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Abstract
The basic model of antigen-presenting cells (APC) activation describes a
change of state from resting (immature) to activated (mature) upon encounter
with a first signal. However, it is apparent that APC maturation is not binary
but instead has a spectrum of outcomes. This likely reflects the complex and
dynamic crosstalk resulting from their encounter with a wide variety of
stromal cells. A deeper knowledge of these interactions, and how they are
processed by APC to instruct immunity is required. This study explores the
plasticity of the major APC, namely macrophage (Mo) and dendritic cells
(DC). We test the hypothesis that plasticity in APC function depends on the
sequence of signals encountered during generation and activation. Human
laboratory models of M¢ and DC were generated from monocytes as follows;
monocyte-derived Mo were cultured with M-CSF (M-Mg) or GM-CSF (GM-
Meo) and DC with IL-4 and GM-CSF. These were characterised and the
impact of cellular (e.g. fibroblasts (FB)) or external factors (e.g. ionising

radiation (IR)) studied.

Changes in microenvironment considerably alter the functional-phenotype of
Mo however it remains to be shown if their initial polarisation restricts
responses. Activation of GM-Mg elicited IL-12 and -23 whilst M-Mg
expressed IL-10. However, the classic pro-inflammatory signal interferon y
(IFNy) did not elicit M-Mg that secreted cytokines to the level expected of
GM- Mg. The M-Mgo displayed mixed phenotype with both pro-inflammatory
cytokines (albeit at lower levels, 75% less IL-23, 21% less IL-12) on a

background of high IL-10. The IL-23 response of Mo to re-stimulation was



reduced or abrogated upon pre-treatment with LPS but enhanced in M@
conditioned by IFNy. These findings demonstrate limitations to M¢ plasticity
reflecting initial conditioning and suggest the development of innate memory

with a degree of specificity in M responses to external factors.

We applied ionising radiation (IR) to our models at doses commonly used for
radiotherapy (1-20Gy). Irradiation markedly suppressed IL-23 secretion by
both M@ and DC (p<0.01) in a dose-dependent manner without affecting
viability. This was selective for IL-23 as there was no change in IL-18, -6, -10,
-27 or TNFa, and only a modest decrease in IL-12 secretion. To investigate
the mechanism for IL-23 regulation we showed that IR activated Ataxia
telangiectasia mutated kinase (ATM) which in turn inhibited the function of
cAMP response element-binding protein (CREB) through phosphorylation of
an inhibitory residue (S121). ATM activation suppressed IL-23 as inhibition
of ATM with KU55933 increased its expression. Furthermore, the small-
molecule CREB inhibitor C-Ci reduced IL-23 levels. As a consequence of
modulation of IL-23 in APC, IR indirectly affected the generation of T-cell
responses, namely Th-17. Cross-talk between APC and stromal cells was
modelled by co-culture of DC with FB. The presence of FB prevented 1L-23
downregulation by IR. This was dependent on TNFa and IL-1f secretion by
DC which were unaffected by IR. In response, FB secreted PGE> which
resulted in a feed-back loop to enforce IL-23 secretion via activation of
cAMP. Therefore, whilst IR could be seen to regulate IL-23 in a single cell
culture system, this did not occur in co-cultures that simulated the interaction

APC have with stroma.



In conclusion, we shown that the order in which APC receive conditioning
signals ultimately affects how they respond to re-challenge. This is further
influenced by a mixture of micro-environmental and external factors.
Understanding the molecular pathways through which these cues manifest will
result in in vitro models that better reflect the biology of APC and create

opportunity for intervention.
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Chapter 1 Introduction

1.1 Antigen presenting cells - function and place in the immune system

Professional antigen presenting cells (APC) include dendritic cells (DC),
macrophages (M) and B-cells forming a highly heterogeneous group of
immune cells which mediate adaptive immune responses by processing and
presenting antigens (Ag) to T-cells and B-cells, thereby delivering activating
signal [1]. Importantly, Ag presentation is not a unidirectional process. APC
exhibit dynamic responses to their environment and other leucocytes as well
as stromal cells can greatly influence the functions of APC through secreted
mediators (e.g. cytokines, chemokines) and direct cell-cell contact (e.g.
Lymphocyte function-associated antigen-1 (LFA-1)/CD54, CD40-CD40L) [2-

3].

1.1.1 Antigen processing and presentation

The unifying feature of professional APC is their ability to present Ag in the
required context resulting in triggering and directing adaptive immunity. The
Ag are classically presented on major histocompatibility complex (MHC)
class I and II molecules. The Ag presented by MHCI are derived from
endogenous proteins which are degraded in the cytosol by the proteasome [6].
On the other hand, epitopes presented by MHCII are derived from exogenous
proteins degraded in the endosomes [6]. In addition, DC and possibly some
Mo and Mo have the ability to cross-present Ag to T-cells by expressing
exogenous proteins on MHCI which play a key role for immunity against

viruses and intracellular bacteria [7, 8].
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There are four major pathways used by DC and Mg to internalise exogenous
Ag which include: endocytosis, pinocytosis, phagocytosis and
micropinocytosis [9]. The internalisation route is determined by the nature of
the pathogen [9]. The uptake of small soluble Ag is implemented by
pinocytosis and micropinocytosis [9]. Small particulate Ag are internalised by
receptor-mediated endocytosis while large-particular Ag such as opsonised
bacteria or apoptotic cells enter the cell by phagocytosis [9]. Receptors
involved in phagocytosis and endocytosis include Fc receptors for
immunoglobulin G (FcyR), complement receptors, scavenger receptors and

CD36 [9].

1.1.2 PRR

Microorganisms are sensed by germline-encoded pattern recognition receptors
(PRR) which recognise highly conserved structures among microbial species
called pathogen associated molecular patterns (PAMP) [10, 11]. Currently
there are four recognised types of PRR including transmembrane proteins such
as the Toll-like receptors (TLR) and C-type lectin receptors (CLR), as well as
proteins localised in the cytoplasm such as the Retinoic acid-inducible gene
(RIG)-I-like receptors (RLR) and NOD-like receptors (NLR) [10, 12, 13].
Each PRR recognise different molecular patterns and therefore leads to a

distinctive immune response. (Table 1.1).
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PRRs Location Ligand Origin of the ligand
TLR
TLR1 Plasma Triacyl lipoprotein | Bacteria
membrane
TLR2 Plasma Lipoprotein Bacteria, viruses,
membrane parasites, self
TLR3 Endolysosome | dsSRNA Virus
TLR4 Plasma LPS Bacteria, viruses, self
membrane
TLRS Plasma Flagellin Bacteria
membrane
TLR6 Plasma Diacyl lipoprotein | Bacteria, viruses
membrane
TLR7 Endolysosome | ssRNA Virus, bacteria, self
(Human
TLRS)
TLR9 Endolysosome | CpG-DNA Virus, bacteria,
protozoa, self
TLR10 Endolysosome | Unknown Unknown
CLR
Dectin-1 Plasma B-Glucan Fungi
membrane
Dectin-2 Plasma B-Glucan Fungi
membrane
MINCLE Plasma SAP130 Self, fungi
membrane
RLR
RIG-I Cytoplasm Short dsRNA, RNA viruses, DNA
S'triphosphate virus
dsRNA
MDAS Cytoplasm Long dsRNA RNA viruses
(Picornaviridae)
LGP2 Cytoplasm Unknown RNA viruses
NLR
NODI1 Cytoplasm iE-DAP Bacteria
NODI1 Cytoplasm MDP Bacteria

Table 1.1 Human PRR, their location and ligands (adapted from [10]).

28



In 1989 Janeway pointed to PRR as a mechanism allowing APC to
discriminate between “non-infectious self” from “infectious non-self”
therefore triggering inflammatory reaction to microbes [11, 14, 15]. This
theory gained considerable support however, in 1994 Matzinger proposed that
the immune system is adapted to detecting any type of “danger” regardless
whether it is microbial or self-origin [16]. In agreement with the “danger
model” many PRR including TLR2,4,7 play dual role and, in addition to
detecting PAMP, can also sense molecules released from damaged cells,
termed damage-associated molecular patterns (DAMP) (tablel) [10, 17].
DAMP include heat shock proteins, uric acid, adenosine triphosphate (ATP),
deoxyribonucleic acid (DNA) [18-20]. DAMP are released by cells which are

stressed or dying due to infection, injury or irradiation [21].

The TLR, and in particular TLR4, are by far the most studied PRR so far. The
engagement of TLR results in activation of APC and promotes their migration
to lymph nodes (LMN) [22]. Ligation of TLR stimulates the secretion of pro-
inflammatory cytokines such as IL-12, TNFa, IL-15 as well as up-regulation
of co-stimulatory molecules including CD80, CD86 and CD40 [23-25]. In
addition, TLR engagement augment phagocytosis and bactericidal activity
through amplifying mitochondrial ROS production and exert positive control
over MHCII Ag presentation by regulating phagosome maturation [26] [27].
Effects of TLR triggering affect all phases of DC-T-cell interactions.
Activation of DC with LPS markedly increases Ag loading onto MHCII
providing signal 1necesary for T-cell activation [23]. Co-stimulatory

molecules such as CD40, CD80 and CD86 which provide signal 2 are rapidly
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up-regulated upon TLR activation [23]. Moreover, TLR signalling further
promotes DC maturation via stimulation of pro-inflammatory cytokines such
as TNFa and IL-15 which also increase the expression of co-stimulatory
molecules [23]. Other cytokines triggered by TLR such as IL-1, IL-2 and/or
TNFa contribute to T-cell expansion while soluble factors, for example IL-6
secreted in response to CpG or LPS, makes T-cells refractory to suppression
by T-reg [23]. On the other hand, induction of IL-12 provides signal 3

promoting Th1 responses [23].

1.1.3 Modulation of T-cell responses

Activation and differentiation of T-cells depends on the delivery of three
signals by APC. Signal 1 represents the Ag epitope delivered to the T-cell
receptor (TCR) through the engagement of the MHCI/MHCII molecule and
conveys information about the molecular identity of the pathogen [28]. Signal
2 which promotes T-cell survival and proliferation is delivered to T-cells
through the interaction between co-stimulatory molecules on the surfaces of
both APC and T-cells. Signal 2 relies information of the APC-activating
potency of the Ag and therefore about its pathogenic potential [28]. The
absence of signal 2 results in anergic T-cells [28, 29]. The repertoire of co-
stimulatory molecules providing signal 2 is highly versatile and adapts to
changes in the tissue environment [30]. Most signal 2 molecules belong to the
immunoglobulin superfamily (IgSF) or tumour necrosis factor receptor
superfamily (TNFRSF). These can be further divided into families based on
their primary amino acid sequence, protein structure and function. The CD28

T-cell receptor which binds to CD80/86 expressed on APC is one of the best
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described activating receptors on naive T-cells [31]. The CD28 and B7
families belong to the IgSF receptors superfamily. Most members of the CD28
family interact primarily with members of the B7 family [32]. However, they
exert differential effects on T-cells. While CD28 binding activates T-cells,
CD28 homologue, cytotoxic T-lymphocyte-associated protein 4 (CTLA-4),
which also binds to CD80/86 competing with CD28, serves as a negative
regulator of T-cell activation through inhibition of IL-2 production and cell
cycle progression [31]. In addition to CD80/86 intracellular adhesion molecule
1 (ICAM-1) and/or ICAM-2, and OX40 ligand (OX40L) with their respective
T-cell counter-receptors, LFA-1 and OX40, represent the principal contact-
dependent factors providing signal 2 and stimulating T-cell responses [28, 29].
On the other hand, APC can inhibit T-cell responses by expressing inhibitory
molecules, such as the Programmed cell death 1 ligand (PD-L1) which bind to
PD-1 receptor expressed on activated T-cells [33]. The interaction of PDL-1
with its receptor leads to T-cell apoptosis and functional exhaustion [34].
Therefore, the strength, duration of T-cell activation and formation of a long-
term memory depends on the fine balance of positive and negative signals

from APC [34].

Although signals 1 and 2 initiate T-cell activation and proliferation, without a
specific cytokine milieu which represents signal 3, T-cells fail to develop
optimal effector functions, survive poorly, and are not able to form a memory
population [35]. The requirement for a signal 3, and therefore the presence of
an inflammatory cytokine allows T-cells that encounter Ag to determine if

there is ‘danger’ present, and to respond accordingly [36]. Furthermore, signal
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3 is required to orchestrate the adaptive responses by directing T-cell
differentiation and conversion towards particular lineage [28, 37]. For
example, IL-12 and interferon (IFN) o/p provide signal 3 to CD8+ T-cells
while IL-1 may be necessary for CD4+ T-cells [36]. IL-12 could replace the
need for an adjuvant in supporting a CD8+ T cell response to peptide Ag
during immunisation, while IL-1 did not have an effect [38, 39]. On the other
hand, IL-1 substantially enhanced proliferation and differentiation of CD4+ to
immunization with peptide Ag in the absence of adjuvant [40, 41]. IL-12 did
not exert such an effect on CD4+ T-cells despite its important role in
governing CD4+ T-cells polarisation [36]. IL-12 and IFNy favour Th1
generation, IL-4 and IL-13 stimulate Th2 while IL-6 together with IL-1p and
IL-23 drives Th17 generation [37]. On the other hand, transforming growth
factor-f (TGF-P) and IL-2 promote T-reg [37]. Importantly a single cytokine
is not sufficient in determining the outcome of T-cell differentiation [42]. IL-4
requires another cytokine such as IL-2 which activates STATS to polarise T-
cells towards Th2 [42]. TGF-f induces distinct T-cell subpopulations in
combination with different cytokines: with IL-2 it promotes T-reg, with IL-6

Th17 while with IL-4 induces ThO cells [42].

Both signal 1 and signal 2 are understood to play important roles in T-cell
polarisation thus affecting to a certain extent signal 3. The strength of the
interaction of the T-cell receptor with Ag (Signal 1) impacts on the
differentiation process in T-cells whereby weak interactions promote Th1
while strong Th2 [43]. Moreover, the binding of co-stimulatory molecules

(Signal 2) has been reported to play a role in T-cell polarisation for example
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strong CD28 and CD80/86 interactions were shown to favour Th17

development [44].

1.2 Macrophages

1.2.1 The ontogeny of tissue macrophages.

Mo are found in all tissues and display great heterogeneity in their functions
and transcriptional profiles. For many years, M were thought to be derived
only from blood Mo entering the tissues [45]. However, recent research
demonstrated that first M arise already at embryonic stage before the
development of haemapoietic system [45]. Furthermore, lineage-tracing
experiments showed that Mo of different origin prevail in adult tissues albeit
at varied proportions. For example, while yolk sac (YS)- derived Mo are the
predominant source of microglia (the resident Mo of nervous system), they
represent a minority (3-5%) of M¢ in adult heart and liver
[45],[46],[47]1,[48],[49],[50]. These and other findings helped to redefine the
ontogeny of tissue Mo as well as revealed their new functions during
development [45],[49],[50]. They also posed many new questions as to
whether tissue M@ and Mo-derived Mo (MoMe) have similar functions
(especially important considering that most in vitro experiments are performed

using MoMg) or as to the nature of the relationship between Mo and M.

Current Mo ontogeny is based mainly on research performed on rodents and
describe three lineages of tissue Mo, each originated at a different
developmental stage [45] [47]. Murine Mg first develop at E8 (embryonic

day) from the primitive endoderm of the YS in a process called primitive
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haematopoiesis (Figure 1.1) [45],[47]. These Mg lack a monocytic progenitor
and spread through the embryo, including the brain, when the circulatory
system becomes established from E&.5 to E10. [45, 51],[47]. These cells retain
their high proliferative potential in peripheral tissues and play crucial role in
embryogenesis through involvement in the removal of dead cells and tissue
maturation [47]. YS Mg are the main precursors of microglia in the brain and

prevail through adulthood free of foetal Mo infiltration [47].

Primitive haematopoiesis is followed by haematopoiesis in the foetal liver
(FL) from multi-lineage erythro-myeloid progenitors (EMP) derived from YS
which colonise FL from E9.5 and Haematopoietic Stem Cells (HSC) from
haematogenic endothelium of the aorto-gonadal-mesonephros region of the
embryo. After E11.5 FL becomes the major haematopoietic organ generating
all haematopoietic lineages. The definitive haematopoiesis which starts in the
FL depends on the transcription factor Myb, in contrast to primitive
haematopoiesis in the YS which relies on PU.1 [47, 50]. Mo derived from FL
are generated from Mo and give rise to the majority of adult tissue Mo [47].
This wave of Mg travels to all the organs including lung, heart, pancreas and
liver superseding YSMe and is independent of Chemokine (C-C motif) ligand
2/ Chemokine (C-C motif) receptor 2 (CCL2/CCR2) axis [47, 50]. Liver
Kupffer cells and lung alveolar M@ are mainly derived from FLMo [47, 50],
[48],[49] while the heart contains different pools of M which persist in adults

— derived from YS as well as from FL [47],[48].
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Figure 1.1 Ontogeny of tissue M@. M derive from 3 lineages originated at
different development stages. First Mo develop from primitive endoderm in
yolk sac in a process of primitive haematopoiesis and spread through embryo
through circulatory system. These Mo are progenitors of microglia. This stage
is followed by haematopoiesis in foetal liver which produces Mo-progenitors
developing into foetal Mo. Foetal Mo are the precursor of the majority of
tissue M. Post-natal haematopoiesis is maintained by BM which similarly to
FL haematopoiesis generates Mo which differentiate into M. EMP- erythro-
myeloid progenitors , FL- foetal liver , MDP- macrophage/ dendritic cell
progenitor, MoP — Mo precursors, DC — dendritic cell

Liver haematopoiesis declines post-natal and is replaced by bone marrow
(BM) haematopoiesis from E17.5 [45],[47],[48] (Figure 1.1). For many years’
Mg derived from adult BMMo have been considered as the only source of
tissue Mo [47],[48],[52]. Although this model has now been reconsidered,
adult Mo are an important source of tissue Mo in certain tissues and
conditions [47],[48],[52]. Dermis continuously recruits adult Mo and contains
both FL- as well as BM-derived Mo [47],[48]. Similarly, embryonic Mo are
completely replaced by BMMeg in the intestines [47]. The replacement of
embryonic Me by BMM¢ may be connected with decreased self-renewal
capacity of embryonic Mo during adulthood [47]. Adult MoMe are also key

component of the inflammatory milieu [53]. They originate from Mo derived
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from haematopoietic stem cells in the BM through definitive haematopoiesis

[54].

The Mo-Mg/DCprogenitor (MDP) is a common link between Mo and DC [54,
55]. It develops into Ly6¢c+ Mo-specific progenitors (cMoP) which possess
proliferative ability [54, 55]. The cMoP progenitors develop into Mo which in
mice are composed of 3 subsets: classical Ly6c" which develop directly from
Ly6c+ cMoP, Ly6c' non-classical Mo differentiated from Ly6c" Mo and

intermediate Mo [54, 55].

Comparison of gene expression demonstrated that Mo subsets in mice closely
correlate with human subsets where the Ly6¢™ population corresponds with
human CD14"CD16" classical subset and the Ly6¢'® population matches the
CD14%mCD16" or CD14"CD16"*subset [56] (Table 1.2). The intermediate
human subset is characterised by low CD16 and high CD14 expression
(CD147°CD16" or CD14°CD16") [57]. Despite the similarities, there are also
several important differences between mice and human. While in mice the
Ly6Ch Mo are often termed “pro-inflammatory” due to their pro-
inflammatory potential, high secretion of TNFa and IL-1, and preferential
recruitment to the sites of inflammation, in humans non-classical
CD14+CD16+ Mo have been considered as pro-inflammatory because of high
levels of pro-inflammatory cytokines such as TNFa and IL-1 released upon
stimulation with LPS and higher expression of HLA-DR, CD40 and CD86
comparing to classical and non-classical CD14'°CD16" Mo [58-60]. On the

other hand, the classical subset of human Mo preferentially produces IL-10
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[59]. In addition, CD16+ve Mo population drastically increase in blood
during cancer and many infectious and inflammatory disorders [58, 59]. Their
number also raises temporarily during stress and exercise through mobilisation
from the marginal pool [61]. On the other hand, therapy with
glucocorticosteroids (GCS) depletes CD16+ve Mo while increases the

absolute numbers of classical Mo [62].

In mice, the Ly6¢'® Mo are thought to remain in the periphery patrolling and
removing damaged endothelial cells (EC) [54] while less than 1% may home
to un-inflamed tissues in a G-protein-dependent process [59, 62]. Initially
research showed that there is no influx of Ly6C' Mo during early stages of
inflammation however Auffray ef al. demonstrated that Ly6C'® Mo extravasate
as quickly as 1-2h after infection with Listeria monocytogenes stimulated by
expression of CX3CRI ligands [59, 62]. This triggers early transient
inflammatory responses which are overtaken by Ly6CM Mo at 8 hours after
infection [59]. Those LyC6'° Mo seem to initiate differentiation transcription
program towards M2 phenotype in contrast to Ly6C" Mo which promote
Maol responses [59, 63, 64]. However, some reported the differentiation of
LyC6'to Mgl and Ly6Ch to M@2 [65]. On the other hand, during steady
state conditions, the Ly6ch Mo constantly enter tissues from blood and
transport Ag to lymph nodes through the lymphatic system while retaining
their monocytic characteristics [66]. However, during inflammation, the
Ly6Ch Mo are recruited to the tissues through CCL2/CCR2 or CCL1/CCRS8
and give rise to Mo or DC [58, 66]. In humans, the CCL2-CCR2 axis is

activated during inflammatory conditions resulting in the infiltration of
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classical CD14+CD16- Mo and their differentiation into M under the

influence of M-CSF and GM-CSF [62].

The CD16+ Mo do not express CCR2, instead expressing C-X3-C motif
chemokine receptor 1 (CX3CRI1, Fractalkine receptor) receptors so may be
preferentially recruited to anatomic sites reach in CX3CL1 such as brain,
intestines and lymph nodes (LMN) [67]. The CD14+CD16+ preferentially
differentiate into DC upon trans-endothelial migration or activation with
TLR1/2 [68, 69] but are also capable of differentiating into Mo [62]. During
human immunodeficiency virus (HIV) infection, the CD16+ subset expands

dramatically and differentiate preferentially into M¢ which stimulate resting

T-cells contributing to chronic immune activation [67]. CD16+ subset is also

expanded in many tumours including breast and gastrointestinal carcinoma

[70, 71]. Furthermore, the expression of CX3CLIlis increased in some tumours

including glioblastoma [72] while CX3CR1 deficiency was shown to impair

metastatic ability of colon cancer [73]. However, the input of CD16+ Mo into

the Mo pool as well as their role during pathology require further investigation

and validation.
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Markers % in | % Chemokine Main function
whole | of | receptors
blood | Mo
Murine
Ly6C high 4 40 | CCR2-CX3CR1+ Patrolling,
tissue repair,
differentiation
into Mo,
phagocytosis
Ly6C
intermediate
Ly6C low 60 | CCR2+CX3CRI1- Inflammatory
effectors,
removal of
damaged
endothelial
cells
Human
Classical CD14++CD16- 10% | 85 | CCR2+CX3CRI1- Phagocytosis,
inflammatory
effectors, give
rise to Mo
Intermediate | CD14++CD16+ 5 CCR2-CX3CR1+ inflammatory
effectors
Non-classical | CD14+CD16++ 10 | CCR2-CX3CRI1+ Patrolling, anti-
viral role

Table 1.2 Types of human and murine Mo (after [S7]).

1.2.2 Environmental programing in homeostasis and disease

Considering the heterogeneous distribution of M¢ derived from YS, FL and

BM in various tissues, it is important to understand what factors influence

their distribution and why specific precursors play preferential roles in

particular organs. One of the potential mechanisms of differential distribution

is the availability of the niche and precursor timing. This may be responsible

for the poor ability of FL. Mo or BM Mo to colonise the brain. Microglia are

generated from YS Mo and persist in adulthood [47],[48],[52]. By the time FL

Mo are produced, the brain is separated from circulation by a nascent blood-

brain barrier (closed around E13.5) making it difficult for Mo to pass. Another
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reason for differential distribution of M@ may be specific signalling received
from the tissue and intrinsic capacity of the Mo precursor [48]. The lack of
TGF signalling in murine brain results in impaired development of microglia
[74]. On the other hand, intestines are colonised by YS and FL Mo before
birth however, during adulthood only M¢ derived from BMMo are presents.
The reason may be due to the short 4-6 weeks’ life span of intestinal Mg
which rely on constant supply by BMMo dependent on CCR2-CCL2 axis

[52].

In light of the differential distribution of Mg, it is tempting to assume that
different M populations are required at different life-stages and in various
tissues to perform unique functions. Several groups set out to establish
whether Mg of various origins are unique or equally competent in tissue-
specific functions. Van de Laar ef al. demonstrated that all three pools of M¢
(YS, FL, BM) are able to colonize empty alveolar space which usually is
predominantly colonized by FLMg [48]. Moreover, after 6 weeks in the lungs
all Mo displayed almost identical gene expression profiles [48]. This report
demonstrates very well the dominant nature of tissue microenvironment
programming in determining the M phenotype. Recently two reports showed
that although tissue M¢ share epigenetic structure and gene expression with
other myeloid cells and those are modulated by master transcription factors
like PU.1, each tissue also drives unique gene expression profile controlled by
changes in enhancer landscapes (histone modifications associated with
enhancer regions in gene promoters) [75, 76]. In support of this thesis

peritoneal Mo transferred to the lung lost most peritoneal programing and
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displayed programing specific for the new tissue [76]. Similarly, although
different populations of M¢ exist in myocardium during steady state
conditions, after depletion, BMMg can repopulate all niches [77]. On the other
hand, Guntra ef al. show differences in transcriptional profiles between murine
peritoneal M¢ of prenatal origin and BMMeo in response to activation with IL-
4 where only BMMg expressed PDL-2 and CD206 and induced FOXP3
expression in CD4 T-cells [78]. Functional differences correlated with
ontogeny were also found in the liver where Kupffer cells — the resident Mo -
demonstrated mainly tolerogenic properties while BMMg were most likely
immunogenic [79]. These findings may suggest that although Me of different
origin may be able to exert similar tissue-specific properties during

homeostasis, during disease or injury they play slightly different functions.

Many tissue M¢ of embryonic origin are characterised by long life-span like
murine alveolar which have life-span similar to the animal itself [54, 77, 80-
82]. In addition, many tissue M@ possess the ability of self-renewal by
proliferation [54, 77, 80-82] in response to Mo colony-stimulating factor (M-
CSF) [83-85]. Therefore, with the exemption of tissues like skin and gut,
during steady-state conditions tissue M¢ are able to replenish their number
without the need of additional considerable influx from blood Mo [54, 86].
This situation however changes during diseases when Mo expand
substantially and play critical role in modulating inflammation and healing.
Jenkins et al. and others demonstrated that during nematode infection, local
pool of tissue-resident Mo expanded through proliferation stimulated by Th-2

derived IL-4 in M-CSF dependent and independent fashion [78, 86, 87].
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Moreover, while M-CSF led to influx of MoMg, IL-4 signalling again
triggered their proliferation [86, 87]. Similarly, Granulocyte- M colony-
stimulating factor (GM-CSF) was shown to induce murine Mo proliferation
[88, 89]. However, in addition to proliferation, new M¢ are generated from
migrating Mo under the influence of M-CSF and GM-CSF [90]. During liver
injury, the local pool of Kupffer cells expanded through proliferation, however
blood Mo were also massively recruited to the site of injury through CCR2-
CCL2 axis and dominated in the Mo pool [79]. Similarly, the local pool of
Mg during heart infarct expanded dramatically through massive influx of

LyC6+high Mo which differentiated into pro-inflammatory Me [91].

The local tissue conditioning plays important role during the differentiation of
Mg from Mo. Changes in regulation of MoMg transformation depending on
current tissue state were described in the colon [92]. During steady-state
conditions Mo differentiate into regulatory IL-10 secreting M CX3CR1hi in
mice and CD14%° in human. However, during inflammation, normal MoM¢
differentiation is disrupted resulting in accumulation of pro-inflammatory Mo
[92]. While, at the onset of injury both liver and heart BMMg display pro-
inflammatory phenotype, accumulating evidence suggest that during progress
of the disease local environmental factors promote the switch to Ly6C® Mg
supporting resolution of the inflammation [79, 91]. Important findings were
recently published by Franklin et al. who found that tumour-associated Mo
(TAMo) in mammary carcinoma form a population distinct from resident
mammary tissue M¢ and are not generated by conversion of resident Mo [93,

94]. Instead TAMe originated from pro-inflammatory Mo recruited to the site
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differentiated towards M¢. However, the differentiation process was disrupted
by tumour microenvironment and resulted in a unique phenotype of TAM¢@
which accumulated in tumour tissues through proliferation [93, 94]. In support
of these findings, Colegio et al. showed that tumours secrete lactic acid which
is scavenged by TAMo. Lactic acid activates HIF 1o in Mg which drives
expression of a wide array of genes including Vascular endothelial growth
factor (VEGF) and Arginase 1 (Argl) which promote tumour growth and
neovascularisation [95]. Movahedi et al. confirmed the monocytic origin of
TAMg in mammary murine tumours [96]. Although all TAM¢ were generated
from Ly6C"CX3CL1'" Mo, heterogeneous TAM¢ populations coexisted in the
same tumour depending on the microenvironment. The MHCII'® population
resided in the normoxic areas of the tumours while the MHCII"&" TAM¢ were
located mainly in hypoxic areas and displayed a superior pro-angiogenic
activity. These results demonstrate the predominant role of tissue
microenvironment for Mo differentiation and establishing a specific desired
phenotype. Furthermore, they provide validation for using MoMg in in-vitro

studies.

1.2.3 The diversity of macrophage activation

Mo were described more than a century ago by Ilya Mechnikov as phagocytes
playing key role in innate immunity [97]. During steady state, Mo are
responsible for important homeostatic functions including clearing
erythrocytes, apoptotic cells and removal of cellular debris generated during
tissue remodelling [98]. These functions are performed by unstimulated Mo

and are accompanied by little or no immune activation [99]. Receptors
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involved in these processes include scavenger receptors, the thrombospondin
receptor, integrin and complement receptors [100]. Activation of these
receptors either fail to transduce signals for induction of pro-inflammatory
response or actively produce inhibitory response [100]. In addition, Mo can
detect innate danger signals through a range of receptors including TLR,
intracellular PRR and the Interleukin 1 receptor (IL-1R) [101]. Also signals
received from other immune cells as well as signals from Mo themselves can
affect their activation status [102, 103]. Upon receiving signals from their
environment, M¢ change their morphology and become activated. Mills and
Ley suggested that innate immunity controls adaptive immunity and M¢ use
T-cells to amplify specific Mo responses [104]. It may be suggested that Mo
and T-cells form a self-maintaining circle of mutual amplification and

maintenance signals.

Originally, Mo used in in-vitro experiments were activated with a
combination of TNFa and IFNy, both products of activated NK and T-cells
[100]. This combination results in activated M secreting a broad range of
pro-inflammatory cytokines such as IL-12 and TNFa which can efficiently kill
intracellular microorganisms [105]. For many years, this population of Mo
was thought to be the only type of activated Mo [100]. In 1992, another
population of M¢ was identified [ 106]. Signals such as those which are
released during tissue injury like IL-4 or IL-13 were also shown to result in
activation of tissue Mo, although the result of this activation was strikingly
different. This population of activated M¢ was proposed to be called

alternatively activated Mo in contrast to classical M. Alternatively activated
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Mg produce low amounts of pro-inflammatory cytokines, are less efficient
then classically activated Mo at killing intra-cellular microorganisms and fail
to present Ag to T-cells. However, they secrete a range of cellular matrix
components and play role in matrix reorganisation and wound healing. With
time, other types of alternatively activated M¢ were discovered. Following T-
cell literature Mills et al. in 2000 proposed to call M@ with pro-inflammatory
properties stimulating Th1 responses as M1 while Mo stimulating Th2
responses as M2 [107]. Later, other alternatively activated M were joint
into a collective M2 group which consists of several separate populations
exhibiting various anti-inflammatory properties. The difference between the
ratio of IL-12/IL-23 and IL-10 has been suggested as the basis for
differentiation between pro-inflammatory M1 which are high producers of
IL-12 and IL-23 and M@2 which have higher production of IL-10 [106].
However, this division describes cells at the end of their functional spectrums.
In vivo, a mixed environment exists with lots of various stimuli and this results
in Mo sharing some characteristics from different groups (Figure 1.2)
therefore in 2008 a spectrum of M@ phenotype states was proposed by Mosser

and Edwards [106, 108].
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p2a

@2b

Figure 1.2 Schematic presentation of M¢ activation states. The M1 and
various types of known Mo2 including M@2a, M@2b, Me2c and others,
phenotypes represent extremes of the spectrum of Mg activation (shown here
as yellow, blue, red and grey circles) often used for in vitro studies. However
in vivo Mo represent the whole spectrum of activation often expressing mixed
and intermediate phenotypes (presented as overlapping colours) [106, 108].

Classically activated or M@1 display microbicidal properties and secrete pro-
inflammatory cytokines (Table 1.3A) [109]. Their main function is defence
against intracellular pathogens directly as well as through activation of
adaptive immune responses. [ 106]. Their generation is initiated by TLR
ligation and innate stimuli like GM-CSF, IFNy and TNFa secreted amongst
other by NK cells and maintained by adaptive immune system mainly Th1 and
their secretion of IFNy. M1 are efficient in Ag presentation and promote pro-
inflammatory adaptive immune responses through activation of Thl and Th17
cells [110]. They secrete high levels of pro-inflammatory cytokines, including

IL-12, IL-23, TNFa, or IFNy, and efficiently present Ag as shown by high
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expression of HLA-DR and co-stimulatory molecules like CD86 and CDSO0.
[111]. The role of Mg in priming naive CD4 responses is still under
investigation however, they can efficiently activate memory T-cells as well as
naive CD8 T-cells [112-114]. The combination of activating stimuli, and the
timing at which they reach the Mo is important for their ability to kill the
pathogen as can be seen on an example of Leishmania spp. infection [115].
These intracellular pathogens replicate primarily in tissue M. Activation of
Mg simultaneously with TNFa and IFNy before infection results in effective
clearance of these parasites [115, 116]. However, stimulation with IFNy alone
results in less efficient clearance of these pathogens as they do not activate
TLR receptors and therefore do not trigger detectable TNFa production. The
stimulation with TNFa can be replaced effectively by TLR triggering with
LPS which promotes endogenous TNFa secretion by Me. Interestingly
although IFNy given prior to infection increases the clearance of Leishmania,
when it is added to Mo after Leishmania infection the intracellular killing is
decreased as Leishmania interfere with IFNy signalling [115, 116]. On the
other hand, due to high pro-inflammatory profile of M1 their uncontrolled
activation plays paramount role in a range of auto-immune disorders like

inflammatory bowel disease and arthritis [117].

In contrast to M1, the M2 form a heterogeneous group of differentially
polarised cells with unique morphology and functions (Table 1.3B) [118].
Wound healing Mo or M@2a are activated during tissue injury [119, 120]. In
response to tissue injury basophils and mast cells start releasing IL.-4 which

together with IL-13 is later maintained by Th2 [119]. As previously
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mentioned in response to those cytokines, Mo start secreting components of
extracellular matrix [100]. They also secrete cytokines like IL-10 and TGFf
which down-regulate adaptive responses [ 100]. Another important role of
Mg?2a is clearing helminths and nematodes infections [121, 122]. IL-4 and IL-
13 up-regulate the expression of mannose receptor (MR) and HLA-DR and
upregulate the expression of CCL20 and CCL17 [123]. Dysregulation of M2
has been linked to asthma where they may play a role in airway remodelling.
They may also be more susceptible to infection with certain intracellular
pathogens like Yersinia enterocolitica, Francisella tularensis or M.
tuberculosis [100]. There is a positive correlation between Th2 and M¢2a and
further reports on increased Th17 and iTreg expansion after Me2a transfer in

murine models [124].

Regulatory Mo or M2c are generated in response to stress or adaptive
responses [125, 126]. Stress activates the hypothalamic-pituitary-adrenal
(HPA) axis resulting in release of GCS by adrenal glands [100]. Mg treated
with GCS down-regulate their IL-12 secretion resulting in decreased capacity
to induce IFNy by primed CD4 T-cells while increasing their secretion of 1L-4
[127, 128]. Interestingly, short term (2-8h) pulsing of alveolar M¢ with
dexamethasone (Dex) before stimulation with LPS lead to increase in their
secretion of IL-1f [127, 129]. In contrast, extension of Dex stimulation into a
phase of activation with LPS reduced IL-1p secretion by Mo [129]. Similarly,
low dose of Dex increases some of pro-inflammatory functions in contrast to
high doses [129, 130]. Other stimuli driving M@2c can be provided by late

adaptive responses during clearance of infection in the form of IL-10 or TGFf
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secreted by regulatory T-cells (T-reg) [131]. TGFp and IL-10 produced by T-
reg stimulate alternative activation of M¢ characterised by reduced HLA-DR
and CD86 expression, increase in CD206 and CD163 and CCL18 expression
and increased phagocytosis [131]. In addition, natural T-reg (nT-reg) supress
the secretion of pro-inflammatory cytokines like IL-12, IL-1p and TNFa by
Mo stimulated with LPS while enhance IL-1Ra and IL-10 [131]. T-reg are
able to inhibit secretion of TNFa or IL-6 in the presence of exogenous IFNy
suggesting their dominance in controlling M¢ phenotype [131]. However, the
outcome may be different in the presence of Thl as IFNy represents just part
of Th1 interactions. During inflammation Me2c suppress immune responses
and are involved in tissue repair and remodelling [132]. They are also
responsible for clearing of early apoptotic cells [133]. Mg2c effectively
reduced glomerulonephritis, tubular atrophy and proteinuria in murine
nephrosis demonstrating potential therapeutic efficacy in certain treating

kidney disorders [134].

