-specific CD8* T cells [305]. To
investigate a potential correlation between CCR2 expression and antigen-specific CD8" T cell division,
and expression of activation markers, 10° naive OT-I cells were labelled with a fluorescent proliferation
dye and transferred into naive host mice that were infected with 1TCID5;, PR8-Ova 24 hours later,
an infection model which has well-defined T cell activation kinetics [305]. On day 4 post-PR8-Ova
infection the lung-draining mLN was harvested for analysis of early-activation markers and CCR2
expression by responding T cells. By day 4 post-infection a substantial proportion of OT-I cells in the
lung-draining mLN had been activated, and divided, with upregulation of the activation markers CD69,
CD25, CD44 and downregulation of CD62L evident in all divided cells (Fig. [3.4A). Relative to naive,

endogenous CD8" T cells, all T cells that had undergone proliferation, and a small percentage that had
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not, had upregulated CCR2 (Fig. [3.4B-D). The geometric mean fluorescence intensity (gMFI) for CCR2
expression in divided cells increased upon the first cell division, and by the third division OT-I cells
maintained stable expression out to 5 cell divisions and beyond (Fig. [3.4). These results demonstrate
that CCR2 expression increased as soon as the first division of antigen-activated OT-I cells and, therefore,

has the potential to influence both their priming and effector differentiation in the mLN.

Next, CCR2 expression was assessed on CD8" T cells as they matured and exited the mLN. Mature,
activated T cells begin to exit the mLN at days 5-6 post-infection and the earliest time-point at which
influenza-specific T cells can be consistently detected in the blood is day 6 post-infection, with numbers
peaking at around day 8 (Fig. [3.1B). Thus, naive OT-I cells were transferred into naive host mice that
were infected with 10TCIDs5y x31-Ova 24 hours later. Blood was taken from day 8 x31-Ova infected
mice and transferred and endogenous T cells screened for expression of CCR2 by flow cytometry (Fig.
—B). Of the host endogenous T cells, both CD4* and CD8" CD44M T cells expressed CCR2, with the
frequency of receptor-expressing cells slightly higher for CD44" CD8* T cells (Fig. -C). In contrast,
CCR2 expression was undetectable on naive CD44" CD4" and CD8" T cells in the circulation (Fig. [3.5B).
Of the transferred OT-I cells 60% of cells in the circulation expressed CCR2 while, in contrast, both
influenza nucleoprotein (NP)- and viral polymerase (PA)-specific endogenous CD8" T cells displayed
the highest proportion of CCR2" cells, with 76% of NP-specific T cells expressing CCR2 and 68% of
PA-specific T cells (Fig. [3.5[C). To assess functionality of CCR2 on CD8" T cells, cells from the spleens
of influenza-infected mice were examined in ex-vivo chemotaxis assays with the CCR2 ligands CCL2
and CCL7 (Fig. -E). Both endogenous activated CD8* CD44" T cells and OT-I cells migrated in
response to CCL2 and CCL7, whereas naive CD8" CD44Y T cells did not. Thus, functional CCR2 is
expressed on influenza-specific, and endogenous CD44", but not naive, T cells at the peak of the T cell

response to influenza infection.

Having established that CCR2 is expressed by the majority of influenza-specific CD8" T cells it was
next investigated if this expression during the acute phase of the response was biased to a particular CD8"
effector T cell subset. Over the course of infection CD8" effector T cell subsets arise that have distinct
fates upon resolution of infection, and these cells can be identified by expression of the surface markers
CD127 and KLRG1 [183]]. KLRG1* short-lived effector cells (SLECs) undergo complete contraction, and
a portion of CD127" memory precursor effector cells (MPECs) survive to form long-lived memory cells
after viral clearance [[183}306]. KLRG1™ CD127 early effector cells (EECs) represent recently-activated
cells that have not yet committed to an SLEC or MPEC fate, while the KLRG1" CD127" double-positive

effector cells (DPECs) are a poorly understood subset that may contribute to the formation of effector-
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like memory cells after resolution of the infection [307]]. These cells were identified in the blood of
influenza-infected mice on day 9 post-influenza infection (Fig. [3.6/A), as this location, and time point,
has the best representation of these effector subsets. Expression of CCR2 was detectable on all of the
effector subsets present in the blood, with the frequency of receptor-positive cells, and gMFI for CCR2,
higher for the more effector-like CD127° KLRG1* SLEC and CD127* KLRG1" DPEC populations (Fig.
[3.6B). These results indicate that CCR2 expression is not restricted to a particular effector subset and

may contribute to the biology of all these effector populations.

Recently, three subsets of circulating memory CD8" T cells have been characterised that have
distinct patterns of re-circulation during homeostasis: central memory CD8" T cells (Tcm) that circulate
through the blood and secondary lymphoid organs; effector memory CD8" T cells (Tem) that circulate
through the blood and spleen; and the recently-identified peripheral memory CD8* T cells (Tpm)
that circulate through the blood and secondary lymphoid organs but also have the capacity to enter
uninflamed peripheral tissue [246]]. These memory subsets can be identified by the co-expression pattern
of the surface markers CD27 or CXCR3, with CX3CR1 [246]]. A fourth, poorly-characterised, subset
that lacks expression of these memory markers is also present in some models of infection [308]], and
may represent terminally differentiated exhausted cells [309]]. As there is no nomenclature associated
with this subset at the time of writing, these cells are referred to here as double-negative memory CD8"
T cells (Tdn). To determine if these circulating memory cell subsets express CCR2, blood was taken
from mice 35 days after influenza infection and expression of CCR2 was determined by flow cytometry
(Fig. [3.6/C). Analysis of surface CCR2 expression on long-lived memory T cells showed that CCR2 was
present on all circulating memory cell subsets with 60%-70% of CXCR3™ CX3CR1" Tem and CXCR3*
CX3CR1™ Tem cells expressing CCR2. The surface expression of CCR2 was highest on CXCR3* CX3CR1*
Tpm cells where 80% of these cells expressed CCR2 (Fig. [3.6D). Like those results seen in the effector
subsets present at day 9 post-infection, CCR2 expression is present to some degree across all memory
CD8" T cell subsets, and is higher on the more effector-like memory subset. In contrast to circulating
memory cells, only 20% of CD69" CD103" tissue-resident memory T cells in the lungs, which do not
recirculate throughout the body but are confined to the tissue in which they are generated, expressed
CCR2. Taken together, these experiments demonstrate that CCR2 is expressed on all long-lived CD8*
memory subsets with expression highest on circulating memory T cells that posses the capacity to

migrate into peripheral tissue.

Data generated thus far indicated that murine CD8" effector and memory T cells expressed

CCR2 in response to viral infection. To expand the relevance of these observations a limited number
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of experiments were conducted to determine if humans also had an equivalent population of CCR2-
expressing T cells. Blood was taken from healthy donors and processed to enrich for peripheral
blood mononuclear cells (PBMCs) for use in flow cytometry. Live CD3*, CD4" and CD8" T cells were
gated based on CD45RA and CD45RO expression to identify naive (CD45RA") and effector / memory
(CD45RO") T cells (Fig. [3.7]A). Similar to those results seen in mice, naive CD45RA* CD4" and CD8"
T cells did not express CCR2, and both CD4" and CD8" antigen-experienced T cells expressed CCR2
with around 40% of CD45RO* CD4" and CD8* T cells expressing the receptor. The majority of the
CCR2-expressing CD8* T cells were CD45RA™ CD45RO" cells, and while this double-positive subset in

the CD4" gate also expressed CCR?2, its surface expression and gMFI was lower than the CD45RO single
positive subset (Fig. [3.7B-C).

Results from the flow cytometry screen of CCR2 expression on murine memory CD8" T cells
demonstrated that all subsets of circulating memory CD8" T cells expressed CCR2, with expression
highest on Tpm cells (Fig. [3.6C-D). Next, human T cells were stained for CD27 and CX3CR1 to determine
if the CCR2 expression pattern seen in mice also applied to human circulating memory T cells (Fig.
). However, unlike the data observed in mice, surface expression for CCR2 was highest in Tem cells
and the poorly-defined Tdn cells, of which humans have a much larger population than in influenza-
infected mice (Fig. [3.7ID-E). Around 60-70% of Tcm cells and Tdn cells expressed CCR2 while only 15%
of Tpm cells and 5% of Tem cells expressed CCR2 (Fig. [3.7]D-E). These results suggest that, in humans,
expression of CCR2 is lost as memory cells become more terminally-differentiated and effector-like
in phenotype. However, further analysis of the lymph node homing markers CCR7 and CD62L on
CCR2" and CCR2™ Tem cells revealed that cells expressing CCR2 had lower expression of these lymph
node homing markers (Fig. [3.8/A-C). Additionally CCR2-expressing Tem cells had lower expression
of the chemokine receptor CXCR3 (Fig. [3.8A-C), which is associated with memory cells that retain a
higher degree of stemness [[294]. Together, these results contrast to that observed in murine memory T
cells, where generally the more terminally-differentiated a population of memory CD8" T cells is, the
higher the level of expression of CCR2 observed in that population [310]]. However, in both mice and
humans CCR2 is expressed by Tcm cells and, to a lesser degree, in Tpm cells, and, similar to effector

cells, CCR2-expressing Tcm cells had lower expression lymph node homing markers.
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3.5 Monocytes and monocyte-derived cells are the major producers

of CCL2

Results thus far demonstrated that CCR2 was highly expressed across CD8* T cell effector and memory
subsets, that transcripts for the ligands were highly expressed in the influenza infected lungs, and that
CCL2 protein is present in the airways and lung-draining mLN after influenza infection. Next, to better
determine the cellular source of one of the main CCR2 ligands, CCL2, and identify cell types with
which CCR2-expressing CD8" T cells may be interacting via this axis, CCL2-RFP mice, in which all
CCL2-producing cells also express a red fluorescent protein (RFP) that accumulates in the cytoplasm,
were infected with A/HK-x31. Lungs and mLNs were harvested from CCL2-RFP mice on days 0, 3, 5,
7,9 and 11 post A/HK-x31 infection and single cell suspensions were analysed for expression of RFP.
Initial investigations found that cells expressing the T cell lineage markers CD3 and TCRa, the pan T
cell and ILC marker CD90, the B cell lineage marker CD19, and the natural killer cell marker NK1.1,
did not express RFP during A/HK-x31 infection, and these cells were excluded from further analyses
(Fig. ). The remaining analysis focused on live, lineage-negative (CD3, TCRa, CD90, CD19, NK1.1),
CD45" myeloid cells present in the lungs and mLN (Fig. [3.9]A). Of the cells analysed, eosinophils were
identified as Siglec F* CD11c", alveolar M¢ as Siglec F* CD11c" and neutrophils were gated as Siglec
F Ly6G* CD64". Conventional dendritic cells were identified as CD64™ CD11c” MHC-II" and XCR1*
CD11b" for ¢cDC1s and XCR1™ CD11b" for cDC2s. Non-classical monocytes were identified as Ly6G
CD64* Ly6Cl°" CD43* with the remaining cells a mixture of monocytes and M. Monocytes are highly
plastic cells that are capable of differentiation into M¢ after entering inflamed tissue, which involves
upregulation of MHC-II and MerTK and gradual downregulation of Ly6C [311,/312]. These monocytes
are defined here as: Ly6C*, MHC-II" monocytes, Ly6C*, MHC-II" monocyte-derived M, and Ly6C",

MHC-II" tissue M (Fig[3-9A).

Alveolar M@ are highly autofluorescent and so were analysed separately based on Siglec F and
CD11c expression (Fig. [3.9)A). Analysing this population separately, alveolar M¢ did not display
any expression of the reporter between days 0 and 5 post-infection (Fig. [3.10]A). However, a small
percentage of alveolar M@ in the lungs were RFP positive on days 7 and 9 post-infection, and the
majority of alveolar M at day 11 were RFP*, timepoints at which the infection is resolving. These are
likely monocyte-derived alveolar M¢ that replace apoptotic alveolar M after influenza infection [96].
Analysing the remaining lineage, alveolar M¢~, CD45" and CD45" cells over the course of A/HK-x31

infection revealed that there was minimal RFP expression in the lungs on days 0, 1 and 3 post-infection
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with a substantial population of CD45" cells in the lungs expressing RFP by day 5 post-infection (Fig.
[3.10B). This expression peaked at day 7 where approximately 36% of live, lineage-negative, cells were
RFP”, the frequency and total number of RFP* cells declined thereafter but were still apparent at 11 days
post-infection (Fig. and D). In the lung-draining mLN there was a small increase in the frequency
of CD45* RFP™ cells on day 5 post-infection, but the expression did not reach the levels present in the
lungs at any of the time-points analysed (Fig. [3.10C). Unlike the RFP" cells in the lungs, which peaked
on day 7 post-infection, the frequency and total number of RFP" cells in the mLN peaked at day 5
post-infection, after which the number and frequency of RFP* cells declined until day 11 post-infection

where they showed a late resurgence in both frequency and number (Fig. [3.10E).

A more detailed analysis of the reporter-positive cells in the lungs on days 5, 7, 9 and 11
post primary A/HK-x31 infection using the gating strategy outlined in Fig. revealed that the
overwhelming majority of reporter-positive cells were CD64" monocytes and monocyte-derived cells,
with other cells, including ¢cDCs, CD45 stromal cells and granulocytes compromising less than 5% of
total RFP* cells (Fig. [3.10[F). Early in the A/HK-x31 response RFP* cells were mostly monocytes and
monocyte-derived M and, as the response progressed and the virus was cleared, these monocytes likely
differentiated into alveolar M and tissue macrophages that sustained expression of the reporter [[96].
Analysis of RFP gMFI over the course of infection demonstrated that monocyte-derived M¢ displayed
the most intense expression of the reporter, peaking at day 7 post-infection, which would coincide
with the arrival of T cells from the circulation, and the clearance of virus. The RFP gMFI declined
in monocyte-derived M after day 7 post-infection, but was increased in alveolar M¢ from day 7
through 11 post-infection (Fig. [3.10[G). Calculating the total number of RFP* cells revealed that on days
5 and 7 post-infection the dominant CCL2-producing cells were monocytes and monocyte-derived cells,
however, after day 7 post-infection these RFP™ cells decline in number while there was a concomitant
increase in the number of RFP™ tissue M@, and at day 11 post-infection, an increase in the number of
RFP* alveolar M¢ (Fig. [3.10H). Together, these data identify monocytes and monocyte-derived cells as

the major CCL2-producing cell type in the influenza infected lungs.
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3.6 Investigation of the cell-intrinsic requirement for CCR2 in the

CD8"* T cell effector response to influenza

Results thus far had shown that the chemokine receptor CCR2 was expressed on CD8" T cells that were
responding to influenza infection. The receptor was expressed very early in T cell activation, within the
first division, and maintained broad expression on effector and memory T cell subsets. To determine if
there was any cell-intrinsic role for CCR2 in the development of antiviral effector CD8" T cell responses,
Cer2”~ mice were crossed with OT-I mice to generate Ccr2”~ OT-I mice and WT OT-I littermate controls
for use in in vivo competitive transfer experiments. To confirm genetic deletion of CCR2 in OT-I cells,
10* WT and Ccr2”~ OT-I cells were co-transferred into B6 hosts that were infected with x31-Ova 24 hours
later. On day 9 post x31-Ova infection, Ccr2”~ OT-I cells in the blood displayed no significant expression
of the receptor CCR2 when stained with the monoclonal aCCR2 antibody MC-21, demonstrating both
the faithful deletion of Ccr2 and the specificity of the «CCR2 mADb (Fig. -B). Cer2”” OT-1 cells
taken from the spleens of day 14 x31-Ova-infected mice were also unable to migrate in response to the
CCR2 ligand CCL7 in an ex-vivo chemotaxis assay (Fig. [3.11)C-D), but were as capable of migrating to
the CXCR3 ligand CXCL11 (Fig. [3.11E), confirming loss of CCR2 function.

To determine if the loss of CCR2 impacted the generation of OT-I effector responses, and the
formation of long-lived memory populations, 10* WT (CD45.1%) and Ccr2”~ (CD45.1* CD45.2*) OT-I cells
were co-transferred into naive B6 hosts that were infected with 10TCIDs, x31-Ova 24 hours later (Fig.
[3.12]A). Prior to sacrifice mice were injected with 3pg of «TCRB IV to allow discrimination between
OT-I cells that were present in the vasculature of the lung and the lung parenchyma [313]], and the
white and red pulp of the spleen [43]. WT and Ccr2”- OT-I effector responses were assessed on day 9
post-infection, the peak of OT-I cell expansion, in lymphoid organs (mLN, splenic white pulp), effector
sites (NALT, trachea, airways, lung parenchyma (lungs IV")), and in circulation (peripheral blood, lung
vasculature (lungs IV*), splenic red pulp) (Fig. [3.12B). At day 9 post-infection OT-I cell numbers and
frequencies were equal between WT and Ccr2”- OT-I cells in all tissues analysed with the exception
of the airways, where there was a slightly higher frequency of WT OT-I cells recovered from BAL
washes compared to Ccr2”~ (Fig. ), although this difference in frequency did not translate into a
significant numerical difference (Fig. [3.12]D). These data suggest that CCR2 is not required for initial
OT-I cell expansion after infection. These data also suggest that CCR2 is largely dispensable for OT-I
cell recruitment to peripheral tissues, although the data suggest that CCR2 may contribute to CD8* T

cell migration from the lung parenchyma into the airways.
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During activation T cells can receive signals that predispose them to a terminal effector fate or
prepare them to transition into long-lived memory cells [[131}[183]], and chemokine receptors have been
shown to influence this process by regulating exposure to inflammatory signals [162}/291H294]. On day
9 post-influenza infection, a time point at which the different CD8" effector T cell subsets are all well
represented, the differentiation of effector subsets was analysed for WT and Ccr2”~ OT-I cells using the
gating strategy outlined in (Fig. [3.13]A). In the IV* fractions analysed (PB, lung vasculature and red
pulp of the spleen), there was a slight increase in the frequency of SLECs at the expense of the MPEC
population in Cer2”", compared to WT, OT-I cells (Fig. ) This difference was not observed in the
IV fractions (mLN, splenic white pulp, trachea, NALT, BALF), which have a much smaller population of
SLECs and much higher frequency of MPECs. These differences in the IV* fraction did not translate into
a numerical difference for any of these subsets, however, a small but statistically significant reduction in
the number of EECs and MPECs present in the white pulp of the spleen and in the number of EECs
present in the BALF was seen for Cer2”", compared to WT, OT-I effector cell populations (Fig. ).
Initial characterisation of CCR2 expression on OT-I effector subsets identified higher frequencies of
CCR2-expressing SLECs compared to MPECs and EECs (Fig. ). The increased frequency of Ccr2”-
OT-I SLECs detected in IV* fractions could reflect a defect in the ability of these cells to migrate from the
circulation into the lungs in the absence of CCR2. To test this, the ratio of vascular-labelled to unlabelled
cells was determined for WT and Ccr2”~ OT-I cells in the lungs and spleen (Fig,. ) A defect in
migration would present as a lower ratio of IV to IV* Ccr2”~ OT-1 cells relative to WT OT-I cells in these
anatomical compartments. Vascular labeling of OT-I cells, however, did not identify a difference in the
ratio of total labelled to unlabelled OT-I cells in either the spleen or lungs (Fig. [3.14B). However, when
comparing the ratios of IV-labelled effector subsets, there was an increase in the ratio of parenchymal
OT-I MPECs in the lungs and a decrease in the ratio of IV-labelled SLECs in the spleen for Ccr2”~ OT-I
cells (Fig. [3.14C). These results indicate CCR2 expression may deter MPECs from accessing the lung

parenchyma, and contribute to SLEC egress from the white pulp of the spleen.

Lastly, the effector potential of WT and Ccr2”/~ OT-I cells was determined. Virus-specific T cells
upregulate the effector cytokines IFNy[314], IL-2 [315,|316], TNFa [317]] and the cytotoxic molecule
granzyme B [314] after activation and differentiation, enabling them to execute their effector function.
To determine if CCR2-deficiency altered the acquisition of effector potential, single-cell suspensions
from the lungs, spleen and mLN were restimulated ex vivo with SIINFEKL in the presence of protein
transport inhibitors and screened for granzyme B and cytokine expression by flow cytometry (Fig.
[3.15]A). OT-I cells present in the lungs displayed a lower frequency of cells expressing, and gMFI, of the
effector cytokines IFNy, TNFa and IL-2 compared to cells present in SLOs, although OT-I cells in the
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lungs did exhibit a higher level of expression of the cytotoxic molecule granzyme B. However, there
were no statistically significant differences in the percentage of cytokine expression between WT and
Cer2”~ OT-I cells or in the gMFI for each of those cytokines, indicating normal acquisition of effector
potential (Fig. [3.15B-C). Together, these data demonstrate that there is no cell-intrinsic role for CCR2

in the generation of primary effector OT-I responses to influenza infection.

3.7 Investigation of the cell-intrinsic requirement for CCR2 in the

generation of memory populations

The data in the previous section indicated that the absence of CCR2 on antigen-specific CD8* T cells had
a minor impact on the acute phase of the response to x31-OVA, more specifically on the development
of effector populations present in the spleen, vasculature and BALF, and in the distribution of some
effector subsets within the vasculature and tissue parenchyma. Mice were subsequently analysed 35
days post-infection to determine if these minor differences observed on day 9 post-infection had any
impact on the generation of long-lived memory populations (Fig. [3.16/A). Memory T cells have broad
distribution following the resolution of infection, occupying both tissues that were affected by the
initial infection, and seeding distal tissues that were not impacted [278, 318]. At the memory time
point chosen (day 35 post-x31-Ova infection, mice at this timepoint are hereafter referred to as resting
memory mice) the distribution of memory T cells was equivalent throughout the airways, circulation,
proximal and distal SLOs, and the bone marrow (Fig. [3.16B-C). Some peripheral tissues, such as the
skin, skin draining lymph nodes, and visceral adipose tissue have been reported to express CCR2 ligands
at homeostasis and were investigated as potential site of memory T cell homing [[74;133}[319]. However,
the frequency and total number of OT-I cells recovered from these organs was also unaffected by the

absence of T cell expression of CCR2 (Fig. [3.16[C-D).