Me@2b form an exception in the M@2 group in that although they conform to
the low IL-12, high IL-10 secretion rule, they retain some characteristics
attributed to M1 including high level of secretion of other inflammatory
cytokines like TNFa and IL-6, the ability to present Ag and expression of co-
stimulatory molecules like CD80 [111] or CD86 and HLA-DR [106, 135].
Those Mo can be generated in the presence of immune complexes (IC) like
DNA fragments which are phagocytosed by FcyR or complement receptor
[106, 135]. They are involved in immune-regulation and Th2 activation [136].

The M@2b contribute to Lupus erythematosus and Lupus nephritis [135, 137,
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138] and play a major role in increased susceptibility of burned patients to

sepsis [136].

Mo2d were introduced by Duluc ef al. as a type of M present in tumours.
They are generated in the presence of IL-6, adenosine or LIF (Leukemia
Inhibitory Factor) [139]. Me2d express high levels of VEGF and IL-10 and
low levels of IL-12 and TNFa demonstrating wound healing and pro-
angiogenic properties [140]. It is important however to note. that in vivo,
TAMg form heterogeneous group often displaying mixed phenotypes and

representing a spectrum of Mo polarization states.
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Th17?

inflammation, drive Thl, Th17

responsces

CD86, IL-12, IL-23,
TNFa, CCL3 (TNFa,
LPS only)

Type Stimuli Function Markers Pathology
Mol GM-CSF; Host-defence against intra- CD68; autoimmunity,
LPS, IFNy, TNFa, cellular pathogens, mediator of | HLA-DR, CD80, arthrosclerosis,

rheumatoid arthritis (RA),
inflammatory bowel

disease (IBD)

Table 1.3A Characteristics of most prevalent Mg activation types [106, 111, 125, 132, 133, 136-139, 141, 142],[135].
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(Leukemia Inhibitory Factor)

Type Stimuli Function Markers Pathology
Me2a Tissue injury, Fungal and Wound healing, Drive Th2 HLA-DR, CD200R, Contribute to tissue fibrosis
helminth infections? IL-4, IL- | responses CD206, CD163, IL-10, | during schistosomiasis,
13 TGFp, IL-1ra, CCL18, | asthma
CD86
Meo2b Immune complexes, LPS+IL- | Stimulation of Th2 responses, HLA-DR, CD86 Visceral leishmaniosis,
1B, angiogenesis, (DNA), IL-1, IL-10, systemic lupus erythematosus
LPS Immunoregulation TNFa, IL-6, CD80 (SLE)
(IL-1B+LPS) Increased susceptibility of
burned patients to sepsis
Me2c IL-10 Immunoregulatory, CD163 (-ve in TGFB, | Decreased numbers in Lupus
Drive Treg responses, Promote MerTK, IL-10, TGFp, | erythematosus
TGFpB vascular and epithelial repair, CD200R,
Glucocorticoids-stress Clearence of early apoptotic cells | CCL18 (IL-10 only)
CD206 (TGFp only)
Treg
Me2d IL-6, adenosine, LIF Wound healing, angiogenesis IL-10, VEGF, TGFp Cancer

Table 1.3B Characteristics of most prevalent M@ activation types [106, 111, 125, 132, 133, 135-139, 141, 142].
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1.2.4 The variability of M@ phenotypes

Due to the extreme diversity and the multitude of possible polarisation states
Mg defy simple uniform description. Therefore, multiple laboratory methods
are usually used for their characterisation including morphologic analysis,

expression of surface molecules, secretory profile and gene profiling.

The majority of research on human Mg is undertaken with MoM¢. However,
in contrast to the generation of MoDC (for which there are well-established
procedures), there is considerable heterogeneity in the methodology employed
for MoM¢ generation between research groups. Examples range from the
usage of different culture plastic surfaces and medium through the duration of
culture and type of stimulus used. For example, Clavel et al. polarised MoM¢@
in polymer inserts [141] while Ambarus and colleagues used plates of normal
adherence [143]. In addition, while Clavel et al. generated Mo with respective
cytokines for just 4 days, Zizzo et al. pre-polarised M¢ with GM-CSF into
Mol or M-CSF into M2 before final polarisation with IFNy for M¢1 or IL-
10, Dex or IL-4 for Me2 [133]. In vitro generated Mo typically display
characteristic “fried egg” appearance and are strongly attached to the surface.
This typical morphology can however change depending on the type of
medium and cytokines used for culture ([144]. Rey-Giraud et al. showed that
MoMg can present a typical “fried egg” or spindle-shaped appearance
depending on whether they were cultured in RPMI+10% Foetal Bovine Serum
(FBS) or X-vivo medium and a in the presence of GM-CSF and M-CSF [144].

The presence of M-CSF or activation signal with LPS/ IFNy during Mo
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culture leads to the generation of elongated cells while IL-4 promotes circular
morphology [145]. On the other hand, stimulation of GM-CSF generated Mo
(GM- Mo) leads to an increase in detachment from the surface [144]. These
results demonstrate the impact of small experimental variations in culture
conditions. Although some of these may initially seem insignificant, when
combined with the notable plasticity of M they may indeed account for the
wide variety of distinct and conflicting outcomes. In an attempt to unify and
standardise the field, a recent study contained recommendations for basic

generation and reporting standards for in-vitro and in-vivo research [108].

Diversity is encountered by researchers also in vivo when attempting to
classify Mo via flow cytometry or immunohistochemistry in tissues. None of
the markers used so far is specific for Mo and their expression depends on the
culture method, species and origin. For many years CD68 (the human
homolog of mouse macrosialin) was thought to be a reliable M marker [146]
expressed by both M1 and M@2. Whilst its function is not fully described, it
serves as a scavenger receptor for oxidised low density lipoprotein [146]. In
2004 its specificity for M@ was challenged by Kunisch and colleagues, who
demonstrated its expression in FB [146]. Since then it was found to be present
in a wide variety of cells including Mo, DC, EC and some tumour cell lines
[146-149]. However, the lack of a better marker which would be specific for
all Mo as well as possible differences between the specificity of distinct
antibody clones are the reasons why CD68 is still commonly used in Mg
research. Further characterisation of Mo and their subsets requires a

combination of markers which have higher intensity on some subsets in
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comparison to others like HLA DR or which can be triggered only by specific
stimulus for example MerTK [133, 143] (Table 1.4 A, B). Other markers may
have differential expression by depending on the species used for research.
For example, arginase I (Argl) is a reliable marker for M¢2 in murine models
but is not induced in human Mg [150, 151]. Molecules involved in Mo -
related activation of pro-inflammatory T-cell subsets - HLA-DR, CD86,
CD80, CDA40 - are in general up-regulated by T-cell derived cytokines notably
IFNy and IL-4 suggesting a feedback loop between those cells although they
are generally higher upon IFNy polarisation then IL-4 polarisation [143, 145].
In addition, CDSO is also up-regulated by other pro-inflammatory stimuli like
TNFa or GM-CSF while it is absent in M¢ polarised with M-CSF or IL-10
making it preferred marker for pro-inflammatory Mo [141, 143]. On the other
hand, CD64, another marker connected with pro-inflammatory Mo, is strongly
up-regulated by IFNy but two other pro-inflammatory stimuli, TNFo and GM-
CSF fail to induce it [143] showing possible oversighted diversity in the

population of pro-inflammatory Me.

Some commonly used markers connected with anti-inflammatory Mo are
CD163, CD16, CD206, CD200R and MerTK. Both CD163 and CD16 are
induced by regulatory stimuli like IL-10, Dex, TGFf or M-CSF but not by
GM-CSF, IL-4 or IFNy [133, 141, 143, 152] positioning them as good
markers for regulatory Mo (M@2c). MerTK is down-regulated by GM-CSF

while it is up-regulated by Dex or M-CSF in combination with IL-10 [133].
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IL-4 and IL-13 which are cytokines polarising wound-healing M¢ specifically
up- regulate CD200R which is not affected by other stimuli like M-CSF, while
it is down-regulated by IFNy [141, 143]. Interestingly CD206 which is a
marker traditionally connected with IL-4 in murine models (However, it is
important to add that murine dermal M¢ express CD206 without the
requirement of IL4 [153] ) shows lack of specificity to M@2a subgroup in
humans as (in addition to being upregulated by IL-4 and -13) it is increased by
polarisation with GM-CSF to even higher degree [143, 154, 155]. It is
however low on M-CSF, IFNy or IL-10 stimulated cells [133, 143]. In contrast
Zizzo et al. [133] found CD206 expression on cells polarised with Dex and M-

CSF which may be due to different polarisation protocol.

The distribution of markers across M spectrum changes when two-step
polarisation (i.e. firstly with GM-CSF and M-CSF and secondly by T-cell
derived cytokines and TLR agonists) is implemented. IFNy did not increase
CD80 and CD64 on GM-CSF polarised M¢ while it significantly increased it
on M-CSF polarised M¢ [143]. Although Dex increased MerTK expression in
both subsets, its effect was greater in M-CSF M and required lower dose of
Dex [133]. In addition, IL-10 required M-CSF to increase MerTK while
another Me2c stimulus, TGFp, inhibited MerTK even in the presence of M-

CSF [133].
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Name Characterisation Stimulus Location Function Mo type
HLA-DR | MHC class II receptor IFNy, IL-4 Cell surface | Ag presentation Mol, Mg2a,
Mo2b
CDg86 Cluster of Differentiation | IFNy, IL-4 Cell surface | Co-stimulatory signals to T- Mol, M¢2a
86 (B7-2) cells. Ligand for CD28 and
CTLA-4.
CD80 Cluster of Differentiation | IFNy, GM- Cell surface | Co-stimulatory signals to T- Mol, Mo2b
80 (B7-1) CSF, TNFa, cells. Ligand for CD28 and
IL-1B+LPS CTLA-4.
CD40 Cluster of Differentiation | IFNy/LPS Cell surface | Co-stimulatory protein Mol
40 activating APC. Binds to CD154
(CD40L) on Th cells
CDo64 Cluster of Differentiation | IFNy Cell surface | High affinity receptor for IgG Mol
64. Fc receptor Ab
CD206 the macrophage mannose | IL-4, GM- Cell surface | phagocytic receptor mediating Mo1, Mo2a,
receptor MMR CSF, TGFp the binding and ingestion of Mo2c

micro-organisms displaying
glycans on their surface.
Clearance of glycoproteins from
circulation produced during
inflammation and wound
healing

Tablel.4A Characterization of surface markers typically expressed on Me1 [111, 133, 141-143, 145, 156-160].
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Name Characterisation | Stimulus Location | Function Mo type
CD163 RM3/1, IL-10, M-CSF, Dex, | Cell scavenger receptor binding Mo?2c,
haemoglobin TGFpB surface Haemoglobin:Haptoglobin (Hb—Hp)
scavenger receptor complexes, receptor for gram+ and
(HbSR), M130, or gram — bacteria
pl55
CD16 FcyRIII IL-10, Dex, M-CSF | Cell Low affinity Fc receptor. Binds to Fc | Me2c
surface portion of Igg antibodies and
activated NK cells
MerTK member of Tam Dex, IL-10+M-CSF | Cell Removal of apoptotic cells Mo2c
(Tyro3, Axl, Mer) surface
receptor subfamily
CD200R Receptor IL-4, IL-13 Cell Receptor for CD200. Involved in Meo2a
surface immunosuppression
CD206 the macrophage IL-4, GM-CSF, Cell phagocytic receptor mediating the Meol,
mannose receptor | TGFf surface binding and ingestion of micro- Mo2a,
MMR organisms Mo2c,

Table 1.4B Characterization of surface markers typically expressed on M2 [111, 133, 141-143, 145, 156-160]
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The division of Mg into various subtypes is further supported by their
secretory profile. This seems to be less interchangeable in response to single
stimuli then phenotypic markers. In general, Mo1 are characterised by
prominent secretion of pro-inflammatory cytokines notably IL-12, IL-23,
TNFa, while the major M2 cytokine, independent of their subset, is IL-10
with TGFp or VEGF also being expressed in particular M2 subsets [161].
The exception is presented by M@2b which retain high level of secretion of
TNFa and IL-6 [111]. In addition to phenotypic and secretory profiles recent
research has identified transcription factors and genes involved in
differentiation of Mo phenotype i.e. SOCS1 and IRF4 in IL-4 stimulated

MoMgo and IRFS5 and pSTAT!1 in MoMg activated with LPS or IFNy [108]
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1.3 Dendritic cells in immune system

DC are professional APC which sample Ag and initiate adaptive immune
responses [162]. DC were first described by Ralph Steinman and Zanvil Cohn
in 1973 as a novel immune cell type discovered in murine spleen [163]. They
were given the name dendritic derived from the Greek word, Dendron,
meaning a tree, due to their characteristic appearance of tree-like branching
cells in phase-contract microscopy. In 1982, a rare population of cells (<0.1%
of mononuclear cells) with features similar to murine DC (for example, high
expression of MHCII and the ability to activate T-cells) was found by
Steinman and colleagues in human blood [164]. Since then DC were found to
form a heterogeneous population of haematopoietic cells present in both blood

and tissues [165-169].

1.3.1 Dendritic cells subsets

DC can be divided into various populations based on their body distribution,
ontogeny and performed functions. According to body distribution DC can be
divided into cells circulating in the blood compartment or tissue resident.
Circulating DC are divided into myeloid DC (myDC) otherwise known as
conventional DC (cDC) and plasmacytoid DC (pDC) based on their
expression of CD11c (a myeloid lineage marker) and CD123 (IL3R) (pDC
marker). Although both markers are used as the main receptors to identify DC
population, it is worth to keep in mind that they are non-specific with CD11c
expressed also on Mo and Me [170, 171] while CD123 reported at high levels
on basophilic granulocytes and at low levels on Mo, MyDC and certain

subsets of haematopoietic progenitor cells [172].
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The CD11c+ MyDC are currently divided into cDC1 expressing CD141
(thrombomodulin, BDCA3) and cDC2 expressing CD1c (BDCA1). The cDC2
co-express CD11b and high levels of CD11c while ¢cDC1 lack CD11b and
express low levels of CD11c. The CD141 is not a specific marker and can be
expressed by a range of other cells. However, the cDCI1 can be differentiated
from other cells by low or absent expression of other markers such as CD14,
CDIc and CD11b [173]. The cDCI represent 0.1% of mononuclear cells and
around 4% of CD11c+ MyDC which makes their studying challenging due to
difficulties with obtaining sufficient numbers [174, 175]. In contrast, the cDC2

subset is more numerous representing 10-25% of Cd11¢c+MyDC [174].

Both types of human MyDC have been identified in blood as well as in lymph
node, spleen, tonsil, bone marrow and non-lymphoid tissue, skin, liver and
lung [173, 176-178]. The expression of MHCI as well as the capacity of both
MyDC types to present Ag is similar [178, 179]. Moreover, both MyDC
promote Th1 polarisation depending on specific TLR stimulation [180].
However, both subtypes differ in their expression of TLR receptor. While
cDC2 express all TLR apart from TLRY, the cDC1 also lack the expression of
TLR4 -5 and -7 while have higher expression of TLR3 and -10 (Table 1.5)

[180, 181].

Human pDC can be identified by unique expression of BDCA2 (CD303, a C-
type lectin receptor family member) and BDCA4 (CD304, Neuropilin-1
(NRP1)). pDC selectively express TLR7 and -9 and secrete large amount of

type I interferons I response to viral infection [180, 182].
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In addition to MyDC and pDC subtypes of DC such as Langerhans cells (LC)
and Sulpho LacNAc DC (slanDC) can differentiate from Mo in inflammatory
conditions and in certain tissues. In addition, in vitro generated human MoDC
are widely used as a functional model of DC behaviour [183]. However,
genome-wide expression profiling demonstrated that MoDC are more similar
to Mo than blood DC subsets [184]. The slanDC subset are highly
inflammatory and thought to be of monocytic origin [185, 186]. Due to their
transcriptional overlap with CD16+Mo they are sometimes classified as a Mo
subset rather than DC [186]. Apart of Sulpho LacNAc (a modified PSGL-1)
slanDC also express FcyRIII (CD16) and CD11c. Blood slanDC produce high
levels of Th17-polarising cytokines such as IL-23, IL-1f and IL-6 and are
linked to several autoimmune diseases including psoriasis and multiple
sclerosis ([187, 188]. Phenotypic maturation of slanDC in blood is inhibited

by erythrocytes through a CD47-dependent mechanism ([189]).

LC are resident DC population in the epidermis however they have also been
found in other squamous epithelia such as bronchus and oral and genital
mucous membranes [186, 190]. Human LC contain high levels of the C-type
lectin langerin and the epithelial cell adhesion molecule (EpCAM) [191]. LC
constantly migrate to skin-draining LMN and preferentially induce Th2
responses [177, 192]. In addition, LC possess the ability to cross-prime CDS8

T-cells [192].

62



1.3.2 Dendritic cell ontogeny

DC derive from bone marrow from common myeloid progenitor (CMP) which
gives rise to M@/DC progenitor (MDP) (Figure 1.3). The MDP further
differentiate to common Mo precursors (cMOP) and common DC precursor
(CDP) [193]. The common DC precursor (CDP) gives rise to cDC as well as
pDC. Although the CDP retains low potential to differentiate into Mo in vitro
it lacks this capacity in vivo [194]. The CDP differentiate in vitro into DC in
the presence of Flt3 ligand alone and do not survive or differentiate in the
presence of M-CSF [194]. During homeostasis, nearly all DC differentiate
from CDP ([194]). Originally, Mo have been considered as the main
precursors of DC. Subsequent studies demonstrated that Mo differentiate into
cDC mainly during inflammation [195, 196]. However, recently it was
established, that Mo also contribute to DC pool in specific tissues such as gut,

spleen or lung during steady state conditions [196-198].

LC are characterised by a unique developmental process where
haematopoietic progenitors from YS and FL establish in the skin before birth
allowing LC to self-renew during homeostasis [199]. However, during

inflammation LC are being replenished by Mo-derived cells [195].
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Figurel.3 Classification of DC subsets based on ontogeny and phenotype.
All DC derive from CMP in bone marrow. CMP further differentiate into
MDP common precursor of DC and M¢ which can differentiate into CDP
unique for DC only or cMOP generating Mo. Upon inflammation Mo can give
rise to inflammatory DC. Proposed nomenclature based on ontogeny where
cell derived from CDP should be called DC (light green box) and cells derived
from Mo should be called Mo-derived cells ([49]). DC — dendritic cells, CMP-
common myeloid progenitor, MDP- Me/DC progenitor, CDP- common DC
precursor, pDC — plasmacytoid DC, cDC-conventional DC, cMOP- common
Mo precursors, MO - monocyte, MoDC - Mo-derived DC, infDC —
inflammatory DC, YS-yolk sack, FL- foetal liver, LC-Langerhans cells.

1.3.3 Dendritic Cell function

Although DC comprise a heterogeneous population of cells, the prevalent
unifying feature is their capacity to efficiently capture, process and present Ag

inducing the novo Ag-specific activation of CD4+ and CD8+ T-cells [200-
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206]. Moreover, DC can also directly induce Ag-independent proliferation of
CD8+T-cells in a Th-independent manner [207, 208]. In addition to priming
T-cell response, DC also possess the ability to activate B-cells and NK-cells.
Moreover, DC play an important role in immune-homeostasis through
presentation of self-Ag. Following Ag uptake in the presence of PAMP or
DAMP, DC enter program of maturation which comprises the blockade of the
MHCII-peptide complexes on their surface, cytoskeletal changes and up-
regulation of chemokine receptors homing to secondary lymphoid organs

[209].

The migration of DC from tissues towards draining LMN occurs via afferent
lymphatics. CCL21 expressed on lymphatic EC interacts with CCR7 on DC
surface which becomes up-regulated upon activation, guiding DC towards and
into the lumen of initial lymphatic vessels through haptotaxis [210]. Inside the
afferent lymphatic vessels, DC are passively transported by the lymph flow
into the subcapsular sinus (SCS) of LMN. Here they enter the lymph node
parenchyma in a process dependent on the interaction between CCR7 and
CCL19, CCL21 produced by fibroblastic reticular cells of the T-cell zone
stromal compartment [211]. The positioning of DC within the lymph node is
closely linked to their function [210]. Although Ag-specific interactions
between T-cells and DC occur in the T-cell zone, mice of the paucity of
lymph node T cells strain 3, lacking the CCR7 ligands CCL19 and CCL21,
were found to have normal or enhanced CD4+ T-cell responses [25, 212].
Interestingly, Leon ef al. found that after infection with an intestinal

nematode, Ag-bearing DC and CD4+ T-cells upregulated the chemokine
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receptor CXCRS and localized together outside the T-cell zone compartment
by a mechanism dependent on the chemokine CXCL13 [83]. These findings
show that T-cell differentiation can initiate outside T-cell zone compartment.
It is important to note that due to technical requirements of functional studies
on cell migration such as uninterrupted blood flow and intact lymph vessels
and LMN, most of current knowledge on this topic is derived from animal

models [210].

Upon reaching T-cell zone compartment in LMN DC activate or inhibit CD4+
and CD8+ T-cells. The engagement of distinct PRR during Ag uptake plays
crucial role in the regulation of the three signals required for T-cells activation
[23]. Different subsets of DC express different sets of TLR (Table 1.5) which
may explain certain diverse effects of DC activation [22, 23]. The exact
expression of various TLR has been difficult to elucidate. Most methods rely
upon detection of mRNA which does not necessary transfer into the functional
protein expression [22, 23]. The use of pure TLR agonists further expanded
the knowledge of the functional TLR expression profiles on DC. Additionally,
various types of DC can react differently in response to signalling from the
same TLR. Indeed, Ito ef al. demonstrated that human pDC stimulated with
TLR7 agonists secreted type 1 IFN, whilst myDC stimulated with the same
agonist secreted IL-12p70 [213]. This data needs to be treated with caution as
R848 and Imiquimod used in this study can also trigger TLR8 which is not
present on pDC and may therefore explain the difference in IL-12p70

secretion [213, 214].
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TLR/Cell type CDl11c pDC MODC
TLR1 +++ ++ ++
TLR2 ++ +/- ++
TLR3 +++ - ++
TLR4 ++ - T+
TLRS ++ +/- +/-
TLR6 ++ + ++
TLR7 + ++ -
TLRS + - ++
TLR9 - +++ -
TLR10 ++ NA NA

Table 1.5 TLR expression patterns in human DC subsets (adapted from
[22, 23)).

In addition to activating T-cells, DC are important for the maintenance of
central and peripheral tolerance. Thymic CD11c+ DC are involved in the
deletion of self-reactive CD4 T-cells and to lesser extend CD8 T-cells as well
as the induction of Foxp3+ T-reg therefore demonstrating their role in central
tolerance [215-217]. In the periphery, immature DC play important role in
maintaining self-tolerance by presenting T-cell an Ag without signal 2 and 3
which leads to T-cell anergy and elimination [218]. However mature DC can
also trigger immune-tolerance. MoDC stimulated with TNFa and PGE2
display high expression of co-stimulatory molecules and pro-inflammatory
cytokines characteristic for maturation however, they suppress T-cell
activation through factors like indoleamine 2,3 deoxygenase (IDO) and IL-10
[219]. DC can also exert inhibitory effect on T-cell function though up-
regulation of molecules such as PDL1 or TGF-f [220, 221]. In summary,
regulatory DC (DCreg) play important role in self-tolerance and reduction of
their functions has been linked to autoimmune diseases such as systemic lupus
erythematodes (SLE), RA, or psoriasis [222]. Moreover, the induction of

DCreg during infections such as Listeriosis or tuberculosis may protect the
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host from dissemination of infection due to granuloma destruction by T-cells
[74]. On the other hand, DCreg are often found in tumours and play an
important role in promoting tumour growth through the development of

tumour immune-evasion [221].

1.4 1L.-23

1.4.1 IL-12 cytokine family

IL-23 is a heterodimeric cytokine which together with IL-12, IL-27 and IL-35
belongs to IL-12 cytokine family [223]. All cytokines in this family consist of
two subunits (a-chain: p19, p28 or p35 and B-chain: p40 or EBI3 (Epstein Bar
virus—induced protein 3) which expression is regulated independently. IL-23
and IL-12 share a common p40 B-chain which associate with IL-12p35 to
form IL-12 or IL-23p19 to form IL-23 (Figure 1.4) [224]. Similarly, EBI3
heterodimerises with p28 or p35 to form IL-27 and IL-35 respectively [225,

226].

Members of the IL-12 family employ common receptor chains and signalling
pathways. IL-12 utilises IL12RB1 and IL12RB2 which transfers signals onto
Signal transducer and activator of transcription (STAT) 4 while IL-23 signals
through IL12RB1 and IL23R onto STAT3 and STAT4 [224, 227-230]. IL-35
signals via gp130 and IL12Rp2 but can also use gp130-gp130 and IL12RB2-
IL12RB2 homodimers to transfer signal onto STAT1 and STAT4 [231]. On
the other hand, IL-27 signals through gp130 and WSX-1 onto STAT1 and
STAT3 [232-234]. In contrast to IL-12, IL-23, and IL-27 that are primarily

secreted by activated APC, IL-35 production is restricted to T-reg [235].
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IL.-23 IL-12

IL-27 IL-35

Figure 1.4 Schematic of IL-12 family cytokines, their receptors and
signalling partners (from [223]). Cytokines in the IL-12 family consist of
two subunits - a-chain: p19, p28 or p35 and B-chain: p40 or EBI3. IL-23 and
IL-12 share a common p40 B-chain which associate with IL-12p35 to form IL-
12 or IL-23p19 to form IL-23. Similarly, EBI3 heterodimerises with p28 or
p35 to form IL-27 and IL-35 respectively. EBI3-Epstein Bar virus—induced
protein 3.

Despite similarities in their structure, receptors and downstream signalling
components the cytokines exert unique, often contrasting biological functions.
Both IL-12 and IL-23 are pro-inflammatory however, while IL-12 stimulates
anti-microbial resistance through Thl responses, the IL-23 supports Th17 and
promotes chronic inflammation [236, 237]. Due to its pro-inflammatory

functions IL-12 is considered to be important for the development of
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autoimmune diseases [238-240]. Treatment with anti-IL-12p40 monoclonal
antibody significantly reduced disease in experimental autoimmune
encephalomyelitis (EAE) and blocked relapses [241]. However subsequent
studies demonstrated that antip40 antibodies in fact inhibit the IL-23-driven
Th17 cells, responsible for EAE progression [235]. Further studies confirmed
the key role of IL-23 in autoimmune diseases [242, 243]. In contrast to other
cytokines from the IL-12 family, IL-35 exerts potent anti-inflammatory
functions mainly through promotion of T-reg expansion and function [244-

246].

IL-27 displays both pro- and anti-inflammatory properties. 1L-27 can induce
Thl generation from naive T-cells and trigger their secretion of IFNy in in
vitro settings. Moreover, IL-27 enhances the secretion of IFNy in the presence
of low levels of IL-12, while is redundant in the presence of high
concentration of IL-12 [247, 248]. Several studies suggested that the positive
effect of IL-27 on Th1 responses may be caused by inhibition of Th2
responses [233, 249, 250]. However further research on murine models in
vivo demonstrated that effective Th1 responses can occur without IL-27 [251,
252]. Moreover, studies utilising M. tuberculosis infection suggested that IL-
27ra deficiency results in more efficient bacterial clearance [251, 253].
Remarkably, the knockout animals produced highly effective Th1 responses
but also displayed signs of uncontrolled immune stimulation suggesting
regulatory properties of [L-27 [254, 255]. Indeed, IL-27 exerts anti-
inflammatory effects by suppression of pro-inflammatory cytokines such as

IL-6 and IL-17 and inhibition of the development of Th17 [256-258].
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Moreover IL-27 enhances Foxp3 T-reg functions and induces IL-10
production by CD4 effector and Tr1 cells although, it can inhibit the
development of T-reg and suppresses Foxp3 induction [259, 260].
Furthermore IL-27 can enhance CD8+ T-cells memory and cytotoxic activity
of NK cells [261, 262]. Overall it can be postulated that the effect of IL-27

depends on the context of disease, location and timing.

1.4.2 Signalling pathways involved in regulation of IL-23 secretion.

Initially described by Oppman and colleagues, IL-23 is secreted by activated
MoDC [224]. In 2008 Roses et al. reported secretion of IL-23 by MyDC upon
stimulation with TLR agonists namely TLR2, 4 and 7/8. Interestingly, none of
the single TLR ligands induced IL-12 secretion showing differential regulation
of these two cytokines despite sharing a common subunit with IL-12 [263].
IL-23p19 expression has been demonstrated in human MoMg stimulated with
Escherichia Coli LPS [264]. In addition, M¢ secrete high levels of IL-23 but
not IL-12 upon mycoplasma infection [265]. Furthermore, while Sendai virus
induces IL-23 secretion by Mo, influenza virus fails to do so [266, 267]. IL-23
production also occurs in human Mo infected with Francisella and in the
microglia of patients with multiple sclerosis (MS) [268-270]. Moreover IL-
23p19 expression was shown in synovial FB from patients with RA however,
no secretion of active IL-23 has been demonstrated [271-273]. In addition to
TLR ligands other molecules such as PGE2 and TNFa/IL-1f can also induce

IL-23 secretion [272, 274, 275].
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Major signalling pathways linked with regulation of IL-23 production include
Zymozan and Dectinl/TLR2 Syk-CARD (caspase recruitment domain
family)-NF«xB (nuclear factor kappa-light-chain-enhancer of activated B cells)
pathway, the Pi3K/Akt pathway and the p38 MAPK/Erk/ NFxB pathway [268,
276, 277]. Zymozan is a preparation of cell wall of yeast Saccharomyces
cerevisiae containing B-glucan [278]. Induction of IL-23 by zymozan is
mediated via DC-associated C-type lectin-1 (Dectin-1) alone or with TLR2
[279, 280]. Both Dectin-1 and TLR2 recognise components of fungal cell wall
[278]. The phosphorylation of ITAM (immunoreceptor tyrosine-based
inhibitory motif)-like motif recruits spleen tyrosine kinase (Syk) [281]. Syk
recruitment is required for the assembly of a scaffold complex consisting of
CARDO9, BCL-10 (B cell lymphoma 10) and MALT1 (mucosa-associated
lymphoid tissue lymphoma translocation gene 1). The CARD9-BCL-10-
MALT1 complex stimulates activation of canonical NFkB pathway however,

the mechanism of this activation remains unclear [282].

The PI3K/Akt pathways seem to play a positive role in IL-23 secretion in
contrast to their inhibitory effect on IL-12 [268]. Butchar ef al. demonstrated a
positive role of PI3K and NF«B in Francisella infected human Mo [268].
Furthermore, PI3K inhibitor, wortmannin, significantly reduced IL-23
secretion by DC [283]. Blockade of PI3K in M also inhibited 11-23 secretion.
Moreover, PI3K has been shown to mediate up-regulation of IL-23 secretion

by CCR7 ligands in murine DC [284].
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TLR signalling triggers the MAPK (Mitogen activated protein kinase)
signalling pathways consisting of Erk, JNK (c-Jun-N-terminal kinases) and
p38 [276]. Increased phosphorylation of Erk1/2 and p38 leads to up-regulation
of IL-23 secretion by human cord-blood derived DC activated with LPS and
IL-12 [285]. On the other hand, inhibition of p38 in activated M¢ enhanced
IL23p19 expression [286]. Furthermore, evidence suggests a role for JNK in
IL-23p19 expression by LPS-stimulated M. The apparent disparities in the
role of MAPK pathways observed by different groups may be explained by
differential regulation of cytokine secretion in distinct cell populations.
Moreover, further post-transcriptional modifications may be involved in the
regulation of cytokine secretion. This point is well illustrated in the case of
synovial FB from patients with RA. Up-regulation of IL-23p19 mRNA is seen
in synovial FB upon stimulation of PI3K/Akt, NFkB and p38 MAPK
pathways [272]. However, this is limited to transcription as these cells do not
secrete IL-23. In brief, the regulation of cytokine expression and function

occurs at several discrete levels and may vary widely between cell types.

Several molecules play negative roles in IL-23 secretion. Protein phosphatase
2A (PP2A) inhibits IL-23 secretion by TLR-stimulated DC through inhibition
of NF«B activation [287]. PP2A associates with IKK[3 which terminates IkB
kinase (IKK) phosphorylation. IKKa and  form complex which mediates
phosphorylation and degradation of IkB which is necessary for NFxB
activation [288]. B-cell leukaemia 3 (Bcl3) is suggested to negatively regulate
the IL-23p19gene [288]. BMDC responded with increased secretion of I1L-23

upon stimulation with LPS in Bel3 knock-down mice while Bcel3 over-
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expression was connected with decreased secretion of IL-23 by LPS-activated
BMDC in IL-10—/— mice [288]. Similarly, inhibition of the Ras-related C3
botulinum toxin substrate 1 (Rac1) increased expression of IL-23p19 through

enhanced NF«B activity [286].

Transcription factors including positive regulators such as c-Rel, RelA,
Activator protein 1 (AP-1), SMAD-3, the cAMP response element binding
protein (CREB) and Activating transcription factor 2 (ATF-2) as well as
negative regulator Interferon regulatory factor 1 (IRF- 1), modulate 1123
production through transcriptional control of IL23p19 [289]. The role of
NF«B for IL-23 was demonstrated by several groups. Carmody et al. showed
that p19 gene expression in DC requires c-Rel. Moreover, short interfering
RNA against RelA decreases p19 transcription in a human Me cell lines
[286]. In support of this, the proximal kB site in the IL-23p19 promoter is
necessary for the RelA- and c-Rel-dependent induction of p19 transcription in
murine BMMeo [290]. AP-1 is involved in the transcription of p19 in activated
murine DC and Me [291]. Secretion of IL-23 by slanDC triggered by
autocrine TNFa and IL-1f is mediated through AP1 and NF«B [263].
Prostaglandin E2 (PGE2) has been shown to increase IL-23 secretion through
CREB transcription factor [289, 292]. CREB induced by Protein kinase A
(PKA) interacts with EPAC (exchange factor directly activated by cAMP)-
induced C/EBPB (CCAAT-enhancer-binding protein) to up-regulate p19
expression in BMDC and Mol [289]. Interestingly, simultaneous CREB
activation inhibits the expression of other pro-inflammatory cytokines by Mo

such as IL-12 while it leads to increase of IL-10 secretion by Me2.
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Furthermore, an inhibition of NF«B activity by CREB due to competition for
CBP (CREB binding protein)/p300 has been suggested [293, 294]. Therefore,
rather than being expressed as a consequence of a single transcription factor, it
is likely that the balance between CREB and NF«B regulates IL-23

expression.

1.4.3 IL-23 function

IL-23 receptors are mainly expressed on activated/memory T-cells and NK
cells, and are expressed at lower levels by Mo, M@ and DC in humans [229].
In addition, IL-23 receptors are expressed by some tumour cells including
lung and colorectal carcinoma as well as melanocytes [295-297]. Murine IL-

23 receptors were detected on T-cells, BMDC, and M1 [229, 242].

The majority of studies concerning IL-23 function focused on its role in Th17
responses. [L-23 is required for the expansion and maintenance of Th17 cells
while IL-1B (TGFp in mice) and IL-6 induce their development [298-300].
However, IL-23 can exert profound direct inflammatory effects, irrespective
of Th17. Early reports suggested a degree of redundancy of IL-23 effects with
regards to IL-12 [224]. Similarly to IL-12, IL-23 increased human T-cell
production of IFNy, although to a lower levels than IL-12 [224]. However,
later reports suggested that murine CD4 and CDS8 T-cells do not respond to IL-
23 with secretion of IFNy [301-303]. Moreover, IL-23 can negatively regulate
IL-12-induced secretion of IFNy by murine CD4 and CD8 T-cells [303].
While IL-12 stimulates the proliferation of both naive and memory human T-

cells and naive murine T-cells, IL-23 increases the proliferation of human and
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murine memory T-cells while not having an effect on naive T-cells [224, 304].
Based on these findings it was suggested thet IL-23 acts predominantly on
memory T-cells [304]. IL-23 synergistically with IL-18 or IL-1f induces the
secretion of IFNy and up-regulates CD56 expression by NKT-cells but not NK
cells [305, 306]. In a positive feedback loop, IFNy induces IL-23 production

[306].

As described earlier, IL-23 receptors are expressed by a range of tumours
including breast, lung and colorectal [295, 307-310]. IL-23 directly promotes
proliferation of lung cancer and squamous carcinoma cells of the oral cavity
[295, 307]. Furthermore, IL-23 may be involved in the transition from
adenomatous polyps to colorectal carcinoma [308]. IL-23 is also suppressed
NK-cell dependent control of lung metastases [311]. On the other hand, IL.-23
was indispensable for DNA repair in primary melanocytes thereby preventing

their tumorigenesis [297].

IL-23 regulates tumour development indirectly via IL-17 secreting cells.
Tumour associated Th17 cells occur coincidentally with increased IL-23 levels
and promote angiogenesis and growth [312, 313]. Furthermore, increased
levels of IL-17 correlate with poor prognosis [314-316]. Th17 were also
indicated as the source of tumour-induced T-reg [317]. Hinrichs et al.
described that adoptively transferred IL-17-secreting CD8+ T cells enhanced
antitumor immunity in B16 melanoma through conversion into IFNy-
producing effector T-cells [318]. Moreover Muranski et al. reported the ability

of tumour-specific Th17 to reduce B16 melanoma through IFN-y production
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[319]. These studies suggest high plasticity of Th17 and demonstrate the

importance of local factors in regulating outcomes of Th17 actions.

The IL-23/Th17 axis is important for protective immunity to bacterial and
fungal infections including Listeria monocytogenes, Cryptococcus
neoformans, Mycobacterium tuberculosis and Klebsiella pneumoniae [320-
324]. Furthermore, Th17 cells provide protection against muco-cutaneous and
systemic candidiasis through stimulation of DC, Me and NK-cells functions
[280, 325]. However, IL-23/IL-17 can exacerbate pathogen-induced
inflammation, promotint tissue damage through up-regulation of IL-6, IL-1,
TNFa and MMP9 and influx of inflammatory myeloid cells like granulocytes,

Mg and neutrophils [320, 326-328].