As indicated in section 3.4, long-lived memory cells that develop after infection can by classified
based on their migratory properties at homeostasis, with subsets of circulating memory cells that have
distinct patterns of re-circulation [246]], and resident memory T cells that are restricted to peripheral
tissues [235]]. Resident memory cells can be identified in the IV~ fractions of peripheral tissues and
typically express the markers CD69 and CD103, as outlines in the gating strategy in Fig. [3.17A. After
influenza infection Trm cells were identified throughout the entirety of the respiratory tract: in the

NALT, trachea, airways and lung tissue and can be found in the lung-draining mLN, but not distal lymph
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nodes (Fig. ) In resting memory mice, equivalent frequencies of WT and Ccr2”- Trm cells were
present in the NALT and trachea where, as a frequency of total OT-I cells, the highest percentage of Trm
cells was detected. In the lower airways and lung parenchyma no difference was also observed in the
frequency of Trm cells (Fig. [3.17B-C). The frequency of mLN Trm cells was also equivalent between
WT and Ccr2”~ OT-I cells, with these cells absent from the non-draining mesenteric lymph nodes (MLN)
(Fig. [3.17B-C). Moreover, the total number of Trm cells recovered from these organs was equivalent for
WT and Cer2”~ OT-I cells (Fig. ). These data do not support a role for CCR2 in the development of
resident memory T cells that populate the upper and lower respiratory tract, and lung-draining lymph

nodes.

As stated in section 3.4, The markers CD27 or CXCR3 alongside CX3CR1 can be used to identify
distinct populations of circulating memory cells [246]]. When staining total memory T cell populations,
resident memory T cells appear as CD27* CX3CR1" central memory T cells and can be excluded from
analyses by pre-gating on Ly6C”" cells in in all tissues [278]], as outlined in the gating strategy in Fig.
[3.18A. The majority of peripheral and effector memory cells were localised to tissues that are susceptible
to intravascular labelling: the PB, splenic red pulp, lung vasculature and the bone marrow (Fig. [3.18B).
The mLN and white pulp of the spleen contained mostly Tcm cells and a small percentage of Tpm cells
but were largely devoid of Tem cells, consistent with the notion that these cells are excluded from
SLOs at homeostasis [246]]. The parenchyma of the lungs contained mostly Tem cells, with only a small
frequency of the tissue-patrolling Tpm cells. Whether these Tem cell are actively patrolling the lung
tissue or are transiently present in tertiary lymphoid organs that persist in the lungs after influenza
infection is not clear [320}[321]. Across all tissues there were equivalent frequencies and numbers of WT
and Ccr2”" circulating memory OT-I cells (Fig. ) Taken together, these results show that there is
no cell-intrinsic requirement for CCR2 in the establishment of resident or circulating memory T cells

following influenza infection.

Next it was determined if resting memory populations retained equivalent effector potential.
Single-cell suspensions from the lungs, spleen and mLN were restimulated ex-vivo with SIINFEKL in the
presence of protein transport inhibitors to determine expression of effector cytokines and granzyme B
(Fig. [3.19)A). The frequency of OT-I cells expressing, and gMFI for, effector cytokines and granzyme B
was much lower in memory OT-I cells present in the lungs compared to those at peak T cell expansion
(Fig. [3.15). OT-I cells isolated from SLOs had the highest production of the effector cytokines IL-2, IFNy
and TNFo, but negligible expression of granzyme B (Fig. [3.19B-C). However, in all these organs WT

and Cer2”" resting memory OT-I cells had no significant differences in their ability to produce effector
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cytokines after ex vivo restimulation.

3.8 Investigation of the requirement for CCR2 in tissue infiltrating

memory CD8" T cells

Results thus far indicate that, under the conditions tested, the chemokine receptor CCR2 exerts only
a minor influence on the development of the CD8* T cell effector response and had no impact on the
development of memory. However, analysing the distribution of effector subsets 9 days after x31-Ova
infection by intravascular labelling did reveal a potential role for CCR2 in the trafficking of effector
cells during advanced inflammation (Fig. [3.14|C). Of relevance, CCR2 also displayed higher expression
on all circulating memory T cell subsets relative to resident memory cells from the lung parenchyma
(Fig. [3.6]D), suggesting it may have a more important function for the recruitment of highly-motile cells.
These migration and CCR2 expression patterns led to the hypothesis that CCR2 is required for circulating
memory CD8" T cells to access inflamed peripheral tissue during the early stages of inflammation. In
support of this hypothesis, it has previously been demonstrated that CCR2 is required on human effector
CD8" T cells to cross inflamed endothelial layers in an in vitro model of transendothelial migration [[34]].
In the present study, data obtained from the primary response to x31-OVA infection demonstrated that
transcripts for the chemokines CCL7 and CCL2 were rapidly expressed in the lungs, and CCL2 protein
was detected very early after infection, both in the BALF and lung-draining mLN (Fig 3.3). In a recall
setting, CCR2-expressing circulating memory cells could potentially exploit this axis to enter the lungs
and airways as a means of rapidly accessing inflamed tissue. In addition, in vivo data has shown a role
for CCL2 in early monocyte recruitment to inflamed lymph nodes, where ACKR1 expressed on HEVs is
capable of transporting lymph-borne CCL2 to the lumen of blood vessels, which promotes monocyte
infiltration into lymph nodes draining inflamed tissue [[13| 14]]. This represents a potential mechanism
that could promote recruitment of CCR2-expressing Tem and Tpm cells to inflamed lymph nodes. Thus,
a potential role for CCR2 in the recruitment of circulating memory T cells into inflamed tissue upon

influenza challenge was investigated.

First, the kinetics of CCL2-expression was determined during A/PR8 challenge of A/HK-x31
immunised CCL2-RFP mice. CCL2-RFP mice were challenged with 100TCID;, A/PR8 35 days post-
A/HK-x31 infection, and the frequency of RFP* cells in the lungs and mLN was assessed by flow

cytometry. As alveolar M are highly autofluorescent, this population was analysed separately for
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reporter expression, as previously in Fig In contrast to that observed in primary A/HK-x31-
infection, CCL2 was expressed much earlier in alveolar M, within 48 hours of A/PR8 challenge (Fig.
[3.20A). This expression increased through days 3 and 5 post-infection, a time point by which the
majority of alveolar M were RFP*. Analysis of the remaining lineage™ alveolar M~ CD45" and CD45
cells in the lungs revealed that, unlike in primary A/HK-x31 infection, CCL2 was expressed within the
first 48 hours of A/PRS8 challenge. However, consistent with the primary infection, RFP in the lungs
and mLN was exclusively expressed by CD45" cells (Fig. [3.20B). In the lungs, expression of RFP was
established early, and although the frequency of RFP* cells among live lineage-negative cells began
to decline by day 5, a large but stable population of CCL2-reporting cells was seen from days 2 to 5
post challenge (Fig. [3.20/C). In the primary response there was minor expression of RFP in CD45" cells
isolated from the mLN (Fig. [3.10C), however, in the recall setting there was a substantial population of
RFP* CD45" cells apparent on day 3 post-challenge that did not persist to day 5 (Fig. [3.20D-E). A closer
analysis of those cells in the mLN that were RFP * upon A/PR8 challenge revealed that the majority
were CD64* Ly6C" monocyte-derived cells (Fig. [3.20F). Though a large portion of these cells expressed
the M marker MerTK, the high expression of Ly6C indicates that these cells are monocyte-derived
infiltrating cells and not M resident within the mLN [322]]. A more detailed analysis of the RFP* cells
that were present in the lungs during A/PR8 challenge revealed that, similar to the primary response
to A/HK-x31, the majority of the RFP* cells were monocytes and monocyte-derived cells (Fig. [3.20(G).
Like the primary response, the majority of RFP* cells at the early stages of infection were monocytes
however, as the response progressed, monocyte-derived Mo, tissue M, and alveolar M¢ became the
more dominant sources of CCL2, which was reflected in both the gMFI for RFP and the total number of
RFP" cells present in the lungs (Fig. [3.20H-I). Thus, these results demonstrate that CCL2 is expressed
within 48 hours of A/PR8 challenge in both the lungs and mLN, though only transiently in the latter,

and in both organs RFP was almost exclusively expressed by monocyte-derived cells.

To assess the requirement for CCR2 in the trafficking of memory T cells during infection, mice
that had received WT and Ccr2”~ OT-I cells and had been infected with x31-Ova 35 days prior were
challenged with A/PR8 and the movement of memory OT-I cells tracked over the course of A/PR8
challenge. Prior to the A/PR8 challenge experiments it was determined if CCR2 was involved in the
homeostatic trafficking of circulating memory CD8" T cells through peripheral tissues. The surface
protein Ly6C can be used as a surrogate marker to identify T cells that are transiently migrating through
a tissue, from those that are resident [323]. Thus, memory OT-I cells in SLOs and peripheral tissue
were stained for the putative resident-cell marker CD69 and for the circulating-cell marker Ly6C as

represented in Fig. A. As expected, under homeostatic conditions nearly all the cells present in the
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spleen, PB, bone marrow, MLN and lung vasculature expressed the marker Ly6C. Only half of the cells
present in the mLN expressed Ly6C, with the remaning 50% likely resident memory cells that migrate
into this organ after infection (Fig. [3.17). In contrast, cells present in the NALT, trachea, airways, lung
parenchyma and skin only had small populations of Ly6C* cells, where the majority of the cells in these
tissue are resident memory. Comparison of Ly6C expression between WT and Ccr2”~ OT-I cells revealed
no difference in the frequency of these cells in any of the tissues analysed (Fig. [3.21B), indicating that

CCR2 is not involved in the homeostatic trafficking of these cells.

As the homeostatic trafficking of circulating memory T cells was unaltered in the absence of
CCR2 the kinetics of OT-I memory cell migration during influenza challenge was next determined. As
the intention of these experiments was to measure the recruitment of memory T cells into inflamed
tissue, the non-transgenic A/PR8 virus was used in challenge experiments. This method generates
inflammation in the lung, without the confounding presence of OT-I cell cognate antigen. Thus, any
increase in OT-I cell number in the lung is likely due to recruitment, rather than recruitment and in-situ
proliferation. WT OT-I cells were transferred into B6 hosts that were infected with x31-Ova and left for
35 days to develop memory populations (hereafter referred to as OT-I-immune mice). OT-I-immune
mice were challenged with A/PR8 and the number of OT-I cells in the respiratory tract, mLN, spleen,
bone marrow and peripheral blood was determined on days 0 (no challenge), 2, 3 and 5 post-challenge
(Fig. [3.22]A). By day 2 post-challenge there were statistically significant increases in the number of OT-I
cells present in the lungs and lung-draining mLN, and by day 3 post-challenge there was significant
infiltration of the airways. OT-I cell numbers in the lung parenchyma peaked by day 3 post-challenge,
and by day 5 OT-I cell numbers in the lungs began to decline. In contrast, the spleen, which holds the
largest reservoir of circulating memory T cells, BM and PB saw a major reduction in the number of
OT-I cells present between 0 and 48 hours. The OT-I cells present in the lung parenchyma and airways
from day 2 post challenge were mostly Ly6C”, identifying them as tissue infiltrating cells (Fig. [3.22B).
Despite the increase in OT-I cell number in the mLN there was a reduction in the frequency of Ly6C"*
cells on day 3, which may be due Trm cells that had been dislodged from the lungs upon inflammation
migrating into this SLO [276} [277]]. To determine how these migration kinetics compared with the
expression of inflammatory chemokines and the presence of replicating virus, lung tissue was collected
over the course of A/PR8 challenge of A/HK-x31 immunised mice, and processed to obtain cDNA for use
in qPCR. Screening for the expression of inflammatory chemokine transcripts in the lungs after A/PR8
challenge revealed acute expression of the chemokines CCL2 and 7 and CXCL9 and 10 that peaked by
day 3 post challenge relative to un-challenged mice, and rapidly declined thereafter (Fig. [3.22|C). The

expression of these chemokines was tightly coupled to the presence of replicating virus, as influenza
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NP mRNA was only detectable on days 1 and 3 post-challenge (Fig. [3.22D). The expression of these
chemokine transcripts also correlated with the recruitment of circulating memory T cells, with numbers
of lung-infiltrating T cells peaking at the same time as inflammatory chemokine transcripts (Fig.
and C). Together, these data demonstrate that within 48 - 72 hours of non-anamnestic A/PR8 challenge

memory OT-I cells are recruited into the inflamed lungs and lymph nodes.

To demonstrate that the migration of memory OT-I cells into inflamed tissue was dependent on
the action of GPCRs, these receptors were inhibited with pertussis toxin (Ptx). Ptx inhibits the activation
of the Gia protein subunit of GPCRs, including chemokine receptors. This prevents the signalling
cascade that would normally result from GPCR ligand binding, leading to cell migration [324]. Memory
OT-I cells were enriched from the spleens of OT-I-immune mice, these cells were labelled with different
concentrations of eFluor 670 proliferation dye and treated with either Ptx, or control media (Fig. [3.23A).
Treated OT-I cells were washed extensively, mixed at a 1:1 ratio and transferred IV into day 6 A/PR8
infected host mice. Mice were left overnight before receiving 3ug of TCRp IV to label vascular cells
and the migration of Ptx-treated and untreated cells into the inflamed lungs and lymph nodes was
assessed. Ptx-treated cells were completely absent from the airways, the lung parenchyma, and mLN
of A/PR8-infected hosts (Fig. [3.23]A-B). There was also a significant reduction of Ptx-treated cells in
the white pulp of the spleen, which requires chemokine receptor signalling to access [43]]. In contrast,
Ptx-treated cells were over-represented in the vasculature of the lungs, the red pulp of the spleen and
the PB. These results demonstrate that the migration of circulating memory cells from the circulation

into inflamed tissue and SLOs is almost entirely dependent on GPCR signalling.

Having determined the recall kinetics of memory OT-I cells and their reliance on Gia-dependent
GPCR signalling to achieve this, the potential involvement of CCR2 in this process was next determined.
Naive WT and Ccr2”/~ OT-I cells were co-transferred into naive B6 hosts that were infected with x31-Ova
24 hours later and left for 35 days to develop resting memory populations. These x31-Ova immune
mice were challenged with 100TCIDsy A/PR8 and the movement of WT and Ccr2”” memory OT-I cells
tracked on days 0, 2, 3 and 5 post-challenge. At all time points mice received 3pg of TCRB IV prior to
sacrifice to distinguish between cells in the vascualture and tissue parenchyma. The upper and lower
respiratory tracts as well as the blood and distal and proximal peripheral SLOs were harvested and
the frequency of WT and Ccr2”’~ OT-I cells was quantified for each compartment (Fig,. -B). To
investigate a potential impact of CCR2 on migration, the ratio of WT to Ccr2”~ OT-I cells was determined
for each organ on each of the days post-challenge and normalised to the ratio of WT to Ccr2”" cells in

un-challenged mice. Using this analysis, a role for CCR2 in regulating tissue-infiltration would present
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as an increase in the ratio of WT to Cer2”" cells in inflamed tissue and a corresponding decrease in the
ratio of WT to Ccr2” cells in the circulation and potentially distal, un-inflamed, tissue. In these recall
experiments the ratio of WT to Cer2”~ OT-I cells was mostly similar to those seen in un-challenged mice
(Fig. [3.24B). A notable exception was the vasculature of the lungs and the red pulp of the spleen where
there was a statistically significant increase in the frequency of Ccr2”~ OT-I cells relative to WT at all
timepoints post-challenge. This statistically significant difference was also seen in the bone marrrow,
but only on day 5 post-challenge and was not observed in the peripheral blood of mice (Fig. [3.24B).
Cells recovered from the BALF also displayed a small but statistically significant increase in the ratio
of WT to Ccr2”~ OT-I cells on day 3 post challenge. Based on the kinetics defined in Fig , this
supports a potential role for CCR2 in promoting migration of OT-I cells from the lung parenchyma into
the airways, which was also apparent during at the peak of the OT-I response to primary x31-Ova (Fig.
[3.12). The lung parenchyma and mLN, which had significant infiltration of memory cells during recall,
did not exhibit an increase in the ratio of WT to Cer2”" cells, suggesting that CCR2 was not required for
memory cells to access these inflamed tissues. There was also no difference in the infiltration of WT
and Ccr2”~ OT-I cells into the trachea and NALT, which had poor infiltration of circulating memory
cells during initial kinetics experiments. These results provide further evidence for a CCR2-dependent
role in CD8" T cell recruitment to the airways, but suggest that the receptor CCR2 is dispensible for

memory CD8" T cell infiltration into inflamed lung parenchyma and mLN.

As the influenza challenge model represents a highly inflammatory infection, it was hypothesised
that multiple redundant inflammatory chemokine axes were available to circulating memory CD8" T
cells that could promote tissue infiltration in the absence of CCR2. Thus, to determine if CCR2 had
a more important role in CD8" T cell migration in a less inflammatory setting, a model of cutaneous
inflammation that produces transient inflammation with restricted production of chemokines was
developed by injecting cytokines into ear pinna of mice. The cytokines IL-1c, IL-1B, and TNFa were
chosen due to their known roles in initiating inflammatory responses in peripheral tissues. IL-1cc and
IL-1P can both be released by cells following PRR-dependent inflammasome activation, with IL-1a also
released by damaged and stressed cells without the need for inflammasome-dependent pre-processing
for its biological activity [325]], while TNFa can be secreted by a number of tissue-resident myeloid cells
in a cytokine- or PRR-dependent manner to amplify local immune responses. To determine if OT-I cell
migration was dependent on CCR2 in this model of cytokine-induced inflammation, WT and Ccr2”-
OT-I cells were transferred into B6 hosts that were infected with x31-Ova 24 hours later. Influenza
infected mice were left to generate populations of resting memory OT-I cells and, 35 days following

x31-Ova infection, mice were injected in the ear pinna with combinations of the cytokines IL-1e, IL-1B,
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and TNFa (Fig. [3.25/A). To determine if there was a requirement for CCR2 in OT-I cell infiltration into
cytokine-injected ears, 48 hours after cytokine injection mice were injected with 3pg of aCD45 IV 3
minutes prior to sacrifice to label vascular cells, and the ratio of IV to IV" WT and Cer2”” OT-1 cells
present in the ear tissue was compared to the ratio in the blood to determine how efficiently these cells
migrated from the circulation into cytokine-treated ears (Fig. [3.25B). Injection of IL-1 alone did not
drive sufficient OT-I cell migration into the ear to enable reliable quantification, however, injection of
TNFa alone, or TNFa in combination with IL-1p, resulted in robust OT-I cell infiltration into the ears
that was equivalent between WT and Ccr2”~ OT-I cells. In contrast, injection of IL-1a alone resulted in
significantly higher infiltration of WT OT-I cells compared to Ccr2”~ OT-I cells. In addition, there was a
statistically significant difference in the ratio of IV* to IV~ Cer2”~ OT-I cells compared to WT OT-I cells
in IL-1o treated ears (Fig. ), indicating that Ccr2”~ cells are adhering to the blood endothelium, but
are impaired in their ability to breach this barrier, consistent with published in vitro data [34]]. Together,
these data demonstrate that there is a cell-intrinsic requirement for CCR2 in the trafficking of memory

OT-I cells into peripheral tissue stimulated with the alarmin IL-1ct.

3.9 Conclusion

The data presented here identify the chemokine receptor CCR2 as a broadly expressed receptor on
influenza-specific CD8" T cells. Initial gPCR screening of OT-I cells responding to influenza infection
revealed high expression of transcripts for the receptor CCR2, and the receptor had broad and relatively
consistent expression across both effector and memory subsets. However, despite the high levels of
expression of the receptor on responding OT-I cells, genetic deletion of Ccr2 in transgenic CD8* T
cells had no major impact on the generation of either effector or memory populations, or in their
acquisition of effector potential, in competitive transfer models. There were minor, but statistically
significant, reductions in the infiltration of Cer2”™ OT-I cells into the airways, and in the differentiation
of effector subsets in the vascular fractions of B6 hosts at day 9 post x31-Ova infection, however, this
did not translate into a long-term impact on the formation of memory populations. Additionally, CCR2
was expressed at higher levels on circulating memory cell subsets relative to resident memory cells.
However, although migration of memory OT-I cells into inflamed tissue was dependent of the activity
of GPCRs, CCR2 had no role in the migration of circulating memory cells into inflamed tissues during
a non-anamnestic A/PR8 challenge. In contrast, there was a significant reduction in the recruitment
of Ccr2”~ memory OT-I cells into IL-1a treated ears, and a concurrent accumulation of these in the

vasculature, relative to WT OT-I cells. These results suggest that CCR2 is dispensable for cell-intrinsic
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CD8" T cell effector and memory differentiation, and acquisition of effector functions, but support a

potential role for CCR2 in CD8" T cell immunosurveillance of peripheral tissues.

69



v

CD44 - FITC

o 3,

3,

CD8 - BUV395

o 3,

3 5 3 4 5
10 10 10 10 10 10

Va2 - APC CD45.1 - V421

o
O

-
o
1
-
o
1

-
=)
1

}

h{

.!.. N N e (] o
T T 1 T T 1

0 10 20 30 10 20 30
Days post infection Days post infection

OT-I Cells
(% of CD45")
&
1

Total OT-I (x 10)

§ 't

o

Il
o

o

Figure 3.1: OT-I kinetics following x31-Ova infection.

Naive CD45.1% OT-I cells (10%) were transferred IV into C57BL/6 hosts that were infected with 10TCIDso x31-OVA
24 hours later. A) Representative flow cytometry for the identification of transferred OT-I cells in the blood of day
8 x31-OVA infected mice. The frequency among live CD45* cells B) and total number per mL of peripheral blood
) of transferred OT-I cells over the course of influenza infection. Data are presented as mean + SEM (n=3-12 mice

per timepoint), pooled from 3 independent experiments.
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Figure 3.2: Chemokine receptor mRNA expression in antigen-experienced OT-I cells
following x31-OVA infection.

OT-I cells were sorted from the lungs, spleen, mLN and peripheral blood on day 7 post x31-Ova infection, or from
spleens of naive OT-I mice, and screened for expression of migratory receptors by qPCR. A) Representative flow
cytometry of pre-sorted and post-sorted OT-I cells from the lung parencyhma on day 7 post x31-Ova infection.
B) Chemokine receptor and lipid-signalling GPCR mRNA expression in OT-I cells recovered from the lungs,
mLN, spleen and PB, displayed as Log? fold-change over naive splenic OT-I T cells. C) Heatmap of chemokine
and sphingosine phosphate receptor expression on antigen-experienced OT-I cells. Data are presented as log2

fold-change over naive OT-I, mean + SEM (n=5 mice per organ).
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Figure 3.3: Inflammatory chemokines are expressed in the lungs and lung-draining mLN
following influenza infection.

C57BL/6 mice were infected with 10TCID5y x31-Ova and whole lungs of infected mice were processed to obtain
c¢DNA on days 0, 1, 3, 5, 7 and 9 post-infection. A) Chemokine mRNA expression in the lungs of naive mice.
B) Expression of chemokine mRNA transcripts in the lungs of x31-Ova-infected mice on the indicated days
post-infection, displayed as Log, fold-change over naive. C) Influenza NP mRNA in the lungs of x31-Ova-infected
mice on the indicated days post-infection, relative to Rplp0. CCL2 protein was analysed by ELISA in the BALF D)
and in mLN supernatants E) on the indicated days post-infection. Data are presented as mean + SEM (n=4-8 mice
per time point). *p<0.05, **p=<0.01, ***p<0.001 One-way ANOVA.
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Figure 3.4: CCR2 is expressed on activated CD8" T cells in the mLN within the first cell
division.

Naive OT-I cells (10°) were labelled with proliferation dye and transferred into C57BL/6 hosts that were infected
with PR8-Ova 24 hours later. Four days post-A/PR8-Ova infection, transferred CD8* CD45.1* OT-I cells in the mLN
were screened for expression of CCR2, activation markers, and cell division. A) Representative flow cytometry of
CCR2 and the activation markers CD69, CD44, CD25 and CD62L on transferred CD8* CD45.1* OT-I cells in the
mLN. B) Representative flow cytometry of CCR2 expression on transferred OT-I cells (red) relative to endogenous
naive CD8 T cells (CD8* CD3* CD44!°%, blue). C) Representative histograms of CCR2 expression on divided
(black line) and undivided (shaded) OT-I cells. D) CCR2 gMFI on all divided and undivided OT-I cells. E) CCR2
GMFI on OT-I cells at the indicated number of cell divisions. Data are presented as mean + SEM (n=7 mice),

representative of two independent experiments. ****p<0.0001 ((D) paired Students ¢-test. (E) One-way ANOVA).
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Figure 3.5: CCR2 is expressed on T cells in the circulation around peak T cell expansion
Naive OT-I cells (10%) were transferred into C57BL/6 mice that were infected with x31-Ova 24 hours later. T cells

in the blood were analysed for CCR2 expression on day 8 post-infection. A-B) Representative flow cytometry for

the identification of T cells in the blood and their expression of CCR2. C) Quantification of CCR2 expression on

host endogenous CD4" and CD8" T cells, OT-I cells, and NP-tetramer- and PA-tetramer-specific T cells present in
the blood. D-E) Ex-vivo chemotaxis of OT-I cells and endogenous CD44" (activated) and CD44™ (naive) CD8* T
cells from the spleen of day 10 x31-Ova infected mice to CCL2 D) and CCL7 E). Data are presented as mean +

SEM ((C) n=6 mice), representative of three independent experiments. ((D-E) n=3 mice) “*p=<0.01, ****p=<0.0001

(Two-way ANOVA).
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Figure 3.6: Expression of CCR2 on effector and memory T cells in circulation

OT-I cells (10%) were transferred into naive C57BL/6 hosts that were infected with x31-Ova 24 hours later. A)
Representative flow cytometry of CCR2 expression on peripheral blood effector OT-I cell subsets on day 9 post-
infection. B) Percentage CCR2 expression and gMFI on the indicated OT-I cell effector subsets. C) representative
flow cytometry of CCR2 expression on circulating memory OT-I cells present in the blood on day 35 post-influenza
infection. D) percentage CCR2 expression and gMFI on the indicated OT-I memory cell subsets. Data are presented
as mean + SEM ((B) n=6 mice), representative of 2 independent experiments. ((D) n=14 mice), pooled from 2
independent experiments. *p=<0.05, **p=<0.01, ***p=<0.001. ****p<0.0001 (One-way ANOVA).
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Figure 3.7: CCR2 is expressed on human central memory T cells

Human peripheral blood mononuclear cells isolated from healthy donors were stained for CCR2. A) Representative
flow cytometry of CCR2 expression on human, live, CD3*, CD4" and CD8*, CD45RA*CD45RO™ (R1), CD45RA™
CD45RO* (R2) and CD45RA™ CD45RO" (R3) cells (black line) and isotype staining (shaded histogram). CCR2
expression and gMFI on the indicated CD4* B) and CD8* C) naive and antigen-experienced T cells. D)
Representative flow cytometry of CCR2 expression on human CD3*CD8*CD45RA" circulating memory T cell
subsets (black line) and isotype staining (shaded histogram). E) CCR2 expression and gMFI on CD8" circulating
memory T cell subsets. Data are presented as mean + SEM (n=21 human donors), pooled from 3 independent
experiments. “**p=0.001, ****p=<0.0001 (One-way ANOVA).
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Figure 3.8: CCR2-expressing human Tcm cells have lower expression of lymph node homing
molecules and CXCR3

Human CD45RO" CD27* CX3CR1" central memory T cells were stained for lymph node homing markers. A)
representative flow cytometry of surface markers on CD3*CD8*CCR2™ (solid line) and CCR2™ (dashed line) Tcm
cells. B) and C) The percentage of CCR2* and CCR2™ Tcm cells expressing and gMFI of the indicated markers.

(n=27 human donors), pooled from 3 independent experiments. ****p=<0.0001 (unpaired Students t-test).
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Figure 3.9: Gating strategy for the identification of reporter-positive myeloid cell subsets in
the lungs.

Gating strategy used for the identification of reporter-positive cells in CCL2-RFP mice. A) Representative flow
cytometry for the identification of myeloid cell subsets in the lungs of day 5 A/HK-x31 infected mice. Pre-gated
on live, lineage negative cells. Siglec F* CD11¢™ Eosinophils (i), Siglec F* CD11c™ alveolar macrophages (ii),
Ly6G* Neutrophils (iii), CD64" CD11c*, MHc-II* XCR1" ¢DCl1s (iv), CD64” CD11c*, MHC-II* CD172a" ¢DC2s
(v), CD64" CD11b* F4-80* MerTK™ CD43* non-classical monocytes (vi), CD64* CD11b* F4-80* MerTK™ CD43"
Ly6C* MHC-II" monocytes (vii), CD64* CD11b* F4-80* MerTK*~ CD43™ Ly6C* MHC-II* monocyte-derived
macrophage (viii) and CD64* CD11b* F4-80" MerTK*~ CD43™ Ly6C” MHC-II* tissue macrophage (ix). B) Absence
of RFP expression in lineage-positive (CD3, CD19, CD90, NK1.1, TCRa) cells in the lungs on day 5 post A/HK-x31

infection.
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Figure 3.10: Monocytes and monocyte-derived cells are the major CCL2-producing cells

during primary influenza infection

CCL2-RFP mice were infected with A/HK-x31 and on the indicated days post-infection the lungs and mLN were
analysed for reporter expression. A) CCL2-reporter expression in alveolar macrophages in the lungs (red line)
relative to reporter-negative controls (shaded histograms). CCL2-reporter expression in live, alveolar M¢-negative,
lineage negative cells in the lungs B) and mLN C) at the indicated time points post-infection. The frequency and
total number of live, lineage-negative RFP* cells present in the lungs D), and mLN E). F) The frequency of the
indicated cell subset among total RFP* cells in the lungs on the indicated days post-infection. G) The gMFI for
RFP in the indicated myeloid cell subsets in the lungs over the course of A/HK-x31 infection. H) The total number
of RFP" cells present in the lungs over the course of A/HK-x31 infection. Data are presented as mean + SEM (n=5

mice per time point). "*p>0.05 = not significant, “p=<0.05, **p=0.01, ***p=<0.001, “***p=<0.001 (One-way ANOVA).
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Figure 3.11: Ccr2-deficient OT-I cells do not express surface CCR2 and are non-responsive to
CCR2 ligands

Naive WT and Ccr2”~ OT-I cells (10%) were co-transferred into C57BL/6 hosts that were infected with x31-Ova 24
hours later. A) Representative flow cytometry of «CCR2 staining on WT (CD45.1%) and Ccr2”~ (CD45.17) OT-I
cells in the blood of day 8 x31-Ova-infected mice. B) The frequency of, and gMFI, for CCR2 expression on OT-I
cells in the blood of day 8 x31-Ova-infected mice. C-E) Ex-vivo chemotaxis of WT and Ccr2”~ OT-I cells taken
from the spleens of day 14 x31-Ova-infected mice in response to the CCR2 ligands CCL2 C) and CCL7 D) and the
CXCRs3 ligand CXCL11 E). Data are presented as mean + SEM ((B) n=6 mice), representative of 2 independent
experiments. ((C-E) n=3 mice), representative of 2 independent experiments. "p>0.05 = not significant, “p=<0.05,
**p=<0.01, **p=<0.001, ****p=<0.001 ((B) paired Students ¢-test. (D-E) Two-way ANOVA).

81



WT OT-l

50:50

Cer2"OT-l

NALT

x31-Ova

d9

Trachea

BALF

Lungs IV-

|

Analysis

4 562

432

Lungs IV*

Spleen WP

CD45.1 - V421

56.5

431

51.1

504

490

ID5

T
3

O

1001 WT
804 i Cer2’
('_I) 60':[ '[_T.T_ JTT T7. 711 I.tr I 1T
3 40—[111 R
20+
O —4—T1— T T T T T 1
SIS S0
ANy %Q\ Q\e

CD45.2-FITC

107 i} wWT
ns - []
= = 1s Cer2™
_ 105 1x Iz
5 105- 11 T¥
104 17 ‘1 1
P oo -1
1034* |
102 1 1 1 1 1 1 1 1 1
A 2% JdJd R L X
R S @’i\% <
<& o‘gé‘g & P
VN R %Q\

Figure 3.12: CCR2 deficiency does not impact the magnitude of the OT-I effector response to
influenza
Naive WT and Ccr2”~ OT-I cells (104) were transferred into C57BL/6 hosts that were infected with 10TCIDs x31-
Ova 24 hours later. Nine days after influenza infection the OT-I effector response was analysed. A) Experimental
plan. B) Representative flow cytometry of recovered WT (CD45.1%) and Cer2”~ (CD45.1*CD45.2*) OT-I cells in

the indicated tissues. The percentage C) and total number D) of OT-I cells recovered from the indicated tissues.

PB numbers indicate cells per mL of blood. Data are presented as mean + SD (n=14 mice), pooled from two

independent experiments. p>0.05 = not significant, ****p=<0.0001 (Two-way ANOVA).
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Figure 3.14: CCR2 does not influence T cell localisation in the lungs or spleen during
influenza infection

Naive WT and Ccr2”- OT-I cells (10*) were transferred into C57BL/6 hosts that were infected with
10TCID5( x31-Ova 24 hours later. Nine days post-infection mice were administered 3ug of aTCR B
IV 3 minutes prior to sacrifice and the ratio of IV-labelled to unlabelled cells in the lungs and spleen
quantified. A) representative flow cytometry of vascular labelling of CD45.1* WT and CD45.1* CD45.2*
Ccr2”- OT-I cells in the lungs and spleen on day 9 post x31-Ova infection. B) the ratio of total IV* to
IV" OT-I cells in the lungs and spleen. C) The ratio of IV* to IV™ OT-I effector cell subsets in the lungs
and spleen. (n=14 mice), pooled from 2 independent experiments. "*p>0.05 = not significant, *p=<0.05,
**p=0.01 ((B) paired Students t-test. (C) Two-way ANOVA).
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Figure 3.15: T cell effector potential is not altered in the absence of CCR2

OT-I cells recovered from the lungs, mLN and spleen of day 9 x31-Ova-infected mice were stimulated ex-vivo with
SIINFEKL and OT-I cells analysed for production of effector cytokines and granzyme B. A) Representative flow
cytometry of cytokine and granzyme production in WT (orange) and Cer2”~ (blue) OT-I cells relative to naive
endogenous CD8* T cells (shaded). The percentage B) and gMFI C) of cytokine and granzyme B expression in

OT-I cells in the indicated organs. Data are presented as mean + SEM (n=14 mice), pooled from 2 independent

experiments. "p>0.05 = not significant, (Two-way ANOVA).
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Figure 3.16: CCR2 is not required for the formation of memory CD8" T cell populations

Naive WT and Ccr2”~ OT-I cells (10%) were co-transferred into naive C57BL/6 hosts that were infected with
x31-Ova 24 hours later. Thirty five days post-influenza infection the OT-I memory response was analysed. A)
Experimental outline. B) Representative flow cytometry of recovered WT (CD45.1*) and Cer2”~ (CD45.1*CD45.2*)
OT-I cells in the tissues indicated. The percentage C) and total number D) of OT-I cells recovered from the tissues

indicated. Data are presented as mean + SEM (n=14 mice), pooled from 2 independent experiments.
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Figure 3.17: Cell intrinsic CCR2 is not required for the formation of tissue-resident memory
cells.

Naive WT and Cer2”~ OT-I cells (10%) were co-transferred into naive C57BL/6 hosts that were infected with x31-
Ova 24 hours later. Thirty five days post-influenza infection the upper and lower respiratory tract, lung-draining
mLN, and non-draining MLN were analysed for the presence of resident memory OT-I cells. A) Representative
flow cytometry for the identification of CD69*CD103* Trm cells among total vascular-negative cells in C57BL/6
hosts. B) Representative flow cytometry of WT and Ccr2”~ OT-I Trm populations in barrier tissues and SLOs 35
days post-influenza infection. The frequency C) and total number D) of Trm cells recovered from day 35 influenza

infected mice. Data pooled from 2 independent experiments.
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Figure 3.18: There is no cell-intrinsic requirement for CCR2 in the formation of circulating
memory subsets

The spleen, BM, PB and lungs were analysed for the formation of CD27" CX3CR1™ Tem cells, CD27" CX3CR1* Tpm
cells, CD27~ CX3CR1* Tem cells, and CD27~ CX3CR1™ Tdn cells 35 days post x31-Ova infection. A) Representative
flow cytometry for the identification of WT and Ccr2”~ OT-I circulating memory cell subsets in the spleen 35
days post influenza infection. B) The frequency and total number of circulating memory cells recovered from
the indicated tissues. Data are presented as mean + SEM (n=14 mice), pooled from 2 independent experiments.

"$p>0.05 = not significant, *p=0.05 (Two-way ANOVA).
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Figure 3.19: Ccr2-deficiency has no impact on memory CD8* T cell effector potential.
Memory OT-I cells were stimulated ex-vivo with SIINFEKL and production of effector cytokines and granzyme B
was determined. A) Representative flow cytometry histograms of effector cytokine and granzyme B production in
WT (orange) and Ccr2”" (blue) OT-I cells present in the lungs, mLN and spleen, relative to naive endogenous CD8*
T cells (shaded histogram). The percentage of cytokine and granzyme B production by OT-I cells B) and gMFI for
cytokines and granzyme B C). Data are presented as mean + SEM (n=14 mice), pooled from two independent

experiments. "p>0.05 = not significant (Two-way ANOVA).
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Figure 3.20: Monocytes and Macrophages rapidly produce CCL2 after A/PR8 challenge
CCL2-RFP mice were challenged with A/PR8 35 days post-A/HK-x31-infection and on the indicated days post-
challenge the lungs and mLN were analysed for reporter expression. A) Representative histograms of CCL2-
reporter expression in alveolar M@ in the lungs (red line) relative to reporter negative controls (shaded histograms).
CCL2-reporter expression in live, alveolar M negative, lineage-negative cells in the lungs B) and mLN C) on the
indicated time points post-challenge. The frequency and total number of live, lineage-negative RFP* cells present
in the lungs D), and mLN E). F) Representative flow cytometry of CD6 and MerTK expression on Ly6C* RFP*
cells in the mLN on days 2 and 3 post-challenge. G) The frequency of the indicated cell subset among total RFP*
cells in the lungs on the indicated days post-challenge. H) The gMFI for RFP in the indicated myeloid cell subsets
in the lungs over the course of A/PR8-challenge. I) The total number of RFP* cells present in the lungs over the
course of A/PR8-challenge. Data are presented as mean + SEM (n=7 mice). "*p>0.05 = not significant, *p=<0.05,
***p=<0.001, ****p=<0.001 (One-way ANOVA).
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Figure 3.21: Homeostatic trafficking of circulating memory cells is normal in the absence of
Cecr2

Peripheral tissues, SLOs, and BM were assessed for the presence of Ly6C*™ CD69 tissue-surveying circulating
memory cells 35 days post x31-Ova infection. A) Representative flow cytometry of Ly6C* CD69" WT and Ccr2”/"
OT-I putative circulating memory T cells in the indicated tissues. B) Quantification of A). Data are presented as

mean + SEM (n=14 mice), pooled from 2 independent experiments. "p>0.05 = not significant (Two-way ANOVA).
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Figure 3.22: Memory OT-I cells infiltrate the infected lungs within 48-72 hours of PR8
challenge

OT-I immune mice were challenged with A/PR8 and the movement of memory OT-I cells tracked on day 0 (no
challenge), 2, 3, and 5 post-challenge. A) Total number of OT-I cells recovered from the indicated organs over the
course of A/PR8 challenge. B) Frequency of Ly6C* cells among OT-I cells in the indicated organs following A/PR8
challenge. C) Inflammatory chemokine mRNA expression in the lungs of A/PR8-challenged x31-Ova-immune
mice, displayed as fold-change over resting memory. D) Influenza NP mRNA in the lungs of A/PR8 challenged
x31-Ova-immune mice, expression relative to Rplp0. Data are presented as mean + SEM. ((a-B) n=7 mice per time
point), representative of 3 independent experiments. ((C-D) n=4 mice per time point). "p>0.05 = not significant,
*p=<0.05, **p=0.01, **p=<0.001, ****p<0.0001 (One-way ANOVA).
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Figure 3.23: Pertussis toxin-treated OT-I cells fail to migrate into inflamed lungs and lymph
nodes.

OT-I cells were enriched from the spleens of day 21 x31-Ova-immunised mice, labelled with a fluorescent
proliferation dye, and treated ex-vivo with pertussis toxin or control media prior to co-transfer into day 6 A/PR8
infected hosts. A) Representative flow cytometry of pertussis toxin-treated (blue) and control (orange) OT-I cells
in the indicated organs 12 hours after transfer. B) Recovery of pertussis toxin-treated and control treated cells
in the indicated organs 12 hours after transfer. Data are presented as mean + SEM (n=12 mice), pooled from 2

independent experiments. ****p=<0.0001 (Two-way ANOVA).
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Figure 3.24: Migration of memory T cells into inflamed tissue occurs independently of the
chemokine receptor CCR2.

OT-I-immune mice were challenged with A/PR8 and the frequencies of WT and Ccr2”~ memory OT-I cells tracked
on days 0 (no challenge), 2, 3, and 5 post-challenge. A) Representative flow cytometry of WT (CD45.1%) and
(Ccr2”’- CD45.1*CD45.2*) OT-I cells in the indicated organs at the indicated time points post A/PR8-challenge. B)
The ratio of WT to Ccr2”~ OT-I cells on the indicated days post-infection, normalised to the ratio in unchallenged
(day 0) mice. Data are presented as mean + SEM (n=13 mice), pooled from 2 independent experiments. *p<0.05,
**p=<0.01, ***p=<0.001, ****p=<0.0001 (One-way ANOVA).
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Figure 3.25: T cell recruitment into cytokine-treated ears is impaired in the absence of CCR2.
OT-I immune mice were injected in the ear pinna with combinations of IL-1a, IL-1f3, and TNFo and accumulation

of WT and Ccr2”~ OT-I cells into cytokine-treated ears determined by flow cytometry. A) Experimental plan. B)

The ratio of WT to Ccr2”/~ OT-I cells present in the vascular-negative fraction of cytokine-treated ears normalised

to the ratio of WT to Ccr2”" cells in the circulation. C) The ratio of vascular-negative to vascular positive WT
and Ccr2”~ OT-I cells present in cytokine treated ears. ND = not detected. n=4-5 mice per condition for IL-1p- ,
and TNFoa-treated mice. Data are presented as mean + SEM (n=10 mice for IL-1x treated mice), pooled from 2

independent experiments. **p<0.01 ((B) One-way ANOVA. (C) paired Students -test.)
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4.1 Introduction

The results obtained from CCL2-reporter mice during primary A/HK-x31 infection and A/PR8 challenge presented
in chapter 3 identified monocytes and monocyte-derived cells as cells likely to play a key role in interacting
with CCR2-expressing CD8" T cells during influenza infection. Although removing the ability of CD8"* T cells to
respond to CCL2-producing monocytes did not have any impact on CD8" T cell effector or memory differentiation,
it was still unclear if monocytes were capable of influencing these T cell fates. Monocytes and their derivatives have
been shown to influence the polarisation of CD4 * T helper subsets in bacterial, fungal, and viral infections, and in
autoimmune disease [[135-137,/326}327]. In viral infection of the lungs, monocytes have also been implicated in
regulating T cell expansion, however how they augment T cell expansion, and how this impacts the development
of effector and memory populations is not clear [[120]. Additionally, monocytes have been shown to regulate
the function of memory CD8" T cells during recall responses, both by providing chemokines that influence the
positioning of memory T cells, and through the provision of inflammatory cytokines that stimulate production of
effector cytokines by memory cells [|124} |328]]. Thus, in this chapter, monocytes were investigated for a role in
shaping influenza-specific CD8" T cell effector and memory cell differentiation following influenza infection, and

in regulating influenza-specific memory CD8" T cell function during a heterosubtypic influenza-challenge.