IL-23 and IL-17 play indispensable roles in autoimmune diseases such as EAE
in mice and MS in humans, psoriasis, RA and spondyloarthritis (SpA) due to
their role in the development and maintenance of chronic inflammation [242,
329, 330]. Therapeutic antibodies against IL-23 or IL-17 are highly
efficacious in psoriasis and many other autoimmune disorders. However, it is
important to remember that both cytokines also display unique properties
influencing the possible outcomes of therapeutic interventions. An interesting
dichotomy between IL.-23 and IL-17 was observed in Crohn’s disease [331]
where inhibition of IL-23 attenuated inflammation by increasing T-reg
accumulation, whilst inhibition of IL-17 exacerbated inflammation due to

breakdown of the intestinal epithelial barrier.
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1.5 Innate memory

Immune responses were traditionally classified as innate, characterised by lack
of specificity or memory, and adaptive, which are slower to develop but
highly specific to the encountered pathogen and result in a long-lasting
memory. This view has been challenged in recent years based on a review of
immune mechanisms governing resistance to reinfection in plants and
invertebrates (which lack adaptive immune system) and in mammalian
vaccination models. Furthermore, discovery of PPR demonstrated a certain
degree of specificity in the innate immune system. Based on these findings,
Natea et al. proposed a term “trained immunity” which is characterised by
increased response of innate immune cells to secondary infection by the same
or different pathogen (cross-protection) [332] . The main characteristics of
innate memory in vertebrates include the ability of innate immune cells to
raise differential (enhanced or inhibited) responses to secondary insult and low
specificity which contrasts with adaptive immune responses. Furthermore,
innate immune memory is regulated by epigenetic reprogramming in
opposition to permanent genetic changes such as recombination involved in
adaptive memory. Finally, trained memory has a shorter duration (months)

comparing to adaptive memory.

Compelling evidence suggesting the presence of innate memory in vertebrates
comes from studies showing T-cell independent protection against Candida
albicans, Salmonella, Listeria monocytogenes or Schistosoma mansoni
following immunisation of mice with bacillus Calmette Guerin (BCG) vaccine

[333-336]. The protection was mediated by tissue Mo [337] . Furthermore,
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increased levels of IFNy resulting from latent infection with herpesvirus
stimulated systemic M¢ activation leading to enhanced resistance to Listeria
monocytogenes and Yersinia pestis [332]. Similarly, immunisation with
attenuated PCA-2 strain of C. albicans induced protection against
Staphylococcus aureus which was once again dependent on activated Mo
[338]. Importantly, this protection was also present in athymic mice
demonstrating lack of dependency on T-cells [339]. In agreement with these
studies a recent report demonstrated that infection with Nippostrongylus
brasiliensis induces long-lasting effector Mo phenotype maintaining

protection from reinfection in a T- and B-cell independent manner [340].

Other cells of innate immune system are also involved in conferring innate
memory. Transfer of CpG activated Thy1.2" DC was required for protection
against Listeria monocytogenes lethal infection in naive mice [341]. Flagellin
induced protection against rotavirus in a DC-dependent manner via DC-
derived IL-18 which stimulated secretion of IL-22 by epithelial cells [342].
Following infection with murine cytomegalovirus, Ly49H+ NK cells
proliferated and remained in organs ready to undergo secondary expansion

and rapid activation upon reinfection.

Multiple epidemiological studies demonstrate that many vaccines such as
BCG or measles affect immune responses towards unrelated pathogens.
Vaccinia recipients had reduced risk of asthma and malignant melanoma and
the injection has been associated with reduced mortality in adults (It need to

be mentioned that no randomised trials for effectiveness of Vaccinia on
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mortality have been conducted) [343]. Similarly, observational studies suggest
lower all-cause mortality in children who received measles vaccine[344].
Although observational studies are prone to selection bias there are no studies
contradicting these results. Furthermore, recent randomised trial suggested

that BCG-vaccinated children demonstrate lower incidence of eczema [345].

One of the most important characteristics of adaptive immunity is its exquisite
specificity. Although trained memory involves changes in a number and
function of various innate immune cells resulting in increased protection from
a broad range of secondary infectious agents, the discovery of PRR which
recognise particular PAMP and DAMP and convey specific activation patterns
implies a degree of specificity of innate immune cells [12, 346]. TLR agonists
(LPS) can influence bone marrow hematopoiesis by stimulating
granulopoiesis preferentially over lymphopoiesis [347]. Stimulation of the
common lymphoid progenitors (CLP) with the TLR9 ligand CpG ODN
promotes their ability to generate DC while limiting their differentiation to B-
lineage cells [348]. Circulating hematopoietic stem and progenitor cells
(HSPC) stimulated with different TLR-agonists promote development and
differentiation of specific myeloid subsets, for example while TLR7/8 ligands
promote differentiation of CD34+ cells into CD11c+ CD14— DC, stimulation
with TLR2 ligands skews the differentiation towards CD11c+ CD14+ Mo
[349]. Therefore, HSPC can orchestrate the development of innate memory
during infection by influencing generation of immune cells during infection.
The importance of HSPC in forming of innate immunity is clearly seen while

considering trained immunity in Mo versus their lifespan. While Mo have

80



short life-span of up to one day, trained Mo were found in the circulation of
BCG-vaccinated patients 3 months after vaccination suggesting
reprogramming of progenitor cells [350, 351]. One of the main components
of the membrane of Gram negative bacteria, LPS, which binds to TLR4, exerts
diverse effects on innate responses depending on the dose and frequency of
application [352]. While primary exposure leads to activation of immune
system and production of various cytokines, subsequent exposure induces
long-lasting tolerance due to genomic reprograming of Mo [353]. LPS-
tolerant phase in patients suffering from sepsis remains at least 15 days post
septic shock [354]. In contrast, administration of very low doses of LPS (<100
pg/ml) during priming enhances secondary responses by immune cells [355,
356]. Therefore, innate memory may increase organism resistance to
reinfection or protect organism from debilitating effects of sustained

inflammation.

The molecular mechanisms behind trained immunity are only starting to be
elucidated and include epigenetic changes such as histone modification and
chromatin folding triggered by activation of various immunological (ie.
cAMP- PKA or STAT]1 activation) and metabolic (aerobic glycolysis)
pathways [357]. miRNAs such as miR-146a or miR-208 have been implicated
in the development of innate memory due to their high metabolic stability
(miR-208 half-life in murine heart is estimated for over 12 days) [358].
Furthermore, DC and Mo can secrete miRNA and transfer them to

neighbouring cells thus effectively propagating the memory state [359-361].

81



On the other hand, the role of long noncoding RNA requires further

examination.

Although characterised only recently, innate memory plays paramount role in
the defence mechanisms of vertebrate immune system. Future work should
elaborate further on the effects of innate memory in aim to utilise the findings
in designing improved vaccines, tumour therapy and treatment of chronic
inflammatory states. Furthermore, further delineation of molecular
mechanisms governing the development of innate memory will likely lead to
new improved therapies combining modulation of both innate and adaptive

memory.

1.6 The role of stroma in governing immune responses

Immune cells are in a constant crosstalk with their environment which consists
of stromal cells such as FB, epithelial and endothelial cell as well as
extracellular matrix. All these components have the potential to influence the

functions of immune system and the eventual direction of immune responses.

Due to their location, stromal cells are the first to encounter stress caused by
microbes entering the tissues and bloodstream, local cell death or tissue
damage. It is tempting therefore, to assume that these cells act as sentinels for
local homeostasis and relay the information to immune system. Indeed,
multiple reports demonstrated expression of functional TLR and NOD
receptors by connective tissue cells. Epidermal keratinocytes (KC) possess

TLR 1-6 and 9 [362-367] and their activation promotes distinct immune
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responses [368]. Furthermore, increased TLR 1, 2, 4, 5 and 9 expression by
KC occurs in psoriatic plaques [365, 369-371]. KC activated in the presence
of double stranded (ds) RNA and inflammatory cytokines induce maturation
of DC towards a Th1 polarising phenotype [372]. In contrast, triggering of
TLR3 and TLR9 on KC (by poly I:C and CpG , respectively) promoted an
influx of memory T-cells and production of type I IFN [362]. FB also express
multiple TLR whose engagement induces cytokine secretion [373, 374].
Activation of FB via TLR is implicated in hypertrophic scarring and increased
Th1 and Th17 responses in RA [374, 375]. Similarly, activation of endothelial
cells (EC) through PRR and cytokines leads to structural changes including
increased permeability, upregulation of adhesion molecules and secretion of
IL-1, -6, -8, -10 or monocyte chemotactic protein-1 (MCP-1) [376-378].

A number of stromal cells such as EC, KC, FB, astrocytes and adipocytes
express MHC II molecules either constitutively or upon stimulation. Such
cells are classified as non-professional APC [379-386]. The ability of stromal
cells to effectively present Ag is established in both murine and human
models. Acting as non-haematopoietic APC, intestinal myoFB efficiently
present allo-Ag to T-cells and are sufficient to induce lethal acute graft-versus-
host disease in the absence of professional APC [387]. Transgenic mice
expressing autoAg under KC control develop autoimmunity mediated by CD4
T-cells [383]. Furthermore, KC pulsed with excessive peptide are targets for
cytotoxic T-cells [384]. Immortalised human brain microvascular hCMEC/D3
endothelial cells (HBEC) expressing MHCII, CD40 and inducible
costimulator-ligand (ICOSL) supported proliferation of CD4 and CDS8 T cells

suggesting their ability to process and present Ag. EC are also implicated in
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allograft rejection though expression of MHCII, activation of CD4 responses
and induction of MHCI-specific circulating memory CDS8 T cells [380].
MHCII positive astrocytes were found in the lesions in MS [388, 389] while
the expression of MHCII on FB and chondrocytes occurs in RA [390-392] and

associates with disease progression.

In addition to a role in Ag presentation, expression of MHCII on stromal cells
serves alternate functions. When combined with absent or low expression of
CD80/86, MHCII expression is suggested to induce tolerogenic T-cell
responses and therefore play an important role in maintaining immune
tolerance [382, 393, 394]. Furthermore, it was suggested that periodic low-
affinity interactions between TCR and endothelial MHC promote memory T-
cells survival while high-affinity engagement initiates a localized recall
response [381]. EC can prevent, delay or promote T-cell diapedesis via
MHCII interaction. Tay ef al. and others demonstrated that endothelium can
stop Ag-specific memory T-cell transmigration via endothelial-derived
MHCII-T-cell interaction which is overcome in inflammatory conditions such
as pre-treatment with IFNy [395-397]. The complexity of MHCII functions
was well demonstrated with FB. Although FB express MHCII upon
stimulation with IFNy, they fail to effectively trigger the proliferation of
CD4+ T-cells. However, binding of MHCII on activated FB up-regulates their
secretion of IL-6, IL-8, MCP-1, PGE2 and RANTES (CCL5) [398] suggesting
that MHCII acts as a receptor for FB rather than activating receptor for T-
cells. Although FB were not able to activate CD4 cells in direct interactions

through MHCII, stimulation of FB through HLA-DQ promoted Th2
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polarisation of CD4+ responses and this was mediated through secreted

cytokines [399].

In addition to MHCII, stromal cells commonly express a range of co-
stimulatory (i.e. [CAM-1, vascular cell adhesion molecule -1 (VCAM-1),
CD40, ICOSL) and inhibitory molecules (i.e. Programmed death (PD) -L1 and
PD-L2) through which they can affect the direction of T-cell response [400-
407]. IFNy-activated KC effectively present Ag to both Th1 and Th2 T-cell
lines in a CD54 (ICAM-1)-dependent manner [408]. On the other hand, KC
promote tolerance via expression of PDL1 [409, 410]. Furthermore, gastric
epithelial cells secrete TGFP and express PD-L1 upon infection with H. pylori
leading to Th1 hypo-responsiveness and promoting T-reg and Th17
differentiation and therefore chronic inflammation [411-413]. These complex
findings may reflect different functions of stromal cells under various
homeostatic or inflammatory conditions. Keir and co-workers showed that
PD-L1/PD-L2 expression on non-lymphoid cells is sufficient to protect against
diabetes [407] while PD-L1 expression on EC was found necessary for control

of immune-mediated myocarditis [401].

Stromal cells act as sentinels of local conditions but also specifically modulate
their behaviour in response to immune cues [414]. Crosstalk between stromal
and immune cells therefore leads to unique inflammatory profiles. Disruption
of these interactions has been implicated in multiple autoimmune diseases
such as psoriasis, arthritis, atopic dermatitis (AD) as well as the development

and progression of cancer. Purwar ef al. showed that IL-13-activated KC
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promote preferential enrichment of Th2 cells in the skin of AD patients
suggesting a positive feedback loop between T-cells and KC [415]. The
authors further suggested the cooperation between IL-13 and IFNy stimulate
KC to recruit mixed T-cells phenotype thus contributing to chronic eczema
[415, 416]. While activation of KC with dsRNA in the presence of IL-4, -13
and/or TNFa up-regulated Thymic stromal lymphopoietin (TLSP) secretion by
KC, thereby favouring Th2 responses, stimulation with dsSRNA alone
promoted Th1 [417]. Furthermore, stimulation of [FNy-activated KC with IL-
18 triggered CXCL9, 10 and 11 secretion and increased expression of MHCII
resulting in IFNy production by activated CD4+ T-cells [418, 419]. Similarly,
co-culture of synovial FB with Tcells stimulated IDO expression by FB
resulting in reciprocal inhibition of Th1 but not Th2 or Th17 proliferation
[420, 421]. Furthermore, FB convert FOXP3+Tregs into pathogenic Th17 in
autoimmune arthritis via IL-6 [422]. FB derived IL-15 is implicated in T-cell
cytokine secretion in RA through [423, 424] and reciprocally, T-cells
stimulate IL-15, IL6 and IL-8 secretion by FB therefore creating a persistent
feedback loop maintaining chronic inflammation [424]. This loop can be
disrupted by Methotrexate which interferes with T-cell-FB adhesion [424].
Therefore, RA-FB exert dual action on T-cells potentiating the potency of T-
reg whilst simultaneously promoting pro-inflammatory CD4 responses and

ultimately supporting a chronic pro-inflammatory state.

Only recently has an appreciation emerged of the roles stromal cells play in

immune responses. Therefore, whilst this field is in its infancy, it is

imperative to understand how they contribute to immunity for infectious,
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autoimmune and malignant disease. A more complete understanding of the
immune-modulatory role of stromal cells has the potential to provide novel

immunotherapeutic targets immune-related disorders.

1.7 Inflammation in the tumour environment

Inflammation is believed to play an important role in the development and
progression of tumours. The correlation between chronic inflammation and
cancer was first observed at the end of 19™ century by Virchow [425].
However later studies revealed that, although chronic inflammatory diseases
are frequently associated with increased risk of carcinogenesis, acute
inflammation contributes to the regression of tumours [426]. Considering the
involvement of the immune system in tumour development and the ability of
leukocytes to eradicate tumours, numerous studies have addressed the
mechanisms governing the interactions between these cells. Results from
animal models suggest that carcinogenesis associated with inflammation is a
gradual process sustained by tissue damage and damage-induced proliferation
[426]. Furthermore, chronic inflammation may stimulate recruitment of BM-
derived cells which have increased malignant potential [427]. However,
transformed cells are often highly immunogenic and thus readily eliminated.
Therefore, tumours employ mechanisms which facilitate immune evasion,
such as antigen shedding, impairing DC maturation and promoting T-reg
responses. On the other hand, tumours often maintain low levels of
inflammation for example, through recruitment of M@, which promote
angiogenesis and invasion by structural changes in tumour microenvironment

[425, 426].
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Although much research has focused on interactions between leukocytes and
tumour cells, a growing body of evidence suggests that cross-talk between
leucocytes and tumour associated FB (TAF) is important, independently
shaping tumour progression and clinical outcome. In many tumours, specific
leukocyte subsets localise to FB-rich stromal compartments of the tumour.
While immature DC are found in tumour beds, mature DC occupy the tumour
stroma. In lymph node metastases from melanoma patients, NK cells were
detected adjacent to FB surrounding metastatic lesions [428]. In lung tumours
the number of T-reg in the stroma was higher than in the tumour nest and
correlated with poor outcome [429]. In contrast, elevated numbers of CD4+ T
cells in the cancer stroma, but not within cancer core, correlated with survival
in Non-small-cell lung carcinoma (NSCLC) [430]. The discrepancy in regards
to prognosis between these reports is likely to be due to the fact that Kinoshita
specifically focused on T-reg while Wakabayashi looked at whole CD4+
cohort. Similarly, thymic carcinoma tumour-infiltrating lymphocytes were
generally more abundant in the stroma [431]. The patients with low CD4+ and
low CD20+ lymphocytes within tumour stroma showed poor survival [431].
The differential clinical outcomes correlated with compartmentalisation of
leucocytes to tumour beds or stroma and this highlights the importance of

leucocyte-stromal interactions for tumour progression.

The presence of activated pro-inflammatory FB was recently demonstrated in
early pre-neoplastic lesions in skin carcinogenesis model. This pro-
inflammatory phenotype was initiated by immune cells and further maintained

by tumour. Furthermore, activated FB were necessary for malignant
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transformation of skin lesions and their ablation significantly inhibited the
number and progression of papillomas [432]. While TAF strongly promote
tumour growth, normal resting FB may inhibit tumour development. The
contrasting role of TAF and resting FB was shown in xenograft models where
tumour cells were implanted into immune-deficient mice with normal or
tumour-associated FB. Tumours that developed from carcinoma cells injected
with TAF demonstrated increased growth compared to those with normal FB
[433]. TAF promote tumour growth by remodelling the extra-cellular matrix
(ECM) and providing high energy metabolites for cancer cells through the
“reverse Warburg effect” [434]. In addition, TAF may harness other cells to
create favourable environment for tumour growth. For example, M¢ recruited

to tumours by TAF stimulate angiogenesis and tumour invasion.

1.7.1 Immune-mediated mobilisation and activation of FB as crucial step
in carcinogenesis.

Local immune infiltration is a hallmark of cancer and plays an important role
in tumour promotion and progression [435, 436]. Chronic inflammation
caused by infections and autoimmune diseases correlates with increased risk
of cancer due to stimulation of proliferation and enhancement of genetic
instability in epithelial cells [437, 438]. However, recent evidence suggests
another important mechanism by which leucocytes promote carcinogenesis,
namely inflammation-induced mobilisation and activation of FB which in turn
potentiate inflammatory signalling cascades. Moreover, inflammation,
although necessary, may not be sufficient to induce the progression of pre-
malignant tissue to neoplasia without FB cross-talk [439]. Indeed, the

presence of activated pro-inflammatory FB occurs in incipient pre-neoplastic
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lesions in murine skin carcinogenesis [440]. FB activation was mediated by
leukocyte-derived IL-1p which stimulated expression of pro-inflammatory

gene signature in FB in an NFkB dependent manner.

The rate-limiting role of TAF in malignant transformation was shown in
chemically-induced skin carcinogenesis [432]. 12-dimethylbenz-
(a)anthracene/12-O-tetradec-anoylphorbol-13-acetate (DMBA/TPA) is a
strong inducer of chronic inflammation [441]. However, the application of
carcinogen resulted also in a massive accumulation and proliferation of FSP+
FB which encouraged M¢ recruitment through secretion of CCL2 [432].
Selective depletion of FB from skin lesions decreased numbers of infiltrating
Mg and reduced the incidence of skin papillomas and their progression to
carcinomas. Similarly enhanced accumulation and proliferation of FB in
AOM/DSS (azoxymethane/dextran sulfate sodium) induced colitis preceded
transformation of colitis to carcinoma [429]. FB accumulation was regulated
by CCL3 which acted on CCR4 receptor present on FB. Steinhauser et al.
showed that in a self-perpetuating process the adhesion of FB to M¢ through
CD54 stimulated respiratory burst which was necessary for further up-
regulation of CCL3 secretion by Mo [442]. Interestingly the depletion of only
Mo or FB from inflammatory lesions resulted in reduced metastatic
transformation, demonstrating the importance of both cell types [429, 443].
The relevance of the CCL3-CCR4 axis in tumour development was confirmed
by Wu et al. who showed that constitutive expression of CCL3 on murine
intrapulmonary Mo, regulates intra-tumour trafficking of leukocytes and FB

and subsequent metastasis [444].
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Tumours are often described as “wounds that don’t heal” [445] and the close
relationship between M and FB throughout carcinogenesis is not surprising
considering their roles in wound resolution. During the initial, pro-
inflammatory phase of wound healing, M¢1 prevail in the tissue while later
phase is correlated with immunosuppressive M2 [446]. Similarly, during the
early neoplastic changes M@l dominate while M@2 prevail at later stages of
tumour development. However, recently both M¢ types as well as cells of
mixed phenotype were shown to be present in tumours at the same time at
various locations [447]. In agreement with their function in wound healing
Meol activated the pro-inflammatory phenotype in FB while M2 reversed
this but promoted FB proliferation [446]. Therefore, retention of M1 in sites
of chronic inflammation can prevent resolution of lesions by secreting mixture
of signals from M¢1 and M¢2 which in turn stimulate secondary expansion
and activation of FB. Interestingly M¢2 were as effective as Mo1 in activation
of FB in a recent study of prostate carcinoma [448]. Apparent inconsistencies
between studies may be attributed to tissue-dependent differences in FB or
disparity in culturing methods. Moreover, FBS has the potential to induce
aSMA expression in FB [449]. It is therefore possible that specific culture
conditions may prime FB towards distinct responses to various stimuli.
Similarly, initial activation of FB by immune cells may influence their further

responses to signals from epithelial cells during tumour development.

1.7.2 TAF-dependent regulation of trafficking and function of monocytes
and macrophages.

TAMg are a common component of the inflammatory stroma and play crucial

role in tumour development. Although both M1 and M2 types are present in
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the tumour mass and can promote carcinogenesis, M@2 correlate with worse
prognosis suggesting their role in supporting tumour growth [450]. Recruited
blood Mo which differentiate into M@ upon entering tissues serve as the main
source of TAM¢ [451]. Although non-classical Mo comprise only 5-10% of
the total pool of circulating Mo in healthy individuals, they are dramatically
expanded in cancer [452-454] and associate with poor prognosis [453]. On the
other hand mobilisation of inflammatory Mo in pancreatic cancer inversely
correlates with survival [455]. These two Mo types vary in their expression of
chemokine receptors suggesting their differential homing into tissues. While
the pro-inflammatory type has high CCR2 expression, non-classical
monocytes demonstrate low CCR2 and high CXCR4 [456]. It is inconclusive
which of those types represent the major source of TAMo with some studies
indicating the classical while others the non-classical subset. Therefore, the
preferential recruitment of M precursors may depend on the tumour type and
its microenvironment [457]. Both tumours and TAF express chemokines that
chemoattract Mo and Mo [440, 448]. Moreover, TAF isolated from prostate
carcinoma recruit human Mo as potently as tumour cells [448]. However,
TAF-dependent recruitment was mainly mediated by SDF1 (CXCL12) which
acts on CXCR4 receptor expressed by non-classical monocytes while tumour-
derived effect depended on CCL2 which mainly recruits CCR2 expressing
classical type. This suggests preferential recruitment of different Mo types into
various compartments of tumours. Indeed in another study, TAF displayed
increased expression of CXCL14 (BRAK) versus tumour cells per se [458].
Interestingly, CXCL14 is down-regulated in cancer due to its inhibitory effect

on tumour growth while it is often up-regulated in infiltrating leucocytes and
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TAF [459, 460]. Moreover TAF-derived CXCL14 potently induced Mo
migration, acting preferentially on the CD16+ subset. This is in agreement
with Kurth et al. who showed that CXCL14 recruits mainly blood Mo and Mo
activated by c-AMP up-regulating agents: PGE> and forskolin [461].
Therefore, it was suggested that BRAK-responsive Mo enter the tissues where
they become target for PGE; producing TAF thus maturing into Mo in

inflammatory-independent manner [461].

1.7.3 Role of COX2 and PGE; in cancer

Prostaglandins are the product of arachidonic acid which is released from
plasma membrane by phospholipase A-2. The process is mediated by COX
enzymes which produce unstable PGE G: converted to PGE H; which is a
precursor for several prostaglandins including PGE», PGD2, PGF2, and
thromboxane-A2. Two COX enzymes are currently described: COX-1 which
is constitutively expressed in most tissues including kidney, stomach and
colon and is located in endoplasmic reticulum and COX-2 acting mainly in the
nuclear membrane which is not normally expressed in tissues with the
exception of kidneys, seminal vesicles and central nervous system [462, 463].
However, COX2 can be induced by cells such as FB and Mo during
inflammatory and tumorigenic conditions. Following COX activation cell-
specific synthases complete the synthesis of prostanoids,

PGE?2 is produced by various cell including Mo, FB and tumour cells. It binds
to G protein—coupled, rhodopsin-type EP receptors (EP1-4) [464].

EPlsignalling stimulates phosphatidylinositol hydrolysis resulting in Ca2+
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influx which activates the p38 and ERK pathways. EP2 and EP4 stimulate
cAMP production by adenylate cyclase which activates cAMP-dependent
protein kinase (PKA) and in effect phosphorylates CREB while inhibits
MAPK activation [465, 466]. In contrast, EP3 signalling suppresses cAMP
and as a result activates MAPK. However, recent studies suggest that different
splice variants of EP3 may activate cAMP [467]. EP3 signalling have been
shown to play a role in tumour development and angiogenesis via reduction of

VEGF expression in tumour stroma [468].

Considering the opposing effects of receptors triggering on cell function it is
not surprising that PGE: exerts pleiotropic functions in cancer and
inflammation. During the onset of inflammation PGE> promotes vasodilation
and increases vascular permeability stimulating the influx of immune cells
including Mo and neutrophils [469, 470]. Furthermore, PGE> promotes the
activation of Th17 cells directly as well as via stimulating IL-23 secretion by
DC, therefore favouring chronic inflammation. PGE2-mediated activation of
Th17 have been attributed to play a significant role in the development and
maintenance of inflammatory diseases such as IBD as well as cancer [471,
472]. On the other hand, PGE; selectively inhibits IFNy and IL-12 production
by CD4+ T-cells and promotes T-reg responses [473][474, 475]. Although,
PGE: enhances CCR7 expression in DC it also inhibits CCL-19 secretion and
reduces the ability of DC to attract naive T-cells [476]. The effect of PGE> on
DC depends on the site of encounter — while in peripheral tissues PGE:
promotes DC activation, in LN it exerts inhibitory effect. As mentioned earlier

TAF affect Mo differentiation into M¢ via secreted PGE». Furthermore, Mo
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activity can be directed towards Mo 2 indirectly via Th2-type cytokines as
well as directly through activation of c-AMP-CREB pathway [477].

Additionally, PGE; inhibits M@ maturation and phagocytosis [478, 479].

PGE? is often found at increased concentrations in tumours comparing to
neighbouring tissues [480]. Furthermore, to its role in modulating anti-tumour
immune responses PGE; can directly promote tumour survival and
progression. In addition to inhibiting cell apoptosis it induces cell proliferation
stimulating tumour growth [481]. PGE> promotes angiogenesis and increases
cell migration supporting cancer’s metastatic potential [482]. The pro-
cancerous effects of PGE2 have been supported by a substantial body of
evidence from studies in rodents and humans using nonsteroidal anti-
inflammatory drugs (NSAID) which were found to have a protective effect
against the development and progression of multiple types of cancer.
Interestingly, recent report suggested inhibitory effect of PGE2 on the growth
of pancreatic ductal adenocarcinoma cells which is mediated via EP4
receptors [488]. This report supports earlier study showing that administration
of 16,16-dimethyl-PGE; (a stable PGE; analogue), for 8 weeks to Apc™™ mice
resulted in a decrease in the size and number of intestinal tumours [489]. The
potential inhibiting role of PGE: in carcinogenesis requires further validation.
However, such hypothesis seems plausible considering the variety of PGE»

receptors, their differential expression and unique signalling pathways.

1.8 Radiotherapy
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1.8.1 Ionising radiation

RT is one of the pillars of cancer treatment and is received by an estimated

50% of cancer patients for survival or palliative benefits [490]. It is highly

cost-effective amounting for about 5% of the total cost of cancer therapy

[491]. The first reported use of x-rays in cancer was in 1896, just 7 months

after their discovery by Wilhelm Roentgen [492]. Since then the efficacy and

safety of RT greatly improved due to technical advances and increased

knowledge of radiation biology [492]. RT utilises ionising radiation (IR) to

exert cell death of cancer cells. (Table 1.6).

Type Source Type of Characteristics

ionisation

Uv 10-125 nm Indirect

X-rays | <10°m Indirect/direct | Produced outside
the nucleus
High penetration

y-rays | <3x10!'m Indirect/direct | Produced inside the
nucleus
High penetration

o helium nuclei — two direct Low penetration

protons and two depth (few cm in
neutrons air)

B Electrons/positrons direct Low penetration
but higher than
alpha (few m in air)

neutron | neutrons indirect High penetration

protons | protons Indirect/direct | Highly specific
energy distribution
allowing targeting
defined area

Table 1.6 Types of ionizing radiation. Ionising radiation is a type of
radiation (the emission of particles or waves) where electromagnetic waves or

particles carry enough energy to remove an electron from an atom or a

molecule thereby causing their ionisation. Types of ionising radiation include
ultraviolet radiation, X-rays, y-rays, a- particles, B-radiation and neutron
radiation. Non-ionising radiation include microwave, radio-wave, UV,
infrared and visible light.[493]
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The biological effects of IR occur primarily due to DNA damage. The effect
on a cell can be direct or indirect [491, 494]. Direct ionisation occurs when
charged particles interact directly with a cell molecule and remove an electron
[494]. During indirect radiation, non-charged particles, such as photons,
interact with molecules like water, producing free radicals which in turn ionise
other molecules or atoms (Figure 1.5) [491, 494]. Since cells contain up to
80% of water both types of radiation can cause significant damage to the RNA
and DNA [491]. About 60% of X-ray and y-ray effects is generated by indirect
radiation where the effect of created free radicals on cell molecules is
amplified by their reactions with lipids, membranes and oxygen species [491,

494].

Indirect
radiation

x
o o

H,0 — H;0*+0OH \
I DNA

Direct radiation

Fig.1.5 Direct vs Indirect IR. When IR is absorbed into a cell, the photon is
assimilated and its energy is utilised to produce fast electron. The electron
may interact directly with DNA causing damage (direct radiation) or may
react with water present in the cells creating free radical, particularly the
hydroxyl radical (OH") which diffuses into DNA and causes single or more
damaging double-strand breaks [491, 494].
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IR can have a stochastic or deterministic effect on a living organism [495].
Stochastic effects have no threshold and the severity of the result does not
increase with the dose however, the risk of an effect to occur increases in
linear fashion to the dose increase [495, 496]. Stochastic effects are usually
connected with lower exposures to IR and are involved in carcinogenesis and
certain hereditary disorders [495-497]. Deterministic effects occur only when
the threshold of exposure is exceeded and their severity increases according to
the dose of IR received [495, 497, 498]. Deterministic events are usually
connected with higher-dose exposure and except for radiation-induced
cataracts, are caused by cell killing [495-499]. Examples of deterministic
effects include erythema or radiation sickness [497, 498]. Both stochastic and

deterministic effects affect cancer RT.

The aim of RT is to kill tumour cells while sparing normal tissues [494]. To
achieve this, radiotherapists commonly employ a fractionated regimen with
doses of 2-6Gy delivered daily over several weeks to a cumulative dose of 50-

80Gy (fractionated RT) [500] (Figure 1.6).
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Figurel.6 Comparison of exposure ranges of IR after [500-503]. During
RT cancer patients receive doses of up to 80Gy usually infractionated doses
ovr several weeks. During total body irradiation for ablation of bone marrow
in haematogeneous malignancies patients typically receive 3-10Gy. The LD50
for humans is 4.25Gy (red circle). Life-span study on A-bomb survival who
received up to 4Gy has been conducted. Epidemiological studies suggest
increased risk of certain malignancies in people who received doses grater
then 0.5Gy. Low-dose radiotherapy (LD-RT) (single dose < 1-0 Gy) has been
used in the treatment of degenerative, hyperproliferative and inflammatory
diseases such as keloid, calcaneodynia, and osteoarthritis.

This method allows to spare normal tissues by enabling them to repair
sublethal damage during interfraction interval in contrast to tumour cells
which often have impaired repair mechanisms [492, 504]. Moreover,
fractionation increases the damage to the tumour by reoxygenation and
repopulation of irradiated sites with healthy cells [504, 505],[492]. Oxygen is
critical for radiation-induced cell death [492, 505, 506]. The presence of
oxygen during irradiation increases cell death by 2.5-3 fold by fixing free
radicals which induce DNA damage [507, 508]. On the other hand, hypoxia
induces Hypoxia-inducible factor 1o (HIF 1) which leads to up-regulation of
genes involved in cell survival [508]. Furthermore hypoxia can increase
tumour radioresistance by accelerated removal of free radicals through

activation of autophagy [509].

1.8.2. Biology of cancer radiotherapy

Fractionation of RT allows for realigning of proliferating cells from radio-
resistant S-phase of cell cycle to radio-sensitive G2-M phase [492, 504]. IR
delays the normal progression through the cell cycle with the most delay in G2
and significant delays in G1 and S phase [510]. These delays result from
induction of DNA damage by IR and activation of DNA damage response

(DDR) pathways [511]. DNA damage is recognised by sensor proteins such as
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BRCAI, 53BP1, Mrel1 and RADS0 [512]. Sensor proteins which directly
recognise DNA damage, present the information to transducers such as ATM,
ataxia telangiectasia and Rad3-related (ATR), Checkpoint kinase (Chk) 1 and
Chk2. Transducers, with the help of mediators facilitating phospohrylation
events, amplify and rely the damage signal to effector proteins, D-type
cyclines and cyclin E,-in association with regulatory kinases Cyclin-dependent
kinase (CDK) 4 and CDK2 which govern cell cycle progression [512]. At the
effector stage ,DNA damage checkpoints interfase with cell cycle arrests

leading to cell repair or death (Figure 1.7) [512].

Cell cycle DDR signaling pathway \%\
IR

DNA
‘ damage
G2 checkpoint
Growth & Cell size RAD1
preparation DNA replication Sensor proteins RAD9
for mitosis % BRCA1

53BP1
Mrell
RADS50

DNA
synthesis

Mediators
I Transducers ATM
ATR

Chk1
Chk2

Cellular
content
duplicated

G1 checkpoint

Cell size
S-phase checkpoint Growth factors \
DNA damage
\ Effectors CyclinD
Cyclin E

CDK2

DNA repair CDK4

Cell cycle arrest
apoptosis

Figurel.7 Cell cycle and DNA repair mechanisms after [512]

DDR signalling pathway. The DDR pathway is activated by DNA damage
which is directly recognised by sensor proteins convey the signal onto
transducers. The transducers (kinases including ATM/ATR and their down-
stream kinases) further amplify and rely these signals with the help of
mediators (proteins facilitating phosphorylation). Effectors are downstream
proteins involved in processes leading to DNA repair, cell cycle arrest or
apoptosis.
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The initial step of sensing DNA damage is still not well understood and
requires further investigation [512]. Many proteins acting as DNA damage
sensors play pleyotropic role in DDR being also transducers or effectors.
Proteins such as ATM or Mrel 1-RADS50-NBS1 complex recognise DNA
double strands breaks (DSB) [513, 514]. DSB are considered as the most
dangerous type of DNA damage as both strands of DNA are being
simultaneously damaged. DSB can be repaired by error-free homologous
recombination (HR) or error-prone non-homologous end-joining (NHEJ)
[515]. Highly proliferating cells like cancer cells are particularly susceptible to
DNA damage because during replication single strand break (SSB) can be
coverted into DSB which, in the absence of intact HR pathways, lead to
chromosome rearrangement and ultimately genetic instability [515]. NHEJ is
responsible for DSB triggered by IR predominantly in GO and G1 phase of the

cell cycle [516, 517].

DSB are repaired by HR during the S and G2 phases of the cell cycle and
involve activation of DDR by kinases ATM and ATR which activate effectors
BRCA2 and RADS1 [515]. Phosphorylation of ATM results in activation of
various effectors governing the G1-S cell-cycle checkpoint through p53,
G2/M checkpoint through Chk2 at Thr68; and the intra-S cycle checkpoint

SMCI [518, 519].

1.8.3 ATM Kinase

The ATM serine/threonin protein kinase together with ATR, DNA-dependent

protein kinase catalytic subunit (DNA-PKcs), mammalian target of rapamycin
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(mTOR)/FKBP-rapamycin-associated protein (NMTOR/FRAP), and ATX/SMG
belongs to the family of phosphoinositide 3-kinase-like protein kinases
(PIKK) [520]. ATM is a large protein (370kDa) which structure has not yet
been fully revealed [521]. The kinase domains are located near the carboxyl
terminal neighbouring conserved FAT (FRAP-ATM-TRRAP) and FAT
carboxy-terminal (FATC) domains [522]. The FAT and FATC domains are
regulatory domains preventing ATM auto-phosphorylation in the absence of
DNA damage [523]. Internal and amino-terminal regions of ATM contain
numerous a-helical HEAT (Huntington-elongation factor 3-protein
phosphatase 2A-TOR1) repeats [522]. ATM is a critical regulator of cell

response to IR and radiomimetic agents inducing DSB [524].

In undamaged cells, ATM exists as an inactive non-covalent dimer/tetramer
with its kinase domain attached to an internal domain containing Serine (Ser)
1981 of an adjacent ATM molecule [520]. This inert state is maintained by
constitutive interaction with PP2A. Upon DNA damage, ATM is rapidly
activated and recruited to DSB by Mrel 1-Rad50-NBS1 (MRN complex)
proteins binding to the C-terminal of NBS1 via specific HEAT repeats [525-
528]. You et al. demonstrated that the recruitment of ATM to the DSB can
precede ATM auto-phosphorylation and the interaction with MRN complex is
necessary for activation [527]. Once bound, ATM rapidly auto-phosphorylates
at Ser-1981 causing dissociation of active ATM monomers. However,
following irradiation, the binding between ATM and PP2A rapidly dissociate
in ATM-dependent fashion possibly due to ATM auto-phosphorylation or

ATM-mediated phosphorylation of PP2A [529, 530]. This allows for
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accumulation of active ATM monomers in the nuclei. Interestingly IR not
only causes DSB but also accumulation of free radicals which can directly

auto-phosphorylate ATM and trigger its migration to DSB sites [531].