4.2 Monocytes and monocyte-derived cells are reduced in number in

the lungs and mLN of influenza-infected Ccr2”" mice

Results from the previous chapter identified monocytes and monocyte-derived cells as a major source of CCL2,
and these cells were hypothesised to interact with CCR2-expressing CD8"* T cells. As monocytes are dependent
on the chemokine receptor CCR2 to exit the bone marrow during acute inflammation [122]], and results from the
previous chapter indicated that cell-intrinsic CCR2 was dispensable for CD8* T cell fate decisions, Ccr2”~ mice
were used to determine the contribution of monocytes to CD8" T cell responses during influenza infection. First, it
was investigated how the distribution of monocyte populations identified in Fig. [3.9|was altered in the respiratory
tract and mLN of Ccr2”™ mice after influenza infection. Ccr2”~ and WT littermate controls were infected with
100TCIDso A/HK-x31 and MNP populations infiltrating the lungs, airways, and mLN were tracked on days 3,
5,7 and 9 post-infection. Following A/HK-x31 infection there were significant reductions in all populations of
monocyte and monocyte-derived cells in the lungs of Ccr2”~ mice by day 7 post-infection relative to WT mice,
with the most abundant subset, monocyte-derived M, displaying a 60-fold reduction in the lungs of Ccr2”~ mice
at days 7 and 9 (Fig. [4.1]A-B). These reductions were also seen in cells recovered from the BALF of infected mice,
although the extent of the reduction was lower in the airways compared to the lungs (Fig. [4.1C-D). Though the
extent of monocyte infiltration into the mLN was smaller than that observed in the respiratory tract, there was a

statistically significant reduction in the total number of F4-80* CD172a* Ly6C* monocytes in the mLNs of Ccr2”/
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mice relative to WT mice on days 3, 5 and 9 post A/HK-x31 infection (Fig. [4.1E). Together, these data demonstrate
that in influenza infected mice monocytes and monocyte-derived cells are recruited to the respiratory tract and

mLN in a CCR2-dependent manner.

4.3 Host deficiency of Ccr2 compromises OT-I cell memory formation

To determine the impact of monocytes on the CD8* T cell effector response to influenza infection 10* naive OT-I
cells were transferred into Ccr2”~ or WT littermate controls prior to infection with x31-Ova (Fig,. ). On day 9
post x31-Ova infection mice were injected IV with 3pg of aCD45 to label vascular cells and the differentiation
of CD127* MPECs and KLRG1* SLECs determined in the respiratory tract and SLOs using the gating strategy
outlined in Fig. . With the exception of the PB, where there was a reduction in OT-I cells in Ccr2” hosts,
equivalent numbers of OT-I cells were recovered from the organs of Ccr2”~ and WT hosts (Fig,. ). Analysis of
OT-I effector cell differentiation in the airways, lungs, mLN, spleen and PB revealed that effector differentiation
was largely unaltered in Ccr2”" host mice 9 days post-infection (Fig. ) There was a small but statistically
significant decrease in the percentage of MPECs in the white pulp of the spleen of Ccr2”" hosts, although this
was not reflected in the total number of MPECs present. The reduction of OT-I cells in the PB of Ccr2”™ host
mice was not specific to any particular effector T cell subset as there were equivalent reductions in each of the
effector subsets examined (Fig. [4.2]D). Together, these data demonstrate that monocytes and their derivatives do

not overtly influence the differentiation of effector T cell subsets during influenza infection.

It has been demonstrated that monocytes can provide cytokines during T cell priming that influence the
effector potential of CD4" T cells [[128}329]]. Thus, it was next determined if the reduction in CCL2-producing
monocyte populations in Ccr2”" hosts had an impact on the acquisition of OT-I effector potential. Single-cell
suspensions were prepared from the lungs and mLN of WT and Cer2”~ mice were stimulated ex vivo with SIINFEKL
in the presence of protein transport inhibitors to determine effector cytokine and granzyme B production in
transferred OT-I cells. After ex vivo stimulation with SIINFEKL, OT-I cells present at the priming site (mLN) and
effector site (lungs) of WT and Ccr2” hosts displayed similar expression of effector cytokines (Fig. ). OT-1
cells from the lungs of Ccr2”~ mice displayed a small, but statistically significant, increase in both the frequency
and gMFI of IFNy-expressing cells (Fig. [4.3B-C). There were no differences in cytokine or granzyme B production
by OT-I cells isolated from the mLN of WT and Cer2”™ hosts (Fig,. -C). Therefore, monocytes have minimal
impact on the development of CD8" T cell effector potential.

Next, the persistence and memory phenotype of OT-I cells was determined in Ccr2”~ and WT hosts 35
days post-infection (Fig. ). Analysis of memory populations showed that, in Ccr2”~ hosts compared to WT
hosts at day 35 post-infection, there was a significant reduction in the number of OT-I cells present in every
compartment analysed, except in the PB where there was no statistically significant difference in the number or

frequency of OT-I cells recovered (Fig. [4.4B). For the respiratory tract and the mLN there was a 3-fold reduction
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in the total number of OT-I cells recovered from Ccr2”~ hosts, and a 2-fold reduction in OT-I cells recovered from
the splenic white and red pulp (Fig. [£.4C). These differences did not appear to be a result of altered migration
of these memory cells, as the distribution of these cells between the lung vasculature and the parenchyma, and
the red pulp and white pulp of the spleen was equivalent between WT and Ccr2”~ hosts (Fig. ). It has been
reported that lack of CD4* T cell help during priming, or increased exhaustion, can lead to reduced numbers of
CD8" T cells at memory timepoints, and that this can present as an increase in the frequency of KLRG1* SLECs
in the memory population that develops [303]]. To determine if this was potentially an underlying cause for the
reduction in OT-I cell numbers in Ccr2”" hosts, OT-I cells were stained for CD127 and KLRG1 to delineate these
effector subsets in the spleen (Fig. [4.4E). At this timepoint however, there were no differences in the frequency of
these effector subsets in either WT or Ccr2”~ hosts. These results indicate that OT-I cells responding to x31-Ova

infection in Ccr2”~ hosts have compromised memory formation that is not likely a result of impaired priming.

To determine if the reduced numbers of memory OT-I cells observed in Ccr2”~ host mice was confined
to a particular memory subset, a more detailed analysis of memory OT-I cells present at day 35 was performed.
Analysis of OT-I cells in the respiratory tract and mLN revealed that there was no difference in the formation
of CD69* CD103* Trm cells in the airways, lung parenchyma and mLN of WT and Ccr2”" hosts (Fig. -B).
However, while the frequency of Trm cells among total OT-I cells in these compartments was equivalent between
WT and Cer2”™ hosts, there was a statistically significant reduction in the total number of Trm cells recovered in
each of those organs (Fig. ) In SLOs of WT and Ccr2”~ mice, the formation of circulating memory subsets
was also equivalent, however, in the PB there was an increased frequency of Tem cells recovered from Cer2”~ host
mice and a reduction in Tem cells (Fig. [4.5D-E). This difference in frequency was also reflected in the total number
of Tem and Tem subsets recovered per mL of PB in Ccr2”~ host mice (Fig. ) Like those results seen for Trm
cells, while the frequencies of the different circulating memory cell subsets was mostly equivalent between WT
and Ccr2”™ hosts, the total number of each circulating-memory cell subset was reduced in all organs in Ccr2”/
hosts, but these differences only reached statistical significance for the Tem cells in the mLN and splenic WP, and
for Tem and Tem cells present in the red pulp of the spleen and the circulation (Fig. [4.5E). These data suggest
that there is no requirement for host CCR2 in the differentiation of memory T cell subsets. However, there is a

cell-extrinsic requirement for CCR2 in the optimal formation or maintenance of long-lived CD8* memory pools.

Data generated thus far revealed that, in regards to relative frequencies of specific memory subsets, the
formation of circulating and resident memory cell subsets was intact in Ccr2”™ hosts, however, there was a
reduction in the total number present. Next, it was determined if the effector potential of those memory cells
recovered from WT and Ccr2”~ host mice was compromised. After ex vivo restimulation with SINFEKL, OT-I cells
from the spleen and lungs of dat 35 x31-Ova-infected WT and Ccr2”~ hosts displayed similar expression of effector
cytokines and granzyme B. As expected, the frequency of granzyme B expression and the gMFI of granzyme B was
higher in OT-I cells from the lungs compared to the spleen. In contrast, the production of effector cytokines IFNy,
IL-2 and TNFo was more pronounced in OT-I cells from the spleen (Fig. [4.6/A). Despite the reduction in number,
and regardless of their anatomical location, memory OT-I cells recovered from WT or Ccr2”~ hosts displayed no

difference in the ability to produce effector cytokines or granzyme B, or in the mean fluorescence intensity for
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those cytokines and molecules after ex-vivo stimulation (Fig. [4.6B-C). These data demonstrate that while there

are reduced numbers of memory cells in Ccr2”~ hosts, the effector potential of those remaining cells is unaltered.

Next, it was determined if the defect in the quantity of memory OT-I cells recovered from Cer2”~ mice
also applied to host endogenous influenza-specific CD8" T cells. WT and Ccr2”" mice were therefore infected
with A/HK-x31 and on day 35 post infection influenza nucleoprotein (NP)- and viral polymerase (PA)-specific
memory CD8" T cells were assessed in the respiratory tract, SLOs and PB using tetramers as outlined in the
gating strategy in Fig. . With the exception of the mLN of Ccr2”~ mice, where there was a 2-fold statistically
significant reduction in NP-specific cells recovered, and the vasculature of the lungs, where there was a small
but statistically significant reduction in NP-specific cells recovered, the total number of influenza-specific CD8*
T cells recovered was equivalent between WT and Ccr2”~ mice (Fig. ). However, it must be noted that the
reduced number of influenza-specific memory T cells in the mLN may be due to the reduced overall cellularity
of that organ in Ccr2”” mice at this time point, which displayed a 2-fold reduction in the total number of cells
recovered relative to WT mice (Fig. [4.7/C). Next, the formation of influenza-specific resident memory cells was
determined for the airways, mLN, and the IV" fraction of the lungs (Fig. [4.8]A). Of those cells recovered from the
respiratory tract and mLN of WT and Ccr2”~ mice, there were equivalent frequencies of Trm cells for both NP-
and PA-specific T cells (Fig. ). There was also no difference between WT and Ccr2”~ mice with respect to the
total number of influenza-specific Trms recovered from the lungs. However, there was a statistically significant
2-fold reduction in the number of NP-specific Trms recovered from the lungs (Fig[4.8C). There was equivalent
formation of the different circulating memory CD8" T cell subsets in the mLN, PB and spleen in WT and Cer2”
mice (Fig. -B). However, in Ccr2”™ mice there was a statistically significant 2-fold reduction in the number
of NP- and PA-specific Tem cells that were recovered from the mLN and a slight reduction in the number of
PA-specific T cells recovered from the WP of the spleen (Fig. [4.9)C). Together, these data indicate that, in contrast
to that observed with memory OT-I cells in Ccr2”~ mice, where memory T cells were reduced in number in all
compartments analysed, influenza-specific memory CD8* T cells recovered from Ccr2”~ mice had mostly normal

memory formation, with the exception of the mLN, which had a 2-fold reduction in NP-specific memory cells.

Lastly the effector potential of influenza-specific CD8* memory T cells from WT and Ccr2” hosts was
assessed. Single-cell suspensions from the spleen and lungs of day 35 post A/HK-x31 infected mice were stimulated
ex-vivo with PMA and secretion of IFNy and presence of granzyme B in influenza-specific T cells was quantified
(Fig. [4.10/A). The expression of IFNy was relatively similar for both NP- and PA-specific T cells in the lungs
and spleen. Granzyme B expression was higher in cells present in the lungs whereas cells isolated from the
spleen expressed higher levels of IFNy, similar to those results seen in memory OT-I cells isolated from WT
and Ccr2”™ hosts (Fig. ). Overall there was no difference between the frequency or gMFI of IFNy and
granzyme B expression in NP- and PA-specific T cells isolated from WT or Ccr2”~ mice (Fig. -E. These
results demonstrate that, similar to those results seen in OT-I cells recovered from WT and Cer2”~ hosts, global

deficiency in CCR2 does not impair the effector potential of influenza-specific CD8" T cells.
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4.4 Host Ccr2 is required for optimal protection during

heterosubtypic influenza challenge

Data generated thus far indicated that there was minimal requirement for CCR2 in the generation of CD8* T
cell effector responses, and in the formation of endogenous influenza-specific memory populations. Previous
studies utilising lethal influenza challenge in Ccr2”" mice had demonstrated increased morbidity in Cer2”” mice
relative to WT [330], which was attributed to a reduction in memory CD8" T cell maintenance prior to influenza
challenge [118] 330]. However, data in the present study indicated that, under the conditions tested, the total
number of endogenous NP- and PA-specific memory T cells was largely unaltered in Ccr2”~ mice, and thus, would
not be able to explain the increased morbidity following challenge in those studies mentioned above. Thus, to
determine if Ccr2 deletion had any impact on the host response to influenza challenge under the conditions tested
in this study, WT and Cer2”” mice were immunised with 100TCID® A/HK-x31 or 1TCIDs5y A/PR8, or immunised
with 100TCIDsy A/HK-x31 and challenged with 500TCID5y A/PR8 and weight loss monitored over the course of
infection or challenge (Fig. [£.11]A). For both primary and secondary infections with A/HK-x31 and A/PR8 these
infectious doses result in mild weight loss that can be used as a readout of viral control. During a primary infection
with either A/HK-x31 or A/PR8 there was no significant difference in weight loss between WT and Ccr2”~ mice
(Fig. [4.11B-C). However, when A/HK-x31 immune mice were challenged with a lethal dose of A/PR8 both WT
and Ccr2”" displayed equivalent weight loss until day 3 post challenge, at which time WT mice began to stabilise
and recover weight. In contrast, Ccr2”~ mice continued to lose weight for another 2 days at a rate similar rate to
naive mice (Fig. ). Weight loss peaked in Cer2”” mice at day 5 post-challenge at which time they began to
recover, though at a slower rate than their WT littermate controls. This weight loss was not specific to the A/PR8
virus as naive WT and Ccr2”” mice that were infected with a sub-lethal dose of A/PR8 had similar morbidity
(Fig. ). These results demonstrate that Ccr2”~ mice are impaired in their ability to control secondary, but
not primary, influenza challenges despite the normal formation of influenza-specific memory populations after

primary A/HK-x31 infection.

To determine if this difference in morbidity seen upon challenge was due to impaired control of the virus,
viral titres in the lungs of A/HK-x31 immune WT and Ccr2”~ mice during A/PR8 challenge were determined by
qPCR. On days 3 (peak weight loss for WT mice) and 5 (peak weight loss for Ccr2”~ mice) post-A/PR8 challenge,
lungs from WT and Ccr2”" mice were snap frozen and qPCR used to determine the presence of influenza NP
mRNA (Fig. [4.12]A). NP mRNA was detectable on day 3 post A/PR8-challenge with statistically significantly
higher levels of NP transcripts detected in Ccr2”" mice at day 3 compared to WT mice. By day 5 post-challenge
NP mRNA was no longer detectable in the lungs of WT mice, however, in the lungs of Ccr2”" mice there was
still a statistically significant increase in NP mRNA present (Fig. [4.12]A). Next, ELISAs were performed with BAL
washes from WT and Ccr2”/" mice at days 0, 3 and 5 post-challenge to determine if there were differences in the
secretion of the effector cytokine IFNy. At both days 3 and 5 post-challenge there was a statistically significant

reduction in IFNy present in BAL washes recovered from Ccr2”~ mice compared to WT controls, however, this was
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not seen during the primary response to A/HK-x31 (Fig. [4.12B). To determine if the increased viral titres present
in the lungs of Ccr2”" mice was due to reduced in vivo cytotoxicity, differentially-labelled, NP peptide-pulsed
and scrambled peptide-pulsed splenocytes were injected IV into A/HK-x31 immunised WT and Ccr2”~ mice (Fig.
[4.12|C). Twenty four hours after injection of peptide-pulsed splenocytes, spleens were removed from recipient
mice and the frequency of target and non-target cells determined by flow cytometry (Fig. [4.12]D-E). Both WT and
Ccr2”" mice displayed robust in vivo cytotoxic capability, with each lysing on average 45-50% of NP peptide-pulsed
target cells relative to non-target controls. Although Ccr2”~ mice appeared to have slightly higher in vivo cytotoxic
capability, this did not reach statistical significance. Together, these results demonstrate that, compared to WT
mice, Ccr2”” mice have an impaired ability to control secondary influenza infection. During secondary infections,
Cer2”’™ mice have increased viral titres in the lungs, which is associated with increased morbidity and reduced

production of the effector cytokine IFNy.

Despite the reduction in the level of IFNy recovered from the BALF of Ccr2”" mice, results from Fig.
had already indicated that resting memory influenza-specific cells isolated from the lungs of Ccr2”~ mice displayed
no defect in IFNy production after ex vivo stimulation with PMA. To determine if the ability of influenza-specific T
cells to produce IFNy changes over the course of A/PR8 challenge, or if other IFNy-producing cells were impaired
in their ability to secrete this cytokine during challenge, single cell suspensions from the lungs were taken from
WT and Ccr2”” mice on days 3 and 5 after A/PR8-challenge and stimulated ex-vivo with PMA to assess IFNy
production. Despite the reduction in IFNy protein in the BALF of Ccr2”~ mice, CD45" cells in the lungs of Ccr2”"
mice had a near 4-fold increase in the frequency of IFNy* cells on day 3 post-challenge, although this changed
by day 5 where WT mice had a higher frequency of IFNy* cells (Fig. [4.13]A). The increased IFNy staining in
Ccr2’!~ mice was mainly due to CD4* and CD8* T cells which had 3-fold higher frequency of IFNy* cells after
stimulation relative to WT controls (Fig. [4.13B-C), NK and NKT cells also had significantly higher frequency
of IFNy producing cells. By day 5 post-challenge the frequency of IFNy producing cells was higher in CD44"
CD4"* T cells from WT mice compared to Ccr2”~ mice, but was equivalent between all other cell types analysed.
However, there was a statistically siginficant 2-fold reduction in the total number of CD8" CD44" cells present in
the lungs of Ccr2”~ mice compared to WT mice by day 5 post infection, suggesting that while the frequency of
IFNy-producing cells was equivalent, overall IFNy production by this population would still be compromised (Fig.
[4.13]D). Thus, ex vivo stimulation of IFNy-producing cells following A/PR8 challenge revealed that T cells from
day 3 A/PRS challenged Ccr2”~ mice had a greater potential to produce IFNy, however, the reverse was true at day
5 post-challenge. Despite this, there was a reduction in the presence of IFNy in BALF washed recovered from

these mice at both days 3 and 5 post-challenge.

The results from Fig. did not show a defect in the frequency of IFNy producing CD8" T cells cells

/- mice, but did reveal a decrease in the total number of CD8" T cells present in

isolated from the lungs of Ccr2”
the lungs of Ccr2”~ mice on day 5 post challenge which may have contributed to impaired viral control. This
decrease at this time point could be due to increased death, decreased proliferation, or decreased recruitment
of memory CD8" T cells into the challenged lungs. First, a potential role for host CCR2 in the recruitment of

circulating memory cells to the inflamed lungs was investigated. Experiments performed in the previous chapter
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had eliminated a cell-intrinsic role for CCR2 in the recruitment of memory OT-I cells into A/PR8 challenged
lungs (Fig. [3.24). While there was no cell-intrinsic role for CCR2 in memory T cell recruitment to the inflamed
lung, circulating memory cells could rely on the recruitment of monocytes to the inflamed lung, where these
cells would secrete chemokines and cytokines that promote inflammation that could further recruit circulating
memory cells, as has been described in inflamed skin [331]. If this was occurring, influenza-specific T cell numbers
would be reduced in the lungs of Ccr2”~ mice and potentially increased in other peripheral tissues over the course
of A/PR8-challenge. To determine if there was a reduction in the recruitment of CD8" T cells into the lungs
of A/PR8-challenged Ccr2”~ mice, A/HK-x31-immune WT and Ccr2”" hosts were challenged with A/PR8 and
organs taken on days 3, 5 and 7 post-challenge to track the presence of influenza-specific CD8" T cells using the
gating strategy outlined in Fig. [4.14/A. By day 3 post-challenge the number of influenza-specific CD8" T cells
present in all organs analysed was equivalent between WT and Ccr2”~ mice, despite the differences seen in resting
memory CD8" T cells in the mLN and lung vasculature of Ccr2”~ mice (Fig,. ) By day 5 post-challenge there
were significant differences in the total number of PA-specific T cells recovered from the lung parenchyma and
vasculature of Cer2”™ mice, but not in any other organ. By day 7, with the exception of the airways, there were
significant reductions in the total number of both PA- and NP-specific T cells recovered from all tissues of Ccr2”"
mice compared to WT mice (Fig. [4.14B). As the recruitment of memory CD8" T cells to inflamed lungs occurs
within 48-72 hours of challenge (Fig. [3.20), and as the reduction in influenza-specific cells was present in all
tissues analysed only at day 7 post-challenge, it is unlikely that the reduction in the number of influenza-specific

T cells observed in Ccr2”~ mice was due to a defect in recruitment. A more likely explanation for the reduced

numbers is increased death upon activation, or a reduction in the secondary expansion of influenza-specific cells.