Following activation, ATM triggers a cascade of DDR events. While bound by
MRN complex, ATM reciprocally phosphorylates several NBS1 residues
triggering S-phase arrest [532]. ATM-dependent phosphorylation of NBS1 is
also required for activation of several ATM substrates such as Chk2 and
SMCI [519, 533]. Therefore, NBS plays a dual role as a sensor of DNA
damage in an MRN complex and an effector of ATM signalling. In addition,
ATM phosphorylates the histone variant H2AX over large chromatin domains
which is required for accumulation of many DNA repair proteins and
chromatin-remodelling complexes around DSB. The activation of H2AX
recruits BRCA1 and 53BP1 which both enhance ATM activity [534]. Both
these proteins are involved in the maintenance of ATM activation also serving
as ATM substrates [529, 534, 535]. BRCA1 phosphorylation by ATM at
Ser1387 activates it as a regulator of the intra-S-phase checkpoint, while the
phosphorylation on Ser1423 mediates the control of G2—M checkpoint [536,
537]. ATM further promotes BRCA1 activity by phosphorylating its inhibitor
CtIP [538]. In addition, ATM stimulates BRCA1 activity in an indirect
manner through activation of Chk2 kinase which phosphorylates BRCA1 at
Ser988 therefore releasing BRCAT1 from its inhibitor hCds1 [539]. The
example of BRCA1 regulation illustrates the precision and target specificity of
handling the effector by ATM. The same principle is illustrated by activation

and stabilization of p53 by ATM. ATM directly activates p5S3 through
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phosphorylation at Ser15 and other sites [540, 541] while at the same time
inhibits degradation of p53 by phosphorylation of Mouse double minute 2
homolog (MDM?2) [542, 543]. Furthermore, Chk2 phosphorylates p53 at
Ser20 interfering with MDM?2 interactions [544]. Through the accumulation of
transcriptionally active p53 in the nucleus ATM promotes apoptosis [545-
547]. Apart of its function in cell cycle checkpoints control, ATM is also
involved in HR through the phosphorylation of the RADS51

and RADS52 proteins [548, 549].

One striking feature of the ATM pathway is the use of versatile protein
kinases able to affect several downstream substrates simultaneously. One such
example is Chk2, that phosphorylates CDC25A and CDC25C therefore
preventing activation of CDK1 and CDK2 which drives the cell cycle progress

through several checkpoints [549-552].

The Ca?'/cAMP response element-binding protein (CREB) represent another
target for the ATM pathway. CREB is a basic leucine zipper family
transcription factor promoting cell proliferation, differentiation and survival
[553]. The canonical CREB activation pathway involves phosphorylation of
CREB at Ser-133 by PKA or other Ser-133 kinases which promotes the
interaction between the kinase-inducible domain (KID) of CREB with the
transcriptional coactivator CREB-binding protein (CBP) [544, 554]. The
recruitment of CBP to CREB-loaded promoters triggers histone acetylation
and transcriptional activation which results in increased expression of CREB

target genes [544, 555]. This interaction is negatively modulated by
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phosphorylation at several inhibitory sites residing within the KID including
Ser-142, Thr-100, Ser-111, and Ser-121 [555]. Shi et al. demonstrated that
ATM regulates the activity of CREB by phosphorylation of Thr-100, Ser-111,
and Ser-121 in Ser-133 phosphorylation-dependent manner [555]. Of those 3
inhibitory residues, Ser-121 is restricted to severe DNA damage and

dependent on ATM signalling [544].

1.8.4 ATM Kkinase functions in immunity

ATM kinase is paramount for the DDR response. However, due to the variety
of its targets, ATM also plays a role in a range of other cellular processes
including neuronal development and regulation of immune responses. Ataxia-
telangiectasia (A-T) patients characterised by autosomal recessive mutations
in the ATM gene on chromosome 11 display progressive neurodegeneration,
ocular and cutaneous telangiectasia, premature aging and immunodeficiency
[556]. Although immunodeficiency does not affect all A-T patients, when
present it is characterised by low Immunoglobulin (Ig) G4 (65% of patients),
IgA (63%), IgG2 (48%), IgE (23%), and IgG (18%). Lymphopenia affects
71% of patients, with reduced B-lymphocyte number in 75%, CD4 T
lymphocytes in 69%, and CD8 T lymphocytes in 51% [556, 557]. The extent
of immune defects is correlated with the particular ATM mutation and hence
the remaining level of kinase activity. It has been suggested that even 5% of
ATM kinase activity is sufficient to provide relatively normal immune

functions [557].
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The involvement of ATM in immune regulation is multifactorial. ATM
controls DNA DSB repair and stabilisation not only in response to radiation
damage but also during VDJ recombination. It therefore plays a key role in
the generation and maintenance of T- and B-cell Ag receptor diversity [558].
Furthermore A-T has been associated with defective thymus resulting in low
thymic output which can be responsible for T-cell lymphopenia [559, 560].
Genotoxic stress and stalled DNA replication upregulate DNAM-1 and
NKG2D ligands under the control of ATM, ATR and Chkl [561, 562].

Many of the known ATM targets are involved in immune regulation. ATM
controls expression of IFN-y and IFN-a genes in T-cells via NFxB induction
[563] and is activated in response to LPS in murine BMM¢ [564]. The actions
of NF«B are inhibited by CREB which blocks the binding of CBP to the NF-
kB complex, therefore limiting pro-inflammatory responses [565]. CREB
promotes FoxP3 expression in T-reg cells ([566]). Moreover, CREB activation
leads to zymozan-induced secretion of IL-10 by DC [567], while it decreases
IL-12 [568]. Furthermore, a CREB-C/EBPf cascade induces M@2 phenotype
characterised by induction of 7/10, 1113ra, and Arg-1 genes expression [569,
570]. Interestingly, PKA-mediated phosphorylation of CREB on Ser133 in
Mo promotes TNFa suppression and IL-10 induction, whereas the same
phosphorylation stimulated by LPS and mediated by MSK1 is non-functional
for transcriptional modulation [571]. These findings demonstrate the
complexity of CREB regulation and the importance of up-stream pathways.
Overall, the data suggests that ATM kinase exert pro-inflammatory functions

via promotion of NFkB and inhibition of CREB activation.
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1.9 Hypotheses and aims

1.9.1 Hypotheses

1. Macrophages exhibit limited plasticity and their final properties depend on

signals received during differentiation from monocytes.

2. Macrophages possess the ability to regulate the expression of specific

cytokines independently of their polarisation status.

3. Ionising radiation modulates immune responses in part by regulating

cytokine secretion by APC.

4. Stromal cells such as FB support the function of APC in the presence of IR.

1.9.2 Aims and objectives

The aim of this study was to identify the influence of environmental factors on
APC function and their response to therapeutic interventions. Furthermore,
we intended to deepen our understanding of the cross-talk between FB and
APC and its effects on immune responses to RT. This study was conducted
with a view to provide basis for novel approaches in immunotherapy alone or

in combination with RT.
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Chapter 2 Materials and methods

2.1 Regents

All reagents were endotoxin-free. Recombinant human GM-CSF and TNFa
was purchased from Peprotech, IL-2, IL-4 and IFN-y from R&D Systems.
Ultrapure TLR4-agonist (Salmonella Minnesota LPS) and TLR7/8 agonist
(R848) were purchased from InvivoGen. Recombinant human IL-1 and M-
CSF were from ImmunoTools. I[L-23, mouse anti-human CD4-PECy7, mouse
anti-human CD45RA-FITC, mouse anti-human CD14-Pe-Cy5.5 and matching
isotype controls were from e-Bioscience. PGE2, Indomethacin, forskolin,
FBS, DMSO, EDTA and Sodium azide were from Sigma-Aldrich. C-Ci (2-
Naphthol-AS-E phosphate) was from Merk-Millipore. Mouse anti-human
CD4-PE and CD4 activation, mouse anti-human CD28 were from BD
Biosciences. CD3 (OKT3) was produced in-house. Phosphate buffered saline
(PBS) was from Gibco, Life Technologies. AnnexinV/PI staining kit was

obtained from BD Bioscience

2.2 Primary cell isolation

2.2.1 Isolation of CD14+ve monocytes from blood

Ethical approval to take blood from healthy donors was obtained from
Nottingham University Ethics Committee. Each donor signed a written
informed consent form before phlebotomy. Donors with significant medical
problems, currently on immunosuppressive medication or with anaemia were

asked not to volunteer, although no specific screening were performed or any
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data recorded. Whole blood (buffy coats and cones) was either obtained by

venepuncture or purchased from National Blood Service (Sheffield)

Heparinised whole blood or buffy coats were diluted with PBS as needed,
layered without mixing over Histopaque-1077 (Sigma) and centrifuged at
400g for 30 minutes at room temperature with zero deceleration. Peripheral
blood mononuclear cells were collected from the plasma/Histopaque-1077
interface, washed three times with PBS to remove platelets, and washed once
in cold MACS buffer (PBS + 1% FBS, 2ml 0.5M EDTA pH-8.0) before
proceeding to magnetic separation. For buffy coats, an extra step of red cell
lysis was performed by adding 18ml DNase RNase free water (Gibco) to cell

pellet for 20 seconds followed by the addition of 2ml 10xPBS.

2.2.2 Isolation of monocytes

CD14+ve cells were isolated using magnetic microbeads (Miltenyi Biotec).
100-150ul CD14 microbeads (Miltenyi) with 200-400ul MACS buffer were
added to the re-suspended cell pellet depending on cell number and incubated
at 4°C for 15 minutes. Cells were washed in cold MACS buffer and CD14+ve
cells selected using an LS column. Purity was routinely >90% as assessed by

FACS analysis with CD14 antibodies (Miltenyi Biotec).

2.2.3 Isolation of slanDC

SlanDC were isolated from fresh peripheral blood. After washing in cold
MACS PBMC were incubated with M-DC8 hybridoma supernatant (received
from prof. Mark Shmitz from University of Dresden) 10 pg/ml of Ab for 15

min at 4 °C. Next cells were washed in MACS buffer and incubated with anti-

110



mouse [gM microbeads (Miltenyi) for another 15min at 4 °C. SlanDC were
positively selected through LS column (Miltenyi). Cell suspension was then
eluted onto a second MS column to increase purity. Purity was routinely
>95% as assessed by FACS analysis with anti-SLAN antibodies (Miltenyi
Biotec). Following isolation SlanDC were rested for 6 h before experiments to

allow for phenotypical maturation.

2.2.4 Naive T-cells

Naive T cells (CD4+CD45RA+) were isolated using CD4+ T cell isolation kit
IT followed by CD45RA microbeads (both Miltenyi). PBMC were washed in
cold MACS buffer and incubated with biotinylated antibody cocktail at 4°C
for 10 minutes in MACS buffer. Next Anti-biotin microbeads were added and
cells were incubated at 4°C for 15 minutes. After washing in MACS buffer,
CD4+ cells were negatively selected using an LS column, washed and
incubated in MACS buffer with CD45RA+ microbeads for 15 minutes at 4°C.
After washing, CD4+CD45RA+ cells were positively selected using an MS

column.

2.3 Generation of MoMo

CD14+ Mo were cultured in RPMI1640 medium containing 10% FBS and 1%
sodium pyruvate in low adherence 6-well plates (Corning Costar) at
concentration 5x10° cells per well per SmL of medium for 5-7 days. For
generation of GM-M¢@, GM-CSF was added at a concentration 20U/mL while
for generation of M-Mg, M-CSF was added at 10ng/mL. Additional complete
medium with respective cytokines was added on day 4. Immature Mo were

collected by incubation on ice for 20 min in cold PBS and gentle pipetting,
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washed and plated in normal adherence cell culture plate (Nunclon) for
experiments. Typical yield ranged between 25-40% of the initial cellular

input.

2.4 Generation of MoDC

For the generation of moDC, freshly isolated monocytes were cultured in DC
medium with 1000u/ml rhGM-CSF and 1000U/ml rhIL-4 at a concentration of
0.5-1.0x10° cells/ ml in T75 or T175 flasks. On day 4, the cells were fed with
half volume of the initial amount of the medium with cytokines. The cells
were then harvested at day 5-6 and plated in tissue culture plate in DC

medium with rhGM-CSF for further experiments.

2.5 Culture of BJ6 and primary FB

The human dermal FB cell line BJ6 was obtained from Dr. Lloyd Hamilton
(University of Nottingham). Primary dermal FB were kindly donated by Dr.
Anja Saalbach (University of Leipzig). All cultures were tested free of
mycoplasma infection. Frozen vials of FB were defrosted from liquid nitrogen
stores by warming up in the water bath at 37°C. As soon as the cell suspension
was defrosted, it was transferred to a falcon tube and warmed FB medium
(DMEM with 10% FBS with 1% L-glutamine) was added dropwise whilst
mixing the cell suspension. The cells were then centrifuged at 180xg for 5
minutes and resuspended in fresh BJ6 medium for culturing in T25 flask.
Once the cell density reached the maximum as judged by microscopic
examination, the cell suspension was aspirated and pelleted in a falcon tube.
Then the cells were passaged at 1:3 for routine culture. BJ6 were used up to

12 passage while primary FB were used up to 4" passage.
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2.6 Freezing FB

After harvesting from flasks, cells were washed once in complete medium,
counted and resuspended at 3-5x10° cell /ml in freezing medium (40% cell
culture medium, 50% FCS and 10% DMSO). Cells were then quickly
aliquoted as Iml per tube and placed in a cryopreservation vessel filled with
isopropanol. Cells were then cooled to -80°C at no more than 1°C/minute for
24 hours before transferring into liquid nitrogen. Before freezing, culture
supernatant was taken for mycoplasma testing and routinely found to be

negative.

2.7 Stimulation of Mo for phenotypic characterisation and secretory
profile

Mo were counted, washed and seeded in 96-well normal adherence tissue
culture plates in full Me medium without GM-CSF or M-CSF at concentration
of 5x10%cells/well. Next Mg were rested for 2h in 37°C and treated with
respective drugs. Unless otherwise stated GM-M¢ were activated LPS (500
ng/mL and IFN-y (1000 U/mL), while M-M¢ with LPS (500ng/mL) only.
Supernatants were collected after 24h and stored in -20 °C for analysis of
cytokine secretion by ELISA. For flow cytometry, cells were detached by
scraping or trypsinisation in 0.5% trypsin in PBS.

2.8 Stimulation of MoDC and SlanDC for phenotypic characterisation
and secretory profile

MoDC or SlanDC were plated in 96-well tissue culture plates at 5x10* or
1x10* cells /well respectively in triplicates in 100ul DC medium. After resting
for 1 hours (MoDC) or 6h (Slan DC), cells were treated with LPS (500ng/mL)

in a final volume of 200ul with or without IFNy (1000U/ml). After 24 hours,

113



cells were microscopically confirmed to be free of microbial infection before
175ul of culture supernatant was collected and stored at -20°C for subsequent

cytokine secretion analysis by ELISA.

2.9 Co-culture of FB with APC

For co-culture experiments FB were seeded in flat-bottomed 96 well plates
and rested overnight. APC were added to FB next day and rested for 1h before
treatment. MoDC were added to FB at proportion 4:1 (8x10° DC: 2x10° FB),
SlanDC at proportion 1:2 (1x10° SlanDC:2x10°% FB) and MoMg at proportion
2.5:1 (5x10° M:20x10° FB). Co-cultures were incubated for 24h in 5% CO»,
37°C. Supernatants were collected and stored at -20 °C awaiting analysis. All
experimental conditions were performed in biological triplicate and on

multiple donors unless otherwise stated.

2.10 Irradiation of cells

Cells were irradiated in tissue culture plates immediately prior to DC/M¢@
activation with LPS (500ng/ml, InvivoGen) and/or IFNy (1000U/ml, R&D).
For experiments with indomethacin MoDC were activated 3 hours before
irradiation and adding to FB to reduce the effect of COX2 inhibitor on DC
maturation. Radiation (0-6Gy of 195kVp X-rays, 0.87Gy/min, 0.5mm Cu
filter, 48.4 cm FSD) was delivered using a Gulmay Xstrahl cabinet irradiation
facility within the department. Cell morphology was examined by phase-
contrast microscopy (x40) following radiation and after a further 24hrs of
culture and viability at 24h was determined by trypan blue staining. Apoptosis

and necrosis was detected using AnnexinV/PI kit from BD bioscience. Flow
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cytometry was performed using Beckmann Coulter FC500 flow cytometer and

analysed with FlowJo software

2.11 Generation of Th17 responses

DC monocultures or DC-FB co-cultures were treated as previously described
for 12 hrs before 90% of the supernatant was discarded and replaced with
fresh media thus preventing LPS/IFNy affecting T-cells. It was previously
shown that IL-23 is not produced until >12rs after TLR stimulation [572].
Isolated T-cells were cultured in 48 well plates at 2x10° cells per well. T-cells
were cultured in a 1:1 ratio of fresh proliferation medium and DC monoculture
or DC:FB co-culture supernatants for 5 days in the presence of anti-CD3 and
anti-CD28 microbeads. As controls, T-cells were also treated with
recombinant cytokines (IL-1p, IL-6, IL-23) instead of co-culture supernatants.
Next T-cells were rested for 2 days and re-stimulated with anti-CD3/anti-
CD28. For FACS assessment of IL-17 T cells were treated with Brefeldin A
(BD). Cells were collected for FACS 24 hours after re-stimulation and for

ELISA 48h after re-stimulation.

2.12 Determination cytokine secretion in supernatants

The cytokine content of supernatants was determined using commercial
ELISA kits according to manufacturer’s instructions. Human IL-23
(Bioscience) had sensitivity 15pg/mL, IL-12p70 (BD Biosciences) 3.9pg/mL,
IL-10, IL-1B, TNFa, IL-17, IL-27 and PGE2 were measured with DuoSet
assays (R&D Systems) and had sensitivities 15.6, 3.9, 15.6, 7.8, 156 and
30.9pg/mL respectively.IL-6 (ImmunoTools-Friesoythe) had sensitivity

3.9pg/mL. Samples were diluted between 1/2 and 1/200 as needed and assayed
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alongside duplicate serial dilutions of protein standard. Absorbance was

measured at 450nm using Tecan microplate reader.

2.13 Flow Cvtometry

2.13.1 Characterisation of APC phenotype by flow cytometry

Mo were detached by scraping or trypsinisation in 0.5% trypsin in PBS. FB
were detached by trypsinisation. DC and Mo were collected using gentle
pipetting. Next cells were stained in FACS buffer (PBS with 1% FBS and
0.1% sodium azide) with required antibodies and matched isotypes (table 2.1).
Samples were acquired on MACS Quant Flow Cytometer and analyzed using
FlowJo software (Treestar Inc.). In some cases, samples were fixed in 2%

formaldehyde (Sigma) and stored in the dark at 4°C until acquisition.
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Name Type Clone Fluorophore | Source
HLA-DR IgG2a AC122 FITC Miltenyi
CD86 IgGl1 FM95 Vioblue Miltenyi
CD80 IgGl1 2D10 APC Miltenyi
CD40 IgGl1 5C3 FITC BD
Bioscience
CD&3 IgGl HB15e PE BD
Bioscience
IgG2a S43.10 FITC Miltenyi
isotype
IgG1 IS5-21F5 Vioblue Miltenyi
isotype
IgG1 IS5-21F5 APC Miltenyi
isotype
IgGl MOPC-21 FITC BD
isotype Bioscience
IgGl MOPC-21 PE BD
isotype Bioscience

Table2.1 Antibodies used for flow cytometry.

2.13.2 Determination of Viability

Mg and FB were detached by scraping or trypsinisation in 0.5% trypsin in

PBS. MoDC were collected by gentle pipetting. Cells were washed twice with

cold PBS and then resuspended in 1x binding buffer at a concentration of 10°

cells/ml. 100 ul of the solution (10° cells) were transferred to a Sml FACS

tube. Then FITC-labelled Annexin V (5ul) and Propidium Iodide (PI) (5ul)

were added to each tube. The cells were mixed by gentle vortex and incubated

for 15 minutes at RT in the dark. Cells were then resuspended in additional

400ul of 1x binding buffer and acquired within 1h. All samples were acquired

on MACS Quant Flow Cytometer within 1h and analyzed using FlowJo
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software. As positive control a sample treated for 24h with 0.25% DMSO was

used.

2.13.3 Intracellular staining for CD68

Intracellular staining for CD68 was performed according to manufacturer
instructions (Miltenyi Biotec). M were detached as above. Cells were fixed
with Inside Fix (Miltenyi) and incubated for 20min in the dark at room
temperature. After washing by centrifugation (180g, Smin) cells were
incubated 10 minutes at room temperature with CD68 antibody or isotype in
Inside Perm (all Miltenyi). After another wash samples were resuspended in

FACS buffer and acquired on MACS Quant Flow Cytometer.

2.13.4 Intracellular staining for phospho-ATM

Cells were harvested with 2% cold methanol, washed (180g for 5 minutes) and
incubated for 15 minutes at RT in 500l of 2% formaldehyde. Next the cells
were fixed in 1ml methanol for 15 minutes on ice and kept overnight at 4°C or
proceeded to the next step. Permeablization was carried out by incubating with
50ul 0.5% saponin (in FACS buffer) for 30 minutes on ice. Next cells were
stained with primary antibody in 0.2% saponin (in FACS buffer) for 1h at RT.
Non-specific binding was blocked with 500 pl 5% FBS in FACS buffer for 15
minutes and then stained with secondary antibody in 0.2% saponin (in FACS
buffer) for 30 minutes on ice. Cells were washed following every incubation
and finally resuspended in FACS buffer for acquisition. Binding of primary
antibodies mouse monoclonal anti-human ATM phospho-Ser1981 (Millipore)
was detected with a FITC-conjugated secondary antibody (polyclonal rabbit

anti-mouse IgG F(ab)2-FITC, Dako).
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2.14 Quantitative PCR

DC (1x10° cells) were plated in DC medium in 12-well plates. Cells were
irradiated and activated with LPS and IFNy as per protocol. At 12h cells were
harvested into cold PBS, RNA was isolated using Nucleospin RNA 11
Extraction kit (Macherey-Nagel) and cDNA was prepared (GoScript Reverse

Transcription System, Promega).

Quantitation of mRNA levels of p19

Quantitative PCR was carried out for IL23p19 withTOP1 as a housekeeping
gene using Tagman primers (Applied Biosystems, TOP1 Hs00243257 ml,
IL-12p19 Hs00372324 m1). The Master Mix used was from Primer Design
(Southampton, UK) and the assay was carried out on Stratagene MX3005P.
Primers and probes were used at 15 pmol/pl in a final volume of 20ul and the
reaction was carried out in triplicates. PCR conditions for all primers were
10min/950C of 1 cycle, then 50 cycles of 15s/950C and 60s/600C. Data
analysis was undertaken with Stratagene software. Quantification was carried
out using d6CT method where CT= (gene of interest CT)-(TOP1 CT), 85 CT
was calculated with mDC as the reference condition and then fold change in

gene expression = 2-00CT. Amplification efficiency was 90-110%.

2.15 Western blotting

MoDC and MoMg were plated in 12-well tissue culture plate at 10° cells in
Iml. After resting, cells were irradiated followed by activation with LPS/IFNy
(MoDC, GM-Mg) or LPS (M-Mg). Cells were harvested in cold PBS, washed

and lysed in RIPA buffer (Sigma) containing protease inhibitor cocktail,
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phosphatase inhibitor cocktails 2 and 3 and benzonase endonuclease (all
Sigma) on ice for 1h. Residual lysis buffer was removed following
centrifugation and samples stored frozen at -20°C until use.

Proteins were resolved in 10% Tris/glycine gels (made in house) or 4-12%
Tris/glycine gradient gel (Novex) by electrophoresis. Proteins were then
transferred onto nitrocellulose membranes and membranes blocked with 5%
milk in PBS-0.1% Tween-20 for 1h and probed with primary antibodies
overnight at 4°C. Following washing, the binding of primary antibodies was
detected with appropriate secondary antibodies in the dark for 1h at room
temperature in 1% milk (w/v) in PBS-0.1% (v/v) Tween-20. Membranes were
washed repeatedly after each antibody with PBS-0.1% 9 (v/v) Tween-20 to
remove any unbound milk or antibodies. The primary antibodies used were
mouse monoclonal anti-human ATM phosphoSer1981 (Clone 10H11.E12,
mouse [gG1x) from Millipore, polyclonal rabbit anti-human DNA-PKcs
phosho-S2056 (rabbit [gG) from Abcam, anti-human phospho-elF2a, mouse
anti-human CREB phosphoSer121 from Cell Signalling and mouse anti-
human B (Sigma). Infrared-dye conjugated secondary antibodies: donkey anti-
rabbit-800 and donkey anti-mouse-600 were obtained from Li-COR. The
membranes were scanned on a Li-COR Odyssey infrared reader and the
images were analysed by the software Li-COR® Odyssey-version 3.0. The
intensity of the target protein was normalized to the intensity of the

corresponding B-actin band for each sample.

2.16 B-galactosidase assay

Cells were washed 2x with PBS and fixed for 10min at room temperature in

4% formaldehyde. After 2 washes with PBS cells were incubated for 48h in
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freshly prepared B-galactosidase in DMSO containing 1mg/ml 5-bromo-
4chloro-3-indolyl B-D-galactopyranoside (X-Gal), SmM potassium
ferrocyanide, SmM potassium ferricyanide, 150mM NaCl, 2mM MgCl2,

40mM citric acid (all sigma) at pH 6.0.

2.17 Statistical analysis

Results were statistically analyzed using GraphPad® Prism software and
figures annotated as follows: *:0.05>p>0.01, **:0.01p>0.001,
*#%:0.001>p>0.0001, ****:p<0.0001. Results are presented as mean +
standard deviation (SD). Non-parametric unpaired t-test was performed for
data from one experiment in aim to compare biological triplicates between
different treatments. Data from multiple donors containing two sets of
treatments was tested by non-parametric paired t-test. Data from multiple
donors for comparing effect between treatments were tested with one-way
ANOVA for one variable or two-way ANOVA if two variables applied. The
difference between two groups was then tested by unpaired non-parametric t-
test with Mann-Whitney test. Results were presented as the mean + standard

deviation (SD), unless otherwise stated.
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Chapter 3 Optimisation of culture conditions for

macrophages

3.1 Introduction

Mo isolation procedures were well established in the laboratory. In contrast,
protocols for Mo from purified Mo required optimisation due to low number
of recovered MoM¢ and mixed donor-specific phenotype. Mo are extremely
plastic cells highly sensitive to culture conditions which require consistent
laboratory procedure for reproducible results. The type of medium and plastics
used as well as cytokines added during generation and activation process vary
greatly between laboratories and often impact on the outcomes of experiments
[133, 141, 144]. Therefore, it was important to establish optimal culture

conditions for MoMe.

3.2 Results

3.2.1 Isolation of CD14+ve cells

The purity of isolated Mo was routinely checked by flow cytometry assessing
CD14 expression and was above 90% (Figure 3.1). In rare cases where CD14+
fell below 90% cells were re-purified through magnetic columns or discarded

from further use.
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Figure 3.1 Isolation of CD14+ve population from PBMC. PBMC acquired

from buffy coats or fresh blood through gradient centrifugation were
incubated with CD14 magnetic beads and run through a magnetic column.
Cells were stained with anti-CD14 Ab for flow cytometry. Red line-

unstained, green line- antibody, blue line — matched isotype control. Graphs

show an example of CD14 expression by cells before and after running
through magnetic column on 1 donor and the purity of isolated Mo in 3
representative donors.
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3.2.2 The effect of FBS type on cytokine secretion

The source and lot of FBS can affect immune cells function and cytokine
secretion [573] therefore, the effect of FBS type on MoMg during moving to a
new lot was routinely examined. The effect of FBS on cytokine secretion was
found to be donor specific therefore testing was performed on multiple donors.
Figure 3.2 shows an example of differential secretion of cytokines under the
same culture condition with the exception of different FBS added to the
media. IL-12 secretion was lower in GM-Mg in both donors in FBS A while
IL-10 secretion was affected only in donor 2. Based on those results FBS A

was not used in further experiments.
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Figure 3.2 Determination of cytokine secretion depending on the type of
FBS in media. MoMg¢ generated and cultured in medium with specific FBS
(A, B) were activated with LPS/IFNy (M@1= GM-Mg) or LPS (M¢@2= M-Mo)
and cytokine secretion was assessed by ELISA 24h later. Shown are means +
SD of triplicate stimulation.

124



3.2.3 Characterisation of macrophages differentiated on normal vs low
adherence plates

Typically, Mo are strongly attached to the surface and reported MoMe -
generation protocols commonly utilise low-attachment containers for Mo
culture. Cells were seeded into normal or low-adherence plates and their
morphology was assessed by microscopic examination. Mg, which were
generated in normal adherence plates displayed typical previously described
morphology of GM-Mg (round shape) and M-Me (spindle shape) [145] while
both GM-M¢ and M-Mg growing on low adherence plates presented similar

round “fried egg” appearance (Figure 3.3).
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Figure 3.3 Morphology of MoMg¢ differentiated on normal vs low
adherence plates. Freshly isolated Mo were differentiated for 7 days in
normal adherence (NA) or low adherence (LA) plates in the presence of GM-
CSF or M-CSF. Photographs were taken under 10x magnification. Arrows
show typical “fried egg” appearance of M1 (GM-Mg). Shown a
representative donor.

Next, we assessed cytokine secretion by M@. Due to low numbers of M-M¢

collected from normal adherence plates, cytokine secretion was compared
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only in GM-Me (Figure 3.4). IL-12 secretion, one of the main pro-
inflammatory cytokines, from GM-Mg generated in normal and low
adherence plates and next cultured for 24h on normal adherence plates was
assessed in 3 donors. Resting Mo did not secrete IL-12 regardless of the type
of plate used for generation while, stimulation with LPS only gave minimal
secretion of IL-12, less than stimulation with LPS/IFNy. Activation of Mg
with LPS/IFNy resulted in the release of IL-12 by M¢ generated in low and
normal adherence plates. The secretion of IL-12 was significantly higher in
low adherence plates in 2 donors (p<0.0005) while it was lower in 1 donor

(p<0.005). We therefore used low-adherence plates for further research.
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Figure 3.4 Comparison of IL-12p70 secretion by GM-Mg¢ generated in
normal (NA) or low (LA) adherence plates. Freshly isolated Mo were
differentiated for 7 days in normal or low adherence plates in the presence of
GM-CSF. On day 7 Mo were counted, washed and seeded in 96-well plates.
Cells were rested for 2h before activation with LPS/IFNy. IL-12p70 secretion
was measured at 24h by ELISA. Data shown for 3 donors tested. Statistically
significant differences were determined by the unpaired student’s t-test.

3.2.4 Time-course of MoM¢ generation

Having established the effect of different plastics on MoM¢ generation we set
out to determine the optimal time required for differentiation of Mo into

MoMao. In the literature, most commonly M¢ are used after 5-7 days’ culture
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although some sources advise 14 days of differentiation [133, 141, 143-145].
We compared IL-12 and IL-10 secretion on day 0,1,5 and 7 in Mo incubated

with GM-CSF or M-CSF and stimulated with LPS/IFNy.

Freshly isolated Mo (day 0) activated with LPS secreted small amounts of IL-
12 which was abrogated by addition of IFNy. After 1 day of incubation with
GM- or M-CSF cells lost their ability to respond to LPS only with regards to
IL-12 secretion (Figure 3.5A). However, cells from 2 out of 3 donors
stimulated with LPS and IFNy in the presence of GM-CSF started producing
small amounts of IL-12. Cells from the 3™ donor as well as cells from all
donors incubated in the presence of M-CSF did not respond to the addition of
IFNy to LPS. IL-12 secretion upon stimulation with LPS/IFNy significantly
increased on day 5 and remained high on day 7. While in the presence of GM-
SF IL-12 seems to reach the maximum level on day 5, M-Mg increased
significantly secretion on day 7. The cells remained un-responsive to LPS

alone with regards to IL-12 secretion.

IL-10 was readily secreted by freshly isolated Mo activated with both

LPS and LPS/IFNy (Figure 3.5B). The secretion was reduced after 24 h of
incubation with GM-CSF in all 3 donors while incubation with M-CSF
resulted in increase of IL-10 upon stimulation with LPS only. On day 5 and 7

Mo secreted IL-10 regardless of GM- or M-CSF presence.

127



* ns
K kK *kkk
600
- —_ —_
2 400 2 2
3 R R
& 200 & &
2 2 3
0
LPS + + + + + + + +
IFNy - + - + - + - +
Day 0 1 5 7
*K
% %k Kk
—_ - —_
g g £
2 2 2
o o o
N~ ~ ~
& & &
2 = 2
3000
T
2000 21500
o
<1000 % 1000
0
LPS + +
IFNy -
Day 0
3000
jary
2000 E
g
o
1000 E
0
LPS + + + + + + + + LPS + + + + + + + + LPS + + + + + + + +
IFNy - + - + - + - + IFNy - + - + - + - + IFNy - + - + - + - +
Day 0 1 5 7 Day 0 1 5 7 Day 0 1 5 7

Figure 3.5 Time-course of M@ generation. Mo differentiated with GM-CSF
or M-CSF for 0-7 days were counted, washed and rested for 2h before
activation with LPS/IFNy. IL-12 (A) and IL-10 (B) secretion was assessed in 3
donors at 24h by ELISA. Shown are means + SD of triplicate stimulation.
Statistically significant differences were determined by the unpaired student’s
t-test.
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3.2.5 Requirement for GM-CSF and M-CSF during activation

As described earlier Mo were generated by incubation for 5-7 days with GM-
or M-CSF. However, after this time cells were washed to remove remaining
cytokines and activated with LPS and IFNy without the presence of GM- or
M-CSF. Therefore, the need for addition of GM- or M-CSF during activation

was assessed.

Firstly, we determined whether incubation of generated M¢ in the presence or
absence of cytokines can affect their viability during short-term (24h) culture.
Mo were generated according to standard protocol and on day 5-6 were
collected, washed and seeded in normal adherence plates in the presence or
absence of GM-CSF or M-CSF. After 24h viability was assessed by FACS
using PI staining. PI is a fluorescent agent which binds to DNA and RNA by
intercalating between the bases of nucleic acid binding to the nucleotide pair
of guanine and cytosine [296, 574]. While it is bound, its fluorescence
increases 20-to 30- fold. PI is impermeant which means it cannot pass through
an intact membrane of live of early apoptotic cells. However, cells undergoing
late apoptosis and necrosis are characterised by increased permeability of both
the plasma and nuclear membranes which allow PI to enter the cell and nuclei
and bind to DNA or RNA causing red fluorescence which can be measured by
FACS [296, 575]. Prior to FACS analysis debris was gated out on FSS/SCS
(Figure 3.6A). There was little effect of the addition of GM-CSF to GM-M¢o
or M-CSF to M-Mg and in all donors, more than 88% of cells remained viable

despite of the presence or absence of the cytokines (Figure 3.6 B, C).
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Figure 3.6 Effect of GM-CSF and M-CSF on the viability of M. MoM¢g
generated in the presence of GM-CSF and M-CSF were washed and reseeded
for 24h with or without indicated cytokines. After 24h of incubation MoM¢@
were detached by trypsinisation, stained with PI and assessed by FACS. A-
Graph shows gating strategy for analysis of cells and debris exclusion. B- PI
staining of MoMeg is shown for 3 donors. C- Percentage of live cells is shown
for all tested donors.
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Next, we determined cytokine secretion of MoMe cultured for 24h in the
presence or absence of GM- and M-CSF. There was no secretion of IL-12, IL-
23 and IL-10 by GM-M¢ or M-M¢e without stimulation with LPS/IFNy in all
donors tested (Figure 3.7). No significant difference was detected in the
secretion of IL-12 by GM-Mg and M-Mg activated with LPS and IFNy in the
presence or absence of GM-CSF and M-CSF respectively in 2 out of 3 donors
tested. In 1 donor, there was a small but significant (P<0.05) increase in the
secretion of IL-12 in the presence of the respected cytokines by both types of
Meo. The presence of GM- or M-CSF did not affect the secretion of IL-23 and
IL-10 by LPS/IFNy activated Mo in all donors tested. GM-Mg did not secrete

IL-10 regardless of the presence of activation stimuli.
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Figure 3.7 Effect of the presence of GM-CSF/M-CSF on cytokine
secretion by MoM¢@. MoM¢ were activated or left non-activated in the
presence or absence of GM-CSF/M-CSF. The secretion of IL-12p70 and IL-10
was measured at 24h by ELISA in 3 donors and IL-23 in 2 donors. Shown are
means + SD of triplicate stimulation. Statistically significant differences were
determined by the unpaired student’s t-test.

Finally, we assessed the expression of HLA-DR and CD86 (Figure 3.8 A, B).
The number of HLA-DR+ve GM-Mg raised dramatically after stimulation
with LPS/IFNy and was unaffected by culturing cells in the absence or
presence of GM- or M-CSF. The expression of HLA-DR in M-Mg in 2 out of
3 donors increased slightly upon addition of GM-CSF while it was not

affected by M-CSF or LPS. In one donor, the number of positive cells dropped
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sharply upon addition of GM- or M-CSF comparing to cells in media alone.

This effect was reduced by activation of cells with LPS.

The number of CD86+ve cells increased upon activation of GM-Mg in all
donors and in M-Mg in 2 out of 3 donors (Figure 3.8 A, C). The addition of
M-CSF to GM-Mg increased the expression of CD86 in 1 donor (Donor C)
while there was no effect in other donors. Culture of M-Mg in the presence of
GM-CSF resulted in slightly increased number of CD86+ve cells in 2 out of 3
donors regardless of their activation status while it increased CD86 expression
only by resting GM-Mg. There was no effect of continuous addition of GM-

CSF on activated GM-Mg.
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Figure 3.8A. Effect of GM-CSF/M-CSF presence on HLA-DR and CD86
expression by MoM¢. MoMe were activated or left untreated in the presence
or absence of GM-CSF/M-CSF. Cells were collected at 24h, stained with
HLA-DR and CD86 antibodies with matched isotype controls and acquired by
flow cytometry. Donors A,B
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Figure 3.8A. Effect of GM-CSF/M-CSF presence on HLA-DR and CD86
expression by MoM¢. MoMe were activated or left untreated in the presence
or absence of GM-CSF/M-CSF. Cells were collected at 24h, stained with
HLA-DR and CD86 antibodies with matched isotype controls and acquired by
flow cytometry. Donor C
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Figure 3.8B, C Effect of GM-CSF/M-CSF presence on HLA-DR and
CD86 expression by MoM¢. MoMo were activated or left untreated in the
presence or absence of GM-CSF/M-CSF. Cells were collected at 24h, stained
with HLA-DR and CD86 antibodies with matched isotype controls and
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acquired by flow cytometry. The summary figures represent the total number
of cells positive for HLA-DR (B) and CD86 (C) in 3 donors.

3.2.6 MoM¢ phenotype

CD68 is a widely accepted universal Mo marker therefore, firstly we assessed
its expression on MoMg@. Both GM-M¢ and M-M¢o demonstrated similar
expression of CD68. (Figure 3.10A). In the majority of published studies, M¢
are characterised as pro-inflammatory M1 and anti-inflammatory Me2 types
with characteristic phenotypes [124, 154, 574]. In agreement with these
reports, generation of MoMg in the presence of GM-CSF resulted in immature
phenotype with no secretion of IL-12, -23, -6, TNFa, IL-1f and IL-10 (Figure
3.9) while expressing medium expression of HLA-DR, CD86 and CD80
(Figure 3.10 B,C). In contrast, there was no expression of CD40. Activation of
GM-Mg with LPS and IFNy further increased the expression of HLA-DR,
CD80 and CD86 and induced the expression of CD40. The secretion of IL-12,
-23, -6, IL-1P and TNFa was also induced while there was no or low secretion
of IL-10. On the other hand, MoMg generated in the presence of M-CSF
displayed lower expression of HLA-DR and CD86 (Figure 3.10 B,C) and no
secretion of IL-12, -23, -6, IL-1B, TNFa or IL-10 consistent with M2
phenotype. Upon stimulation with LPS M-M¢ only modestly increased their
expression of HLA-DR and CD86. The expression of CD80 on immature as
well as activated M-Mo was donor dependent varying from lower to
comparable to GM-M¢ while CD40 remained negative irrespective of
activation. This effect was assisted by induced secretion of IL-10 while IL-12,
-23 remained absent or low. The secretion of IL-6, IL-1B and TNFa was

induced by stimulation with LPS although remained lower then GM-Mg.
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Resting MoMg did not express CD83. Activation of GM-M¢ with LPS and

IFNy stimulated low expression (1.5-2 fold increase above isotype control) of

CD83 in 4 tested donors while M-Mgo activated with LPS remained negative.
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Figure 3.9 Secretion of cytokines by MoM¢@. MoM¢o were generated in the
presence of GM-CSF or M-CSF for 5-7 days and activated with LPS and
IFNy, or LPS alone. Secretion of cytokines was analysed by ELISA in

supernatants collected 24h after stimulation. Shown are data from 2 individual

138



donors (mean +/-SD), and a summary of all donors (n=4) with mean values

indicated.
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Figure 3.10A Phenotype of Mo-M¢@. A- MoM¢o were generated in the
presence of GM-CSF or M-CSF for 5-7 days. Upon collection cells were
washed, fixed and permeabilized. Next cells were stained with CD68
antibodies, resuspended in FACS buffer and acquired by flow cytometry.
Shown are two representative donors out of 6. B, C- MoMe¢ resting or
activated for 24h were collected by scraping and gentle pipetting and the
expression of HLA-DR, CD80, CD86, CD83 and CD40 was measured by
flow cytometry. Shown are two representative donors out of 6.
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Figure 3.10B Phenotype of Mo-M¢@. A- MoM¢ were generated in the
presence of GM-CSF or M-CSF for 5-7 days. Upon collection cells were
washed, fixed and permeabilized. Next cells were stained with CD68
antibodies, resuspended in FACS buffer and acquired by flow cytometry.
Shown are two representative donors out of 6. B, C- MoMe¢ resting or
activated for 24h were collected by scraping and gentle pipetting and the
expression of HLA-DR, CD80, CD86, CD83 and CD40 was measured by
flow cytometry. Shown are two representative donors out of 6.
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Figure 3.10 C Phenotype of Mo-M¢@. A- MoMg were generated in the
presence of GM-CSF or M-CSF for 5-7 days. Upon collection cells were
washed, fixed and permeabilized. Next cells were stained with CD68
antibodies, resuspended in FACS buffer and acquired by flow cytometry.
Shown are two representative donors out of 6. B, C- MoMe¢ resting or
activated for 24h were collected by scraping and gentle pipetting and the
expression of HLA-DR, CD80, CD86, CD83 and CD40 was measured by
flow cytometry. Shown are two representative donors out of 6.

3.3 Discussion
Differentiation of Mo into Mo in vivo and in vitro can be affected by many
exogenous stimuli resulting in a tissue- and condition-specific final Mg

phenotype. These stimuli include TLR ligands, cytokines, cell-cell contact and
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surface attachment [144, 576-578]. The protocols for generating MoMe vary
greatly between laboratories with some utilising low-attachment plastic
surfaces while others using normal-attachment plates or flasks [141, 143].
Since Mo strongly adhere to the surface and can be damaged during collection
for further experiments, the low-attachment containers provide researchers
with distinct advantages. However, cell contact and surface attachment
provide important signals during differentiation of Mo to M¢ in tissues which

affect M@ phenotype and activation status [576, 577].

Comparing morphology and cytokine secretion of MoM¢ generated in normal
and low-adherence plates provided an initial description of the effect of
different surfaces on M behaviour. Normal adherence vessels are usually
made from treated polystyrene which becomes hydrophilic and negatively
charged once medium is added [579, 580]. This allows for cell attachment
proteins (vitronectin and fibronectin) from serum in culture medium to adhere
to the bottom of the plate, providing a better surface for cells to attach.
Furthermore, plate surface is usually coated with extracellular matrix or
attachment and adhesion proteins, such as collagen, laminin and fibronectin
[581]. On the other hand, low attachment can be achieved by using untreated
polystyrene culture vessels due to their hydrophobic properties [579].
However, there can be still certain amount of binding through hydrophobic
interactions as well as in certain cell types. In 1990s Corning® introduced
Ultra-Low Attachment plates coated with hydrophilic and neutrally charged
hydrogel layer [579]. Since attachment is mediated through either

hydrophobic or ionic interactions, this hydrogel surface naturally inhibits cell
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attachment. Furthermore, this hydrogel surface is biologically inert and
prevents the activation of macrophages [578]. Typically, MoM¢ generated in
the presence of GM-CSF display a characteristic “fried-egg” morphology in
microscopic examination while MoMe generated with M-CSF are presented
as “spindle-shaped “cells [144]. Our results confirmed these findings in
normal-attachment plates. Interestingly M-Mo generated in low-attachment
plates adopted “fried-egg” shape so distinctive for GM-Mg. The difference of
Mo morphology depending on attachment surface may suggest the
dependency of especially M-Mo on the additional signalling from the surface

to perform specific functions.

The comparison of cytokine secretion between MoM¢ generated in normal vs
low-adherence plates showed higher IL-12 secretion in low-attachment plates
in 2 out of 3 donors. The reason for decreased IL-12 secretion in normal-
attachment plates may be the inadvertent damage of cells during de-
attachment procedure. However, higher levels of IL-12 secretion may be
caused by more pronounced activation status in cells generated in low-
attachment plates and allowed to attach immediately before activation in
comparison to cells attached throughout generation and activation. Schakel et
al. demonstrated that slan-DC respond with higher levels of IL-12 secretion
when cultured for 3h in vitro before activation and hypothesised that
leucocytes may require this short period of maturation in vitro before fully
responding to LPS [189]. It may be similarly hypothesised that MoM¢ which
were attached during their generation process may have partially lost their

sensitivity to attachment signalling which may amplify LPS activation.
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Next, we investigated whether MoM¢ generated in the presence of GM-CSF
or M-CSF display a stable phenotype or require constant influx of these
haematopoietic cytokines from their environment. /n vivo, M¢ are constantly
exposed to low-levels of M-CSF which is required to maintain M¢ viability
and promotes M@2-like polarisation state [582-585]. GM-CSF is also involved
in Mo viability but its levels raise during inflammatory conditions and it
skews Mo phenotype towards Mol [583, 584]. M-CSF is constitutively
expressed by Mo as well as induced by factors including GM-CSF while the
secretion of GM-CSF requires activation with additional stimuli like TNFa or
LPS. [109, 582]. Therefore, both cytokines may be involved in an autocrine
loop maintaining M¢ viability and polarisation We have shown that short-term
(24h) withdrawal of M-CSF or GM-CSF from cultures of differentiated
MoMao did not affect their viability nor phenotype which supports this
hypothesis. It is possible that their phenotype is maintained short term via
innate memory mechanisms or it may be maintained via autocrine secretion of
M-CSF and GM-CSF [332, 586]. Assessment of M-CSF and GM-CSF

secretion by MoMeg is needed however for confirmation.

In is important to notice that these studies are limited by the use of a single
type of activation and polarisation stimuli and short cell culture following
activation (24h). Me are long living cells and further work will expand our
findings on different types of stimulation and longer culture times as well as
will look in more detail on the impact of differentiation method on Mo

response to activation.
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Chapter 4 Macrophage plasticity in response to

environmental factors

4.1 Introduction

Mo play a key role in orchestrating immunity and the maintenance of
homeostasis including neovascularisation, tissue repair and restoration of
pathogen-disturbed homeostasis [98]. In order to perform these functions, Mg
must have the ability to respond efficiently to changes in their
microenvironment therefore, extreme plasticity is one of the hallmarks of M¢
family [587]. In many tissues M acquire a long-term tissue-specific
phenotype during homeostasis. However, as immune sentinels, M can
reprogram shifting their activation states towards the desired point in
continuum of M@1 or M2 phenotypes in response to environmental signals

[588, 589].

A wide network of signalling pathways, transcriptional factors and epigenetic
alterations is involved in Mo plasticity. Transcriptional analysis performed by
Martinez et al. on MoM¢ generated in the presence of M-CSF and polarised
with LPS/IFNy towards M1 or IL-4 towards M¢2 demonstrated that both
types of polarisation had a wide-spread effect on the whole transcriptome
[590]. Mo polarisation affected 2053 (5.2%) transcripts in total while M2
polarisation affected 104 (~0.3%) transcripts. Although Martinez et al.
concluded that Mol polarisation is connected with more dramatic changes in
the transcriptome than M2 polarisation it is important to notice that the
MoMao used in this report were initially generated in the presence of M-CSF

which already provided some M2 “conditioning”. Therefore, the activation
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with IL-4 strengthened M2 polarisation while stimulation with LPS/IFNy
could lead to reprogramming of the original pro-Me?2 state towards Me1. It is
therefore plausible that the MoM¢ generation method used in this research

may be responsible for the difference in the number of affected transcripts.

It has been proposed that Mo are constitutively exposed to steady levels of M-
CSF which maintains them in M2-like state [582, 584]. During
inflammation, the levels of GM-CSF promote the switch to pro-inflammatory
Mol [584]. In many situations Mo may differentiate into M under the
influence of one or both cytokines which may result in differential initial
phenotypes [584]. For example, both GM-CSF and M-CSF raise in RA [584].
These initial pro-Mg1/pro-M¢2 phenotypes may have profound effect on later
ability of Mo to respond to pro- or anti-inflammatory activators. The
importance of GM-CSF and M-CSF in the initial M@ 1/M@2 polarisation of
transcriptome profiles is well demonstrated in a paper by Lacey et al. [583].
Go analysis of genes expressed by MoMe generated in the presence of M-CSF
or GM-CSF showed differential bi-polar expression pattern of genes involved
not only in immune responses but also in locomotion, receptor activity,
adhesion and endocytosis. Interestingly, the polarisation status received by
generation of M¢ in M-CSF or GM-CSF could be completely reversed when
Mo were further cultured with opposite cytokines: the M-Mg in GM-CSF and
the GM-Mg in M-CSF for the same amount of time [591]. These findings
were put in a wider perspective by a report by Xue et al. [592] in which more
diverse Mo 1/M@2 stimulation as well as stimuli not linked to Mo1/Mg2

polarisation like free fatty acids were used. This research showed that
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clustering M¢1 or Mo2 stimuli together strengthened the bipolar polarisation
of MoMg but did not change the overall Mp1/M¢2 axis. On the other hand,
addition of stimuli not linked with M@ 1/M@2 polarisation resulted in a
spectrum of activation signatures beyond the initial bi-polar axis. These results
correspond better to the picture in vivo where M¢ represent a continuum of
activation states often expressing markers associated with M1 and M¢2

simultaneously [106].

The expression of both Mgl and M¢2 markers may indicate simultaneous co-
activation with M@1/Meg?2 factors or shifting from one phenotype to another in
changing environment for example during resolution of inflammation or
wound healing [588]. Smith ef al. tried to address both situations by treating
BMMe¢ with simultaneous or consecutive mixture of M@ 1(LPS+IFNy) and
Mo2 (IL-4, IL-13) stimuli and assessing the expression of M 1/M¢2 markers
such as CD86 and CD206 [588]. Their data showed that M exposed to a
combination of M@ 1/M@2 activating molecules express both M1 and M¢2
markers however, the expression of M@l markers was lower in mixed
conditions then in pure M@1 stimulation. In addition, the M¢1 activation
lasted shorter and cells activated with mixed cytokines progressed towards
Meo2-like state. Similarly, consecutive exposure of BMM¢ to Mo1/Mg2
stimuli did not inhibit the original phenotype but resulted in a mixed activation
state with expression of both the original as well as new markers. The initial
polarisation towards M¢1 enhanced the expression of M2 markers upon re-
polarisation of M@1 towards Me2. Interestingly, cells initially polarised

towards anti-inflammatory M¢2 with IL-4/IL-13 required higher levels of
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LPS/IFNy stimulation to express Me1 markers, therefore demonstrating
certain resistance to reprogramming. Although this report would suggest that
Mg are naturally more prone to anti-inflammatory phenotype, the conditions
used for BMM¢ generation need to be considered. Similarly, to a report by
Martinez et al. mentioned earlier [590] this research was performed on M¢
generated for 7 days in the presence of M-CSF possibly skewing their original
polarisation status towards M@2. Other researchers reported that primary
murine M¢ pre-treated with 11-4 or IL-13 enhance their secretion of pro-
inflammatory cytokines such as IL-12 and TNFa when subsequently
challenged with pro-inflammatory stimuli like LPS or Poly:I C [593-595].
However, there was no effect when Mo were subsequently activated with a
combination of IFNy and IL-2 [593]. Therefore, the effect of IL-4 on cultured
primary murine Mg is pleiotropic and depends on the initial state of the M¢ as
well as the type of subsequent pro-inflammatory stimuli. Mo primed with I1L-4
or IL-13 are not the only type of M2 which can be re-programmed towards
pro-inflammatory phenotype. In vivo delivery of IL-12 to tumour sites in mice
induced pro-inflammatory cytokine secretion like TNFa by TAMo while at
the same time reducing their production of anti-inflammatory IL-10 [596].
Similarly, IFNy-treated TAM¢ from ovarian cancer switched to Mo1

phenotype [597].

The plasticity of Mo makes them a very attractive target for therapeutic
immunomodulation for treatment of pathologies which involve M¢
dysregulation like cancer, autoimmune disorders and transplant rejection.

Recent advances in understanding Mo plasticity and the molecular
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mechanisms governing M¢ polarization provided researchers with tools to
potentially repolarise M¢ towards pathology-resolving phenotype. Such
strategy uses the cells which are already present at the location in large
number to change the environment [598]. This can confer a great advantage
over strategies trying to simply eliminate these cells through blocking their
recruitment or suppressing their survival. In addition, all three methods can be
used in combination to achieve the best results. “Re-education” of TAM¢@
present in murine ovarian cancer by targeting NF«kf} signalling resulted in the
induction of tumouricidal and anti-tumour IL-12 dependent activity therefore
reversing their tumour-mediated polarisation [599]. Several agents including
TLR agonists such as LPS (TLR4), R848 and Imiquimod (TLR7) are known
activators of NFkB pathways and can be used in establishment of M@1-type
tumour-suppressing M. Synthetic LPS-analogues such as 1-8 only 3-O-
desacyl-4'-monophosphoryl lipid A (MPL) have been used as cancer vaccine
adjuvants [600]. Similarly, topical Imiquimod therapy polarized TAM¢
present in cutaneous squamous cell carcinoma towards M1 phenotype [601].
As an example of M2 induction Schistosoma mansoni—derived soluble egg
Ag (SEA) reprogrammed Mol towards M2 reducing murine atherosclerosis

[602].

It is often assumed that Mo are characterized by infinite plasticity and the
ability to freely change between pro-inflammatory and anti-inflammatory
states [591]. However, as was suggested before, the initial conditions of M¢
generation and activation can exert a profound and long-term effect on

repolarized M. For example, Mo pre-activated with IL-4 and further
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stimulated with LPS/IFNy can express both M1 and M2 markers. Certain
restrictions in the degree of Mo plasticity were demonstrated by Franklin et al.
who showed that TAM¢ in mammary carcinoma were not generated by
conversion of resident mammary tissue Mo but form a distinctive population
discrete from resident mammary tissue Mo [93, 94]. The lack of Mg plasticity
was reported in COPD where Mo1-like Mo persisted in tissue and were
unable to switch upon receiving environmental signals [603]. Interestingly
gene analysis showed transcriptional changes in Mg from COPD patients
resulting in a loss of inflammatory response consisted with a depletion in the
IFNy linked module [592]. These findings may explain the lack of effectivity
of anti-inflammatory treatments in COPD. A better understanding of Mo
plasticity, its degree and mechanisms can provide us not only with improved
tools to influence their phenotype but also allow us to choose the most
appropriate way for environment immunomodulation through changing M¢
phenotype when it is appropriate, reducing Mo numbers if it is impossible to

sufficiently change their phenotype or combining both strategies together.

In this study, we addressed the hypothesis that Mo plasticity is restricted by
their initial environmental conditioning. We show that M¢ generated in the
presence of GM-CSF secrete higher levels of IL-12 and IL-23 and lower IL-10
in response to LPS and IFNy comparing to Mo generated with M-CSF.
Subsequent repolarisation of GM-Mg in the presence of M-CSF or M-Mg in
the presence of GM-CSF had little effect on their secretion of IL-23 and IL-10
as well as the expression of HLA-DR and CD86. Furthermore, we also looked

at M@ behaviour in response to reactivation. Primary activation of Mo with
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LPS/ IFNy influenced their response to secondary activation by reducing IL-
23 and IL-10 secretion. Interestingly while treatment of M¢ with IFNy alone
during primary activation increased IL-23 secretion upon secondary activation
it also triggered IL-10 secretion. In addition, primary activation with [FNy
resulted in a stable high expression of both CD86 and HLA-DR regardless of
further stimulation. However, this effect was abrogated by combining IFNy
with LPS during primary activation. Finally, we addressed the effect of TLR
stimulation on M@ polarisation. We show that LPS often portrayed as pro-
Mol stimulus [109, 604] acts as a universal activation factor co-operating
with pro-Me1(IFNy) and pro-Me¢1 (IL-4) inducers to stimulate cytokine
secretion by M¢. In contrast, triggering of TLR7/8 with R848 resulted in a
mixed M@ phenotype characterised by high secretion of IL-12, IL-23 and IL-
10. Furthermore, the effect of R848 was more pronounced in M- Mo
comparing to GM-Mg. Importantly, although combination of R848 with IFNy
increased IL-12 and decreased IL-10 secretion, there was no effect on IL-23.
Overall our results provide better understanding of M¢ polarisation in
response to their environment and may provide new ways to manipulate M
behaviour for novel immunotherapeutic strategies for cancer, autoimmune

disorders and transplant rejection.

4.2 Results

4.2.1 Effect of LPS and IFNy on GM-M¢ and M-M¢

Signalling through IFNy receptor provides a very strong pro-Me1 signal able
to repolarise many features of anti-inflammatory Mo to a more pro-

inflammatory phenotype [597]. Moreover, M-Mgo activated with LPS and
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IFNy are often used as a representative for M1 [597]. However, a body of
evidence suggests that original programming of Mg caused by M-CSF or GM-
CSF may influence the final phenotype of M¢ after activation. Therefore, we
hypothesized that M@ generated in the presence of GM-CSF or M-CSF will
display differential pro-inflammatory and regulatory properties when activated
in the presence of [IFNy. We focused on the secretion of pro-inflammatory IL-
12 and IL-23, and regulatory IL-10 to differentiate inflammatory M1 and
immuno-regulatory M¢2. IFNy was necessary for the secretion of IL-12 and
IL-23 by GM-Mg and M-Mg activated with LPS and there was no secretion in
the presence of LPS alone (Figure 4.1, Supplementary material Figure STA-
B). Both activating factors cooperated with each other and the production of
both IL-12 and IL-23 increased proportionally to increased dose of LPS and
IFNy. Secretion of IL-12 and IL-23 increased proportionally to the increase in
LPS dose reaching maximum levels at Spg and could only be increased by
increase in IFNy dose. IL-12 was secreted in a dose-dependent manner whilst
IL-23 reached a maximum level at 1,000IU of IFNy for GM-Me¢ and 10,0001U

for M-Me.

There was variability between GM-Me and M-Mg with regards to their IFNy
response. Overall, there was 21.1% reduction in IL-12 secretion by M-Me as
compared to GM-Mg at the standard activation dose (Table 4.1). However,
there was donor to donor variability. While one donor (A) showed a doubling
in IL-12, three retained between 70-85%, and in the remaining two donors IL-
12 was reduced to 34 and 15% (Figure 4.1, Table 4.1, Supplementary material

Figure S1A-B). IL-12 secretion was mostly affected at higher doses of IFNy
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and LPS and was similar in GM-M¢e and M-Mg stimulated with lower. Even
more pronounced differences were observed in IL-23 secretion from GM-Meo
and M-Me. All donors exhibited reduced IL-23 responses to LPS/IFNy by M-
Mo regardless of the dose of IFNy or LPS used for activation. While one
donor retained 60% of IL-23 secretion (compared to GM-Mg), three retained

23-39 % while two failed to secrete 1L-23.

The secretion of IL-10 differed between MoMe generated in the presence of
GM- or M-CSF (Figure 4.1, Supplementary material Figure S1C, Table 4.1).
IL-10 secretion by M-Mo was proportional to LPS doses up to Sug after
which it remained the same or was reduced. As expected it was inversely
proportional to IFNy dose. GM-Mg did not secrete IL-10 upon stimulation
with LPS alone or with the addition of 10 000IU/mL IFNy. Surprisingly two
donors readily secreted IL-10 when LPS was combined with intermediate
doses of IFNy. IL-10 secretion reached maximum at Spg/mL of LPS. In
summary, although IFNy provided a strong pro-inflammatory signal there
were significant differences between GM-M¢ and M-M¢ with regards to

cytokine production.
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Figure 4.1 Effect of LPS and IFNy dose on cytokine secretion by MoMg.
MoMgo from 6 donors were activated with increasing doses of LPS and IFNy.
The secretion of IL-12p70, IL-23 and IL-10 were measured at 24h by ELISA
and is expressed as a percentage of cytokine secretion as comparing to
secretion of GM-Mg activated with Sug LPS/1000IU IFNy (100%-dotted line)
for IL-12 and IL-23 and M-Mg activated with Spug LPS (100% - dotted line)
for IL-10. Shown is mean + SD of singlicate stimulation of 6 donors for each
condition.

Donor 1L-12 1L-23 1L-10

A 195.34 60.93 0
B 15.67 0 0
C 75.81 39.96 0
D 70.98 25.48 0
E 34.017 23.39 0
F 81.61 0 0
Overall | 78.90 24.96 0

Table 4.1 Effect of M@ type on the cytokine secretion in response to LPS
and IFNy. Summary table showing percentage secretion of IL-12p70 and IL-
23 by M-Mg activated with standard dose of LPS/IFNy (5ug LPS/1,0001U
IFNYy) as comparing to GM-Me and IL-10 secretion by GM-Mg activated with
LPS only as comparing to M-Me (5pg LPS) with same dose of LPS.
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4.2.2 Effect of IFNy vs IL4 on MoM¢

After establishing the impact of IFNy on MoMg we assessed whether other T-
cell cytokines also impacted on M¢ polarity. The major Th2 cytokine, IL-4,
polarises Mo towards M@2a type characterised by high IL-10 and low IL-12
and IL-23. Therefore, we compared the effect of IFNy and IL-4 on MoMe.
Mg generated in the presence of GM-CSF or M-CSF were activated with LPS
combined with IFNy or IL-4 and the secretion of IL-12, IL-23 and IL-10
determined. In accordance with previous results LPS alone did not elicit the
secretion of IL-12, IL-23 and IL-10 from GM-M¢ and IL-12 and IL-23 from
M-Me while it stimulated IL-10 secretion by M-Me (Figure 4.2). Addition of
IFNy induced IL-12 and IL-23 by both GM-Mg¢ and to a lesser degree M-Mo
while it also induced IL-10 secretion in GM-Mg from 2/5 donors. On the other
hand, IFNy reduced slightly although not significantly IL-10 secretion by M-
Mo comparing to activation with LPS alone. Activation of M¢ with IL-4 alone
did not elicit cytokine secretion (data not shown). The addition of IL-4 to LPS
did not elicit IL-12 or IL-23 from GM-M¢ and M-Mg. IL-4 together with LPS
induced the secretion of IL-10 by GM-Mg (3/5 donors) at levels comparable
to activation with LPS / IFNy (p>0.05). On the other hand, the combination of
IL-4 and LPS in M-Mg resulted in a high IL-10 which was significantly

higher than from activation with LPS alone or LPS/IFNy (p<0.05).

In summary LPS presented a dichotomy in its properties; exacerbating pro-
inflammatory effects of IFNy and anti-inflammatory effects of IL-4 and M-
CSF while remaining silent in combination with pro-Meg1 signal, GM-CSF.

IFNy acted as pro-Me1 signal and partially repolarised M-Mg¢ to pro-
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inflammatory phenotype. IL-4 cooperated with two other pro-M@2 signals
(LPS and M-CSF) to promote IL-10. Its effect in the presence of GM-CSF
was less pronounced however considering the induction of IL-10 with lack of

secretion of IL-12 or IL-23 it showed certain ability to repolarise GM-M¢

towards Mo2.
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Figure 4.2 Effect of IFNy and IL-4 on cytokine secretion by MoMe.
MoMg were activated with LPS in the presence or absence of IFNy and 1L-4
and secretion of IL-12p70, IL-23 and IL-10 was measured at 24h by ELISA.
Graphs show collective data from 5 tested donors. Shown is mean of triplicate
stimulation for each donor for each condition with a line at mean for a group.
Statistically significant differences were determined by the unpaired student’s
t-test.
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We evaluated the expression of co-stimulatory molecules by Mo-M¢. As
described before unstimulated GM-Mo displayed higher expression of HLA-
DR and CD86 comparing with M-Mg. CD86 expression, although low on
both types of resting M@ was nevertheless slightly higher on M-M¢. CD83
remained negative and CD40 was low (2-fold increase over isotype control)

on both M-M¢ and GM-Meg.

Activation of Mg with LPS and IFNy resulted in enhanced expression of all
tested markers (Figure 4.3A-C). IFNy alone lead to a similar increase of the
expression of CD86 by GM-M¢ and CD40 by both GM-M¢ and M-Mg. The
expression of HLA-DR and CDS80, by both types of Mo as well as CD86 by
M-Mpo stimulated with IFNy alone was lower than in combination with LPS.
Furthermore, LPS alone induced higher expression of CD86 comparing to

IFNy alone.

Treatment of Mo with IL-4 resulted in increased levels of all markers tested.
IL-4 alone and in combination with LPS stimulated similar expression of
HLA-DR by GM-Mg as IFNy alone. Interestingly, while IL-4 alone resulted
in HLA-DR expression by M- Mg similar to IFNy together with LPS and
higher than IFNy alone, the addition of LPS to IL-4 reduced HLA-DR
expression (~14-fold MFI for IL-4 alone versus ~ 8-fold MFTI for IL-4 with
LPS). Furthermore IL-4 induced the highest expression of CD86 by both GM-
Mo and M-Me. The expression of CD80 was higher in cells treated with IL-4
in the presence of LPS than with IL-4 alone however lower than in cells

induced with IFNy with LPS.
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Interestingly cells expressed low level of CD83 under the influence of 1L-4
suggesting the possibility of differentiation towards DC. In conclusion, both
T-cell cytokines promote the expression of co-stimulatory molecules and
therefore the M-T-cell cross-talk at the same time directing specificity in M

responses. This effect is further reinforced by LPS.
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Figure 4.3A, B Effect of IFNy and IL-4 on the expression of co-stimulatory molecules by MoM¢@. MoM¢ were activated with LPS in the
presence or absence of IFNy and IL-4. After 24h cells were collected by trypsinisation and stained with HLA-DR, CD86, CD80, CD83 and
CDA40 antibodies and matching isotype controls for flow cytometry. A, B- Histograms show the expression of co-stimulatory molecules by GM-
Mo (A), and M-Mg (B) of one of 4 tested donors. C-Summary figure showing normalised MFI fold expression of co-stimulatory molecules in 4
donors. Shown is mean + SD of singlicate stimulation of 4 donors for each condition.
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Figure 4.3C Effect of IFNy and IL-4 on the expression of co-stimulatory
molecules by MoM@. MoM¢o were activated with LPS in the presence or
absence of IFNy and IL-4. After 24h cells were collected by trypsinisation and
stained with HLA-DR, CD86, CD80, CD83 and CD40 antibodies and
matching isotype controls for flow cytometry. A, B- Histograms show the
expression of co-stimulatory molecules by GM-Mo (A), and M-Mg (B) of
one of 4 tested donors. C-Summary figure showing normalised MFI fold
expression of co-stimulatory molecules in 4 donors. Shown is mean + SD of
singlicate stimulation of 4 donors for each condition.
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4.2.3 Effect of switching polarisation signals on MoM¢ behaviour

Previous experiments established the importance of initial GM-/ M-CSF
polarisation on the final phenotype of activated Mg. Our next question was
whether repolarising of M¢ with opposite cytokine —culture of M-M¢g in GM-
CSF and GM-Mg in M-CSF - could reverse their initial polarisation and
therefore influence the final activated phenotype (Figure 4.4) as reported

earlier by Xu ef al. with regards to IL-6 and TNFa secretion [591].

Repolarisation of GM-M¢ with M-CSF had little effect on the secretion of IL-
23 and IL-10 regardless of stimulation protocol (Figure 4.5 A, B). Similarly,
GM-CSF had little effect on IL-23 secretion by M-Me but decreased IL-10
levels. Pre-stimulation with LPS, alone or in combination with I[FNy,
attenuated IL-23 secretion and significantly decreased IL-10 during secondary
activation. IFNy increased IL-23 levels in both GM-Mg and M-Me. However,
it also stimulated IL-10 release from both GM-M¢ and M-Me with the
exception of GM-Meo cultured further with GM-CSF during secondary

polarisation.

The expression of CD86 and HLA-DR by M¢ did not differ significantly
regardless of whether their phenotype was reinforced by secondary
polarisation with the same cytokine or they were repolarised (Figure 4.6A-F).
Pre-stimulation with IFNy resulted in a stable high expression of both CD86
and HLA-DR regardless of further stimulation. This effect was abrogated
when IFNy was combined with LPS and there was a requirement for the

presence of IFNy during final stimulation for enhanced expression of both
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markers. Furthermore, pre-stimulation of M with LPS alone resulted in
increased expression of HLA-DR and again IFNy was required during final
stimulation for the increase in CD86 expression. These results demonstrate
that, in contrast to established dogma, there are certain limitations on the

plasticity of Me.

Day 0O Day 6 Day 8 Day 11 Day 12

} } } } |
I FACS
[ N— Pre-stimulation L Stimulation

Primary polarisation Secondary polarisation

Figure 4.4 Repolarisation protocol. GM-M¢ and M-M¢ were cultured in
medium alone or M-CSF or GM-CSF to examine their functional commitment
towards inflammation (IL-23) or regulation (IL-10). At the same time cells
were pre-stimulated with LPS, IFNy or LPS/IFNy or medium alone to assess
the importance and hierarchy of polarising stimuli. After 48h cells were
washed to remove the pre-stimulation and new medium alone or containing
GM-CSF or M-CSF was added to continue secondary polarisation. Finally,
after 4 days cells were washed and activated with LPS, IFNy or LPS/IFNy or
left resting. Supernatants were examined after 24h by ELISA and cells were
collected for FACS.
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Figure 4.5 A,B. Effect of M@ repolarisation on cytokine secretion. M¢ were generated for 6 days in the presence of GM-CSF
for GM-Mo (A, C) or M-CSF for M-Me (B, D) during primary polarisation. Next cells were collected, washed 1x with PBS and
seeded in the presence or absence of M-CSF or GM-CSF (secondary polarisation) and activated with LPS, IFNy or LPS/IFNy or
left in medium (Pre-stimulation). After 2 days’ cells were washed and new medium alone or containing GM-CSF or M-CSF was
added. After 4 days’ cells were washed and activated with LPS, IFNy, LPS/IFNy or medium alone (stimulation). Supernatants
were collected after 24h and assayed by ELISA for IL-23 (A, B) and IL-10 (C, D). Graphs showing results from 1 donor.
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Figure 4.5 C,D. Effect of M repolarisation on cytokine secretion. Mo were generated for 6 days in the presence of GM-CSF
for GM-Mo (A, C) or M-CSF for M-Me (B, D) during primary polarisation. Next cells were collected, washed 1x with PBS and
seeded in the presence or absence of M-CSF or GM-CSF (secondary polarisation) and activated with LPS, IFNy or LPS/IFNy or
left in medium (Pre-stimulation). After 2 days’ cells were washed and new medium alone or containing GM-CSF or M-CSF was
added. After 4 days’ cells were washed and activated with LPS, IFNy, LPS/IFNy or medium alone (stimulation). Supernatants
were collected after 24h and assayed by ELISA for IL-23 (A, B) and IL-10 (C, D). Results from 1 donor are shown.
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Figure 4.6A,B Effect of repolarisation on MoM¢ phenotype. Mo were generated for 6 days in the presence of GM-CSF for
GM-Mo (A, B, C) or M-CSF for M-Meo (D, E, F) during primary polarisation. Next cells were collected, washed 1x with PBS
and seeded in medium alone (A, D) or with M-CSF (B, E) or GM-CSF (C, F) and pre-stimulated as indicated. After 2 days’ cells
were washed and new medium alone or containing GM-CSF or M-CSF was added. After 4 days’ cells were washed and activated
with LPS, IFNy, LPS/IFNy or medium alone (stimulation). Expression of HLA-DR and CD86 was assessed by FACS 24h after
stimulation. Results show one of three donors tested.
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Figure 4.6C Effect of repolarisation on MoM¢ phenotype. Mo were generated for 6 days in the presence of GM-CSF for GM-
Mo (A, B, C) or M-CSF for M-Meo (D, E, F) during primary polarisation. Next cells were collected, washed 1x with PBS and
seeded in medium alone (A, D) or with M-CSF (B, E) or GM-CSF (C, F) and pre-stimulated as indicated. After 2 days’ cells
were washed 1x with PBS and new medium alone or containing GM-CSF or M-CSF was added. After 4 days’ cells were washed
and activated with LPS, IFNg, LPS/IFNg or medium alone (stimulation). Expression of HLA-DR and CD86 was assessed by
FACS 24h after stimulation. Results show one of three donors tested
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Figure 4.6.D,E Effect of repolarisation on MoM¢ phenotype. Mp were generated for 6 days in the presence of GM-CSF for
GM-Mo (A, B, C) or M-CSF for M-Meo (D, E, F) during primary polarisation. Next cells were collected, washed 1x with PBS
and seeded in medium alone (A, D) or with M-CSF (B, E) or GM-CSF (C, F) and pre-stimulated as indicated. After 2 days’ cells
were washed 1x with PBS and new medium alone or containing GM-CSF or M-CSF was added. After 4 days’ cells were washed
and activated with LPS, IFNy, LPS/IFNy or medium alone (stimulation). Expression of HLA-DR and CD86 was assessed by flow
cytometry after 24h. Results show one of three donors tested.
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Figure 4.6.F Effect of repolarisation on MoM¢ phenotype. Mo were generated for 6 days in the presence of GM-CSF for GM-
Mo (A, B, C) or M-CSF for M-Meo (D, E, F) during primary polarisation. Next cells were collected, washed 1x with PBS and
seeded in medium alone (A, D) or with M-CSF (B, E) or GM-CSF (C, F) and pre-stimulated as indicated. After 2 days’ cells
were washed 1x with PBS and new medium alone or containing GM-CSF or M-CSF was added. After 4 days’ cells were washed
and activated with LPS, IFNy, LPS/IFNy or medium alone (stimulation). Expression of HLA-DR and CD86 was assessed by
FACS 24h after stimulation. Results show one of three donors tested.
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4.2.4 Modulation of the effect of IFNy and IL-4 on MoM¢ by TLR
activation

Activation of M with a TLR4 agonist in conjunction with T-cell cytokine
played a key role in establishing Mo polarisation profiles. Our results
confirmed the importance of cooperation between TLR4-signalling and factors
including M-CSF or IFNy. We hypothesised that similar cooperation may
exists with different TLR. Several groups investigated other TLR including
the TLR7/8 by employing the R848 agonist [605, 606]. At doses between
0.01pg-10pg R848 is understood to stimulate TLR7 while at doses between
0.1pg-10pg it also activates TLR8 [214]. Therefore, a dose titration was

carried out in the presence or absence of IFNy or IL-4.