The possibility of decreased proliferation of influenza-specific memory T cells in Ccr2”~ mice was
determined using BrdU, a thymidine analog that is incorporated into the DNA of dividing cells and can be
detected using fluorescently-conjugated antibodies, revealing cells that have undergone proliferation, or are
actively proliferating. A/HK-x31-immune WT and Ccr2”~ mice were challenged with A/PR8 and given 2 injections
of BrdU 24 and 12 hours prior to sacrifice, and influenza-specific CD8" cells from the lungs and mLN were stained
on days 3, 5 and 7 post A/PR8-challenge for intra-nuclear BrdU and Ki67, the latter marker a nuclear protein that
is present during all active phases of the cell cycle (G1, S, G2, and mitosis), but is absent in quiescent cells (G0),
using the gating strategy outlined in Fig. [4.15/A. There was a statistically significant reduction observed in the
frequency of both NP- and PA-specific CD8" T cells that had incorporated BrdU and were expressing the cell-cycle
marker Ki67 in the lungs of Ccr2”~ mice on day 3 post challenge. On day 5 post challenge however, there was no
significant difference in staining for these markers and, by day 7 post infection, influenza-specific cells in the
lungs of Cer2”~ mice displayed higher frequencies of BrdU incorporation and Ki67 expression (Fig. ) At
no time-point post-infection was there a difference in BrdU incorporation in influenza-specific cells in the mLN
between WT and Ccr2”" mice (Fig. ). In the lungs of Ccr2”" mice the total number of influenza-specific
cells that were BrdU" Ki67* was statistically significantly reduced on days 3 and 5 post infection relative to
influenza-specific cells in WT mice, however by day 7 post infection the number of proliferating cells was not
statistically significantly different (Fig. [4.15D). The remaining tetramer-negative CD44* CD8" T cells present

in the lung parenchyma of Ccr2”~ mice did not show a significant reduction in BrdU incorporation compared
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to WT mice, although host endogenous CD4* CD44* T cells in Ccr2”~ mice did take up less of the DNA analog
(Fig. [4.15E). Together, these results indicate that influenza-specific memory CD8" T cells and CD4" T cells in the
lungs, but not mLN, of Ccr2”/~ mice proliferate less during the early stages of A/PR8 challenge, suggesting the
increased morbidity in Ccr2”/~ mice during A/PR8 challenge could be due to reduced memory T cell re-activation

and expansion in the lungs, at these early time points.

4.5 Cell-intrinsic CCR2 is not required for CD8" T cell memory

expansion

To investigate the CCR2-dependent mechanism that promotes the re-expansion of memory T cells in the lungs of
influenza challenged mice, a cell-intrinsic requirement for CCR2 in memory T cell re-expansion was investigated.
Naive WT and Ccr2”~ OT-I cells were co-transferred into naive B6 hosts that were infected with x31-Ova 24 hours
later, and left for 35 days to develop resting memory populations. Mice containing WT and Cer2”~ resting memory
OT-I cells were either mock-challenged, or challenged with PR8-Ova, and left to recover for a further 35 days to
generate primary and secondary memory populations respectively (Fig. [£.16]A). The respiratory tract, PB, and
SLOs were analysed for the presence of primary and secondary memory OT-I cells, and the fold-expansion of
these cells was calculated by dividing the total number of WT or Cer2”~ OT-I cells in challenged mice, by the
equivalent population in mock-challenged mice (Fig.[4.16B). In this experimental setting, if cell-intrinsic CCR2
expression was required for the optimal re-expansion of memory OT-I cells, the fold-expansion of WT OT-I cells
after challenge, relative to mock-challenged mice, would be higher than that of Ccr2”~ OT-I cells 35 days post
PR8-Ova-challenge. After PR8-Ova-challenge OT-I cells increased in numbers in all organs analysed with the
largest difference seen in the airways, where a relatively stable population of resident-memory cells were present
that had, on average, 50-fold more cells recovered from challenged mice compared to mock-challenged mice.
However, In all the organs analysed there were no statistically significant differences in the expansion of WT
and Cer2”~ OT-I cells relative to mock-challenged mice (Fig. ). These results demonstrate that cell-intrinsic

CCR2 is not required for the re-expansion of memory OT-I cells.

4.6 Fc-receptor-expressing cells are reduced in numbers in the lungs

of Ccr2”” mice following A/PRS8 challenge

The reduction in BrdU incorporation and Ki67 expression in T cells in the lungs of Ccr2”" mice during A/PR8
challenge potentially reflects a defect in antigen-presentation at those timepoints. Recently, a population of ¢cDCs
that acquires expression of Fc-receptors during infection and inflammation has been described [[90]. This cDC

subset, termed ’inflammatory-cDC2s’, could be identified through intermediate expression of CD64 and binding
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of the MAR-1 antibody. These inf-cDC2s shared a high degree of phenotypic similarity to both monocytes and
Md, were shown to drive robust T cell proliferation ex vivo, and had a partial reliance on CCR2 for tissue access
[90]. Despite using the same gating strategy as Bosteels et al., this cDC subset could not be reliably detected in the
lungs of A/PR8 infected mice by flow cytometry (data not shown). However, it was also reported that in addition
to expression of Fc-receptors, inf-cDC2s were negative for the pan-monocyte/M¢ marker F4-80 and presumably,
as they are a cDC subset, the M¢d marker MerTK [90]. Thus, utilising a modified version of the gating strategy for
MNP subsets outlined in Fig. inf-cDCs were identified in the lungs as CD64" F4-80" MerTK™ CD11c* MHC-II*
cells, after pre-gating on live, lineage-negative, CD45", Siglec F", Ly6G", CD43" cells (Fig.[4.17/A). To confirm that
these inf-cDCs were the same as those identified by Bosteels et al. expression of CD64 was quantified on F4-80"
MerTK" inf-cDCs, relative to F4-80" MerTK™ monocytes and F4-80* MerTK* M, which should display much
higher expression of this marker [90]]. Over the course of A/PR8 challenge F4-80" MerTK" inf-cDCs displayed
much lower expression of this Fc-receptor relative to F4-80* MerTK™ monocytes and F4-80" MerTK" M¢ (Fig.
[4.17B-C), as was reported for inf-cDCs [[90]]. Thus, this alternative gating strategy was used for the identification
of inf-cDCs in A/PR8-challenged lungs.

To determine which antigen-presenting cells were disrupted during A/PR8-challenge in Ccr2”~ mice, the
lungs of A/HK-x31-immune WT and Ccr2”’~ mice were screened for MNP subsets, as identified in Fig,. and
Fig.[4.17]A, by flow cytometry on days 0 (no challenge), 3, 5, and 7 post A/PR8-challenge. Prior to challenge there
were no statistically significant differences in the total number of the different MNP subsets present in the lungs
of WT and Ccr2”" mice (Fig. ). Over the course of A/PR8 challenge the number of cDC1 and ¢cDC2 subsets
recovered from the lungs rapidly declined, but was not statistically significantly different between WT and Ccr2”/
mice. At day 3 post-challenge there was a 2-fold reduction in the total number of alveolar M recovered from the
lungs of Ccr2”~ mice, though this difference was not seen at days 5 or 7. Consistent with results from Bosteel et al.
[90] inf-cDCs were absent from the lungs of WT and Ccr2”~ mice prior to challenge, but were rapidly recruited to
the tissue after A/PR8-challenge. The number of inf-cDCs recruited to the lungs of Ccr2”~ mice, however, was
statistically significantly reduced over the course of A/PR8-challenge relative to WT controls. The other major
MNP subsets that were disrupted over the course of A/PR8-challenge were monocytes and monocyte-derived
cells (Fig. [4.18A), summarised in (Fig. [4.18B). While in unchallenged A/HK-x31-immune mice there were
no differences in the total number of monocytes, monocyte-derived macrophages and tissue macrophages, all
these cell subsets were statistically significantly reduced in number by day 3 post A/PR8-challenge and numbers
were statistically significantly reduced over the course of challenge. Thus, in the lungs of Ccr2”™ mice over the
course of A/PR8-challenge, monocytes, monocyte-derived cells and inf-cDCs are all statistically significantly
reduced in numbers, suggesting that these reductions in APC numbers may be responsible for the reduction in

influenza-specific T cell proliferation, and effector cytokine production.

As the antigen-presenting cells that were statistically significantly reduced in number in the lungs of
Cer2”” mice over the course of A/PRS challenge were inf-cDCs, and monocytes and their derivatives, potential
models were investigated to target these MNP subsets during A/PR8 challenge and assess their role in secondary

expansion of T cells during influenza challenge. To assess the contributions of monocytes and monocyte-derived
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cells to the secondary expansion of memory CD8" T cells Ccr2-DTR mice were used, as these mice are commonly
used as a model for monocyte depletion during infection [[108 124} 162} 301} 332H336]]. In these mice all cells
expressing Ccr2 also express the diptheria toxin (Dtx) receptor, and administration of Dtx to these mice results in
the depletion of CCR2-expressing cells. As these mice would also potentially deplete CCR2-expressing T cells, an
OT-I T cell transfer system was used. Naive OT-I cells were transferred into CCR2-DTR mice or WT littermate
controls that were infected with x31-Ova 24 hours later. One day prior to A/PR8-challenge, and every two days
thereafter, mice were injected with 10ng/g Dtx to deplete CCR2-expressing cells. Twenty four and 12 hours
prior to endpoint, mice were given an IP injection of BrdU to label proliferating cells, and taken on day 3 post
challenge to assess memory OT-I cell responses (Fig. [£.19]A). Despite its common use as monocyte-targeted
depleter, administration of Dtx in the CCR2-DTR mice resulted in broad, and extensive, depletion of monocytes,
non-classical monocytes, alveolar M¢, cDCs and granulocytes (Fig. [£.19B-C). Despite this widespread depletion
of myeloid cells, the recruitment of memory OT-I cells into the lungs and airways was equivalent between WT
and CCR2-DTR mice. However, there were statistically significant reductions in the number of memory OT-I cells

present in SLOs and the PB (Fig. [4.19D).

As memory OT-I cells displayed equivalent infiltration of A/PR8 infected WT and Ccr2-DTR mice, it was
next determined if the widespread depletion of myeloid cells in the lungs had any impact on memory OT-I cell
proliferation in situ. Memory OT-I cells were identified in the lung parenchyma and the incorporation of BrdU and
expression of Ki67 was assessed by flow cytometry (Fig,. ) In contrast to those results observed in Cer2”
mice, the frequency of OT-I cells positive for, and gMFI, of both BrdU and Ki67 was higher in CCR2-depleted hosts
than in WT host mice, demonstrating that depletion of CCR2-expressing cells leads to higher rates of proliferation
in the lungs (Fig. [4.20B-C). Apoptosis in memory OT-I cells was also determined by annexin V and propridium
iodide (PI) staining (Fig. [4.20]D). Annexin V is a protein that binds to phosphatidylserine, a phospholipid that is
normally present on the intracellular leaflet of the plasma membrane in viable cells, but during early apoptosis,
membrane integrity is lost and phosphatidylserine translocates to the cell surface where it can be bound by
annexin V. In cells undergoing late-stage apoptosis, or necrotic cell death, nuclear membrane integrity is lost and
PI can bind to nuclear DNA, revealing necrotic, or late-stage apoptotic cells. On day 3 post A/PR8-challenge the
frequency of annexin V™ PI" live OT-I cells, and annexin V* PI" early apoptotic OT-I cells was equivalent between
WT and CCR2-DTR hosts treated with Dtx. However, the frequency of annexin V* PI* late apoptotic cells was
statistically significantly higher in CCR2-DTR hosts relative to WT hosts (Fig. [4.20E). Single-cell suspensions
from the lungs of WT and CCR2-DTR mice were also stimulated ex-vivo with SIINFEKL to determine cytokine
production by memory OT-I cells (Fig. [4.20F). While there was no difference in the ability of OT-I cells to produce
IFNy, OT-I cells present in the lungs of CCR2-DTR mice had a statistically significant reduction in the frequency
of IL-2-expressing cells after stimulation (Fig. [4.20)G). Together, these results indicate that in A/PR8-challenged
mice depleted of CCR2-expressing cells, there is increased turnover of memory OT-I cells present in the lungs and

a concurrent defect in the ability of those memory cells to produce the cytokine IL-2.
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4.7 Conclusion

Analysis of OT-I responses in Ccr2”~ mice, where monocyte numbers in peripheral tissues are greatly reduced,
revealed no major impact on the generation of effector responses, but a significant reduction in the pool of memory
OT-I cells 35 days post-influenza infection. This defect in memory generation did not affect any particular memory
subset, but reflected a general reduction in memory OT-I cell numbers. Although there were defects seen in
the overall number of OT-I memory cells present, the number of host influenza-specific memory CD8" T cell
populations was not significantly altered in Ccr2”" mice. Despite this normal endogenous memory formation,
Ccr2”" mice had significantly increased morbidity, and viral RNA in the lungs during secondary, but not primary,
influenza challenge. This increased morbidity upon challenge was also associated with a reduction in IFNy
recovered from BAL washes of A/PR8-challenged Ccr2”~ mice, however CD8" T cells recovered from the lungs of
Ccr2”" mice after challenge had normal, or elevated, IFNy production after ex vivo stimulation and equivalent
in vivo cytotoxicity. Since the formation and function of both resident and circulating memory cell populations
was equivalent between WT and Ccr2”” mice prior to challenge, this demonstrated a CCR2-dependent role for
optimal host protection during influenza challenge. Analysis of memory T cell responses over the course of
A/PR8-challenge revealed a defect in the re-activation of memory T cells in the lungs, but not lung-draining mLN,
of Cer2”’~ mice. This was reflected as a reduction in the frequency and number of BrdU* Ki67* influenza-specific
CD8* T cells early after infection which ultimately resulted in the suboptimal expansion of memory cells, and
potentially delayed viral clearance. The antigen-presenting cell subsets in the lungs that were most affected by
the loss of CCR2 during A/PR8 challenge were monocytes and their derivatives, and inf-cDCs. Thus, CCR2 is
likely required for trafficking of APC subsets to the influenza-infected lungs during challenge to drive the optimal
re-activation and secondary expansion of memory T cells in situ to ensure host protection. This may indicate a
unique functional role for the newly-described inf-cDC subset in the optimal reactivation of memory CD8" T

cells in situ for host protection during influenza challenge.
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Figure 4.1: Reduced numbers of MNPs in the lungs, airways and draining mLN of Ccr2”" mice
following influenza infection.

WT and Ccr2”" mice were infected with A/HK-x31 and the number of MNPs in the lungs A) and BALF C), as
identified in Fig[3.8] were determined by flow cytometry. B) and D) fold-change in MNP numbers in the lungs
and BALF of WT mice relative to Ccr2”~ mice. E) The total number of lineage-negative, Ly6C*, CD172a*, F4-80*
monocytes in the lung-draining mLN of WT and Ccr2”~ mice over the course of infection. Data are presented as
mean + SEM (n=6 mice per group, per time point). **p>0.05 = not significant, *p=<0.05, ***p=<0.001, ****p=<0.0001
(Two-way ANOVA).
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Figure 4.2: Host deficiency of Ccr2 does not impact the generation of OT-I effector responses
subsets following influenza infection.

Naive OT-I cells (10%) were transferred into WT and Ccr2”~ hosts that were infected with x31-Ova 24 hours later.
Nine days post x31-Ova-infection, OT-I effector responses were analysed. A) Experimental plan to determine the
requirement of host CCR2 in the generation of WT OT-I responses to influenza infection. B) Representative flow
cytometry for the identification of OT-I effector subsets present in the lungs at day 9 post-influenza infection. C)
The frequency of live OT-I cells recovered from the indicated tissues of WT and Ccr2”" hosts, normalised to the
frequency of OT-I cells recovered from WT hosts. D) Frequency and total number of OT-I effector subsets in the
indicated organs at day 9 post infection. Data are presented as mean + SEM (n=6 mice per group), representative

of two independent experiments. "p>0.05 = not significant, *p=<0.05 (Two-way ANOVA).
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Figure 4.3: Host expression of Ccr2 is not required for the acquisition of OT-I effector
potential

A) Representative histograms of effector cytokine and granzyme B production after 4 hours of ex-vivo SINFEKL
stimulation of OT-I cells from the lungs and mLN of day 9 influenza-infected WT (orange) or Ccr2”~ (blue) host
mice relative to unstimulated WT OT-I cells (shaded histogram). The percentage of cytokine- or granzyme
B-positive B) and gMFI C) of OT-I cells present in the lungs and mLN of WT and Ccr2”" hosts. Data are presented
as mean = SEM (n=6 mice per group), representative of 2 independent experiments. "*p>0.05 = not significant,
**p=<0.01, ***p=<0.001 (Two-way ANOVA).
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Figure 4.4: Reduced number of memory OT-I cells in Ccr2”’~ hosts 35 days after influenza

infection

Naive OT-I cells (10%) were transferred into WT and Ccr2”" hosts that were infected with x31-Ova 24 hours
later Thirty five days post x31-Ova-infection memory OT-I development was analysed. A) Representative flow

cytometry for the identification of transferred OT-I cells in the lungs of WT and Ccr2”~ host mice. B) Total number
of OT-I cells recovered from the indicated tissue of WT and Cer2”™ hosts. C) The normalised fold-reduction
of OT-I cells recovered from Ccr2”~ host mice relative to WT hosts. D) The distribution of OT-I cells between
the parenchyma and vasculature of the lungs, and the red pulp and white pulp of the spleen, determined by
intravascular labelling. E) The frequency of CD127*KLRG1™ MPECs and CD127'KLRG1* SLECs in the red pulp of
the spleen of WT and Ccr2”~ host mice. Data are presented as mean + SEM (n=13 Ccr2”~ host mice, n=11 WT
littermate host mice), pooled from two independent experiments. "p>0.05 = not significant, *p<0.05, **p=0.01,
***p=<0.001 ((B-C) Two-way ANOVA. (D) unpaired Students t-test).
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Figure 4.5: Memory OT-I cells have develop normally, but are reduced in number in Ccr2”
hosts

A) Representative flow cytometry for the identification of Trm OT-I cells in the lungs of WT and Ccr2”" hosts
35 days post x31-Ova infection. The frequency B) and total number C) of CD69"CD103* Trm cells among total
parenchymal cells, in the indicated organs. D) Representative flow cytometry for the identifcation of circulating
memory OT-I cells in the spleen of WT and Cer2”~ host mice 35 days after x31-Ova infection. E) The frequency
and total number of circulating memory OT-I cell subsets in the indicated organs 35 days after x31-Ova infection.
Data are presented as mean + SEM (n=11 WT hosts, n=13 Ccr2”~ hosts), pooled from 2 independent experiments.

15p>0.05 = not significant, *p=<0.05, ***p=<0.001, ****p=<0.0001 ((C) unpaired Students ¢-test, (D) Two-way ANOVA).
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Figure 4.6: Memory OT-I cells in Ccr2” hosts display normal cytokine and granzyme B
expression

Cells recovered from the spleen and lungs of WT and Ccr2”~ host mice were stimulated ex-vivo with SINFEKL. A)
Representative histograms of cytokine and granzyme B expression in OT-I cells present in the lungs and spleen of
WT (orange) and Ccr2”" (blue) host mice. The percentage of cytokine- and granzyme B-expressing B) and gMFI C)
of OT-I cells in the lungs or spleen of WT and Ccr2”~ hosts. Data are presented as mean + SEM (n=13 Ccr2”~ mice,

n=11 WT littermate host mice), pooled from two independent experiments. "p>0.05 = not significant (Two-way
ANOVA).
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Figure 4.7: Tetramer-specific CD8* T cells in Ccr2’ mice display normal memory
development

WT and Ccr2”" mice were immunised with A/HK-x31. Thirty five days after infection the formation of NP and PA
influenza-specific memory C8" T cells was assessed. A) Representative flow cytometry for the identification of
influenza NP- and PA-specific T cells in the spleen of WT and Ccr2”~ host mice 35 days post-A/HK-x31-infection.
B) The total number of NP and PA influenza-specific memory T cells recovered from the indicated organs. C)
The total cellularity of mLNs recovered from 35dpi WT and Ccr2”" mice. Data are presented as mean + SEM
(n=12 mice per group), pooled from 2 independent experiments. *p>0.05 = not significant, *p=<0.05, **p=<0.01,
****p<0.0001 ((B) Two-way ANOVA, (C) unpaired Students t-test).
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Figure 4.8: Normal development of influenza-specific host CD8* resident-memory cells in
Ccr2’” mice.

A) Representative flow cytometry for the identification of influenza NP- and PA-specific CD8" Trm cells in the
lungs of WT and Ccr2”" mice 35 days post A/HK-x31-infection. The frequency B) and total number C) of NP
and PA influenza-specific CD69"CD103" Trm cells among total IV~ cells in the respiratory tract and mLN of WT
and Ccr2”™ mice. Data are presented as mean + SEM (n=7-21 mice), pooled from 2-3 independent experiments.
"$p>0.05 = not significant, ****p=<0.0001 (Two-way ANOVA).
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Figure 4.9: Normal development of influenza-specific host CD8" circulating memory cells in
Ccr2”” mice.