At the lowest dose of 0.04pg/mL, R848 induced IL-12 secretion by M-M¢ but
not by GM-Me (Figure 4.7). Furthermore, there was no secretion of IL-23 or
IL-10. At higher levels (0.4pg/mL), R848 induced IL-12 secretion by GM-M¢g
(1/3 donors) and IL-10 and IL-12 by M-Mo (2/3 donors). At 4pg/mL R848, all
donors secreted IL-10 and IL-23 with the exception of IL-12 by GM-Mg (1
donor). Therefore, further experiments were undertaken with this dose of
R848. It is worth noting that the overall levels of cytokine secretion triggered

by R848 from GM-Mg were lower than those from M-Meo.
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Figure 4.7 Titration of R848 on MoM¢. GM-M¢ and M-Mg from 3 donors
were stimulated with 0-4pg/mL R848. IL-12p70, IL-23 and IL-10 secretion
was measured at 24h by ELISA. Shown is mean +/- SD of triplicate
stimulation.

After establishing the optimal dose of R848 for Mo stimulation we examined
whether IFNy and IL-4 exerted a similar polarising effect on M¢ activated
with R848 as observed with LPS. As expected, LPS required IFNy for IL-12
and IL-23 secretion by Me (Figure 4.8, Supplementary material Figure S2A-
E). Furthermore, the secretion of pro-inflammatory cytokines was higher in
LPS/IFNy activated GM-Mgo than M-M¢. Mg activated with LPS alone or
LPS/IL-4 did not secrete IL-12 or IL-23. In contrast, R848 resulted in higher

secretion of pro-inflammatory cytokines by M-M¢ in comparison to GM-Me.
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Furthermore, while the combination of R848 and IFNy was required for IL-12
secretion by both GM-M¢g and M-Meg, it did not affect IL-23. IL-4 decreased

secretion of both IL-12 and IL-23 by Mg activated with R848.

Treatment of M-M¢ with LPS alone induced IL-10 which was decreased by
addition of IFNy or increased by IL-4. R848 triggered IL-10 secretion by both
M-Me and GM-Mg and, similarly to LPS, its effect was decreased by IFNy
and up-regulated by IL-4. Secretion of all three cytokines was higher in cells
activated with R848 versus LPS (IL-12 6-fold higher, IL-23 and IL-10 3-fold
higher). Furthermore, R848 triggered higher secretion of IL-12 and IL-10 by
M-Me comparing to GM-Me, while the levels of IL-23 were similar in both
types of Me. This contrasts with LPS which co-operated with GM-CSF to

induce IL-12 and 1L-23.
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Figure 4.8 Comparison of the effect of LPS and R848 stimulation on
MoMg¢ in the presence or absence of IFNy and IL-4. M-Mg and GM-M¢o
from 5 donors were stimulated with LPS (5pg/mL) or R848 (40pg/mL) in the
presence or absence of IFNy and IL-4. Graphs present a fold change of IL-
12p70 and IL-23 secretion by MoMg as compared to GM-Me stimulated with
Sug/ml LPS and 1000IU IFNy (dotted line) and s fold change of IL-10
secretion by MoMe¢ as compared to M-Me stimulated with Spg/mL LPS and
20ng/mL IL-4 (dotted line). Shown is mean + SD of triplicate stimulation of 5
donors for each condition.

4.3 Discussion
In this chapter we demonstrate the restrictions in Mo plasticity and the
importance of microenvironmental conditions during the early process of

differentiation of Mo into M¢ for final Mo polarisation status. Furthermore,

172



we show the importance of initial activation on M¢ response to further

stimulation as a result of innate memory.

As mentioned earlier GM-CSF and M-CSF are often used in MoM¢g
generation protocols to provide Me1 and M2 respectively. As was shown by
Lacey et al. [583] M-CSF directs the phenotype of MoM¢o towards M¢2 while
GM-CSF towards M1 phenotype. The importance of these initial phenotypes
is often disregarded due to high plasticity of Mo. Treatment of TAM¢ with
IFNy or IL-12 was shown to switch their phenotype to Mo1-like with high
secretion of pro-inflammatory cytokines such as TNFa while reducing their
secretion of IL-10 [596, 597]. On the other hand, Smith et al. showed that
consecutive or simultaneous treatment of MoM¢g with Mo 1/M@2 stimuli
results in mixed phenotypes where cells express both M1 and Me2 markers
to some degree [588]. Similarly, in the tissues Mo often display the
characteristic of both pro and anti-inflammatory Me [588, 607]. We
hypothesized that environmental conditions during differentiation of Mo
towards Mo may leave a specific imprint on Mo which affects further
response to pro- and anti-inflammatory stimuli and results in varied activation
phenotypes. The combination of LPS and IFNy for activation is often used to
trigger Mo1 polarisation however a comparison between M¢ activated with
this combination but generated with GM-CSF or M-CSF was never
performed. We found that Mo generated in the presence of GM-CSF were
characterised by higher production of pro-inflammatory cytokines (IL-12 and
IL-23) and lower secretion of IL-10 than Mg generated with M-CSF. These

findings were especially striking in regards to IL-23 which secretion was
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completely abrogated in M-M¢ from some donors. These results agree with
findings by Xue ef al. [592] who demonstrated strengthening of M¢
polarisation when M@l or M2 stimuli where combined in our case GM-CSF
used for Mo generation followed by pro-inflammatory LPS and IFNy.
Furthermore our results highlight the independence of regulatory mechanisms
responsible for secretion of these two cytokines in M¢ similar to DC [289,

572].

After establishing the importance of initial GM-CSF/ M-CSF polarisation on
the phenotype of activated Mo we evaluated the sensitivity of Mo to re-
polarising signals . Report by Xu ef al. demonstrated that consequent culture
of GM-M¢ and M-Mg with M-CSF or GM-CSF respectively was able to
completely reverse their initial polarisation with regards to IL-6 and TNFa
secretion and partially with regards to IL-10 secretion [591]. In contrast, our
results suggest certain stability of the initial M@ phenotype. Repolarisation of
Mo with GM-Mg with M-CSF alone had little effect on the secretion of IL-23
and IL-10 as well as expression of HLA-DR and CD86 regardless of
stimulation protocol used. These results support findings by Franklin ef al. in
breast cancer showing that the TAM¢ population differentiate de novo from

circulating Mo rather than from local Mo [93, 94].

Our findings regarding the importance of the differentiation signals on Mg

phenotype are reflected in the profound effect of the initial activation of Mg

on the result of their subsequent activation profile. Primary activation of Mg
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with LPS, alone or in combination with IFNy decreased both IL-23 and IL-10
secretion during secondary activation. Interestingly, although IFNy up-
regulated IL-23 levels in both GM-M¢ and M-Mg, it also stimulated IL-10
release. These results demonstrate an activating role of IFNy for Me.
Furthermore, it may be tempting to suggest the ability of Mo to develop
certain degree of immunologic memory which allow for stronger response
upon reactivation by microbial infection or stimulation by adaptive immune
responses. Such mechanism may play a role in the exacerbation of
autoimmune disorders. In this respect, it would be interesting to expand our
findings on other kinds of stimulation by a wide array of TLR in combination
with signalling from other types of Th-cells to assess for any specificity in
secondary response. Furthermore, the effect of re-activation on other cytokines
especially IL-12 would provide a valuable insight. The definition of innate
memory has been postulated by Natea et al. in 2011 [332]. However, first
reports of prolonged activation states of innate immune cells were published
more than half a century ago. In 1969, Mackaness et al. described temporary
activation of Mg in response to IFNy secreted by lymphocytes [608]. As a
result, a state of temporary heightened innate immunity against a secondary
infection was generated which decreased rapidly after elimination of the
primary pathogen. Furthermore, Mg have been shown to be able to develop
different kinds of memory characterised by lesser or higher reactivity to
secondary challenge depending on the type of priming [609]. Epigenetic
reprogramming was postulated as the possible mechanism responsible for the

development of innate memory [610-612].
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We also examined the effect of different TLR on cytokine secretion by Mo in
the presence or absence of additional influence from adaptive immune
responses (IFNy and IL-4). LPS, which is often treated as a pro- M1
stimulus, co-operated with both pro- and anti-inflammatory stimuli (with the
excepion of GM-CSF) promoting the secretion of respective pro- or anti-
inflammatory cytokines. On the other hand, R848, acting on TLR7/8, induced
strong, mixed phenotype characterised by secretion of IL-12, IL-23 as well as
IL-10. Furthermore, cells activated with R848 demonstrated resistance to
enhancing effects of IFNy with regards to IL-23 secretion. Interestingly R848
induced significantly stronger secretion of cytokines by M-Mgo in comparison
to GM-Mo suggesting co-operation between these two stimuli. TLR7/8
agonists including R848 have been used as vaccine adjuvants due to their
ability to promote inflammatory responses via NFkB activation [613-615].
Furtermore it has been shown that M¢ induced with R848 become resistant to
activation by other TLR agnists. Our findings that IFNy added at the time of
R848 activation promote IL-12 while not affecting IL-23 and reducing IL-10
secretion may be helpful in designing therapeutic strategies aimed at

stimulating specifically Thl responses such as cancer.

In summary our results suggest the existance of innate memory in Mo which
may be resposible for excacerbation of immune pathologies. Furthermore, we
demonstrate differential regulation of IL-12 and IL-23 by M-M¢e and GM-Meo
activated by the same stimuli. Although both IL-12 and IL-23 have pro-
inflammatory functions, IL-12 drives anti-tumour Th1 responses and

promotes resolving of inflammation while IL-23 drives Th17 which promote
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chronic inflammation and are involved in the development and maintenance of
many autoimmune and cancerous diseases [243, 616]. The ability of selective
down-regulation of IL-23 by M¢ may have implications for the utilisation of
therapeutic interventions on M¢ in autoimmunity and cancer. Our further

work will focus on the regulation of IL-23 by macrophages in response to RT.
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Chapter S. Ionising radiation down-regulates

macrophage I1L.-23 preserving their pro-inflammatory

phenotype

5.1 Introduction

Radiotherapy (RT) provides an important, cost-effective and widely used
option for the treatment and palliation of many types of cancer including
Squamous Cell Carcinoma (SCC) [617], breast [618] and metastatic brain
cancer [619]. The main purpose of RT is to damage transformed tumour cells
and initiate their demise by generating free radicals which induce stress
response and consequently cell death if the damage cannot be repaired [620-
622]. However, over recent years reports demonstrated that some of the effects
of IR are mediated through immune responses. Irradiated tumour cells up-
regulate MHCI expression and secrete chemokines and cytokines such as
CXCL16, TNFa, IL-1p, IL-6 which stimulate infiltration and activation of
immune cells [623]. In addition, irradiated tumour cells can serve as a source
of TAA (tumour associated antigens) which allow for tumour specific T-cell
responses when processed and presented by APC [623]. Furthermore, in
several cancer models, irradiated tumour cells demonstrated enhanced
expression of death receptors [624, 625], costimulatory molecules [626],
adhesion molecules, and stress-induced ligands which increased their
recognition and killing by T-cells [627-629]. By coupling the release of new
Ag with immune adjuvant-like effect, IR engages both the innate and adaptive
arms of immune responses. Finally, although infrequent, abscopal effects,
characterised by a tumour response in a metastasis after local RT of different

tumour site have been seen in several types of cancer [630-635]. These
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findings led to suggestions of utilising RT, in addition to its palliative role, as
an adjuvant for immunotherapy. Such strategies have been tested in preclinical
models with a degree of success. Injection of exogenous syngeneic DC
following irradiation promoted development of tumour-specific T-cells and
tumour regression in murine melanoma, sarcoma and fibrosarcoma models
[636, 637]. In another approach injection of CpG resulted in a strong DC
activation [638-640]. In these models the result of combination of RT and
immunotherapy was seen more effective than any of these therapies used
alone. Adoptive transfer of T-cells resulted in improved killing of colon
carcinoma cells if vaccination was given before radiation, with boosts
following radiation [624, 641]. This effect was mediated through radiation-
induced up-regulation of Fas/CD95 in tumour cells. Combination of RT with
anti-CTLA-4 resulted in successful T-cell-mediated antitumor responses in
tumours resistant to anti-CTLA-4 [642, 643]. The effect was due to irradiated
tumour acting as an in-situ vaccine and was mediated through CXCL16 and
the NKG2D ligand retinoic acid early inducible 1 (RAE-1) induced on

irradiated tumour cells which interacted with effector CD8 T-cells.

However, whilst irradiation can promote immune responses, it also exerts
powerful immunosuppressive effect through activation of TGFf and
accumulation of regulatory T-cells (T-reg) and M2 [643, 644]. Furthermore,
whilst tumour cells are the main target for RT, immune and stromal cells
residing in the tumour microenvironment (and in non tumour regions that
nevertheless lie in the beam path) are also irradiated. In addition, alterations in

the behaviour of stromal cells following RT can lead to severe side effects
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including fibrosis [645]. Therefore, a better understanding of the effect of RT
on tumour stroma is needed in aim to improve the outcomes while reducing

detrimental side effects of exposure to IR [646, 647].

Mg constitute a major component of inflammatory tumour stroma and can
contribute up to 50% of tumour mass [648]. Tumours contain highly
heterogeneous population of TAMe (tumour associated macrophages) which
can display characteristics of M1- and Mg2-like cells. TAM¢o of the Mo1-
like phenotype are often found in normoxic areas and during early stages of
tumour development. It is believed that Mo1-like cells convert to M@2-like
cells during progression of cancer and in hypoxic areas [649-651].
Furthermore, stromal M¢ can sensitize some tumour cells to irradiation while

exhibiting protective behaviour in others [652, 653].

Many effects of M on tumours are exerted through released cytokines and
growth factors. M@2-like TAM¢ impair anti-tumour immunity through the
secretion of TGFp and IL-10 which promote the recruitment of T-reg and
inhibit Th1 activity [654-657]. Growth factors, such as VEGF and Platelet-
derived growth factor (PDGF), stimulate angiogenesis and lymphangiogenesis
therefore facilitating tumour metastasis and growth [648, 655, 658]. In
contrast, Mo1-like TAMg secrete pro-inflammatory IL-12 and IFNy which
promote anti-tumour adaptive responses [659, 660]. Secretion of the
chemokines Chemokine (C-X-C motif) ligand 9 (CXCL9) and CXCL10
stimulates the influx of Th1 [659]. Due to their ability to stimulate anti-tumour

responses the presence of Me1-like TAMg in tumours often correlate with
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more favourable prognosis comparing to M@2 [661]. However, many factors

released by Mol TAMg also support tumour growth [662].

In much the same way as with IL-12, secretion of IL-23 is regarded as an
archetypal Mo1-like cytokine [663]. Sharing a common p40 subunit with IL-
12, IL-23 promotes inflammation and angiogenesis [309, 310]. Importantly, it
has been shown that certain TAMeo subpopulations downregulate IL-12 while
at the same time up-regulate both IL-23 and IL-10 therefore presenting a
mixed phenotype [664]. These findings are in agreement with current view
that the M 1-Mo2 classification represents extremes of M polarisation and,
depending on unique environmental signalling cues, TAM¢ acquire
phenotypical and functional properties from the whole polarisation range [109,
665]. Importantly, although both IL-12 and IL-23 have pro-inflammatory
functions, they play opposing roles in maintaining tumour in equilibrium with
host immunity [660]. Whilst inhibition of IL-23 with antibodies prevents
metastatic potential of methycholanthrene (MCA)-induced murine cancers,
blocking IL-12 stimulates tumour outgrowth [660]. Whereas IL-12 induction
leads to the development of Th1 secreting IFNy and promotes cytotoxic and
anti-tumour responses, [L-23 stimulates Th17 recruitment and maintenance
thereby prolonging and exacerbating inflammation, angiogenesis and matrix
degradation [143, 145, 150, 153, 309, 310, 666]. These processes are vital for
tumour growth, invasion and metastasis. [L-23 also directly promotes the
proliferation of some tumours [307]. Several studies demonstrated up-

regulation of IL-23 in various cancers including ovarian, colon, lung, gastric
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and breast cancer [310, 667] with TAMe pointed as the main source of IL-23

in tumours [310, 668].

Although the importance of TAM¢ in tumour progression is well recognized,
the effect of RT on TAMe and their cytokine secretion including I1L-23
requires further investigation. Many studies have been performed in murine
models using low or moderate doses of IR (0.1-1.5 Gy). Those are not relevant
in context of tumour RT for humans which use higher doses of IR per fraction
(2-6Gy). In addition, using different strains of mice often leads to contrary
results. Exposure of radio-sensitive Balb-c mice to doses of 0.5-0.7Gy resulted
in a decrease in IL-1p secretion by M¢ and concomitant increase of TGF[3
while TNFa was affected only at higher (2Gy) doses [503, 669]. On the other
hand, the inhibition of TNFa secretion was seen at lower doses (0.5Gy) in
RAW264.7 mouse Mo cell line [670]. However, no effect on IL-13 or TNFa
was observed in less radiosensitive but radiation fibrosis-prone C57BL/6 mice
[669, 671]. Therefore, it was suggested that IR has anti-inflammatory effect on
stromal Mo and polarizes them towards Mg2 [503, 647, 653, 672]. Some
findings though indicated the possibility of initial M1 polarisation following
RT which over time switched towards M¢2 [647]. On the other hand, an
increase of inflammatory markers such as CD80, CD86 and HLA-DR with
concomitant decrease of CD163 and IL-10 was reported in human MoMeo

treated with cumulative dose of 10Gy [646].

Our present study aimed to test the hypothesis that IR regulates cytokine

secretion by human Me. We used MoMg generated in the presence of GM-
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CSF or M-CSF to ensure that the effect of IR is not an artefact of a particular
generation method. We show that IR selectively downregulates IL.-23 by GM-
Mo and M-Mg and IL-6 secretion by GM-M¢ while not affecting their
expression of antigen-presentation markers or secretion of IL-12, IL-1p and
TNFa. The selective down-regulation of IL-23 without effect on IL-12 agrees
with our previous findings showing a degree of independent regulation of the
pathways responsible for production of these two cytokines in M. Moreover,
we show that the effect of IR on IL-23 secretion is mediated by ATM kinase
and further executed by CREB-CBP interaction. As described earlier ATM is
one of the key regulatory kinases activated in response to IR. In addition to its
role in DDR pathway its also exerts immunoregulatory functions through its
target proteins such as CREB transcription factor. Irradiation of MoM¢@
resulted in activation of ATM and this in effect supressed the production of
IL-23. Inhibiting ATM with highly selective inhibitor KU55933 [673],
resulted in a significant increase in IL-23 secretion from both irradiated but
also non-irradiated MoMe. This effect was abrogated by CREB-CBP
inhibitor. IR led to the phosphorylation of inhibitory S121 residue on CREB
transcription factor. The activation of S21 was completely blocked by ATM
inhibitor and led to the recovery of IL-23 secretion. ATM-dependent increase
in IL-23 secretion was abrogated by inhibiting CREB-CBP interactions with
C-Ci (2-Naphthol-AS-E phosphate), confirming the involvement of CREB
transcription factor in ATM-dependent regulation of IL-23 production by
MoMg. Overall our data demonstrates important effects of IR on M¢
functions and identifies novel pathway involved in the regulation of MoMe¢

IL-23 production. These findings may be utilised in the development of new

183



strategies for combining immunotherapy with RT through targeting of TAM¢

polarisation.

5.2 Results

5.2.1 IR inhibits IL-23 secretion by MoM¢

We hypothesised that IR was likely to affect the function of M¢ and therefore
initially determined the effect of IR on Mg IL-23 secretion. IR significantly
(p<0.01) downregulated IL-23 secretion by GM-Mg activated with LPS/IFNy
in all donors tested. Radiation-induced suppression was dose dependent and
maximal at 6Gy (Figure 5.1). There was no secretion of IL-23 by M-M¢g
activated with LPS regardless of their irradiation status (Table 5.1).
Assessment of MoMe viability by PI staining at the time of collecting
supernatants (24h post activation) was undertaken in order to account for the
impact of radiation-induced cell death. Although M-Mg had slightly lower
viability comparing to GM-M¢ (~80% and ~90% respectively) there was no
significant difference in death rate between irradiated and non-irradiated cells
(Figure 5.2). Therefore, the cell death could not account for changes in

cytokine secretion.
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Figure 5.1 Effect of IR on IL-23 secretion by GM-M@ wpsnrny. A-Mo were
irradiated with increasing doses of IR (0-20Gy) 1h prior to stimulation with
LPS/IFNg for 24h and cytokine secretion was measured by ELISA. Shown are
2 out of 4 donors tested. B, C-Mg were irradiated (6Gy) or left non-irradiated
1h prior to addition of LPS/IFNy. Shown 1 donor (B) and a summary of 14
donors tested (C). Shown are means + SD of triplicate stimulation for each

donor. Statistical analysis by t-test.
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Figure 5.2 Effect of IR on MoMg¢ viability. MoM¢ generated in the
presence of GM-CSF or M-CSF were washed and rested for 2h prior to
irradiation. After 24h of incubation MoM¢ were detached by trypsinisation,
stained with PI and assessed by FACS. (A) Shown is a representative of 3
tested donors. The histograms show the percentage of positive cells stained
with PI compared to positive control treated with 25% DMSO. (B) A
summary figure of 3 donors. Shown is mean + SD for each condition. The
significance between conditions was measured by paired t-test.

5.2.2 Effect of IR is independent of MoM¢ generation method

Our previous results showed that M-Me activated with LPS/IFNy are deficient
in IL-23 secretion in comparison to GM-Me. Therefore, we sought to assess
whether the effect of IR depended on MoMg generation conditions. In
agreement with our previous results, M-M¢ were deficient in IL-23 compared
to GM-Me and only 3/7 donors studied secreted IL-23 at 0Gy following
activation with LPS/IFNy (Figure 5.3). In all three donors secretion of 1L-23
was down-regulated by IR. These findings suggest that the inhibitory effect of

IR on IL-23 secretion is independent of MoMe generation conditions.
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Figure 5.3 Comparison of the effect of IR on GM-M¢ and M@-M. MoM¢
were generated in the presence of GM-CSF or M-CSF and activated with
LPS/IFNy 1h after treatment with 6Gy of IR. 24h later supernatants were
collected and IL-23 secretion was analysed by ELISA. Shown are 3 individual
donors and a summary graph of all 7 donors tested. Shown are means+/-SD.
Significance was assessed by t-test.

5.2.3 Effect of IR on cytokine secretion and expression of HLA-DR and
CD86 by MoMag.

Having established the role of IR in regulating IL-23 secretion, we assessed its
effect on other cytokines. In previous chapter, we showed that it is possible to
affect the IL-23 pathway separately from IL-12. In agreement with those
results despite IL-23 being down-regulated by IR, IL-12 secretion remained
unaffected or was increased in some donors (Figure 5.4, Table 5.1). Similarly,
IL-10, IL-1P and TNFa secretion by M1 and M2 were not significantly
affected by IR. In contrast IL-6 was significantly down-regulated (p<0.05) in

all for 4 donors tested in GM-Me¢ but not in Me-M.
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Figure 5.4 Effect of IR on cytokine secretion by GM-M@(LPS/IFNy) and
M-M(LPS). MoMe were harvested, rested for 2h and irradiated with 6Gy or

left non-irradiated for 1h prior to stimulation with LPS/IFNy or LPS only

respectively. 24h after stimulation supernatants were collected and cytokine

secretion assessed by ELISA. Experiments were undertaken in triplicates in a
minimum of 4 donors. Shown is mean + SD for each donor. The significance
between conditions was measured by paired t-test.
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0Gy 6Gy
] MoMe p
cytokine Average Average
type St.dev. St.dey. | Value
pg/mL pg/mL

Mol <0.01
11-23 1045.3 675.8 463.6 259.5

Me2 - - -

Mol 412.3 2251 557.9 391.8 ns
IL-12

Mg2 . . - - -

Mol - - - - -
IL-10

Meg2 241.6 203.6 243.9 219.1 ns

Mol <0.05
IL-6 ¢ 1852.5 95.4 1203.5 221.1

M2 532.9 279.3 | 2484 78.6 ns

Mol ns
IL-1p ¢ 74.7 54.5 110.0 41.7

M2 52.3 34.9 68.5 4.2 ns

Mol ns
TNFa 73385.3 | 72018.6 | 73498.8 | 73498.8

Meg2 22040.0 | 25457.4 | 14731.1 14731.1 | DS

Table 5.1 Effect of IR on cytokine secretion by MoM¢@. MoMo were

irradiated with 6Gy or left non-irradiated for 1h prior to activation. Cytokine
secretion was assessed by ELISA in supernatants collected 24h following
stimulation. All experiments were repeated at least 4 times in triplicate and

significance was assessed with by paired t-test.

To evaluate whether the effect of IR is selective to indicated cytokines and

does not affect MoMeo polarisation status we assessed the expression of HLA-

DR and CD86 by irradiated M. In agreement with M@1/Me2 phenotypic

profile irradiated GM-Mgo displayed higher levels of HLA-DR and CD86

expression comparing to M-M¢ (Figure 5.5). Stimulation with LPS/IFNy

further increased the expression up to 9-fold for HLA-DR and up to 3.6-fold
for CD86. In contrast activation of M-M¢ with LPS only modestly increased
the expression of HLA-DR and CD86 to levels similar to those expressed by

immature GM-Mo.
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Figure 5.5 Expression of HLA-DR and CD86 by irradiated MoMe.
MoMg were rested for 2h and irradiated with 6Gy or left non-irradiated for 1h
prior to stimulation with LPS/IFNy or LPS only. 24h after stimulation
supernatants cells were detached by scraping and gentle pipetting and
expression of HLA-DR and CD86 was assessed by flow cytometry. (A)
Shown are 2 out of 4 donors tested. Red line-isotype, blue-non-activated
MoMao, green-activated MoMg. (B) Summary graph showing normalised MFI
of HLA-DR and CD86 expression in all 4 donors. Shown are means +SD for
each condition.

5.2.4 Regulation of ATM activation by IR

Irradiation of cells results in DNA damage leading to double strand breaks
which are sensed by ATM kinase [620]. Therefore, we tested whether

irradiation of MoMg with 6Gy results in the activation of ATM. In agreement
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with previous reports raised levels of pATM were consistently observed in all
donors tested in cells irradiated with 6Gy as compared to non-irradiated
MoMg (Figure 5.6). This was seen regardless of whether MoM¢ were

generated in the presence of GM-CSF or M-CSF.

Having shown that IR activates ATM kinase, we wanted to assess whether the
effect of IR on ATM is dose-dependent as we could see with regards to IL-23.
Irradiation of MoM¢ with dose as low as 1Gy already resulted with activation
of ATM kinase which increased proportional to the IR dose up till 6Gy
(Figure 5.7). Further increase in the dose of IR up to 20Gy only minimally
increased p-ATM levels. These results suggest maximal activation of ATM at

the dose of 6Gy.
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Figure 5.6 IR activates ATM kinase in MoM¢@. MoM¢ were rested for 2h
and irradiated with 6Gy or left non-irradiated for 1h prior collection for
assessment of ATM phosphorylation by flow cytometry. Cells were collected
by scraping and p-ATM levels were assessed by indirect intracellular staining.
Red line-secondary antibody only, blue line- MoM¢ exposed to 0Gy, green
line- MoM¢ exposed to 6Gy. Shown 3 out of 4 donors tested.
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Figure 5.7 Effect of IR on ATM Kkinase is dose dependent. MoM¢ were
rested for 2h prior to treatment with 0-20Gy of IR and levels of ATM
phosphorylation were confirmed by intracellular indirect staining for p-ATM.
Red line-secondary Ab only, blue- 0Gy, green-1Gy, orange-6Gy, black-20Gy.
Shown are 2 donors tested.

5.2.5 Effect of IR on cytokine secretion is propagated by ATM kinase

Recently ATM was reported to be involved in regulation of immune functions
in addition to its role in check-point blockade [563, 564]. Therefore, we
evaluated whether the inhibitory effect of IR on IL-23 secretion by MoMeo
was propagated through an ATM-dependent signalling pathway. To achieve
this, we utilised KU55933 which is a highly specific inhibitor of ATM kinase

[673]. Firstly, we demonstrated by western blot the effectiveness of KU55933
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in prevention of ATM phosphorylation. In agreement with our previous
results, irradiation with 6Gy resulted in increased phsophorylation of ATM.
The level of ATM phosphorylation was reduced by pre-treatment of cells with

KU55933 (Figure 5.8).
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Fig5.8 KU55933 effectively inhibits ATM kinase. Western blot analysis of
phosphorylated ATM expression of non-irradiated or irradiated (6Gy) MoMeo
with or without pre-treatment with KU55933 (10uM). An example of 2 out of
6 donors tested. Graphs represent quantification of p-ATM levels normalised
to b-actin.

Having shown the efficacy of KU55933 in inhibiting ATM we sought to
assess the effect of ATM on IL-23 secretion by MoMg. Interestingly
inhibition of ATM resulted in a significant up-regulation of IL-23 by both
non-irradiated and irradiated MoMe activated with LPS/IFNy in all donors
tested (Figure 5.9). The increase of IL-23 in irradiated MoMg was equal or

higher than non-irradiated non-treated cells. Up-regulated IL-23 secretion was

seen in MoM generated in the presence of GM-Mg¢ as well as M-Mg
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demonstrating independence of ATM regulation mechanism from specific

culture conditions.
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Figure 5.9 Effect of ATM inhibition on IL-23 secretion by MoMag. Cells
were pre-treated with ATM inhibitor (KU55933 10uM) for 1h prior to
irradiation with 6Gy and activation with LPS/IFNg. IL-23 secretion was
assessed 24h post activation by ELISA. Shown are 2 individual donors and
summary graphs of all 9 donors tested. Data is shown as mean+SD for
individual donors for each condition. Significance is assessed by t-test. For
summary graphs data is shown as mean for each condition for all the donors
and significance determined by 2-way Anova.

Since ATM kinase plays crucial role in cellular responses to DNA damage we
evaluated whether the effect of ATM inhibition on IL-23 secretion was not
connected with altered cells survival upon irradiation. MoM¢ were treated
with KU55933 1h prior to irradiation and viability was assessed 24h after
irradiation by flow cytometric analysis of PI staining. Pre-treatment of MoM¢

with ATMi did not affect their viability within 24h after irradiation (Figure

5.10).
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Figure 5.10 Effect of ATM inhibition on viability of irradiated MoMe.
MoMg generated in the presence of GM-CSF or M-CSF were rested for 2h
and pre-treated with KU55933 1h prior to irradiation. After 24h of incubation
MoMg viability was assessed by flow cytometric analysis of cells stained with
PI. A-Shown is a representative of 3 donors tested. The histograms show the
percentage of positive cells stained with PI compared to positive control
treated with 25% DMSO. B- A summary figure of 3 donors. Shown is mean +
SD for each condition.
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5.2.6 ATM-dependent IL-23 secretion by MoMg¢ is TLR4-dependent

The triggering of IL-23 secretion requires activation of MoM¢ with dual
stimulus by LPS and IFNy. Since inhibition of ATM kinase in combination
with dual stimulation resulted in a significant up-regulation of IL-23 we
sought to assess if the pathway triggered by LPS or IFNy is affected by ATM.
There was no secretion of IL-23 when ATM inhibitor was used alone or in
conjunction with IFNy (Figure 5.11). In 5 out of 8 donors there was significant
up-regulation of IL-23 when cells activated with LPS were pre-treated with
KU55933 suggesting that the effect of ATM inhibition on IL-23 secretion is at
least partially TLR-dependent. However, the levels of IL-23 remained below

of the levels secreted upon activation with combination of LPS/IFNy.
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Figure 5.11 Inhibitory effect of ATM on IL-23 is TLR-dependent. GM-M¢
were pre-treated with ATM inhibitor for 1h or left untreated and activated
with LPS and IFNg separately or in combination for 24h. IL-23 secretion was
measured in collected supernatants by ELISA. A- 2 individual donors, B-
summary graphs showing all 8 donors tested. Data is shown as mean+/-SD.
Significance was assessed by t-test.

5.2.7 Inhibition of ATM triggers IL-23 secretion from M¢@2-like MoM¢

Next, we assessed whether ATM inhibition will be able to trigger 1L-23
secretion from Mg2-like Mp. MoM¢ were directed towards M¢1 or M@2 by
generation in the presence of GM-CSF or M-CSF respectively. Activation of
GM-Mg with LPS/IFNy and M-M¢ with LPS resulted in the expected

Mo 1/M@2 secretory profiles as shown in Fig 5.4 and Table 5.1. As expected
pre-treatment of cells with ATM inhibitor 1h before activation resulted in
significant increase of IL-23 secretion by GM-Me (Figure 5.12). Interestingly

M-Mpo directed towards M2 also secreted IL-23 upon pre-treatment with
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KU55933 in 9 of 12 donors tested although at levels below those secreted by

activated Mol with or without treatment with KU55933.
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Figure 5.12 Inhibition of ATM triggers IL-23 secretion by M@2 MoM¢.
MoMg¢ were generated in the presence of GM-CSF and activated with
LPS/IFNg towards M1 phenotype or were generated with M-CSF and
activated with LPS only towards M2 phenotype. 1h prior to activation cells
were treated with KU55933 (10uM) or left untreated. IL-23 secretion was
measured in supernatants 24h post-activation by ELISA. Graphs represent 3
individual donors and summary graphs for all 12 donors tested. Data is shown
as mean+/- SD. Statistical significance is assessed by student t-test for
individual donors and 2-way Anova for grouped graphs.
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5.2.8 Effect of IR-induced ATM is mediated by CREB/CBP interactions.

ATM was reported to regulate the activity of CREB transcription factor which
is involved in IL-23 secretion mediated by PGE2 [289]. Therefore, we
hypothesised that the inhibitory effect of ATM on IL-23 secretion by
irradiated MoMg is mediated by CREB. S121 is one of few residues on CREB
associated with diminished function of this transcription factor. Radiation-
induced phosphorylation of ATM coincided with phosphorylation of CREB at
S121 (Figure 5.13). Pre-treatment of cells with KU55933 decreased the
phosphorylation of ATM and resulted in reduced phosphorylation of CREB at
S121. The changes in phosphorylation of ATM and CREB were closely
followed by changes in IL-23 secretion by irradiated MoMe. To confirm the
role of CREB we utilised C-Ci, a small molecule inhibitor which blocks
CREB interaction with CBP [674]. Pre-treatment of MoM¢ with C-Ci resulted
in the significant reduction of ATMi-enhanced production of IL-23 in all the

donors tested (Figure 5.14).
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A- shows western blots of 2 representative donors out of 3 donors tested. B-
shows phospho-ATM and CREB phospho-S121 levels normalised by using
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Figure 5.14 Effect of the inhibition of CREB-CBP interaction on ATM-
dependent IL-23 secretion. GM-Mo were pre-treated with 40uM C-Ci 1h
prior to treatment with KU55933. 1h later cells were activated with LPS/IFNy.
IL-23 secretion was checked 24h after activation by ELISA. Graphs represent
3 individual donors. Shown are mean+SD. Significance was assessed by t-test.
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5.3 Discussion

The preponderance of M in the microenvironment of solid tumours has
potential implications for local RT as both tumour and stromal cells are
irradiated. However, the effect of therapeutic interventions on IL-23 secretion
by Mg has not been studied and the knowledge of IL-23 regulation and
signalling pathways involved, remains poorly understood. We demonstrate for
the first time that IR, at doses routinely used for cancer RT, selectively down-
regulates IL-23 secretion by human Me. Importantly, the effect of IR and
ATM on IL-23 secretion occurred regardless whether Mg were generated in
the presence of GM-CSF or M-CSF. Moreover, we describe a novel
mechanism of IL-23 regulation in human M¢ where IR-induced
phosphorylation of ATM, a key regulator of DDR response to DNA DSB,
down-regulates IL-23 secretion through inhibition of CREB transcriptional

activity.

The opposing roles served by IL-12 and IL-23 in anti-tumour immunity
(namely Th1 vs Th17 induction respectively) [675] makes their study of
particular importance for developing therapies against cancers well as
autoimmune disorders. Our results demonstrate that IR down-regulates 1L.-23.
Importantly there was no effect of IR on IL-12, IL-1p and IL-10 secretion as
well as the ability of Mo to present Ag to T-cells. IL-6 was also affected by
IR, however, in contrast to IL-23, which was down-regulated regardless of the
presence of GM-CSF or M-CSF during Mo generation, IL-6 was consistently
decreased only in GM-Mg. M-CSF-generated Mg are commonly used as a

model of tissue Mo [108]. However, our previous results demonstrated

203



significant difference between M-CSF- and GM-CSF-generated Mg in the
ability to secrete IL-23 upon activation with various stimuli (Chapter 4).
Importantly, both M-CSF and GM-CSF are commonly up-regulated in human
cancers, while GM-CSF have also been used as cancer vaccine adjuvant and to
correct neutropenia following chemotherapy and radiation [676-680]. Our
findings suggest that the regulation of IL-23 secretion by IR is independent on
Mg generation method and represent a real biological effect rather than an

artefact of generation protocol.

Selective down-regulation of IL-23 secretion by IR without impacting the
general inflammatory phenotype are surprising given the previously suggested
role of IR in driving M@2 responses [681]. Those conclusions were however
based mainly on murine models in contrast to our findings in human Me.
More recently, Pinto ef al. [646] showed that RT may drive M towards pro-
inflammatory phenotype through down-regulation of IL-10 production with
concomitant up-regulation of HLA-DR and CD86 expression on human M-
Mg following multiple doses of IR. In contrast to this study we assessed M
phenotype after a single radiation dose and it is possible that repeating doses

of IR are required to influence these markers.

IR stimulates activation of DDR responses which are governed by the
serine/threonine kinase protein, ATM [682]. Although key function of ATM is
to coordinate responses to DSB, several lines of evidence suggest its
involvement in immune-regulatory function [564, 683, 684]. Deficiency in

ATM expression has been implicated in autoimmune diseases such as MS and
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RA [564, 683, 684]. Inhibition of ATM increases expression of innate immune
response genes in drosophila while ATM deficiency in mice mounts a strong
immune response [684, 685]. In addition, ATM is involved in IL-6 secretion
by senescent FB in response to IR and oncogenic stimuli [686]. All together
this evidence suggest that lack of ATM signalling leads to increased and
sustained inflammatory responses. Our results showing the down-regulation of
IL-23 secretion by irradiated Mo occurs as an effect of ATM activation agree
with this data. Limiting chronic inflammatory responses promoted by IL.-23
without affecting acute inflammation driven by IL-12 in response to cell

damage may act to limit pathology and facilitate tissue repair.

Inhibiting the function of ATM with a small molecule antagonist markedly
increased IL-23 from both irradiated and non-irradiated M¢. Due to its high
selectivity and potency KU55933 is the inhibitor of choice for ATM studies
[673]. It is a competetive inhibitor with an ICso for ATM of 13nM while other
targets require substantially higher concentrations to inhibit function e.g.
DNA-PK, mTOR, PI3K, PI4K and ATR are inhibited with ICso of 2500, 9300,
16000, >100000 and >100000nM respectively [673]. The 200-fold difference
in ICso between ATM and the next target makes KU55933 ideal for studies on
DDR pathways. However, possible off-target effects should be considered
while using inhibitors. Alternatively, a second ATM inhibitor could be used to
confirm the phenotype observed with KU55399. There are several ATM
inhibitors that would be suitable for this, such as, KU60019 (analogue of
KU55399), CP466722 and KU59403. Another approach is a use of small

interfering RNA. Our group made attempts to knock-down ATM expression
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using a panel of SIRNA. However, we have not been able to achieve complete
knock-down of ATM in human cells. In addition to incomplete knock-down
one of the key issues we encounter is the susceptibility of APC to activation
by manipulation. As described earlier ATM is a massive molecule with only
10% of its function mapped. Therefore, an ATM knock-down may result in an

unintended inhibition of other functions of ATM.

The increase in IL-23 secretion by non-irradiated cells treated with KU55933
may suggest certain basal level ATM activity in Mo. This hypothesis is
supported by recent findings showing increased levels of NBS1, a component
of MRN complex responsible for activating ATM, in Mo activated with LPS
and IFNy [687]. Since activated M¢ produce large amounts of reactive oxygen
species which cause DNA lesions, activation of DDR pathway is important to
protect them from self-inflicted damage [687]. ROS are also induced by
certain microbes which result in triggering inflammation through generating
DSB [688]. This process in negatively regulated by DDR [688]. Overall this
data suggests the involvement of DDR pathway and ATM in limiting
immunopathology while promoting resolving of inflammation and tissue

repair.

Finally, we demonstrated that the effect of ATM on IL-23 secretion is
mediated via CREB and its interaction with CBP. CREB is a basic leucine
zipper family transcription factor involved in the regulation of approximately
4,000 genes [689]. Activation of CREB via binding of its kinase-inducible

domain (KID) to the transcriptional coactivator CREB-binding protein (CBP)
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is required for cell survival [690]. In response to DBS ATM blocks this
interaction by phosphorylation of inhibitory residues on CREB including S121
[691]. In addition to its function in DDR response, CREB has been involved in
Mg polarization promoting M2 phenotype [569, 692]. While CREB-
mediated induction of CBP was required for induction of anti-inflammatory
genes such as Arg-1, 1I-10, 1l-13ra and Msrl in murine models, it seem to be
dispensable for M1 genes including /L-14, IL-12 and Tnfo [569]. However,
the interaction between CREB and CBP induced by PGE2 or CD40 stimulated
the production of IL-23 by DC through involvement of /L23a promoter
activation [289, 693]. Our results support these findings and present IL-23 as a
novel target for CREB/CBP in Me. Interestingly these results indicate that
despite being one of the most important M1 cytokines, IL-23 regulation in
contrast to IL-12 is governed by mechanisms involved in M¢2 polarisation.
The involvement of CREB as a downstream effector of IR-induced ATM-
dependent modulation of cytokine secretion supports the lack of effect of IR
on other pro-inflammatory cytokines. Intriguingly, although CREB activation
was reported to stimulate /L-70 gene activation in Mo, we did not see
significant down-regulation of IL-10 secretion following irradiation. This
may suggest the specificity of ATM effect on CREB/CBP. It is also possible
that further translational or posttranslational mechanisms are needed for
enhanced secretion of IL-10 in addition to the activated gene. The specific and
independent regulation of individual cytokine secretion by M is required to
allow them to precisely respond to discrete signals from their environment.
Interestingly Ruffell ez al. denstrated that CREB/CBP is dispensable for IL-6

expression by murine BMMe¢ cultured in the presence of M-CSF. [569]. On
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the other hand, NFkB has been implicated in induction of IL-6 gene
expression of human M¢ generated from U937 cell line [694]. We may
speculate that in humans CREB transcription factor is involved in IL-6

regulation by human GM- M¢ while NFkB promotes IL-6 in M- M.

Overall our results on the effect of IR on M@ may have important meaning for
combinatorial RT and Immunotherapy protocols for cancer treatment. In
addition, confirmation of a new regulatory mechanism for IL-23 secretion in
Mg can provide new targets for modulation of immune responses in cancer
and auto-immune diseases. Although in our research we utilised a range of IR
doses so far, we focused only on a short-time effects after a single dose of IR.
It would be interesting to expand the time-scale of our experiments to include
multiple doses of IR distributed over several days to observe the timeline of
changes in Mg functions in aim to identify the window for most efficient
immunomodulation. So far, we focused on only one type of immune cell
present in tumour stroma. Expanding our findings on other types of cells
present in tumour microenvironment will provide a more complete view of the
effect of IR tumour stroma. Therefore, in the next chapter, we will look at the
effect of IR on another type of APC, DC which are commonly used for cancer

therapy and their interactions with T-cells.
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Chapter 6. Effect of IR on cytokine secretion by MoDC

6.1 Introduction

Tumour-infiltrating DC (TIDC) are a common feature of many solid tumours
including ovarian, breast, colorectal, lung and renal [695]. However, they
often exhibit an immature phenotype characterised by low co-stimulatory
molecule expression [696, 697], poor Ag cross-presentation [696], and
elevated expression of regulatory molecules and receptors [697, 698], factors
that facilitate immune escape. Tumour cells inhibit or reverse DC maturation
through a range of secreted mediators such as VEGF, TGFp and IL-10, as well
as display of inhibitory molecules such as PD-L1 and PD-L2 [697, 699, 700].
Studies show that the phenotype and number of TIDC is dynamic, changing
with disease progression. In murine ovarian cancer models, PD1 expression on
DC was minimal during early stages of tumour development but significantly
increased during tumour progression [697]. Scarlett et al. demonstrated, in a
spontaneous murine model of ovarian cancer, that disease progression
associated with an increase in immune infiltrate while aggressive growth
correlated with a switch from immune-stimulatory to immune-suppressive DC
[701]. In agreement with these findings, depletion of DC early during disease
promoted tumour expansion and aggression, whereas depletion later led to
abrogation of tumour growth [702]. Kocian ef al. also demonstrated
correlation between maturation state of TIDC and disease recurrence in human
colorectal cancer [703].

Numerous approaches have been developed to restore the function of DC in
cancer patients. These include targeting the PD-1/PD-L1 or intra-tumoural

injections of TLR agonists (CpG or Poly I:C) [704, 705]. Furthermore, the use
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of DC in a form of cancer vaccines continues to be an active area of research.
In this regard combining DC vaccine with RT resulted in induction of anti-

tumour T-cell responses [636, 637, 706].

It is important to understand the functional consequences of irradiating DC in
the context of tumour immunotherapy. DC are resistant to radiation induced
apoptosis and do not show reduced viability even at high doses (up to 30Gy)
[707]. The mechanism of such resistance is expression and up-regulation of
DNA repair proteins [620]. However, a body of evidence suggests that direct
exposure to radiation suppresses key functions. CCR7 expression is down-
regulated on irradiated DC impairing their ability to migrate from tissues to
draining lymph nodes [708]. In addition, irradiated DC are less effective in
priming naive T-cells [707] or stimulating T-cell proliferation [709].
Importantly, irradiation of DC down-regulates the production of IL-12 without
affecting IL-10 thus changing the balance in pro and anti-inflammatory stimuli

towards tolerance [707].

Considering our findings on the regulation of Mo cytokine secretion by IR we
hypothesised that IR exerts similar effect on human DC. We have
demonstrated that IR down-regulates IL-23 secretion by MoDC through
reduction of transcription of the IL-23p19 gene and this resulted in reduced
capacity of irradiated DC to stimulate Th17 responses. The effect of IR was
mediated by ATM and inhibiting ATM activation with a highly selective
ATM antagonist, KU55399 [673] resulted in increased IL-23 secretion by both

irradiated and non-irradiated DC. Our data showed that an ATM regulated
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pathway cooperates with TLR4 signalling for enhanced IL-23 production, but
not with IFNy. Moreover, we demonstrated that the action of ATM is
mediated via CREB-CBP interactions. The inhibitory residue, S121, on
CREB was phosphorylated when DC were exposed to IR. The expression of
phospho-CREB-S121 was blocked by KU55933 which was associated with
recovery of IL-23 production. Importantly, the increased level of TLR4
dependent IL-23 caused by ATM inhibition in DC was blocked by a specific
CREB-CBP interaction inhibitor, C-Ci. This study describes a novel effect of
IR on DC and has important implications for designing DC-based

immunotherapy.

6.2 Results

6.2.1 DC characterisation and phenotype

The quality of MoDC preparations and their maturation status were confirmed
by morphologic examination and assessment of their phenotypic and secretory
profile. In microscopic examination MoDC were recognised as un-attached,
small, rounded cells, which did not display dendrites or form groups (not
shown). By 10h after stimulation with LPS/IFNy DC acquired elongated shape
suggesting migration and by 24h DC displayed dendrites and tightly clumped
together. Phenotypic maturation was determined by examination of HLA-DR,
CD80, CD86, CD83 and CDA40 24 hours post-activation with LPS/IFNy
(Figure 6.1). Levels of HLA-DR, CD80 and CD86 were low on immature DC
and increased upon maturation. CD83 was negative on immature DC and
triggered by maturation while CD40 was similar on both immature and mature

DC.
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Figure 6.1 Phenotype of immature and mature MoDC. MoDC were
activated with LPS/IFNy or left untreated. After 24h their maturation status
has been assessed by examining HLA-DR, CD80, CD86, CD83 and CD40 by
flow cytometry. Cells were stained with antibodies (red lines) or matched
isotype controls (blue lines) and acquired by flow cytometry. Shown are three
representative donors.
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As described earlier, FBS used in cell culture influences the quality as well as
functional properties of immune cells [573]. Therefore, different batches and
types of FBS were tested before moving to a new batch. Six FBS types were
used for testing in a blind experiment. Important differences were found in
both the numbers of generated DC as well as their cytokine secretion (Figure
6.2). FBS B did not sustain generation of DC from Mo with only 0-10%
recovery of cells on day 5 and was dropped from further testing (Figure 6.2
A). FBS A produced highest number of DC in Donor A (60% of recovery)
however, the effect was donor dependent and resulted in only 20% recovery in
Donor B. Regardless of the high cell recovery in one of the donors, DC
generated and activated in FBS A secreted low levels of IL-12 and 1L-23
comparing to other batches used (Figure 6.2 B). Batches C, D and E produced
similar numbers of DC (~45%) in Donor A and 30-40% in Donor B. Cells
generated in FBS C secreted highest levels of IL-12, IL-23 and IL-10 while
batch D generated DC with lowest cytokine secretion among the three batches.
Culturing cells in medium with FBS F generated slightly less DC (30-37%
recovery depending on donor) with secretion of cytokines falling within the

ranges of DC generated with other batches.

Finally, we assessed whether different batches of FBS affected the response to
ATM inhibition (Figure 6.2 C). KU55933 increased IL.-23 secretion in both
FBS batches tested as expected. Interestingly, the strength of these responses
depended on the donor-FBS combination with donor C secreting higher IL-23

levels with FBS C while donor D secreted higher IL-23 levels with FBS F. In
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summary, the effect of FBS depends both on the FBS batch as well as the

donor used.
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Figure 6.2 A,B. Effect of FBS in medium on DC generation. MoDC were
generated by culture with IL-4/GM-CSF in RPMI in the presence of five
different FBS and assessed upon collection. A- % of MoDC collected on day 5
comparing to the number of seeded Mo in two tested donors. B- comparison
of the secretion of IL-23, IL-12 and IL-10 by MoDC generated and activated
in medium containing different FBS in two tested donors. MoDC generated in
DC medium containing different FBS were activated with LPS/IFNy and
cultured for further 24h in indicated DC medium containing indicated FBS.
Cytokines levels were measured in supernatants by ELISA. C-Effect of FBS
on MoDC response to KU55933. DC from two donors were pre-treated with
KU55933 before activation and cultured in DC medium containing indicated
FBS. IL-23 secretion was measured 24h post activation by ELISA. Blue bar -
FBS C, red-FBS F.
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Figure 6.2C. Effect of FBS in medium on DC generation. MoDC were
generated by culture with IL-4/GM-CSF in RPMI in the presence of five
different FBS and assessed upon collection. A- % of MoDC collected on day 5
comparing to the number of seeded Mo in two tested donors. B- comparison
of the secretion of IL-23, IL-12 and IL-10 by MoDC generated and activated
in medium containing different FBS in two tested donors. MoDC generated in
DC medium containing different FBS were activated with LPS/IFNy and
cultured for further 24h in indicated DC medium containing indicated FBS.
Cytokines levels were measured in supernatants by ELISA. C-Effect of FBS
on MoDC response to KU55933. DC from two donors were pre-treated with
KU55933 before activation and cultured in DC medium containing indicated
FBS. IL-23 secretion was measured 24h post activation by ELISA. Blue bar -
FBS C, red-FBS F.

6.2.2 IR does not affect DC viability

Mo are relatively radio-resistant and the effect of IR on IL-23 secretion does

not result from decreased viability. Both DC and M were found radio-
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resistant in previous reports in contrast to Mo which are defective in DNA-
repair mechanism [620, 646, 707]. Although for 2/3 donors survival decreased
with time (~64% survival at 72h compared to ~83% at 24h) there was no
significant reduction in viability of irradiated DC comparing to un-irradiated

control group (Figure 6.3A,B).
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Fig 6.3A Determination of DC viability following exposure to IR. DC were
irradiated with 6Gy or left un-irradiated and their viability was assessed 24,48
and 72h following irradiation by annexin V/PI double staining. Shown are
scatter plots for 3 donors tested and a summary figure representing the
frequency of cell survival (double negative cells) induced by IR in all 3 donors
collectively.
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Fig 6.3B Determination of DC viability following exposure to IR. DC were
irradiated with 6Gy or left un-irradiated and their viability was assessed 24,48
and 72h following irradiation by annexin V/PI double staining. Shown are
scatter plots for 3 donors tested and a summary figure representing the
frequency of cell survival (double negative cells) induced by IR in all 3 donors
collectively.

6.2.3 IR modulates cytokine secretion by MoDC

Stimulation of MoDC with LPS/IFNy induced IL-23 production which was
significantly lowered (p<0.05) by pre-treatment with IR and occurred in all
donors tested (Figure 6.4 A, B). Unstimulated cells did not secrete 1L-23
regardless of irradiation status (Figure6.4 A). The maximal suppression of IL-

23 by IR occurred at 6Gy ((p<0.001 Figure 6.4 C).

To determine which stage of cytokine production is affected by IR
transcription levels of the IL-23-specific /L-234 gene or the common /L-/2B
gene that encodes the p40 chain were evaluated. Irradiation of DC (6Gy)

significantly suppressed transcription of /L-234 when compared with non-
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irradiated DC. Although the effect of IR on /L-12B was also inhibitory it was

nevertheless less marked than on /L-234 (Figure 6.4 D).
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Figure 6.4 Effect of IR on IL-23 secretion by MoDC. A, B-IR
downregulates IL-23 by MoDC. MoDC were activated with LPS/IFNy one
hour post irradiation with 6Gy or left untreated. IL-23 secretion was assessed
by ELISA 24h after activation. A- representative donor, B-all 18 donors
tested, C-Effect of IR on IL-23 secretion is dose dependent. DC were treated
with various dose of IR (0-20Gy) before activation. IL-23 secretion was
measured 24h after activation by ELISA. Shown is a representative donor out
of 3. D- Changes in IL-23 secretion were associated with decreased
transcription of the IL-23A gene and IL-12B gene as shown using Q-RT-PCR
in 3 donors. Statistical significance was measured by the student t-test.

Previous results showed that IR differentially affects cytokine secretion by
Meo. Furthermore, earlier reports suggested that IR skewed cytokine profile
towards tolerance [707]. Therefore, we assessed the effect of IR on a panel of
cytokines (Figure 6.5, Table 6.1). The inhibitory effect of IR was restricted to
IL-12 and IL-23. IR potently down-regulated IL-23 (p<0.0001) while its effect

on IL-12, although significant, was less pronounced (p<0.0005). In contrast,

IL-27, IL-6, TNFa and IL-1f and IL-10 were unaffected.
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Figure 6.5. Effect of IR on cytokine secretion by mDC. DC were irradiated
(6Gy) or non-irradiated before activation with LPS/IFNy. Supernatants were
collected following 24h incubation and secreted IL-23, IL-12, IL-27, IL-1§,
TNFa, IL-6 and IL-10 were measured by ELISA. All experiments were
repeated at least 5 times in triplicate.
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Cytokine % remaining % of SD | P value
secretion after IR

IL-23 43 11 <0.0001
IL-12 89 16.3 0.0005
IL-27 100.9 36.6 ns
IL-1B 93.5 34.4 ns
TNFa 111.8 29.6 ns
IL-6 174.1 114.4 ns
IL-10 95.9 6.2 ns

Table 6.1 Effect of IR on cytokine secretion by mDC. DC were irradiated
with 6 Gy or left non-irradiated before activation with LPS/IFNy.
Supernatants were collected following 24h incubation and secreted cytokines
were measured by ELISA. All experiments were repeated at least 5 times in
triplicate and significance was assessed with 2-way ANOVA.

6.2.4 1L-23 secretion by MoDC is regulated by ATM

To evaluate the involvement of ATM kinase in the regulation of 1L-23
secretion by MoDC we exposed DC to 6Gy to activate ATM. As expected the
level of phospho-ATM (S1981) increased in moDC 15 min after irradiation
(4/4 donors). Treatment with ATMi (KU55933 10uM) prior to radiation
prevented ATM activation (Figure 6.6). These results were further confirmed

by intracellular flow cytometry (Figure 6.7).
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Figure 6.6 Activation of ATM following IR. Cells were pretreated with
KU55933 1h prior to irradiation with 6Gy or left untreated. Phospho-ATM
was examined at 1h following IR. Shown are WB for 4 tested donors.
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Figure 6.7 Phosphorylation of ATM following irradiation and treatment
with KU55933. DC were exposed to 6Gy of IR with or without pre-treatment
with KU55933 for 1h. The phosphorylation of ATM was examined 1h after
irradiation by indirect intracellular staining with a phospho-ATM-specific
antibody, line: immature DC, blue line: 6Gy X-ray exposed DC, red
line: KU55933 pretreated DC after 6Gy X-ray exposure, three plots represent
3 donors.

Since irradiation suppressed IL-23 secretion, we proposed that inhibition of
ATM phosphorylation would reverse this effect. Indeed, blocking ATM in
TLR4 stimulated MoDC prior to IR abolished the effect of IR and

consequently IL-23 secretion was increased in 11/11 donors (Figure 6.8). Pre-

treatment of TLR4 stimulated MoDC with KU55933 significantly increased
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IL-23 levels in non-irradiated cells which were equal to those from irradiated
cells. The effect of KU55933 was TLR4-dependent as there was no IL-23
secretion by DC treated with KU55933 alone or in conjunction with IFNy

(Figure 6.8).
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Figure 6.8 Effect of ATM inhibition on IL-23 secretion by MoDC. A-
ATM inhibition up-regulates IL-23 secretion by MoDC. MoDC were exposed
to ATMi, KU55933 (10uM) for 1 hr or left untreated prior to 6Gy IR and then
immediately activated with LPS. Data from 4 donors out of 11 are presented,
B- shows the percentage change in IL-23 production following IR in each
indicated treatment group for 11 donors where individual donor is symbolized
by a discrete shape. C-ATM effect is TLR4 dependent. MoDC were treated
with KU55933 (10uM) 1h prior to stimulation with LPS and IFNy and IL-23
were measured in supernatants 24h after stimulation. Shown a representative
donor of 5 donors tested. Statistically significant differences were determined
by the unpaired student’s t-test.
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Importantly, ATM inhibition in MoDC did not impact significantly on their
survival following exposure to X-rays. The viability of irradiated or untreated
DC pre-treated or not with KU55933 was assessed. There was no significant
increase in cell death up to 72h after irradiation (Figure 6.9). Furthermore,
viability was not adversely affected by KU55933 regardless of irradiation in

any of the donors tested.
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Figure 6.9 Effect of ATM inhibition on MoDC survival. MoDC were
treated with KU55933 10uM and 1h later irradiated or left untreated. Cell
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death was assessed by annexin V and PI staining in flow cytometry at 24, 48

and 72h after irradiation. A-scatter plots of one out of 3 donors tested. B-

summary of 3 donors.
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6.2.5 The effect of ATM on IL-23 is mediated through CREB/CBP
interactions

CREB is an important transcription factor under the influence of ATM as
described earlier. It is also essential for PGE2 mediated IL-23 expression
[710]. Therefore, we hypothesised that CREB was involved in mediating the
effects of ATM. Irradiation of DC resulted in phosphorylation of ATM
(S1981) and at the inhibitory S121 residue on CREB (Figure 6.10 A).
Inhibition of ATM with KU55933 resulted in reduced phosphorylation of

CREB at S121.

To further evaluate the role of CREB, C-Ci, an inhibitor of CREB-CBP
interactions [674], was used. C-Ci did not affect LPS-dependent IL-23 at any
of the concentrations used (Figure 6.10 B). However, ATMi-dependent IL.-23
release was diminished to the control level by 10uM C-Ci in all the donors
tested, suggesting the ATM effect on IL-23 is mediated by CREB-CBP

(Figure 6.10 C).
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Figure 6.10 ATM-dependent inhibition of IL-23 is mediated through
CREB/CBP interactions. A-Western blot showing phosphorylation of ATM
and CREB121 of MoDC irradiated with 6Gy or left untreated following 1h
pre-treatment with KU55933 10uM. Cells for WB were collected 1h after
exposure to IR. Shown a representative donor out of 3 donors tested. B-Effect
of C-Ci on ATM-dependent regulation of IL-23 is dose-dependent. MoDC
received different concentrations of C-Ci (1uM, 3uM, 10uM, 30uM, 100uM)
1h before treatment with KU55933 10uM 1h followed by LPS 1h later
(squares) or LPS only (circles). IL-23 levels were measured by ELISA from
supernatants collected 24h after stimulation with LPS. C- Summary graph of
six donors for a single dose of C-Ci (10uM). Statistical significance was
measured by one-way anova.

6.2.6 Effect of IR-mediated IL-23 down-regulation on Th-17.

Finally, we examined the capacity of irradiated MoDC to polarise naive CD4
T-cells to Th17 cells. Activation of Naive T cells through anti-CD3/anti-CD28
alone resulted in a small number of IL-17A production by T-cells which was
significantly increased in the presence of IL-1f and IL-6 and further enhanced
by addition of IL-23 (Figure 6.11). Replacing cytokine mixture with a

supernatant from LPS/IFNy activated DC primed prominent Th17 responses in
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all donors tested. In contrast, irradiated DC primed significantly lower Th17
responses in two out of three donors tested which correlated with the
decreased secretion of IL-23. In one donor irradiation of DC (6Gy) did not

significantly reduce their ability to stimulatelL-17 secretion by T-cells.
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CD28, treated with Brefeldin A to inhibit cytokine secretion and IL-17A release was determined by FACS. Data are 2 representatives of 3

donors.
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Figure 6.11B Effect of IR on DC ability to stimulate Th17 responses. Naive
CD4+CD45RA+T cells were co-stimulated for 5 d with anti-CD28/CD3 in the
presence of recombinant cytokines or MoDC supernatants. Cytokine secretion was
measured 48 hours after re-stimulation with anti-CD3/anti-CD28 by ELISA. Shown
are 3 tested donors. The level of IL-23 was measured in singlicate. IL-17 levels were
measured in triplicates and statistical significance of IL-17 changes were measured by
unpaired student’s t-test.

6.3 Discussion

The importance of DC in tumour immunotherapy is well acknowledged and
preclinical studies and early patient trials continue to be developed [711]. Both in
vitro applications of DC as well as in vivo immunotherapy strategies often involve
irradiation of DC be it incidental during RT or part of combined modality treatment

[636, 707].
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We demonstrate that IR down-regulates IL-23 and to a lesser degree IL-12 secretion
by human DC whilst the secretion of IL-27, IL-6, IL-1p, TNFa and IL-10 remained
unaffected. Importantly the effect of IR on DC inadvertently affected their ability to
prime Th17 responses. IL-23 and IL-12 belong to the same family and share a
common subunit p40 encoded by /L12B gene. In agreement with these results, our
data shows that IR reduce the production of both cytokines at transcriptional level
mainly affecting /L23A4 gene and to a lesser extend the /L/2B gene. Interestingly,
another cytokine from the IL-12 cytokine family, IL-27, has not been significantly
affected by IR. Although IL-27 belongs to the same family it does not share the p40
subunit but instead it comprises of the EBI3 which is homologous to IL-12p40
subunit [712]. It suggests therefore that the effect of IR is specific mainly to the p19

and to a lesser extend to p40 subunits.

Previous studies describe conflicting findings on cytokine secretion by irradiated DC.
Merrick et al. (2005) observed down-regulation of IL-12 secretion at doses of IR as
low as 2Gy [707] while Shigematsu et al. (2007) reported increased expression of IL-
12 at 0.05Gy and this effect was reversed to the level of non-irradiated DC at 1Gy
[713]. The disparity between these findings may be due to different models (human vs
murine DC) and irradiation protocols (low vs high IR dose) used. It is plausible that
various doses of IR exert differential effect on IL-12 secretion where lower doses
promote while higher doses inhibit it. In addition, our results suggest differential
donor sensitivity to IR regarding IL-12 secretion. IL-12 was down-regulated in four
out of six donors while in two it remained unaffected when DC were irradiated with

6Gy. It is possible that by further increasing the dose of IR we may see inhibition of
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IL-12 in all the donors. However, it is important to note that the maximum impact of
IR on IL-23 secretion occurred at 6Gy and did not increase with increasing radiation
dose. Whether similar dose-dependency occurs for IL-12 needs to be further
elucidated. It is also plausible that with the decrease of IL23p19 subunit there is less
competition between IL-23 and IL-12 for the shared IL-12p40 subunit, therefore

making more p40 available for IL-12 generation.

Importantly, although IL-23 was consistently down-regulated at 6Gy in all donors, IL-
10 was unaffected agreeing with previous reports on MoDC [707]. This supports the
notion postulated by Merrick and colleagues that IR at therapeutic doses directs
immune responses towards tolerance due to changing the balance between pro- and

anti-inflammatory cytokines.

Similar to our findings concerning Me, the reduction of IL-23 secretion in DC by IR
was regulated by ATM and mediated by CREB/CBP interactions. As described before
ATM is a serine/threonine kinase protein which co-ordinates cellular responses to
repair the damage following IR-induced DNA double strand breaks [620, 714]. In
addition, ATM dysfunction has been linked with immune disorders [715]. To
illustrate the involvement of ATM in regulation of IL-23 secretion by DC we used an
ATM inhibitor, KU55933. Interestingly, the inhibition of ATM with KU55933
resulted in an increase of IL-23 secretion by irradiated but also non-irradiated DC. As
described earlier KU55933 is a well-researched and highly specific inhibitor [673].
Although possible off-targets effects of KU55933 should be considered it may be
suggested that, similarly to our earlier findings using Mo, there is a certain level of

ATM constitutive activity in DC which regulates IL-23 secretion.
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CREB and CBP act as positive transcription factors in the PGE2-induced upregulation
of 1/23a gene in TLR- or TNFa- stimulated bone marrow-derived DC [289]. In this
study, we have shown that CREB phosphorylation is a regulator of ATM dependent
IL-23 signalling. Following irradiation, ATM phosphorylated CREB at Ser-121 in
DC. This is consistent with the finding of Thr-100, Ser-111 and Ser-121 as reported
ATM phosphorylation sites in response to genotoxic stress [716]. KU55933 prevented
IR-induced activation of ATM and abrogated CREB phosphorylation at Ser-121. It is
therefore plausible that activated ATM suppresses [L-23 gene expression upon IR by

antagonizing CREB transcriptional activity.

Importantly the reduction in IL-23 in irradiated DC was not caused by decreased
viability. These findings agree with earlier report by Merrick et al. which
demonstrated that human DC are resistant to radiation-induced apoptosis [707].
Furthermore, DC and M¢ show a high level of resistance to DNA damage due to
genotoxic stress and are very efficient in repairing SSB and DSB ensuring cell
survival [717]. Both these cells produce high level of reactive oxygen species (ROS)
as a defence mechanism against infections [718]. This requires an effective repair
mechanism preventing self-sustained damage. ATM inhibition did not sensitise DC
towards radiation. This was expected as ATM mainly functions in DSB repair through
HR and this typically occurs in proliferating cells [719]. Furthermore, DC are
competent in repairing SSB through the BER pathway, thus minimizing the

generation of DSB that arise from two SSB facing each other [717].
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In summary, IR adversely affected IL-23 in human DC through activation of ATM
and this impacted on Th17 responses. Pharmacological inhibition of ATM enhanced
IL-23 secretion. Importantly, irradiation and inhibition of ATM did not impact on
viability. These findings have important implications for designing combined
immunotherapy and RT protocols for cancer. Furthermore, manipulating ATM or
CREB activation in the immune system creates new opportunities to enhance or
repress Th17 responses. This in turn has implications for therapeutic approaches

based on immune-modulation in vaccines and in autoimmunity.
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Chapter 7. Effect of Fibroblasts on the response of antigen

presenting cells to radiation.

7.1 Introduction

Upon activation by stress or danger, APC secrete cytokines and migrate to regional
LMN to activate and orchestrate T-cell responses [3]. However, prior to entering
lymphatic vessels, APC are in contact with a range of stromal cells including FB. This
interplay between APC and stroma plays a crucial role in directing T-cell responses
and its dysfunction may lead to the development and maintenance of autoimmune
disorders and tumours [3, 720]. In liver, breast and ovarian tumours FB promote
tolerogenic DC while TAF from pancreatic cancer skew DC responses towards Th2
[721-723]. Moreover, pancreatic TAF strongly promote M2 responses at the stage of
their differentiation from Mo as well as by reverting M¢1 polarisation into M2
[724]. Lung FB are implicated in the pathology of COPD and asthma through
directing DC trafficking to airways and consequently maintaining chronic
inflammation in situ via CCL2, CCL20 secretion [725]. On the other hand, activated
dermal FB promote DC maturation and migration to the LMN [3, 726]. A recent study
conducted by Schrimmer and colleagues demonstrated that stromal modulation of IL-
23 secretion by DC and resulting promotion of Th17 responses can be implicated in
the maintenance of psoriasis [727]. This model proposes that dermal FB respond to
TNFa and IL-1p, secreted from activated DC, by producing PGE2. Fibroblast-
derived PGE2 acts in a juxtacrine manner to amplify IL-23 release from DC thus

supporting the generation of Th17 responses.

FB are numerous in the microenvironment of solid tumours and are involved in

progression and metastasis [432-434]. Furthermore, in many tumours, specific subsets
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of inflammatory cells are primarily located within the FB-rich stromal compartments
of the tumour. Bell ef al. showed that, although intra-tumoural DC retain an immature
phenotype, breast tumour stroma contains mature DC, which are often surrounded by
clusters of T-cells and could therefore represent ongoing immune responses [728].
These findings were further confirmed in colorectal cancer and RCC [71, 729]. We
speculate that a significant subset of DC interact with FB in the tumour
microenvironment. In LMN metastases from melanoma patients, NK cells are
observed in close proximity to FB surrounding metastatic lesions [428]. In lung, the
number of T-reg in the stromal compartment was greater than in the tumour core and
correlated with poor outcome [429]. In contrast, another study showed that higher
numbers of CD4+ cells in the cancer stroma, but not within cancer cell nests,
correlated with longer survival times in patients with NSCLC [430]. The discrepancy
regarding prognosis between these reports may be due to the fact that Kinoshita
specifically focused on T-reg populations while Wakabayashi studied the whole
CD4+ cohort. Similarly, thymic carcinoma tumour-infiltrating lymphocytes (TIL)
were more abundant in the stroma [431]. The patients with low CD4+ and CD20+
lymphocytes within tumour stroma showed poor survival [431]. The differential
clinical outcomes correlated with compartmentalisation of leucocytes to tumour beds
or stroma demonstrates the importance of leucocytes-stromal interactions in tumour
progression. In addition, the presence of activated pro-inflammatory FB was recently
demonstrated in early pre-neoplastic lesions in skin carcinogenesis model. This pro-
inflammatory phenotype was initiated by immune cells and further maintained by
tumour [432]. These reports demonstrate the involvement and importance of FB-
immune interactions for cancer progression and suggest the potential of FB to affect

APC functions and their responses to therapy.
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Although FB-immune interactions have started gaining recognition, the effect of
therapeutic modulations on FB and FB-APC cross-talk remains largely un-known.
Peiris-Pages et al. demonstrated that standard chemotherapy agents such as
Azathioprine, Cisplatin and Doxorubicin activate FB transforming them into TAF
[730]. Irradiated FB enter premature senescence altering their phenotype and
promoting tumour growth and invasion [731, 732]. IR can induce IL-6 production by
lung FB [733]. According to some reports even a single dose of 4Gy can cause
prolonged growth arrest in FB [732] leading to senescence although others describe
the requirement of repeated IR treatments to induce premature senescence [731]. Such
discrepancies may reflect the differences between various types of FB. Therefore, it is
tempting to assume that FB-immune interactions undergo profound changes in effect

of therapeutic modulations such as RT.

We tested the hypothesis that stromal FB modify cytokine secretion by APC and their
response to the inhibitory effects of IR and ultimately affect T-cell responses. We
showed that although FB up-regulated IL-23 secretion by MoDC and SlanDC, the
effect on Mo was donor dependent. Furthermore, we aimed to elucidate the factors by
which FB promote DC radio-resistance by employing a DC-FB co-culture system in
the presence of IR. The addition of irradiated FB to irradiated DC up-regulated 1L-23
secretion and increased Th17 responses. Interestingly FB were relatively radio-
resistant and IR did not affect their capacity to amplify IL-23 secretion by DC. The
enhancing effect of FB could be mimicked by addition of PGE2 or forskolin to
irradiated DC and abrogated by treating FB with COX2 inhibitor Indomethacin. This

effect occurred despite activation of ATM pathways by irradiated DC. This suggests
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that activated FB act through secretion of PGE2 which stimulates cAMP pathway in

irradiated DC leading to increased IL-23 secretion irrespective of ATM activation.

7.2 Results

7.2.1 Effect of FB on cytokine secretion by MoDC, slanDC and MDMg¢

FB were previously established to exhibit regulatory effects on DC and Mo [3, 724-
727]. We therefore sought to confirm the ability of dermal FB to modulate MoDC
cytokine secretion. FB cultured alone did not secrete 1L-23, IL-12, IL-1p, IL-6 or IL-
10. In agreement with previous reports [727], co-culture of activated DC with FB
increased IL-23 secretion in all donors. (n=38, p<0.05 to p<0.001) (Figure 7.1). The
effect of FB on other cytokines was donor-depended. For all the other cytokines
studied, whilst there was the occasional donor who showed a significant effect the
overall pattern was one of no substantial change. FB significantly (p<0.05 to p<0.01)
decreased IL-12 secretion in 2 out of 19 donors, up-regulated (p<0.05) in one while
the rest remained unaffected. IL-1 was significantly (p<0.05) decreased in one out of
9 donors, whilst the rest remained unaffected. IL-6 was significantly up-regulated in
three out of eight donors tested (p<0.05) and down-regulated in another three
(p<0.05). IL-10 was significantly down-regulated in four and completely abrogated in
further three out of thirteen donors tested. One donor up-regulated IL-10 secretion

upon co-culture with FB, while it remained unaffected in the rest of the donors.
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Figure 7.1 Effect of FB-DC co-culture on cytokine secretion by MoDC. FB were

seeded in 96-well plates and cultured for 24h. Next iDC were added (proportion
FB:DC 1:4 respectively) and co-cultures were incubated for 1h prior to activation
with LPS/IFNy. Supernatants were collected 24h after activation and cytokine
secretion was measured by ELISA. Statistical significance was measured by the

student t-test.

The effect of FB on cytokine secretion by primary DC was studied. Isolated SlanDC

had purity above 95% (Figure 7.2 A). Due to low numbers of SlanDC, their seeding

concentration was five times lower than MoDC. There was no detectable secretion of
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IL-23 in DC monocultures however, FB stimulated IL-23 secretion by DC in both
tested donors (Figure 7.2 B). Furthermore, FB had no impact on IL-12 and IL-10
secretion in one tested donor (Figure 7.2 C). Due to difficulty obtaining sufficient

slanDC, further studies were not conducted.
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Figure 7.2 Effect of FB on cytokine secretion by slan DC. A- Slan DC purity.
SlanDC were isolated from fresh blood and purity was assessed by flow cytometry of
cells stained with anti-Slan DC Ab against matched isotype control. Shown is a
representative donor. B- IL-23 secretion by FB-SlanDC co-cultures. 2x10* FB were
pre-incubated in 96-well plates overnight to reach confluence. Slan DC were rested
for 6 hours and added to FB at concentration 1x10*. After 1h incubation co-cultures
were activated with LPS/IFNy. IL-23 secretion was assessed by ELISA in
supernatants collected 24h post activation. Shown are 2 tested donors. C-IL-12 and
IL-10 secretion of FB-Slan DC co-cultures from Donor A assessed by ELISA.
Statistical significance was measured by the student t-test.
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Multiple reports described the ability of FB to polarise Mo responses towards M2
[724, 734, 735]. Therefore, next we evaluated the effect of dermal FB on cytokine
secretion by Mo generated in the presence of GM- or M-CSF. FB significantly
(p<0.5, p<0,01) up-regulated IL-23 by GM-Mg in 6/9 donors and down-regulated IL-
12 secretion (p<0.05) in 3/9 donors tested while up-regulating it in 2/9 (p<0.01). FB
down-regulated IL-10 secretion by M-Mg from 5/8 donors tested. FB did not elicit

IL-23 and IL-12 responses from M-Mg or IL-10 secretion from GM-Meo.