A) Representative flow cytometry for the identification of influenza NP- and PA-specific CD8" circulating memory
T cells in the red pulp of the spleen 35 days post-A/HK-x31 infection. The frequency B) and total number C) of
circulating memory cells recovered from the indicated organs 35 days post A/HK-x31-infection. Data are presented
as mean + SEM (n=12 mice per group), pooled from 2 independent experiments. "*p>0.05 = not significant, *p=<0.05,
**p<0.0001 (Two-way ANOVA).
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Figure 4.10: Influenza-specific memory CD8* T cells from Ccr2”” mice display normal effector
potential

Cells isolated from the spleen and lungs of WT and Ccr2”™ mice 35 days post-A/HK-x31-infection and were
stimulated ex-vivo with PMA. A) Representative histograms of the expression of INFy and granzyme B in NP- and
PA-specific T cells present in the lungs and spleen of WT (orange) and Ccr2”" (blue) mice relative to naive CD8*
T cells (shaded histogram). The frequency and gMFI of cytokine expression was determined in tetramer-specific

cells present in the lungs B) and C) and the spleen D) and E). Data are presented as mean + SEM (n=12 mince per
group), pooled from 2 independent experiments.
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Figure 4.11: A/HK-x31-immune Ccr2”’" mice have increased morbidity upon a lethal A/PR8
challenge

A) Experimental plan for the assessment of the response of WT and Ccr2”~ mice to primary or secondary influenza
challenge. B) Weight loss of WT and Ccr2”/~ mice after primary infection with 100TCID5y A/HK-x31. C) Weight
loss of WT and Ccr2”" mice after primary infection with 1TCID5059 A/PR8. D) weight loss of A/HK-x31-immune
WT and Ccr2”~ mice and naive controls after a lethal challenge with 500TCIDso PR8. Data are presented as mean
+ SEM ((B) and (D) n=11-16 mice per group), pooled from 2 independent experiments. ((C) n=6 mice per group).
***p=<0.001, ****p=<0.0001 (Two-way ANOVA).
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Figure 4.12: A/HK-x31-immune Ccr2”’" mice have increased viral loads in the lungs and
decreased IFNvy in the BALF during a lethal PR8 challenge

A/HK-x31 immune WT and Ccr2”~ mice were challenged with 500TCIDso A/PRS to test the memory response to
influenza. A) Influenza NP mRNA in the lungs of WT and Ccr2”~ mice on days 3 and 5 post-A/PR8-challenge.
B) IFNy ELISAs on BALF washes of primary A/HK-x31-infected and A/HK-x31-immune A/PR8-challenged WT
and Cer2”™ mice on the indicated days post-challenge. C) Experimental plan for the assessment of the in-vivo
cytotoxicity of resting memory WT and Ccr2”~ mice. D) Representative flow cytometry of NP-peptide-pulsed and
scrambled peptide-pulsed splenocytes in the spleens of A/HK-x31-immune WT and Ccr2”", or naive control mice
24 hours after cell transfer. E) Quantification of in-vivo cytotoxicity assay. Data are presented as mean + SEM
((A-B) n=5-6 mice per group, (E) n=7 mice per group). "p>0.05 = not significant, *p=<0.05, **p=<0.01, ****p=<0.0001
((A-C) Two-way AVONA. (E) One-Way ANOVA).
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Figure 4.13: Aberrant expression of IFNy in the lungs of A/PR8-challenged Ccr2”- mice after
ex vivo stimulation

Cells isolated from the lungs of day 3 and 5 A/PR8-challenged A/HK-x31-immune WT and Ccr2”~ mice were
stimulated ex vivo with PMA to asses cytokine production. A) The percent IFNy-positive cells among live CD45*
cells on day 3 and 5 post A/PR8-challenge. B) The percent IFNy-positive cells among the indicated adaptive and
innate-like cells present in the lungs on the indicated days post-challenge. C) Representative flow cytometry
of intracellular IFNy staining in CD4* and CD8* T cells from the lungs of WT and Ccr2”~ mice 3 days post
A/PR8-challenge. D) The total number of CD4* and CD8" T cells recovered from the lungs of WT and Ccr2”/-
mice on the indicated days post challenge. Data are presented as mean + SEM (n=5 mice per group, per timepoint),
representative of 2 independent experiments. "p>0.05 = not significant, *p<0.05, ***p=<0.001, ****p=<0.0001 ((A)
unpaired Students t-test. (B) and (D) Two-way ANOVA).
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Figure 4.14: Influenza-specific memory T cell numbers are reduced in Ccr2”’" mice following

A/PR8-challenge

A/HK-x31 immune WT and Ccr2”" mice were challenged with 500TCIDs A/PR8 and the distribution of influenza-
specific memory T cells determined over the course of infection. A) Representative flow cytometry of influenza-
specific CD8" T cells in the blood of WT and Ccr2”~ mice on days 3, 5 and 7 post A/PR8-challenge. B) The total
number of influenza-specific CD8* T cells recovered from the indicated organs of WT and Ccr2”" mice following
A/PR8 challenge. Data are presented as mean + SEM (n=4-7 mice per group, per timepoint). "p>0.05 = not
significant, *p=<0.05, **p=<0.01, ***p=<0.001, ****p=<0.0001 (Two-way ANOVA).
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Figure 4.15: Influenza-specific and host endogenous T cells in the lungs of Ccr2’" have
reduced BrdU incorporation following A/PR8 challenge
A/HK-x31-immune WT and Ccr2”~ mice were challenged with 500TCIDsg A/PR8 and T cell proliferation was

assessed during the recall response. To determine cell division mice were injected with 1mg BrdU 20 and 12 hours

prior to sacrifice. A) Representative flow cytometry of BrdU staining in influenza-specific CD8" T cells in the
lungs of WT and Ccr2”~ mice following A/PR8-challenge. The frequency of BrdU* Ki67* influenza-specific CD8*
T cells in the lungs B) and BrdU * influenza-specific CD8" T cells in the mLN C) of WT and Ccr2”" mice. D) The
total number of BrdU* Ki67* influenza-specific CD8" T cells in the lungs. E) The frequency of BrdU* endogenous
CD4* and CD8" tetramer” cells in the lungs of WT and Ccr2”" mice. Data are presented as mean + SEM (n=4-7
mice per group, per timepoint). *p>0.05 = not significant, *p<0.05, **p=<0.01, ***p=<0.001, ****p=<0.0001 (Two-way
ANOVA).
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Figure 4.16: T cell-intrinsic CCR2 expression is not required for secondary expansion of CD8*
memory T cells

C57BL/6 mice were mock-challenged or challenged with with PR8-Ova 35 days after x31-Ova immunisation to
generate primary and secondary OT-I memory populations respectively. A) Experimental plan for the generation
of primary and secondary WT and Ccr2”~ memory OT-I cells. B) Expansion of WT and Cer2”~ OT-I secondary

memory cells relative to primary OT-I memory populations was determined for the indicated tissues. Data are

presented as mean + SEM (n=12 mice per condition), pooled from 2 independent experiments. ™

significant (Two-way ANOVA).
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Figure 4.17: An alternative gating strategy for the identification of inflammatory-cDCs
A/HK-x31 immune mice were challenged with A/PR8 and MNP subsets in the lungs identified by flow cytometry
as in Fig. A) Representative flow cytometry for the identification CD64" F4-80" MerTK™ CD11c¢* MHC-IT*
putative inflammatory-cDCs on day 5 post A/PRS infection (pre-gated on live, lineage negative, CD45", Siglec
F, Ly6G~, CD43" cells). B) Surface expression of CD64 on inflammatory-cDC2s, F4-80" MerTK™ monocytes, and
F4-80" MerTK* M¢ subsets in the lungs 5 days post A/PR8 challenge. C) CD64 gMFI in the indicated MNP subsets
over the course of A/PR8 challenge. *p=<0.05, **p=<0.01, ***p=<0.001, ****p=<0.0001 (One-way ANOVA).
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Figure 4.18: Major disruptions in monocytes, monocyte-derived cells and inflammatory
¢DC2s in the lungs of Ccr2”” mice during A/PRS8 challenge

A/HK-x31-immune WT and Ccr2”" mice were challenged with A/PR8 and the number of MNPs present in the lung
tracked over the course of infection. A) The total number of the indicated MNP subset recovered from the lungs
of A/PRS8 challenged WT and Ccr2”~ mice on the indicated day post-challenge. B) The frequency of each indicated
indicated cell subset among a pooled sample of equal numbers of live, CD45" lineage™ cells from the lungs of WT
and Ccr2”™ mice on the indicated days post PR8 challenge. Data are presented as mean + SEM (n=4-12 mice per

group, per timepoint). ™p>0.05 = not significant, *p<0.05, ****p<0.0001 (Two-way ANOVA.)
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Figure 4.19: Depletion of CCR2-expressing cells during influenza challenge does not alter T
cell recruitment into the lungs
Naive OT-I cells (10*) were transferred into WT and Ccr2-DTR host mice that were infected with x31-Ova 24
hours later. Thirty five days post x31-Ova-infection WT and Ccr2-DTR hosts were challenged with PR8-Ova

and the memory OT-I response to infection, after depletion of CCR2-expressing cells, was measured on day

3 post-challenge. A) Experimental plan to assess OT-I responses to anamnestic challenge in CCR2-depleted

mice. B) Representative flow cytometry of lineage-negative Ly6C* CD64" myeloid cells in the lungs of WT and
CCR2-DTR mice on day 3 post PR8-Ova challenge, after Dtx administration. C) The Log, fold-change in the
indicated myeloid cell subsets in the lungs of WT and Ccr2-DTR mice on day 3 post PR8-Ova challenge, after Dtx

administration, normalised to WT mice. D) The total number of OT-I cells recovered from the indicated organs of
WT and Ccr2-DTR host mice. Data are presented as mean + SEM (n=12 WT n=11 Ccr2-DTR hosts), pooled from 2
independent experiments. "p>0.05 = not significant, *p<0.05, **p=<0.01, ***p=<0.001, “***p<0.0001 ((C) Two-way
ANOVA. (D) unpaired Students -test).
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Figure 4.20: Depletion of CCR2-expressing cells during influenza challenge leads to increased
turnover of OT-I cells in the lungs

Naive OT-I cells (10%) were transferred into WT and Ccr2-DTR host mice that were infected with x31-Ova 24
hours later. Thirty five days post x31-Ova-infection WT and Ccr2-DTR hosts were challenged with PR8-Ova
and the memory OT-I response to infection, after depletion of CCR2-expressing cells, was measured on day 3
post-challenge. A) Representative flow cytometry of BrdU and Ki67 staining in OT-I cells in the lungs of WT or
Ccr2-DTR mice on day 3 post PR8-Ova challenge. B) The percentage of OT-I cells that had incorporated BrdU
and gMFI for BrdU staining. C) The percentage of OT-I cells expressing Ki67 and gMFI for Ki67 staining. D)
Representative flow cytometry for the identification of apoptotic OT-I cells in WT and Ccr2-DTR hosts. E) The
frequency of Annexin V™ PI live, Annexin V* PI" early-apoptotic, and Annexin V* PI" late-apoptotic OT-I cells in
the lungs of WT and Ccr2-DTR host mice. F) Representative flow cytometry of IL-2 and IFNy production in OT-I
cells from the lungs of WT and Ccr2-DTR host mice 4 hours after ex vivo SINFEKL stimulation. G) The percent
cytokine-producing and gMFI for IL-2 and IFNy in OT-I cells from the lungs of WT and Ccr2-DTR hosts. Data
are presented as mean + SEM ((B-E) n=7 WT n=4 Ccr2-DTR hosts. (G) n=12 WT n=11 Ccr2-DTR hosts), pooled
from 2 independent experiments. "*p>0.05 = not significant, **p<0.01, ***p=<0.001, ****p=<0.0001 (unpaired Students
t-test).
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5 Discussion
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5.1 Introduction

The initial aim of this project was to identify the migratory cues that ultimately shape CD8" T cell responses to
viral infection. A comprehensive chemokine receptor screen identified CCR2 as a potential candidate for this
role. Although expression of this receptor had previously been identified in CD8" T cells in a number of different
infectious and non-infectious settings, no studies investigating the functional role of CCR2 in CD8" T cell biology
had been reported. Using a combination of genetic knockout and transgenic T cell transfer approaches it was
shown that, under the conditions tested, there is no cell-intrinsic role for CCR2 in the development of effector
responses to influenza infection, the establishment of long-lived memory populations, or in the acquisition of
effector potential. The expression pattern of CCR2 on circulating memory T cells also led to the investigation of its
role in regulating tissue recruitment in a non-anamnestic influenza challenge model. However, these experiments
demonstrated that CCR2 was also dispensable for CD8" T cell trafficking into virally-inflamed peripheral tissue
and lymph nodes. There was, however, a role shown for CCR2 in the infiltration of circulating memory OT-I
cells into skin inflamed by IL-1a treatment. Therefore, under the conditions tested, this study does not support
a cell-intrinsic role for CCR2 in the recruitment of memory CD8" cells during viral recall, but does support a
cell-intrinsic role for CCR2 in T cell immunosurveillance of inflamed skin under certain contexts. Investigations
into the cellular source of the CCR2 ligand, CCL2, demonstrated that monocytes and monocyte-derived cells
were the major CCL2-producing cell following influenza infection. These results informed experiments aimed
at assessing the role these CCL2-producing cells had in shaping the anti-influenza immune response through
the use of broad Ccr2”" mice, which have defective monocyte recruitment during infection. These experiments
showed that host CCR2 was required for the optimal formation of long-lived memory OT-I cell populations, but
had no impact on the development of endogenous influenza-specific memory CD8" T cells. Despite the relatively
normal distribution and function of endogenous memory CD8* T cells, x31-immune Ccr2”~ mice had increased
morbidity during lethal A/PR8 challenge which was associated with higher viral burden, and decreased IFNy in
the BALF. The defect in viral control upon challenge was associated with a decrease in T cell re-activation in the
lungs, which led to sub-optimal expansion of memory T cells during challenge. Therefore, the data in this study
do not support a cell-intrinsic role for CCR2 in CD8" T cell fate but demonstrate a requirement for host CCR2 for
the optimal function of memory T cells during memory T cell responses to influenza challenge. This discussion

will expand on the key aspects of this study.

5.2 The expression of CCR2 by CD8"* T cells.

CCR2 transcripts or protein have been reported to be expressed by CD8" T cells activated by diverse intracellular
pathogens in the respiratory and gastrointestinal tracts 299} [300} [337], from viral infection via intravenous
or intraperitoneal infection routes [209, [254, 301} 309, |338]], as well as in CD8"* T cells present in cancer and

autoimmune disease [339}|340]], after stimulation by ex vivo peptide-pulsed DCs [302], DNA-based vaccination

135



[303]], and in virtual memory cells [197,|341]. The data presented here extend the reports of CCR2 expression by
more comprehensively analysing the phenotype of the cells that were expressing this receptor, and the timing of
expression during influenza infection. Some chemokine receptors and adhesion molecules are associated with
activation in specific contexts, and may regulate tissue-specific homing of those cells, including a4p7 and CCR9
induction in gut-associated lymphoid tissue for T cell homing to the gastrointestinal tract [68}|69], and CLA and
CCR10 and CCR4 induction in skin-draining lymph nodes for T cell homing to the skin [70}|71]. Other chemokine
receptors, such as CCR5, have been reported to have consistent expression of transcripts across infectious models,
but context-dependent presentation of the receptor on the cell surface to regulate cell function [76|[189]. While
other receptors yet have been reported to perform a function restricted to a specific activation state, such as S1IPR1
for lymph node and peripheral tissue egress of mature, differentiated T cells [342]], CX3CR1 for the patrolling of
the vasculature by terminal effector cells [[246}253]], or CXCR6 to position memory precursor cells in the airways
for Trm differentiation [77]]. The broad expression of CCR2 seen across those reports mentioned above, and here,
early after activation and in diverse effector and memory subsets, indicates that it is unlikely that CCR2 is induced
in specific infectious contexts, or for tissue-specific homing, but instead is potentially expressed as a default part
of CD8* T cell activation, similar to CXCR3. Thus, similar to CXCR3, in this project CCR2 was hypothesised to be
involved in a broad CD8" T cell function with the potential to influence the majority of activated CD8" T cells

(162,190} 294].

Expression of CCR2 was not limited to any individual effector or memory subset and was relatively evenly
expressed across these subsets, unlike some other chemokine receptors, such as CXCR3 and CX3CR1, that decrease,
or increase in expression as cells become more effector-like [162}[246]. As effector cells transitioned into long-lived
memory cells, expression of CCR2 remained on circulating memory populations but was down-regulated on
Trm cells in the lung. As Trm cells undergo transcriptional changes to establish a program of residency, it is
possible that the transcription factors that regulate this residency program, such as RUNX2, HOBIT, and KLF2,
also cause downregulation of CCR2 [78[343]. The suppression of Ccr2 in resident memory cells and its continued
expression on all circulating memory subsets suggest that this receptor potentially performs a function that is
specific to circulating memory cells. Given the ability of these cells to rapidly deploy themselves to lymphoid and
non-lymphoid tissues during inflammation, it was further hypothesised that CCR2 regulates tissue egress in a
manner similar to that of bone marrow monocytes [122], or tissue access, which will be discussed later in this

chapter.

The restricted expression of CCR2 observed on human Tcem cells contrasted with those results seen in
mice, where CCR2 expression is present on all circulating memory cell subsets and was generally associated with
cells that have a greater effector potential [310]. However, whether this is a true interspecies difference, or is a
reflection of the different conditions under which CCR2 expression was examined, is unclear. However, in support
of the former, human CCR2, in contrast to murine, is more promiscuous in its ligand binding and CCL2, CCL7,
CCL38, CCL13, and CCL16 are all reported ligands of human CCR2 [344]. In this context, the multiple ligands
for human CCR2 could enable complex regulatory functions and a degree of redundancy within the chemokine

system to ensure effective immune defense. While CCL2, CCL8, and CCL13 all have broad expression in humans,
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active in the majority of peripheral tissues, CCL7 and CCL8 have much more restricted expression, with CCL7
transcripts reported in the bone marrow and adipose tissue, and CCL8 transcripts only detected in the liver [345].
The CCL7 axis could be used by human Tem cells for homing to the bone marrow where there is homeostatic
maintenance and turnover of these cells, as has been reported for mice [[346-348]]. In support of this, human bone
marrow contains a large reservoir of memory cells [349,|350]], although the precise phenotype of those memory
cells is unclear. The white adipose tissue of mice has also been reported as a reservoir for circulating memory
T cells [351], and localisation of memory cells within adipose tissue prompts metabolic changes that support T
cell longevity and recall function. Additionally, in the present study, Tcm cells from human donors that express
CCR2 displayed a lower lymph node homing capacity than CCR2-negative Tcm cells, as indicated by reduced
expression of the lymph node homing markers CCR7 and CD62L. It has been demonstrated in mice that Tem
cells are able to rapidly infiltrate NLT during viral infection [235,290], and at homeostasis small populations of
CD8* and CD4" Tcm cells can be detected in human NLT [265} [352]]. Taken together, with the reduced lymph
node homing capacity, CCR2-expressing Tcm cells could represent a transient surface phenotype acquired during
recirculation, or a stable subset that preferentially localises to NLT during inflammation. Given more time, it
would be interesting to extend the experiments in this study by performing a more thorough characterisation of
these CCR2* human Tcm cells to determine how they relate to the human T stem cell memory subset [353], or to

determine if they represent a functionally distinct subset of Tem cells.

5.3 Regulation of effector and memory cell differentiation

Several reports have demonstrated the importance of inflammatory chemokine receptors, such as CXCR3 and
CCR5 for the optimal differentiation of effector CD8* T cell populations [162} 291H294} 354]. During CD8*
T cell activation in SLOs these inflammatory chemokine receptors are expressed early after TCR stimulation
and direct activated cells to inflammatory niches, or to antigen-bearing cDCs, to drive effector differentiation.
Immunofluorescent analysis of CD8" T cell responses in several different infectious models have demonstrated
that the lymph node interfollicular and capsular environments serve as important microanatomical niches for
these T cell-cDC interactions [39, (105|155} {165} 250} 294, |354]]. In these settings the initial activation of T cells
often occurs within the paracortex and, as the response progresses, activated CD8" T cells migrate to capsular and
interfollicular regions of the lymph node to complete their differentiation. In the present study it was observed
that, like CXCR3, CCR2 was expressed by OT-I cells after the first cell division in the lung-draining mLN, and the
CCR2 ligand CCL2 was also detectable in mLN supernatants by ELISA by day 4 post influenza-infection. Although
the number of CCL2-reporter-positive cells present in the mLN of CCL2-RFP mice was low following primary
infection, there were some cells present at day 5 post infection, a time point at which influenza-specific T cells are
actively dividing and differentiating [305]. Additionally, it is possible that the majority of the CCL2 present in
the mLN drained from the inflamed lungs, as has been reported for CCL2 in other models of inflammation [[16]
355]]. Therefore, CCL2 would likely be present around interfollicular areas that are enriched for T cell activation

clusters [[105]]. As it was observed in the present study that nearly all activated OT-I cells in the mLN on day
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4 post x31-Ova infection were expressing CCR2, it was hypothesised that CCR2 could be involved in the fate
determination of these cells, potentially by recruiting them to those inflammatory niches around interfollicular
and capsular regions of the mLN. However, a series of in-depth experiments indicated that the initial expansion,
effector differentiation, and the acquisition of effector potential of these cells was unaffected in the absence of

CCR2, which did not support a cell-intrinsic role for CCR2 in any of these aspects of the effector response.

One striking observation that resulted from the present study was the identification of sustained expression
of CCR2 in circulating memory T cells, but little expression in resident memory cells. In contrast to resident
memory T cells, which are programmed to their fate within barrier tissues, the eventual development circulating
memory cell subsets is tightly linked with the signals that a cell receives during its initial priming and expansion.
The transcriptional networks established during cell priming can dictate the size of a memory population through
clonal expansion, the relative abundance of central and effector memory subsets, and the ability of cells to survive
the contraction phase [[183}|184},|246|356]]. This is likely the reason why there was no difference in the distribution
or number of circulating memory cells seen in Ccr2”~ OT-I cells, as their memory fate was likely sealed during
initial activation, which was unaltered in the absence of CCR2. In addition to influencing the differentiation
of CD8" T cells, chemokine receptors have the potential to influence the maintenance of circulating memory
cells, which is regulated primarily through common y-chain cytokines, particularly IL-7 and IL-15 [357H360]. At
homeostasis these cytokines are expressed by stromal cells, primarily fibroblasts [361}362]. As fibroblasts also
constitutively produce low levels of CCL2 [[42}133] it was hypothesised that these cells create a microenvironment
within tissues that support the continual maintenance of circulating memory cells in a CCL2-CCR2 dependent
manner. However, this hypothesis was not supported, as no difference was observed in the number of Ccr2”/-

memory CD8" T cells present at memory timepoints in either lymphoid or non-lymphoid tissues.

Like the development of effector CD8" T cell populations during the acute phase of an an infection, Trm cells
also require chemokine-dependent localisation at barrier sites for their development [78]], yet the tissue-specific
requirements for this localisation are not fully understood. Analysis of CCL2-reporter mice following influenza
infection showed that reporter-positive cells were present at 11 days post A/HK-x31 infection, a timepoint at which
influenza-specific T cells are transitioning from expansion, to contraction, and memory formation. Concomitant
with the resolution of influenza infection is the appearance of discrete patches of active tissue repair marked by
the presence of keratin 5 [363H365]. In the post-influenza-infected lungs the generation of Trm cells is restricted
to these micro-environments that have experienced tissue damage [281]], although it is not clear which signals
localise and retain cells at these areas. It is well established that monocytes and monocyte-derived M¢ are critical
for tissue-repair processes, and the CCL2-producing monocytes that are present late after infection are likely
localised to areas of tissue damage where they can mediate tissue repair [366]. Additionally, some of the signals
that promote tissue repair in these microenvironments also promote the maturation of Trm cells, as has been
shown for the tissue healing factor NOTCH [367]]. However, as the frequency and total number of WT and Ccr2”-
OT-I Trm cells present in the lung parenchyma was not altered in the absence of CCR?2, it is unlikely that this
receptor is involved in T cell localisation to these area of tissue damage to promote Trm development. Populations

of Trm cells also transiently persist in the airways after infection, and it is known that these T cells are partially
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reliant on CXCR6 to migrate from the lung parenchyma into the airways to form airway-resident Trm [77]. This
process is also potentially regulated by CXCR3, although those studies utilised global CXCR3 knockout mice and
it is not clear if the reduced numbers in the lungs and airways was due to a defect in recruitment, or priming of
the cells, or both [[65}|75]. Data obtained from the CCL2-reporter mice in the present study showed that alveolar
Md located in the airways began to produce CCL2 after the clearance of the virus, and Ccr2”~ OT-I cells also had
a defect in their recruitment into the airways at day 9 post infection, suggesting that alveolar M¢$ may promote T
cell recruitment into the airways in a partially CCR2-dependent manner. However, the reduction in alveolar M¢
numbers did not have a lasting impact on the development of Trm populations in the airways. Together, the data
presented here demonstrate that while the receptor and ligand are both present across the spectrum of T cell

differentiation, CCR2 has no cell-intrinsic effect on CD8" T cell effector or memory cell differentiation.

Although no cell-intrinsic role for CCR2 was identified in the present study, it is possible that CCR2
expression by CD8" T cells is required in other infectious or disease settings. As mentioned, CCR2 transcripts or
protein have been reported in CD8" T cells in a number of infectious, and non-infectious, settings [[197}/209} [254}
299303, [309,337+341]]. The present study focused on a single respiratory viral infection model, however, the
migratory requirements for CD8" T cells may differ in other barrier tissues and infection, or disease, models. In
future experiments it would be worthwhile looking in other infectious settings such as flank skin, or intravaginal
HSV infection to assess CCR2 requirement in the skin and female reproductive tract respectively, or Yersinia spp.
or Salmonella typhimurium infection by oral gavage to assess responses in the gastrointestinal tract. Additionally,
the analyses performed on Ccr2”/~ OT-I cells in the present study focused on the most obvious outcomes of CD8*
T cell activation; differentiation of effector subsets, the formation of long-lived memory cells, and acquisition of
effector potential. Although no differences were seen in any of these analyses, performing a detailed RNAseq
analysis on populations of WT and Cer2”~ OT-I cells isolated from the mLN or lungs of mice at the peak of the
OT-I response to infection, or at memory timepoints, may reveal any impact of this receptor on CD8"* T cell
activation, differentiation, and function, including more subtle effects than could not be detected in the present

study.

54 Memory CD8" T cell trafficking during influenza challenge

Circulating memory cells are able to establish a body-wide state of immunosurveillance regardless of the initial
site of infection [318]]. In the present study it was hypothesised that CCR2 may have an important role in a recall
setting, where populations of circulating memory CD8" T cells expressing CCR2 are poised to rapidly infiltrate
early-inflamed peripheral tissue or lymph nodes in a CCR2-dependent manner. Evidence for this exists in vitro
where the transendothelial migration of human effector CD8" T cells across TNFa-stimulated endothelial layers
was shown to be CCR2-dependent [34]. Although CCL2-reporter expression was not observed in CD45 cells
in the lungs, blood endothelial cells within postcapillary venules have high expression of ACKR1, which can

bind and translocate CCL2 from the tissue parenchyma to the blood lumen [13} |14} |57]. Atypical chemokine
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receptors expressed on HEVs in lymph nodes have also been shown to perform the same function, transporting
lymph drained chemokines from the lymph node to the lumen of blood vessels to facilitate monocyte recruitment
and, therefore, this same chemokine axis may be used by CCR2-expressing Tcm and Tpm cells to enable their
rapid recruitment into LNs draining inflamed tissue [[16]]. In the present study, inhibition of GPCRs through Ptx
treatment of memory OT-I cells demonstrated that the migration of circulating memory cells into the inflamed
lungs and mLN was entirely dependent on GPCR signalling which, while indirect, supports the involvement of
one or more chemokine receptors in this process. However, when directly tested, the data clearly showed that the
migration of Ccr2”~ OT-I cells into inflamed tissue during in vivo challenge was similar to that of WT. Interestingly,
the frequency of cells in the circulation was significantly altered, where there was a greater ratio of Ccr2”" to WT
OT-I cells in the vasculature of the lungs, the red pulp of the spleen, and in the bone marrow. These results are
consistent in some regards with the in vitro data from Shulman et al. [34], where, when translating the findings
of Shulman et al. into an in vivo context, a higher frequency of Ccr2”~ OT-I cells in vascular fractions would be
expected if these cells are not infiltrating inflamed tissues and SLOs. However, there was not a corresponding
decrease in the number of Ccr2”/~ OT-I cells in peripheral tissue, as would be expected if CCR2 was required for
early tissue infiltration, indicating that CCR2 is dispensable for recruitment of CD8* T cells into inflamed lungs
and mLN. It is possible that while Ccr2”~ OT-I cell migration to inflamed lungs, mLN and upper airways is normal,
these cells have reduced trafficking to non-target, uninfected tissue, such as the gastrointestinal tract (GIT). As
it has previously been reported that CD8" T cell migration into the GIT is partly CCR2-dependent [337]], some
WT OT-I cells that have been mobilised to the blood may migrate into that tissue in a CCR2-dependent manner,
leaving a higher frequency of Ccr2”~ OT-I cells in the circulation. The work from Shulman et al. [34] also showed
that the dependence on CCR2 for transendothelial migration was lost if the endothelial layers were co-stimulated
with IFNy and TNFa, presumably by increasing CXCL9 and or CXCL10 expression by the endothelial cells in an
IFNy-dependent manner, and providing T cells an alternative trigger for transendothelial migration via CXCR3
[34]]. This could explain why no role was observed for CCR2 in the recruitment of memory OT-I cells into the
inflamed lung parenchyma and the mLN, as CXCL9 and CXCL10 are rapidly produced during re-infection in
an IFNy-dependent manner {79} 287, |368]]. The presence of host endogenous Trm cells in the lungs prior to
challenge likely results in rapid IFNy production that results in secretion of CXCL9 and CXCL10 to promote T cell
recruitment [288]], and although these are non-anamnestic challenges, bystander memory T cells can be activated
to produce IFNy in a cytokine dependent, antigen independent, manner by local monocytes to provide IFNy [124;

129].

Due to the presence of multiple chemokine axes that are available to memory CD8" T cells infiltrating
influenza-infected lungs during A/PR8 challenge, it was hypothesised that the reason there was no role identified
for CCR2 in tissue infiltration was due to chemokine receptor redundancy. Thus, while there was no cell-intrinsic
role for CCR2, it is possible that CCR2 works synergistically with other chemokine receptors to regulate CD8* T
cell fate and function. This hypothesis was explored in several ways in the present study, but, due to technical
difficulties with these experiments, the hypothesis could not be adequately addressed (Appendix Fig. [6.1]6.2).
Those experiments were based on the observation that although the influenza-infected lungs expressed a diverse

range of chemokines, expression of the CXCR3 ligands CXCL9 and 10, and the CCR5 ligands CCL3, 4 and 5 were
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particularly prominent. These chemokine axes both have important roles in CD8" T cell biology, and were two
likely candidates for chemokine receptor redundancy. In the present study, some preliminary experiments were
performed to assess any degree of redundancy within these receptors in regards to T cell recruitment to inflamed
tissue in a non-anamnestic influenza challenge model. However, co-transfer of WT and Ccr2”~ memory OT-I cells
into day 4 A/PR8-infected Ifny”~ hosts, which fail to express CXCL9 and CXCL10, 4 hours prior to analysis did
not reveal any defect in migration of Ccr2”~ OT-I cells into inflamed tissue (Appendix Fig. . Additionally,
attempts at neutralising CXCR3 with a commercially-available antibody, or CXCR3 and CCR5 with peptide
antagonists, were also unsuccessful at inhibiting Ccr2”~ OT-I cell migration into inflamed tissue (Appendix Fig,.
. However, the in vivo efficacy of the small molecule antagonists was questionable, and the CXCR3 neutralising
antibody may have been causing organism-wide depletion of OT-I cells, rather than neutralisation of the receptor.
To better assess potential synergy between these chemokine receptors Ccr2”~ mice could be crossed with Cxer3 ™
mice, to generate dual knockout mice that would allow determination of redundancy with these two receptors,
similar to that previously observed with CCR5 and CXCR3 during influenza infection [292]. Potential synergy
between CCR2 and CCR5 would be harder to assess as these two genes are within close proximity of each other on
the same chromosome, effectively eliminating the possibility of breeding double knockout mice [369]. The recently
generated iCCR-deficient mice, in which the entire region of the genome that contains the genes for CCR1, CCR2,
CCR3 and CCRS5 has been removed [74], could potentially be used to assess the combined contribution of these
receptors to CD8" T cell fate and function. Though these mice also lack CCR1 and CCR3, these receptors are
not expressed on responding CD8" T cells [370], and though Ccrl mRNA was detected in influenza specific OT-I
cells, the protein was not detectable on CD8" T cells in this study using a commercially-available antibody (data
not shown). The iCCR mice could also be crossed with Cxcr3”" mice and TCR transgenic strains, such as the

OT-I mouse, to generate inflammatory chemokine receptor deficient CD8" T cells to allow the most thorough

investigation of inflammatory chemokine receptor redundancy in CD8" T cell biology to date.

5.5 Memory CD8" T cell trafficking into cytokine-stimulated ears

In contrast to those results seen during influenza challenge, the trafficking of Ccr2”~ memory OT-I cells into ear
pinna treated with IL-1a, but not IL-1B or TNFa, was significantly impaired compared to WT. Despite signalling
through the same receptor, IL-1RI, IL-1a and IL-1f had dramatically different effects on memory cell migration,
with IL-1B-treated ears displaying no measurable OT-I cell recruitment by flow cytometry. These results are
consistent with the in vivo biological activities of these cytokines as IL-1a and IL-1B have been shown to have
non-redundant functions in peripheral tissues in regards to innate and adaptive cell recruitment [82, 371} [372].
For example, in a study by Natsuaki et al. [82] it was demonstrated that cutaneous administration of IL-1¢, but
not IL-1f, promoted clustering of DCs around perivascular regions of the mouse dermis. The IL-1a-dependent
clustering of dermal DCs was critical for recruitment of effector T cells and their ongoing proliferation and IFNy
secretion in situ. Although the specific chemotactic signals that promoted the recruitment of T cells were not

fully investigated in that study, reports have shown that IL-1a signalling through IL-1RI can induce CCL2 and
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CCL5 expression, although the full extent of chemokine expression has not been reported. Regardless, the data
presented here begin to form the basis of a model that potentially represents the first described mechanism for
chemokine-dependent T cell immunosurevillance of peripheral tissues (Fig. [6.1). In this model, stressed, damaged,
or dying cells release IL-1a which stimulates production of CCR2 ligands by local immune and stromal cells. These
chemokine signals are sensed by circulating memory T cells in the bloodstream that are then prompted to migrate
into the inflamed tissue. Once in the inflamed tissue the T cells can scan for cognate antigen, or the presence of
overt inflammation in the form of inflammasome-derived IL-18 and IL-1B, with sensing of either resulting in IFNy
production, amplification of local CXCL9 and CXCL10 secretion, and further infiltration of T cells to combat the
potential infection. Although a feed-forward loop such as this had been described for the amplification of innate
responses to infection, whether this mechanism is co-opted by memory T cells of the adaptive immune system
is not known. Additional work would be needed to confirm that the migration of WT T cells into IL-1« treated
ears is lost in Il1r17" hosts, that migration of Cer2”™ T cells is restored when IL-1a is co-injected with IFNy, and
investigate the full extent of how IL-1a, IL-1p, and TNFa treatment regulate chemokine expression in peripheral
tissue.
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Figure 5.1: Working model for the CCR2-dependent immunosurveillance of damaged
peripheral tissue

1) Damaged or stressed epithelial cells secrete IL-1a into the local tissue. 2) Nearby IL-1RI expressing stromal
cells, tissue M¢ and vascular-associated cells such as pericytes sense IL-1a and 3) produce CCR2 ligands, as well
as secondary effector cytokines that increase the expression of chemokines and adhesion molecules by endothelial
cells. 4) Circulating memory T cells bind to, and cross, inflamed endothelial cells in a partially CCR2-dependent
manner. Once in the inflamed tissue T cells either 5) Sense damage signals in the tissue, in the form of cognate
antigen or inflammatory cytokines and amplify the response through IFNy secretion, or 6) Do not encounter any

signals that result in amplification of the response and return to the circulation via the afferent lymphatics.
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5.6 Monocyte influence on the generation of effector and memory T

cell responses

During the course of this study a report was published that suggested that monocytes and their derivatives are
important for the long-term maintenance of memory OT-I cell populations [118]. Using Ccr2”" mice, where
monocyte egress from the bone marrow is inhibited during inflammation, Desai et al. [[118] observed normal OT-I
cell expansion and contraction, but decreased numbers of resident and circulating memory OT-I cells following
an intranasal vaccinia virus infection in Ccr2”~ hosts relative to WT hosts 50 days post-infection. Although
the authors did not provide a mechanism for the decreased memory pool in Cer2”" hosts, they hypothesised
that interactions with monocytes long after the resolution of infection could be required for the maintenance of
memory CD8" T cells. A more recent report, using the same transfer approach but in influenza infection, suggested
that influenza antigen was presented by pulmonary monocytes to drive the monocyte-dependent development
of OT-I Trm cells within the lung [330]]. Using in vitro co-culture systems those authors showed that OT-I cells
that were co-cultured with FACS-sorted monocytes from day 8 x31-Ova infected lungs upregulated the canonical
Trm marker CD103, indicating that monocytes may have the potential to drive Trm differentiation. In addition to
the reduction in the formation of resident memory OT-I cells Dunbar et al. [330] also reported a reduction in
the total number of endogenous NP-specific Trm cells present in Ccr2”~ hosts relative to WT hosts 45 days after
influenza infection. While the data presented here regarding the development of resident memory OT-I cells in
Ccr2”" hosts is consistent with that of Desai et al. [118] and Dunbar et al. [330]], a major difference between these
previous publications and the present study is that the total number of host influenza-specific memory CD8* T
cells was largely unaffected by the absence of CCR2. It is unclear as to why the results in the present study differ
from the work of mentioned above, but the work presented here is performed with littermate-derived control
mice, while the work of those studies [[118} 330] relied on knockout mice bred in-house and control mice sourced
from a commercial facility. Although the use of littermate controls still has some limitations [373, [374], these
mice are less prone to genetic variation and the potential effects of the microbiome on immune development
during embryogenesis and the pre-weaning period [375-377], and thus represents a model that may be less prone
to artefacts. Why this difference in memory formation affects OT-I cells and not endogenous influenza-specific
memory cells is also unclear, although one explanation may be in the size of a memory T cell population a host
can reliably maintain. The size of the memory OT-I population that is present 35 days post-influenza infection is
far greater than the size of the endogenous influenza-specific memory CD8* T cell population. As all memory
T cell subsets require IL-15 signalling for their long-term maintenance [78}272]], and as monocytes have been
reported as a source of IL-15 in vivo [[127,|359}|378]], the overall reduction in OT-I memory cell numbers could
be due to a reduction in IL-15-dependent maintenance by monocytes in Cer2”~ mice. For memory OT-I cells
there could be higher competition for limited IL-15 which leads to enhanced contraction, whereas, under normal
circumstances, the small number of influenza-specific memory CD8" T cells do not have to compete for these
signals. If this was an underlying cause for the difference in OT-I numbers then future experiments aimed at

transferring a more physiologically relevant number of naive OT-I cells, 102 instead of 10%, may reverse the loss
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of OT-I memory cells seen in Ccr2”" hosts.

5.7 The impact of Ccr2 deficiency on the memory response to

heterosubtypic challenge

Another of the major findings of this study was a demonstrated requirement for CCR2 for optimal host protection
in the context of lethal heterosubtypic challenge with influenza. Analysis of x31-immune Ccr2”~ mice during
A/PR8 challenge revealed increased weight loss that was associated with an increased viral load and decreased
IFNYy in the airways, relative to WT mice, indicating that the establishment of an early IFNy-dependent antiviral
state is compromised in Ccr2”~ mice. Despite the reduction in IFNy in the airways, T cells from the lungs of
day 3 A/PR8 challenged Ccr2”~ mice had a higher frequency of IFNy expression after ex-vivo stimulation with
PMA, although their cytokine production potential was equivalent in resting memory mice. As T cell infiltration
into the lungs of day 3 A/PR8 challenged WT and Ccr2”~ mice was equivalent, the decrease in IFNy in the BALF
was potentially due to reduced re-activation of memory cells in situ. It has previously been reported that with
repetitive TCR stimulation, T cells lose the ability to produce IFNy [379]. This previous observation, paired with
the observed reduction in BrdU incorporation seen in the present study in T cells from the lungs of Ccr2”~ mice
on day 3 post-challenge, suggests that T cells in the lungs of Ccr2”~ mice had received reduced TCR stimulation,
which may have preserved a greater effector potential in these cells just prior to ex vivo stimulation. In support
of this, the percentage of IFNy-expressing CD8* T cells from Ccr2”~ mice at day 3 post-challenge more closely
resembled the IFNy production seen in resting memory cells. Over the course of A/PR8 challenge, numbers of
c¢DCl1s, cDC2s and alveolar M¢ were similar in WT and Ccr2”™ mice, however, monocytes, monocyte-derived
cells, and inf-cDCs were significantly reduced in numbers in Cer2”~ mice, which would likely reduce the number
of antigen-presenting cells memory T cell are able to interact with for their reactivation in situ, and result in
lower IFNy present in the airways. Although the ability of monocytes to present viral antigen on MHC-I in vivo is
contentious, recent in vivo imaging studies have shown that CD8" T cells form stable interactions with monocytes
in the trachea of influenza infected mice [[380], and blockade of MHC-I in vivo reduces T cell interactions with
monocytes in the trachea. It is debatable whether or not such interactions with monocytes drive T cell proliferation,
possibly due to the lack of costimulatory molecules expressed by these cells, but it is generally well accepted
that these interactions can promote the secretion of effector cytokines by antigen-specific T cells [[314], possibly
through the provision of cytokines such as IL-1f and IL-18 124} 127,129,381, |382]. These reports, along with data
presented here, implicate monocytes, monocyte-derived cells, and inf-cDCs in the lungs as important mediators

of effector cytokine production in memory CD8" T cells in situ during influenza challenge.
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5.8 Memory cell proliferation in the lungs after A/PR8 challenge

In addition to the increased morbidity and reduced effector cytokines in the airways of A/PR8-challenged Ccr2”/
mice, there was a significant reduction in the number of proliferating influenza-specific memory T cells in
the lungs during the early stages of A/PR8 challenge. Although the precise mechanism that resulted in this
proliferation defect remained unclear in the present study, one hypothesis that was partially investigated, but
remains unresolved, was whether a reduction in antigen presentation to memory T cells, due to the paucity
of monocyte-derived cells and inf-cDCs in the lungs of influenza-challenged Ccr2”~ mice, was an underlying
cause. Previous reports investigating lethal influenza challenge have suggested a correlation between monocyte
infiltrates and optimal host protection [361]], although exactly how monocytes provide this enhanced protection
was unclear. Other studies have suggested that monocytes were required for optimal CD8* memory T cell
maintenance prior to challenge, and this reduction in the pool of influenza-specific memory T cells in the absence
of monocytes ultimately compromised the response of Ccr2”~ mice to A/PR8 challenge [[118, 330]. Additionally it
was suggested that this maintenance of memory T cell numbers by monocytes is dependent on presentation of
cognate antigen by these cells [[120]. The data presented in the present study indicate no major differences in
endogenous memory CD8" cell populations between WT and Ccr2”~ mice prior to, or shortly following, A/PR8
challenge, and the contribution of monocyte antigen presentation to CD8" T cell biology is controversial [89)
90,|136, [383]. Historically, monocytes have been difficult to separate from ¢DC2s, particularly in inflammatory
settings, because they share very similar surface markers [89,|136}|141}|143}|173{177]]. As a result, many papers
that have attempted to determine functional outcomes of monocyte-T cell or cDC2-T cell interactions are difficult
to interpret because of potential contamination of one cell subset with the other. However, the most recent data
published suggest that most of the cells that were previously considered to be monocyte-derived DCs are actually
an inflammatory subset of cDC2s that are derived from a committed pre-cDC precursor, and are not functionally
related to monocytes [90]. In that report inf-cDC2s sorted from the lungs and mLN of infected mice, rather than
monocytes and monocyte-derived cells as identified by Bosteels et al. [[90], were shown to efficiently drive naive
CD8* T cell proliferation and, importantly, are partially dependent on CCR2 for their migration into inflamed
lungs. In the present study, a thorough examination of the MNP subsets in the lungs of WT and Ccr2”~ mice during
recall did not show any differences in the number of ¢cDC1s and ¢cDC2s, but found a large reduction in the number
of monocytes and monocyte-derived cells in Ccr2”~ mice relative to WT. Although the gating strategy employed
was not identical to that outlined by Bosteels et al. [90]], there was also a significant reduction in the total number
of inf-cDC2s present in the lungs of Ccr2”~ mice throughout A/PR8 challenge. Of note, cDC1 and cDC2 numbers
in the lung rapidly declined after A/PR8 challenge, as these cells presumably matured and migrated to the draining
mLN, and this exodus of lung ¢cDCs was quickly replaced by inf-cDCs by day 3 post-challenge. Results from the
recall kinetics during non-anamnestic challenge showed that large numbers of circulating memory OT-I cells
infiltrate the inflamed lung within 48-72 hours of A/PR8 challenge, coinciding with the appearance of inf-cDCs in
the lung. Thus, it is possible that T cells infiltrating the lungs during A/PR8 challenge require interactions with this
inf-cDC subset for their optimal expansion in situ and that CCR2 expression by both subsets plays an important

role in their colocalization within the tissue. Although these observations, alongside the antigen-presenting
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capacity of monocytes and inf-cDCs reported by Bosteels et al. [90], implicate inf-cDCs as important regulators of
memory T cell expansion, the specific antigen-presenting capabilities of lung-derived monocytes and inf-cDCs

during influenza challenge would have to be compared through experimentation. This will be discussed shortly.

One intriguing observation from this work is that while the proliferation of memory T cells appears
compromised during secondary challenge, the proliferation of T cells during primary infection is unaltered,
despite the same reduction in MNP numbers in primary A/HK-x31 infected lungs while activated T cells are
present (from day 7 post infection). This difference in proliferation between a primary infection and a secondary
challenge could be driven by differences intrinsic to the CD8* memory T cells present in Ccr2”~ mice, or memory
cell extrinsic factors that arise as a result of the viral challenge. Some potential mechanisms relating to the latter
possibility will be discussed here. A possible mechanism by which antigen presentation specifically to memory T
cells is reduced in the lungs of Ccr2”~ mice is compromised Fe-receptor-mediated uptake and antigen presentation
of immune complex-derived antigens by MNPs. A number of different MNP subsets were significantly reduced
in number in the lungs of Ccr2”~ mice, but one common theme among the affected cells is the expression of Fc
receptors. The expression of Fcy receptors by monocytes, M@, and inf-cDCs enables these cells to efficiently
internalise IgG immune comxplexes (ICs) and either degrade the internalised material, or process it for presentation
to T cells in situ [[90},150]. In a primary response to influenza infection class-switched IgG antibodies begin to
appear at low titres by day 7 post-infection, around the time the virus is cleared from the host, and steadily
increase for about one month after which relatively high antibody titers are maintained for life [384} 385]]. Due to
these kinetics in antibody responses it is probable the contribution of Fc-receptor-dependent antigen-capture
and presentation is low in a primary response, but high titres of high-affinity, class-switched, antibodies prior
to challenge leads to enhanced Fc-receptor-dependent antigen-capture and presentation to memory T cells.
Although the primary target of the B cell response to influenza are surface proteins such as hemagglutinin and
neuraminidase, B cells also generate high titers of non-neutralising antibodies against internal viral proteins such
as NP and PA [386({388]. Thus, in a heterosubtypic challenge, where the antibodies generated in the primary
response no longer efficiently bind surface HA and NA proteins, the contribution of neutralisation by the humoral
response is minimal, but not completely absent, as non-neutralising antibodies can still form immune complexes
that alter the antigen presenting capacity of MNPs [387,/389]]. Internalisation of ICs through Fc-receptors and
signalling through the intracellular FcR tripartite motif-containing protein 21 (TRIM21) promotes degradation of
internalised antigen and presentation on MHC-I [390]]. Additionally, expression of TRIM21 is increased in MNP
subsets under inflammatory conditions [391]], which likely increases the amount of internalised Ab-complexed
antigen that is presented on MHC-I by these cells [[390]. T cell proliferation is also much greater when APCs are
presenting antibody-bound, rather than soluble, antigen [[150}|181}182]]. Thus, it is possible that ICs are captured
by inf-cDCs, or monocytes and their derivatives, in the lungs, where these cells then present captured influenza
antigen to recently-recruited memory CD8" T cells to drive their secondary expansion. This concept has been
demonstrated in B cell-deficient mice, where transfer of serum from A/HK-x31-immune mice into B cell-deficient
A/HK-x31 immune pMT mice prior to A/HK-x31 challenge resulted in greater levels of influenza-specific CD8* T
cell proliferation, indicating that the presence of a-influenza antibodies, and the formation of influenza ICs, can

augment expansion of memory T cells. As cDC1s and ¢cDC2s do not express Fc receptors [150], or only express
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them at very low levels, these cells likely acquire antigen through phagocytosis, rather than receptor mediated
uptake of opsonised antigen, and thus may preferentially migrate to the mLN to present antigen to naive and
memory T cells. In contrast, the newly-recruited inf-cDCs and monocyte-derived cells may be poised to capture
ICs at the site of infection and present this antigen to recently-recruited circulating memory cells, and resident
memory cells (Fig. 5.2). This potentially represents a previously unappreciated division of labour among APC

subsets in the activation of naive and memory T cells.

It has also been shown that the formation of ICs at late stages of influenza infection is required to program
the proliferative potential of some influenza-specific CD8* memory T cell clones. Léon et al. [387]] showed that
the formation of memory NP-specific CD8* T cells is normal in mice that are depleted of B cells during primary
influenza infection, upon recall, however, memory CD8" cells from B cell-depleted mice displayed a cell-intrinsic
defect in their secondary expansion [387]. This is unlikely to be the underlying cause of reduced T cell proliferation
in the present study as the defect in proliferation observed in the present study affected both NP- and PA-specific
memory T cells, whereas the mechanism proposed by Léon et al. [387]] only affected NP-specific T cells. However,
this same model of B cell-depletion could be used to assess the contribution of IC-formation and capture to the
re-expansion of memory T cells in WT and Ccr2”~ mice. Although administration of «CD20 antibodies to WT and
Ccr2”!” mice to deplete B cells prior to primary A/HK-x31 infection may introduce a pre-programmed defect in
NP-specific memory T cell expansion, this would affect both WT and Ccr2”~ mice equally. If the defect in memory
T cell expansion was due to differences in Fc-receptor-dependent antigen capture, Ccr2”~ mice depleted of B cells,
and thus ICs, should exhibit memory T cell expansion similar to that of WT mice. This model could be further
confirmed by performing transfer of serum from A/HK-x31 immmune mice into B cell-depleted WT and Cer2”
mice prior to challenge, which would potentially rescue memory T cell expansion in WT, but not Cer2”~ mice.
Additionally, Fc common y chain floxed mice could be generated and used to specifically assess the function of
Fc receptors in vivo. By crossing these mice to lineage-specific Cre-inducible mice (covered in detail later) and
inducing Cre-recombinase expression prior to A/PR8 challenge the effect of Fc receptors on CD8" T cell priming

would be preserved, while still enabling the assessment of Fc-receptors on memory T cell reactivation.

While the experiments outlined above would begin to address the potential mechanism by which antigen-
presentation to memory T cells is compromised, they would not provide any information as to which particular
MNP subset, or subsets, are responsible for that process. Attempting to separate out the individual contributions
of monocytes, monocyte-derived cells, and inf-cDCs to memory CD8* T cell re-activation in the lungs is difficult,
as no reliable in vivo methods currently exist to specifically target these subsets [[90]]. Initial attempts at removing
monocytes from mice during challenge utilised the CCR2-DTR mouse, as this is a common model used for
monocyte depletion in various infections [[108}|124} 131} (162} 301} 332336]]. However, in the present study, the
Ccr2-DTR mouse was found to not be a viable option for assessing the specific contributions of monocytes to
memory T cell responses, as the administration of Dtx caused broad myeloid cell depletion. Thus, in the setting of
influenza infection at least, the Ccr2-DTR mouse is not a monocyte-specific depletion strategy. Another depletion
strategy could be the use of the RB6-8C5 depleting antibody, which targets the Ly6C/Ly6G complex Gr-1 expressed
by neutrophils and monocytes, although what overlap this depleting antibody also has with Ly6C-expressing
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circulating memory T cells, and inf-cDCs, would first have to be assessed, as this antibody has been reported to
partially deplete those cells [392]]. Another approach could be the use of clodronate-loaded liposomes which, when
delivered IV, deplete the majority of circulating monocytes, but not ¢cDC populations. Additionally, mouse strains
could potentially be generated to target specific MNP subsets. By crossing the recently generated Ms4a3-Cre
mouse, which marks mature peripheral monocytes and granulocytes, but not tissue cDCs [132], with Rosa-26-DTR
mice [393], the depletion of monocytes, but not inf-cDCs, could be achieved. Currently, there are no reliable
depletion strategies or lineage tracing methods that are available that specifically target cDC2s or inf-cDCs to
determine their individual contributions during an immune response. However, as inf-cDCs rely on cell-intrinsic
IFNa signalling for their development, a potential model to assess their contributions to T cell reactivation would
be generation and comparison of cDC-specific Zbtb46-Cre Ifnari mice to WT mice during influenza challenge.
As ¢DC1 and ¢DC2 migration is not altered in the absence of CCR2, but migration of inf-cDC2s is, the loss of
CCR2 could also potentially be restricted to inf-cDC2s by crossing Zbtb46-Cre mice to Ccr2/fl mice. Similar

2V mice.

deletion of Ccr2 specifically in monocytes could be achieved by crossing the Ms4a3-Cre mouse to Cc
An alternative technique to assess interaction of these cells in the infected lungs would be histo-cytometry [394]
395]], a method that combines the spatial information provided by immunofluorescence with the phenotypical
information provided by flow cytometry. Staining for MNP subsets using the markers CD11c, MHC-II, CD64,
F4-80, CD11b, and XCR1 along with T cell markers, and markers of cell proliferation such as Ki67 or BrdU, could
be used to determine if proliferating T cells present in the lungs during recall preferentially co-localise with
different cDC subsets, or with monocytes and their derivatives. Lastly, transfer approaches could potentially
be utilised to reconstitute Ccr2”~ mice with WT monocytes or inf-cDC2s during A/PR8 challenge in attempt to

rescue the CD8" T cell recall response, though these experiments present technical hurdles, as sorting sufficient

cells for transfer is a major challenge. Given further time, several of these approaches would have been explored.

While the mechanisms proposed above outline a defect in influenza-specific T cell proliferation that is
a result of extrinsic factors that are altered during challenge, they do not account for a qualitative defect in
CD8* memory T cells prior to challenge that could result in decreased proliferation. As previously mentioned,
the proliferative potential of memory T cells can be pre-programmed during their initial priming [387]. In a
recent study, Low et al. [396] demonstrated that the reactivation of memory T cells in the lungs after influenza-
challenge can be mediated by a diverse range of professional and non-professional APCs [396]]. In that report the
authors showed that, in an adoptive transfer model, memory Nur77-GFP OT-I cells, which report TCR signalling,
displayed no differences in reporter expression in the lungs after A/PR8 challenge in CD11c-DTR-, XCR1-DTR-, or
CD169-DTR-depleted hosts, pMT'/ " hosts, or aGr-1-depleted hosts, relative to WT host hosts. In contrast, reporter
expression in the mLN during challenge was entirely dependent on the presence of ¢cDCs [396]]. Those results
results presented by Low et al. [396] suggest that in the present study, in the lungs of Ccr2” mice, the absence of
the antigen-presenting capability of monocytes and their derivatives, and inf-cDCs, should be compensated for by
other antigen-presenting cells, potentially driving their proliferation. Therefore, another potential cause for the
reduction in T cell proliferation in Ccr2”~ mice may be a pre-programmed defect in proliferation upon reactivation.
This concept of a pre-programmed defect has previously been demonstrated to occour through a number of

different mechanisms, but is primarily regulated by T cell interactions with co-stimulatory molecules expressed
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by APCs during priming [170}387]]. Co-stimulation of CD8" T cells by APCs during priming is not required for
the initial expansion and formation of memory CD8" T cells, but does program their proliferative potential upon
re-infection [397]]. As the number of NP- and PA-specific memory CD8" T cells in the lungs and spleen of resting
memory WT and Ccr2”/~ mice was equivalent, the proliferative potential of these cells could potentially be assessed
through ex vivo co-culture of proliferation dye-labeled T cells with NP and PA peptide-pulsed bone marrow
dendritic cells (BMDCs). However, given that influenza-specific T cell division in the mLN was equivalent in WT
and Cer2”" mice following challenge, and given that the defect in proliferation in the lungs also affected CD4* T
cells, it is unlikely that this defect is pre-programmed. Another possibility is increased death of memory cells upon
reactivation, as CD8" T cells that are primed by un-licensed cDCs upregulate TNF-related apoptosis-inducing
ligand (TRAIL) which regulates activation-induced cell death upon secondary stimulation [398]]. An analysis of
cell death in influenza-specific memory T cells over the course of A/PR8 challenge would need to be performed to

verify this.

It should also be noted that WT and Ccr2”~ mice were administered BrdU 20 hours prior to analysis, and
the presence of proliferating cells in the lungs may not be entirely due to proliferation in situ. It is possible that
circulating memory cells were activated, and expanded, in the mLN and the Brdu* Ki67* cells present in the lung
parenchyma were secondary-effector cells that had exited the mLN and migrated to the lung parenchyma. However,
a feature unique to the lungs after infection is the formation of induced bronchus-associated lymphoid tissues
(iBALT). These are tertiary lymphoid organs (TLOs) that form in response to pulmonary antigenic stimulation,
and have important roles in re-activation of immune cells in both anamnestic and non-anamnestic infections
[321},399}|400]. Using splenectomized, Lto”’” mice, which lack all SLOs, Moyron-Quiroz et al. [321] demonstrated
that memory CD8" T cells can be activated, and proliferate, in iBALT structures during influenza-challenge. It
has also been demonstrated that the formation of iBALT relies on the presence of cDCs and, of relevance to
the present study, iBALT formation is normal in the lungs of Ccr2”~ mice following influenza infection [401].
Additionally, though by day 7 post-A/PR8 challenge there were significant differences in influenza-specific CD8*
T cell numbers in all organs except the BALF, there were already significant reductions in influenza-specific CD8*
T cell numbers in the lungs on day 5 post-challenge, potentially due to the reduced proliferation in situ. Together,

these observation support the conclusion that T cell proliferation in the lung is compromised in Ccr2”~ mice.

5.9 Conclusion

This project has investigated the role of the inflammatory chemokine receptor CCR2 in shaping CD8" T cell

responses to viral infection. The conclusions based on the initial aims are as follows:

« There is no cell-intrinsic role for CCR2 in the generation of CD8" T cell effector or memory populations, or

in the acquisition of effector potential.

« There is no cell-intrinsic requirement for CCR2 in the recruitment of CD8" T cells into inflamed tissue
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during influenza challenge.

« There is a cell-intrinsic requirement for CCR2 in the optimal recruitment of memory OT-I cells during

sterile inflammation when peripheral tissue is treated with IL-1ct.

« Monocytes and monocyte-derived cells are the main source of the chemokine CCL2 during influenza
infection. The absence of these cells, however, has no impact on the generation of endogenous influenza-

specific effector or memory populations.

« The optimal expansion of influenza-specific memory CD8" T cells in situ during A/PR8 challenge is

compromised in Ccr2”~ mice, resulting in increased morbidity and higher viral titres.

« Reduced numbers of inflammatory ¢cDC2s, monocytes, and monocyte derived cells in the lungs of influenza

infected Ccr2”~ mice may compromise the memory T cell response to PR8 challenge.

The appropriate and efficient reactivation of memory cells is required for optimal protection in the case of
re-infection. A model for T cell reactivation following heterosubtypic influenza challenge stemming from this
project (Fig. represents a novel division of labour among APC subsets that may serve to maximise memory T
cell expansion, while preserving antigen presentation to naive T cells. In this model, during A/PR8-challenge, the
majority of tissue cDCs acquire antigen, mature, and migrate to the draining mLN to present antigen to lymph
node homing naive and memory T cells. In the lungs, large numbers of MNPs and inf-cDCs are recruited, and these
cells phagocytose soluble antigen or acquire it through Fc-receptor-mediated phacocytosis of immune complexes
formed by non-neutralising a-influenza antibodies. These cells interact with influenza-specific memory T cells that
are resident in the lungs, or have been recently-recruited from the circulation, to drive their proliferation and the
secretion of effector cytokines. When the recruitment of MNPs to A/PR8 infected lungs is compromised, as observed
in Ccr2”/~ mice, antigen capture and presentation to memory T cells is reduced in the early stages of challenge. This
results in reduced T cell proliferation which leads to sub-optimal expansion of the secondary effector population
and a reduction in the overall secretion of effector cytokines. Together, this compromises the anti-viral state
established in the lungs, and results in a higher viral burden that takes longer to be cleared. Understanding the
processes that regulate the function of memory T cells in vivo is critical for a better understanding how immune
cells collaborate to curtail infection, and inform the design of vaccines to target the generation of specific memory

subsets.
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Figure 5.2: Proposed mechanism for memory T cell reactivation in situ during influenza
challenge

1) During heterosubtypic influenza challenge Fc-receptor-expressing inf-cDCs and monocytes are recruited
to the infected tissue. 2) IgG complexed virus, and lytic cellular contents, are taken up by tissue resident M,
monocyte-derived cells, and infcDC2 via Fcy receptors, and processed for presentation on MHC-L. 3) Circulating
memory T cells arriving in the lungs on day 2-3 post challenge, and potentially resident memory T cells, interact
with APCs and initiate their secondary expansion in situ. 4) Secondary effectors clear influenza-infected cells
from the lungs which is required for the optimal control of secondary infections. When monocyte-derived cells
and inflammatory cDC2s are reduced in numbers in the lungs, as in Ccr2”~ mice, antigen-presentation to memory

T cells is compromised, reducing the secondary expansion of these cells and impairing viral control.

151



6 @ Appendix

152



A x31-Ova Enrich OT-,

l Transfer
WT OT-l ' .
Cer?- OT-| do A/PR8 d21
86 | ! .
do dé df
IFNy™*
v Analysis

lusj |051
To)
§‘UAT § 104 %
= 10°7 = 3 ™ =
o R >, 1007 o
olomEj g 2] 015
8 01 Slg i 8 0 3
sz- bl o T R Lo i T il T VID:Z T T T
0 ID3 IG4 Iﬂ5 o0 TEI:’ 104 105 o 1E|3 104 10
CD3 - V421 Va2 -APC CD45.1-Veé 51
Input Lungs - IV- Lungs - IV* mLN C
10°9 512 64 10°9 499 00 [ 46 4s2 | 535

455

0 ] 01 E q

Ratio WT:Cer2™
(Relative to input)

CD45.1 - V605

T ™ r T i ™
3 4 5 3 4 5
10" 10 10 0 10 1o 10

-CD45.2 - FITC

Figure 6.1: Recruitment of Ccr2”’~ memory cells into inflamed tissue is unaltered in the
absence of CXCR3 ligands

Circulating memory OT-I cells were enriched from spleens of day 21 x31-OVA infected mice and transferred
into day 6 A/PR8 infected IFNy”~ host mice, four hours after transfer the localisation of memory T cells was
determined by flow cytometry. a) Experimental setup. b) Representative flow cytometry for the identification of
transferred WT (CD45.1*) and Ccr2”" (CD45.1*, CD45.2*) OT-I cells in IFNy™~ host mice. c) the ratio of recovered
WT to Cer2”~ OT-I cells in the indicated tissues, normalised to input. n=10 mice, data pooled from 2 independent

experiments. Mean + SEM.
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Figure 6.2: Antagonism of CXCR3 and CCR5 does not alter the recall kinetics of WT and
Ccr2’- memory OT-I cells

a) Representative flow cytometry of CXCR3 expression on resting memory OT-I cells after 3 hours incubation
with the CXCR3 antagonist CXCL114.79 (dotted histogram) or control peptide (solid histogram). b) Percent CXCR3
expressing OT-I cells and CXCR3 gMFI of OT-I cells after 3 hours incubation with CXCL114-79 or control peptide -
MCP,y, - at 37degrees. c) in vitro chemotaxis of WT and Ccr2”~ OT-I cells to 1ug/mL functional CXCL11 in the
presence of CXCL114.79. d) Experimental plan to assess the in vivo migration of WT and Ccr2”~ OT-I cells into
inflamed tissue in the presence of chemokine receptor antagonists. e) Ratio of WT:Ccr2”~ OT-I cells recovered
from the indicated organs of CXCL114.79, and CCL5%° or MCP,j, treated KO OT-I immune mice on day 3 post
PR3 challenge, data normalised to MCP?2 control group. f) Total number of WT OT-I cells recovered from
the indicated organs of CXCL114.79, CCL5%%? or MCP?? treated mice on day 3 post PR8 challenge. n=10 mice
CXCL114-79, CCL5%? n=9 mice MCP,},, data pooled from two independent experiments. b) students paired t-test.
e-f) One-way ANOVA. Mean + SEM. **** p<0.0001.
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