Since the effect of FB on Mg was donor-dependent our further work focused on the

cross-talk between FB and MoDC.
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Figure 7.3 Effect of FB on cytokine secretion by M¢. FB were incubated overnight
to reach confluence and M were added (proportion FB: Me 1:2.5 respectively).
After 1h resting cells were activated with LPS/TFNy (GM-Mg) or LPS only (M-Mo).
Cytokines were measured by ELISA in supernatants collected 24h post activation.
Shown are 2 representative donors and collective data of al donors tested for IL-23,
IL-12 and IL-10. Statistical significance was measured by the student t-test.

244



7.2.2. FB rescue IL-23 from irradiated DC

The ability of dermal FB to modulate MoDC responses to IR was assessed. The
addition of irradiated FB to irradiated MoDC significantly increased I1L-23 release by
irradiated DC (p<0.01) in all donors (Figure 7.4 A, B). The level of IL-23 produced
by irradiated DC cultured in the presence of FB was greater or equal to those from
non-irradiated DC cultured alone. It should be noted that whilst IL-23 levels secreted
by irradiated DC were markedly higher in the presence of FB, its secretion was
nevertheless generally lower than those obtained from control co-cultures.
Additionally, the ability of FB to increase IL-23 secretion by irradiated DC was
maintained regardless of whether BJ6 cell line or primary dermal foreskin FB were
used (Figure 7.4 C). Therefore, further experiments were undertaken using the BJ6

cell line unless otherwise stated.
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Figure 7.4 FB up-regulate IL-23 secretion by irradiated DC. FB were seeded in
96-well plates and cultured for 24h. Next iDC were added and co-cultures were
incubated for 1h to allow cells to settle. Co-cultures were irradiated with 6Gy and
immediately treated with LPS/IFNy. Supernatants were collected 24h after activation
and cytokine secretion was measured by ELISA. A-shown 2 representative donors. B-
collective data from all 8 tested donors. C- Primary dermal FB demonstrate similar
IL-23-enhancing activity to the BJ6 cell line. Shown are 4 out of 5 FB donors tested.
Statistical significance was measured by the student t-test.

7.2.3 FB are unaffected by IR

Since irradiated FB up-regulated IL-23 secretion by irradiated DC, we determined the
impact of IR on FB. Importantly, when irradiated FB were co-cultured with non-
irradiated activated MoDC, there was no impairment in their capacity to promote IL-

23 release (Figure 7.5 A, B). This was irrespective of dose of radiation (2-6Gy).
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PGE2 positively regulates IL.-23 by DC [274, 727], therefore the effect of IR on PGE2
secretion by FB was investigated. IR did not inhibit PGE2 secretion by BJ6 cells or
primary FB activated with TNFa and IL-1B (Figure 7.5 C). Furthermore, irradiation
had no impact on FB viability as assessed by dye-exclusion (data not shown) and
AnnexinV/PI staining (Figure 7.6). The number of viable cells remained >96%
regardless of irradiation. It is important to stress that we examined the effects of IR on
FB within the first 24h of exposure after which time activated DC would be expected

to migrate to regional LMN [727].

IR promotes growth arrest and senescence of FB however the dose and frequency of
radiation required varies [731, 732]. Therefore, we assessed the effect of increasing
doses of IR on dermal primary FB. Induction of cell senescence by staining with 3-
galactosidase was measured 7 days after initial insult. Non-irradiated cultures
contained only single cells positive for B-galactosidase (Figure 7.7). Number of

positive cells increased slightly in cultures treated with 5 and 10 Gy (approximately 5
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and 10%) and reached around 80% of cells at 15Gy.
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Figure 7.5 FB are functionally impaired by IR. A, B- Irradiated FB retain their
ability to up-regulate IL-23 secretion by DC. BJ6 were seeded in 96 well and rested
overnight. After reaching full confluence FB were left non-irradiated or submitted to
2 and 6Gy of IR. Immediately after irradiation, activated DC were added and
supernatants were collected 24h for assessment of IL-23 by ELISA. A-graphs
showing 3 individual donors tested. B-Collective date from 3 donors. C-Irradiated FB
retain their ability to respond to TNFo/IL-1f and secrete PGE>. FB were stimulated
with 10ng/ml TNFa and 1ng/ml IL-1 and left non-irradiated or irradiated with 6Gy.
PGE: secretion was assessed 24 following radiation by ELISA. Graph shows data
from 3 different FB cell lines (BJ6 and primary FB from 2 independent donors).
Statistical significance was measured by the student t-test.
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Figure 7.6 Determination of FB viability following exposure to IR. BJ6 were
seeded and allowed to attach overnight, next were irradiated with 0-6Gy and viability
was assessed 24h post-irradiation by AnnexinV/PI staining. Shown are scatter plots

for 3 separate experiments.
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Figure 7.7 B-galactosidase staining of primary FB 7 days after treatment with (-
15 Gy IR. FB were rested overnight and irradiated with indicated doses of IR. 48h
later FB were re-seeded in fresh medium. 7 days after radiation FB were permabilised
with 4% formaldehyde and stained with -galactosidase solution. Shown is a
representative donor out of three donors tested.

7.2.4 FB promote IL-23 secretion by irradiated DC through COX2-dependent
PGE; release

The mechanism by which FB restored DC functions following irradiation was
investigated. To address the role of soluble factors, DC-FB co-cultures were separated
by 0.3um porous membrane in Transwells. Despite the lack of cell-cell contact, FB

retained their capacity to support IL-23 secretion from irradiated DC (Figure 7.8).
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Figure 7.8 FB dependent increase of IL-23 is mediated by soluble factors. Fb and
DC co-cultures were separated by 3um porous membrane in Transwell system. Fb
were seeded to the bottom well and left to rest overnight. Next day DCs were added to
the upper wells, irradiated and immediately activated with LPS/IFNy. Supernatants
were collected after 24 hours for assessment of IL-23 in ELISA. Experiment was
performed in singlicate and repeated for 3 different DC donors. A-representative
donor. B- collective data of all 3 DC donors tested.

Previously Schrimmer et al. demonstrated an important role of COX2-dependent
PGE2 for communication between FB and DC [727]. Addition of PGE2 to DC
immediately after irradiation and activation significantly increased IL-23 secretion
(p<0.05 in 3 donors and p<0.001 in 2 donors) (Figure 7.9 A, B). PGE2 secretion by
FB was reported to be COX2-dependent [726, 736], therefore we determined the
importance of COX2 for FB-dependent recovery of IL-23 secretion using the COX2
inhibitor, Indomethacin (Indo). In order to reduce the effect of Indomethacin on DC
activation, for these experiments MoDC were activated 3 hours before adding to FB
and irradiating. Importantly DC irradiated 3 hours after triggering with LPS/IFNy
down-regulated IL-23 (p<0.01) (Figure 7.9 C). Furthermore, FB up-regulated 1L-23
secretion by DC activated 3h prior to irradiation (Figure 7.9 C). Importantly no

reduction in DC or FB viability was seen upon Indomethacin treatment as assessed by

trypan blue staining (not shown). In the presence of Indomethacin, IL-23 secretion
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from DC-FB co-cultures was reduced to levels similar to those achieved in the

absence of FB (Figure 7.9 D, E).
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Figure 7.9 FB up-regulate IL-23 secretion by DC through PGE2 in a COX2-
dependent manner. A, B Irradiated DC up-regulated I1L-23 secretion in response to
PGE2. DC were irradiated with 6Gy and immediately activated with LPS/IFNy and
1uM PGE: for 24h. IL-23 levels in supernatants were measured by ELISA. A- 2
representative donors, B-collective data from 5 donors tested. C- FB up-regulate IL-
23 secretion irrespective of the timing of irradiation of DC. 3h post activation with
LPS/TFNy MoDC were added to confluent FB cultures and immediately irradiated
with 6Gy IR. IL-23 was measured by ELISA in supernatants collected 24h post
irradiation. Graph shows a representative donor out of 3 tested donors. D, E- Up-
regulation of IL-23 secretion from irradiated DC by fibroblasts is COX2 dependent.
FB were treated with Indomethacin (2uM) for 24h prior to (and throughout) co-
culture with irradiated DC. D-a representative donor. E-collective data from 3 donors
tested. Statistical significance was measured by the student t-test and two-way Anova
for collective data.

7.2.5 FB promote irradiated DC IL-23 responses through the cAMP pathway

Our earlier results indicated that IR inhibits IL-23 by phosphorylation of ATM. On
the other hand, recent reports showed that PGE2 up-regulates IL-23 secretion by
activation of cAMP-PKA signalling pathways [275]. Interestingly, Cho et al. showed

in lung cancer that cAMP signalling inhibits IR-dependent ATM phosphorylation
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[737]. Therefore, we dissected the molecular mechanism responsible for up-regulation

of IL-23 by irradiated DC co-cultured with FB.

To assess ATM activation in irradiated DC-FB co-cultures cells were separated by
0.3um porous membrane to ensure that pATM levels were measured only in DC. As
expected, irradiation of mDC resulted in ATM phosphorylation after 2h and this
persisted for at least 12h as demonstrated by intracellular staining with flow
cytometry (Figure 7.10). However, co-culture with FB did not suppress ATM
activation in irradiated DC suggesting that the support of DC function by FB was
independent of ATM. In contrast, the addition of a cAMP-active analog, forskolin, to

irradiated DC resulted in a dose-dependent increase of IL-23 (p<0.001 at 100ug,

Figure 7.11 A, B).
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Figure 7.10 Effect of Fb on ATM phosphorylation in irradiated DC. DC were
cultured alone or added to FB separated by 3um membranes in Transwell plates. After
resting for 1h cultures were IR with 0-6 Gy X-rays. 2h and 12h post-radiation
phospho-ATM was measured by intracellular staining with anti-phospho-ATM
antibody and assessed by FACS. Shown are 3 donors tested. Red line- DC alone, 0Gy,
orange line- DC alone 6Gy, blue line- DC/FB co-cultures 6Gy.
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Figure 7.11 Effect of c-AMP activation on IL-23 secretion by IR DC. MoDC were
irradiated with 6Gy of IR and immediately activated with LPS/IFNy and treated with
cAMP analog- forskolin (0, 1, 10, 100 pg). Supernatants were collected after 24h and
IL-23 was measured by ELISA. A- 3 donors tested, B-collective data of all donors
showing dose-dependent effect. Statistical significance was measured by the student t-
test for individual donors and two-way Anova for collective data.

7.2.6 FB permit irradiated DC to promote Th17 responses

The protective effect conferred by FB on Th17 responses was studied. Stimulation of
naive CD4" T cells through CD3/CD28 in the presence of conditioned supernatants
from activated DC elicited Th17 responses as shown by secretion of IL-17A (Figure
7.12 A, B). Furthermore, the addition of FB to DC enhanced IL-17 secretion by T
cells irrespective of exposure to IR. Interestingly Th17 responses closely followed
increases in IL-23 levels in supernatant of DC with FB. In 2 donors supernatants of
DC co-cultured with FB were characterised with 3 fold increases which corresponded
to 6 fold increase of IL-17 comparing with stimulation with DC sups alone. Irradiated
DC with FB resulted in a 2-fold increase in 2 donors and 1.3 fold increases in 1 donor

which corresponded to 4 and 3 fold increase of IL17 respectively.
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Figure 7.12A FB promote Th17 responses. A — DC monocultures or DC-FB co-
cultures were irradiated or left untreated and immediately activated with LPS/IFNy.
10 hours after activation 90% of the supernatants were replaced with fresh DC media.
IL23 levels were measured in supernatants collected 24 hours after DC activation.
Naive CD4Tcells were activated with antiCD3/antiCD28 in the presence of
supernatants for 5 days, then rested for 2 days and re-activated with anti-CD3/anti-
CD28 for 48h. Supernatants were collected for measurement of IL-17 by ELISA.
Graphs show IL-23 levels in DC/FB cultures and corresponding IL-17A levels from
T-cells stimulated with respective sups. Statistical significance was measured by the
student t-test. B- Naive CD4+CD45RA+T-cells were co-stimulated for 5 d with anti-
CD28/CD3 in the presence of DC/FB supernatants. After resting for 2 d, cells were
re-stimulated with anti-CD3/anti-CD28, treated with Brefeldin A to inhibit cytokine
secretion and IL-17A release was determined by FACS. Data shows 2 tested donors.
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Figure 7.12B. FB promote Th17 responses. A — DC monocultures or DC-FB co-
cultures were irradiated or left untreated and immediately activated with LPS/IFNy.
10 hours after activation 90% of the supernatants were replaced with fresh DC media.
IL23 levels were measured in supernatants collected 24 hours after DC activation.
Naive CD4Tcells were activated with antiCD3/antiCD28 in the presence of
supernatants for 5 days, then rested for 2 days and re-activated with anti-CD3/anti-
CD28 for 48h. Supernatants were collected for measurement of IL-17 by ELISA.
Graphs show IL-23 levels in DC/FB cultures and corresponding IL-17A levels from
T-cells stimulated with respective sups. Statistical significance was measured by the
student t-test.B- Naive CD4+CD45RA+T-cells were co-stimulated for 5 d with anti-
CD28/CD3 in the presence of DC/FB supernatants. After resting for 2 d, cells were
re-stimulated with anti-CD3/anti-CD28, treated with Brefeldin A to inhibit cytokine
secretion and IL-17A release was determined by FACS. Data shows 2 tested donors.
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7.3 Discussion

Studies on the impact of the stromal microenvironment on immunity are important as
immune cells are in constant cross-talk with their stroma during each and every stage
of the immune response. Stromal cells can affect a wide range of DC functions
including maturation, homing to lymph nodes, and subsequent polarization of T-cell
responses [3, 725, 726, 738]. The present study investigated the ability of stroma to
modulate the outcome of therapeutic interventions directed towards immune system.
Our previous work established that IR inhibits the cytokine response, in particular IL-
23, of DC and Mg. On the other hand, recent report demonstrated that stromal FB
support IL-23 production by activated DC [726]. Therefore, we addressed the
hypothesis that FB, cells which are known to be relatively radio-resistant [732],

continue to support the function of APC in the presence of IR.

In agreement with previous reports [727], FB up-regulated IL-23 secretion by MoDC
while effect on IL-12, IL6, IL-1p and IL-10 was inconsistent. Furthermore, FB up-
regulated IL-23 secretion by freshly isolated SlanDC. Importantly FB did not secrete
detectable levels of IL-23, IL-12, IL6, IL-1P or IL-10 regardless of the presence of
TLR4 stimuli. Interestingly several authors reported the presence of TLR on FB and
IL-6 secretion by TLR4 stimulated FB has been noted [374, 739]. The difference in
our findings may reflect differential anatomic origins of FB [740]. In addition, Wang
et al. [374] described significantly increased expression of TLR4 receptors on dermal
hypertrophic FB compared to FB from healthy skin suggesting a role of prolonged
activation for TLR4 expression by dermal FB. We may therefore hypothesize that the

levels of FB TLR4 in our system were insufficient for maximal LPS responses. It
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would be interesting to assess levels of TLR4 expression on FB cultured separately

and with activated DC.

The effect of FB on IL-23 secretion by M was donor-dependent. Mo express all four
EP receptors however similar to DC, PGE2 exert effect through EP2 and EP4 [289,
741]. It is plausible that the inconsistency in FB-dependent modulation of 1L-23
secretion may be due to receptor polymorphisms and requirement for a stronger
stimulation to affect cytokine secretion [742]. Possibly increasing the ratio of FB:Mo
in co-culture would result in up-regulation of IL-23 secretion by Mg in all donors.
However, it needs to be mentioned that FB were cultured at 100% confluency while
further reduction of M@ numbers in co-culture in order to change the FB:M¢ would

result in reduced cytokine levels and increased experimental errors.

Since FB consistently up-regulated IL-23 secretion by MoDC our further work
focused on this cell subset. Primary FB and FB cell line demonstrated radio-resistance
in regard to viability. It should be noted that this is in the context of early cell death
and apoptosis as cell viability was measured at 24h. FB treated with repeated doses of
IR were reported to remain viable but enter premature senescence and altered
phenotype promoting tumour growth and invasion as well as rendering adjacent
tumour more radio-resistant [296, 731, 732]. Even a single dose of 4Gy was shown to
cause a prolonged growth arrest in FB [731] leading to senescence. This however was
not observed by other researchers [732] who reported the requirement of repeated IR
treatments to induce premature senescence and therefore altered phenotype. Our
results agree with the latter report showing that primary dermal FB sustain single dose

as high as 10Gy without developing senescence.
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We also assessed the effect of IR on FB in functional assays. Previous reports show
conflicting evidence regarding regulation of PGE2 by gingival FB irradiated with
low-level diode laser [743, 744]. FB are characterised by extreme positional diversity
and cells from various body locations can respond differentially to similar insults
[745]. In our model, irradiation of dermal FB activated with TNFa and IL1f did not
affect PGE2 secretion or their capacity to augment IL-23. This suggests that irradiated
FB are unimpaired in their ability to produce PGE2 and are capable to respond to
environmental signals. Both irradiated and non-irradiated FB did not secrete
measurable amounts of IL-6, IL-12, IL-23 or IL-10. The relative resistance of dermal
FB to IR within the first 24h is likely due to their important role in initialising and

maintaining immune responses to the tissue insult [746].

Schrimmer ef al. identified the ability of FB to promote IL-23 secretion by DC via
COX2-dependent PGE2 release by activated FB [727]. Our results support these
findings in the additional setting of IR. Inhibition of COX2 abrogated the enhancing
effect of co-cultures after irradiation. It should be noted that Indomethacin is a non-
specific inhibitor which affects both COX1 and COX2. Therefore, it is important to
consider potential off target effects. For further confirmation, COX2-specific
inhibitors such as NS-398 could be used. To evaluate the involvement of PGE2,
irradiated DC were stimulated with exogenous PGE2 which resulted in increased IL-
23 secretion. Physical isolation of the cells had no impact on IL-23 release and

supported the notion that the effect was independent of cell-cell contact.
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Interestingly, although FB recovered IL-23 production by irradiated DC, the levels
were nevertheless lower than those obtained from non-irradiated co-cultures. FB
functions were not affected by IR. Furthermore, as shown earlier, there was no
impairment in the ability of irradiated DC to secrete IL-1 and TNFa required for
PGE?2 secretion by FB. Therefore, irradiated DC are able to sustain their ability to
activate FB. We therefore hypothesized that irradiated DC are impaired in their ability
to fully respond to PGE2. According to recent reports, PGE2 stimulates 1L-23
secretion by DC through cAMP/PKA activation [275]. On the other hand, IR down-
regulated IL-23 through phosphorylation of ATM. Interestingly, Cho ef al. recently
demonstrated that cAMP signalling is able to inhibit radiation induced

phosphorylation of ATM in lung cancer [737] (Figure 7.12).
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Figure 7.13. Proposed signalling transduction pathways involved in regulation of
IL-23 secretion by irradiated DC. PGE2 secreted by stromal cells activates
cAMP/PKA signal transduction pathway through EP2/EP4 leading to increased
secretion of IL-23 by activated DC. PGE2 effect can be mimicked by cAMP active
analog — forskolin. Activation of PP2A blocks phosphorylation of IR-induced ATM.
In contrast pATM renders inhibitory effect on CREB causing down-regulation of IL-
23 production [289, 737].
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Addition of forskolin resulted in an increase of IL-23 secretion by irradiated DC to
levels similar to those from irradiated DC co-cultured with FB suggesting the role of
cAMP activation in FB-DC co-cultures. However, in contrast to Cho et al. co-culture
of irradiated DC with FB did not affect DC pATM levels despite up-regulated 1L-23
[737]. The disparity between these results may be due to differences in timing of
cAMP and ATM activation. In Cho ef al., cAMP was activated before irradiation
allowing blocking of phosphorylation of ATM by activated PP2A [737]. In our
model, DC were irradiated before activation and stimulation from FB. Since ATM
becomes phosphorylated within 15 minutes of exposure to IR, signals received from
FB may reach DC too late to inhibit this process. It is therefore even more important
that up-regulation of IL-23 secretion by FB occurs despite ATM activation. We may
hypothesise that positive signalling through cAMP is stronger than inhibitory signals
from pATM. It remains possible that the main signalling occurs through EPAC/CBP

or other unknown down-stream signalling molecules [555] (Figure 7.13).

The supernatants from DC-FB co-cultures enhanced Th17 responses above these
obtained with DC alone. PGE2 promoted Th17 directly and in conjunction with IL-23
[747, 748]. In our model the concentration of PGE2 secreted by FB was unaffected by
IR. On the other hand, changes in IL-17 reflected differences in IL-23, demonstrating
the biological importance of FB-dependent IL-23 secretion in regulation of adaptive
immunity. In summary, we show that although IR inhibits IL-23 secretion by TLR-
triggered DC, their ability to stimulate stromal FB via TNFa and IL-1f remains
unaffected. Activated FB are radio-resistant and counteract inhibitory effect of IR in a
COX2 dependent manner which results in up-regulation of IL-23 secretion by DC and

enhanced Th17 responses (Figure 7.14).
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Figure 7.14. Model of DC-FB crosstalk governing 1L-23 dependent Th17
responses after irradiation. A- TLR-activation of DC in mono-culture elicits
secretion of IL-1f, IL-6 and IL-23 which prime Th17 responses. B- The addition of
FB to DC provides an important feedback loop that serves to enhance IL-23 secretion
and thus augments Th17 responses. C- Irradiation of DC mono-cultures selectively
inhibits IL-23 secretion. D- However, the presence of FB ensures that irradiated DC
continue to secrete sufficient IL-23 to generate Th17 responses. Importantly, the
irradiation of FB does not hinder their reinforcement of IL.-23 responses.
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Overall, our study confirms the importance of stromal cells such as FB in modulating
immune responses and reinforce the fact that APC do not act alone and their effect
depends on signals received from their environment. It also highlights the need to use
multicellular systems in aim to understand cells behaviour in the context of their
microenvironment. Our single cell model showed that irradiation strongly down-
regulates IL-23 secretion by DC and M¢. However, the effect of IR on DC is
significantly diminished by addition of FB. This translated to enhanced Th17
responses in a post-RT environment (Figure 7.13). These results support the role of
FB as master regulators of IL-23-1L-17 axis where DC initiate responses which are
then potentiated by FB. Since IL-17 is a critical factor driving post-radiation fibrosis
[24] this work identifies a potential mechanism for the pathological consequences of

radiation and chemotherapy [25, 61].

In our system, we modelled the immediate effect of single dose of IR on modulation
of DC function by stromal FB from healthy donors. Our next steps will focus on
expanding our model to include multiple fractions of IR as well as using TAF and
APC from cancer patients. We will also look at the effect of senescent FB on APC
and T-cell responses as such interactions may paly important role in tumour
promotion of sites subjected to fractionated RT and chemotherapy protocols as well as
in older patients [731, 732, 749]. Improved insight into the complex net of
interactions between immune system and stroma is necessary for understanding how
pathologies develop and are maintained. It will also allow designing more targeted

therapies and may provide new targets for therapeutic interventions.
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Chapter 8 Final discussion

The role of research on environmental modulation of APC

in designing modern immunotherapy

8.1 The importance of environmental factors for designing improved
immunotherapy modulations.

The past decade has seen remarkable advances in the development of immunotherapy
protocols against a number of diseases raging from cancer [750-755] through
autoimmune disorders such as diabetes [756, 757], movement disorders caused by
neuroinflammation for example Parkinson’s Disease [758] or graft-versus-host
disease [759]. These advances were fuelled by discoveries regarding mechanisms
governing immune functions as well as novel ways of modulating the behaviour of
immune cells. However, the effectiveness of immunotherapies is often underscored by
the restrictions in our knowledge concerning the influence of environmental factors
on immune cells and their impact on the response of immune cells to the concomitant
therapy. For example, only recently TAM¢ have been found to play important role in
the effectiveness of the PD1-PDL1 axis blockade [760]. Arlauckas et al. [761]
showed that Mo can remove anti-PD1 antibodies from T-cells, reducing their
response while, Gordon ef al. [762] demonstrated that Mo can also express PD1 on
their surface, which impairs their phagocytic activity and consequently anti-tumour
immunity. Furthermore, unintended effects of traditional therapy such as RT or
chemotherapy on immune cells are now thought to play a role in the lack of
effectiveness of these therapies and the development of debilitating side effects such

as fibrosis [646, 653].
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Our work addressed some of the effects of environmental factors on M@ and DC
behaviour. Recently Mg became one of the targets of immunotherapy utilising
various methods including repolarisation efforts, depletion etc. Mg are renowned for
their extreme plasticity, however our findings demonstrate the importance of initial
factors in directing M phenotype and restrictions in their ability to fully repolarise
upon subsequent challenge. Mo differentiated in the presence of M-CSF and activated
with LPS and IFNy were deficient in their ability to secrete IL-12 and IL-23 compared
to Mo generated with GM-CSF. The consequences of differentiation conditions were
especially striking with regards to IL-23 secretion which was markedly down-
regulated. In contrast the outcome of M-CSF on IL-12 secretion was less pronounced.
The effect of IFNy favouring IL-12 responses over 1L-23 was shown also in
combination with the TLR7/8 agonist, R848. While IFNy increased IL-12 and
decreased IL-10 secretion by R848 activated Mg, it failed to exert significant effect

on IL-23 demonstrating the specificity towards Thl responses.

Current therapeutic efforts concerning M often focus on a complete change of their
polarisation from anti- to pro-inflammatory state in the case of cancer and vice versa
for autoimmunity. However, a complete change of polarisation requires a change in
expression of many genes as demonstrated by Martinez et al. [590]. In contrast, our
results suggest the possibility to fine-tune Mo functions, at least with regards to IL-
23, rather than completely re-polarise. Solid tumours contain TAMg of a mixed
phenotype and simultaneously utilise their pro and anti-inflammatory properties to
promote tumour growth, invade and metastasise. While M@1 found in tumours often

relate to a more favourable prognosis than M2 [661], they can still promote tumour
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growth through factors such as IL-23, which stimulates angiogenesis and chronic
inflammation [309, 310]. Therefore, focusing research on the development of
strategies promoting desired aspects of M@ biology may bring considerable
advantages over complete repolarisation. So far, our research was restricted to two
different methods of M¢ differentiation and a limited number of activating/polarising
stimuli. Future work should aim to expand differentiation protocols to more closely
imitate immune-inhibitory conditions occurring in tumour micro-environments.
Alternately, using IL-17 or immune complexes during differentiation can generate

Mo with phenotypes akin to those in autoimmune disorders.

The aforementioned restrictions in Mo plasticity constitute yet another important
factor requiring consideration for the design of immunotherapy protocols. In addition
to the influence of environmental cues during M¢ differentiation from Mo, we also
describe the ability of M to develop innate memory in response to LPS and IFNy.
Our results are supported by work by Mackaness et al.[608] who showed that M¢ are
in a state of higher activity following response to IFNy secreted by T-cells.
Furthermore, in agreement with our results, Goodridge et al. [763] postulated that
innate memory may develop at the stage of M differentiation from Mo or later
during their activation. Moreover, innate memory may persist due to the presence of
self-renewing Mg in tissues or due to the influx of exposed Mo which yield M¢ with

altered functions.

The concept of innate memory gained recognition only recently. It has been

implicated in some of the positive effects of vaccine adjuvants as well as protection

against secondary infections [352, 609, 764]. We may speculate its involvement in the
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maintenance of autoimmune disease where initial injury results in APC-mediated
stimulation of adoptive responses. These in turn support chronic M¢ activation in a
self-perpetuating mechanism. The implications of this for designing of
immunotherapy protocols are both positive and negative depending on the context. On
one hand, it may not be possible to change resident M¢ to the desired polarisation
state. In that case M¢ depletion could be considered together with application of
factors promoting more favourable differentiation conditions for newly arrived Mo
such as injections of GM-CSF. On the other hand, the phenomenon of innate memory
may be used to an advantage by specific priming of M. In this respect, it would be
interesting to investigate whether M demonstrate any degree of specificity
respectively to the priming factor. We showed different responses of Mg with regards
to treatment with LPS (inhibition) and IFNy (activation). It is plausible that other
factors may also trigger specific phenotypic alterations. Furthermore, it would be
interesting to examine whether it is possible to overcome M¢ innate memory with
specific triggers. In this regard, we already established that IFNy can, to certain
degree, overcome the inhibitory effect of LPS. Such methods could be used for

example in the treatment of autoimmune diseases maintained by activated M.

8.2 The importance of environmental factors in understanding immune-
mediated consequences of therapeutic applications

Chemotherapy or RT may reshape the tumour microenvironment which inadvertently
modulates the biology of APC. Indeed, Pinto ef al. [646] showed that RT promotes a
pro-inflammatory M¢ phenotype preserving their pro-angiogenic properties. On the
other hand, Merrick et al. [707] reported immunosuppressive effects of IR on DC

characterised by down-regulation of IL-12 and reduced capacity to prime naive T-
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cells. Other studies [765] reported that irradiated DC were impaired in their ability to
prime T-cell against endogenously processed Ag but enhanced priming against
exogenous Ag demonstrating the complexity of the interplay between radiation and
DC function. Our results confirm the immuno-regulatory effect of IR and demonstrate
that not all genes are adversely affected. IR selectively down-regulated 1L-23
secretion by both Mg and DC. Although IL-12 secretion by irradiated DC was
reduced, this was less pronounced. Furthermore, there was no effect of IR on IL-12

secretion by Mo suggesting differential regulatory pathways in M¢ and DC.

Recently Schirmer et al. [727] reported that FB up-regulate IL-23 secretion by DC.
This prompted us to question whether FB continue to up-regulate IL-23 secretion by
DC in the presence of IR. Indeed, the attenuating effect of IR on IL-23 secretion by
DC was largely diminished in the presence of FB. Since the IL-23-Th17 axis is
implicated in the development of idiopathic and radiation-induced fibrosis, our work
identifies a potential mechanism for the pathological consequences of radio- and
chemotherapy [766-768]. Importantly these results demonstrate how important it is to
consider the contribution made by bystander stromal cells when interpreting single-

cell studies and the need for comprehensive, multi-cellular, pre-clinical models.

Fibroblasts were relatively radio-resistant to IR. Previous reports have shown that
persistent DNA damage due to chemotherapy or RT activates FB and triggers
premature senescence characterised by secretion of inflammatory mediators such as
IL-6 [730-733]. According to some reports even a single dose of IR may trigger their
senescence [732]. It would be interesting to study whether the effect of senescent FB

on DC and Mg is stronger due to higher levels of secreted cytokines. Furthermore,
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future studies should address the response of M@/DC-FB co-cultures to cumulative
doses of IR, using the same fractionated scheme as used in cancer patients.
Considering the pro-inflammatory phenotype characteristic for senescent cells it is
possible that long-term genotoxic stress may result in an augmentation of APC-FB
cross talk and even stronger promotion of IL-23 secretion.

8.3 Emploving discoveries from studies on environmental regulation of immune
system to create novel targets for immunotherapy

Although the roles of IL-23 in autoimmunity and cancer are well described, the
molecular pathways governing its secretion remain largely unknown. Therefore, we

investigated the regulatory mechanisms involved in modulation of IL-23 responses.

A key finding was that the effect of IR on IL-23 secretion by M¢ and DC was ATM-
dependent. Although the canonical function of ATM is to direct appropriate response
to DNA damage, evidence of its involvement in regulation has, in recent years, started
to emerge. ATM regulates the production of IL-8, MIP-1a and IL-6 and delays
apoptosis in LPS activated neutrophils [769]. Moreover, inhibition of ATM in
monocytes increases the levels of IL-1f, IL-6 and TNFa in response to TLR4
activation [769]. On the other hand, A-T patients often display severe
immunodeficiency [556]. Furthermore, ATM governs the expression of IFN-y and
IFN-a genes in T-cells [563]. Therefore, the effects of ATM on immune functions

seem multifaceted.

Our results support the notion of immunomodulatory functions of ATM. Inhibiting

ATM activation with the small molecule inhibitor KU55933 did not adversely affect

DC viability therefore presenting ATM as a potential novel target for immunotherapy.
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Surprisingly, we found that the mechanism of FB-dependent IL-23 production by
irradiated DC was independent of ATM activity and instead mediated through the c-
AMP pathway. c-AMP was previously implemented in the induction of IL-23

secretion by PGE; [289].

Both ATM and c-AMP exert their effect via CREB-CBP interactions with ATM
inhibiting CREB function while c-AMP promotes CREB/CBP interactions [289, 555].
In our multicellular model, we showed simultaneous activation of two autonomous
pathways (one governed by ATM and another by c-AMP) required a decision to be
made by the receiving APC. Targeting c-AMP in DC therefore may help to reduce the
incidence of post-RT fibrosis. However, cAMP activation in FB was linked to
reduced fibrosis due to disruption of epithelial-mesenchymal transformation (EMT)
and down-regulation of Epac expression by pro-fibrotic agents such as TGF-f or
angiotensin II and agents augmenting cAMP activity have been proposed for the
treatment of fibrosis [770-772]. In such a setting, multi-cellular models demonstrated
potential advantages over single-cell systems by providing additional targets that
influence the cross-talk between cells. We show that the cross-talk between FB and
DC depends on the ability of DC to secrete TNFa and IL-1 which induce COX2-
dependent secretion of PGE; by FB. FB-derived PGE2 stimulates cAMP which
overcomes the ATM-dependent inhibition of IL.-23 secretion. Targeting any of these
elements may potentially successfully disrupt the cross-talk between FB and DC

resulting in a decrease of IL-23 and consequently IL-17.

Overall our results highlight the importance of studies on the environmental

regulation of APC functions and the value of multicellular models for the
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development of new therapeutic strategies as well as understanding pathologies.
Designing appropriate multicellular systems for testing therapeutic approaches in
vitro has tremendous potential to increase the detection of possible failings by the
proposed therapy schedule before entering clinical trials. This will improve the
economic outcome and allow for faster implementation of possible changes in the

protocol therefore positively impacting on the “bench to bed” research.

8.4 Conclusions and future directions

APC continuously interact with microenvironment through their life span, beginning
from their generation in a bone marrow and continuing through the evolving disease
process. During this time APC are under constant influence by external factors
including other cells and therapeutic interventions which also mutually influence each
other. Our understanding of APC is largely based on binary premises, for example
immature vs mature, or M1 vs M2. However, it is increasingly apparent that, whilst
valuable, such concepts fall short of explaining the dynamic, multi-stage changes that

occur in the life span of these cells.

Our work addressed a hypothesis that earlier encounters with pro- and anti-
inflammatory stimuli modify the response of Mo to subsequent challenge therefore
demonstrating restrictions in their plasticity and presence of innate memory. These
findings demonstrate restrictions in Mo plasticity imposed by initial conditioning and
suggest the development of innate memory with a degree of specificity. Our current
work examined the key-representative features of pro- and anti-inflammatory Mo —
namely IL-23, IL-12 and IL-10 with a narrow range of co-stimulatory molecules.
This should be further expanded to fully address the effect of M conditioning on

their instruction of T-cell responses. Furthermore, we described a general model of
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pro- and anti-inflammatory M¢ which will form a basis for further work on specific
Mg populations with a focus on TAMe¢. Since Mg are non-proliferating cells, the
required number of cells to perform experiments cannot readily be extracted from a
tumour tissue. To overcome this challenge, TAM¢ are often generated in the presence
of cytokines such as IL-6 and IL-10 which are typically abundant in cancer
environment. Alternatively, co-cultures of M¢ with cancer cells or in the presence of
tumour cell supernatant can be utilised to produce TAMg specific for a desired type

of cancer.

During the progression of a disease process, such as cancer, immune cells residing in
the stroma are affected by both microenvironment and therapeutic interventions. We
show for the first time, that therapeutic doses of IR suppressed IL-23 secretion by DC
and Mo and consequently the resulting Th17 response. However, the effect on DC
was abrogated by the presence of FB. This highlights the importance of employing
multi-cellular systems to better understand biology. Our current model is based on
APC and healthy FB therefore may reflect the outcome of RT on healthy tissues.
Although, it is important to understand the mechanisms of mutual interactions in
healthy tissues, it is plausible that using cells from tumour tissues will result in a
different outcome. To fully elucidate the effect of RT in cancer, further work should
utilize tumour-associated APC and TAF. Furthermore, expanding our two-cell culture
model to include cancer cells will allow to better reflect the conditions prevailing in
human cancer. In this respect, breast and lung cancer models can present valuable
insights into the understanding of short and long-term side-effects of RT such as
fibrosis. Although our experiments concluded at 1-2 days following a single RT dose,

future work should evaluate later time-points and consider multiple RT doses over a
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period of time (5-7 days). Such an experimental regime was utilized by Pinto af el.
suggesting a pro-inflammatory effect of IR on M¢. [646]. Furthermore, prolonged
culture of FB following radiation or increase in a total cumulative dose may results in
the development of senescence therefore profoundly affecting their interactions with
other cells. The invention and validation of ever more complex in vitro systems that
may include relevant matrix components, flow (both vascular and lymphovascular), 3-
dimensional culture, microgravity, oxygen-potential, pH etc have the potential to
provide physiological models far in advance of current technology. These systems
have the potential to increase our understanding of cell-biology and replace current

state-of-the-art tools such as patient-derived xenograft (PDX).
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Fig S.1A Effect of LPS and IFNy dose on IL-12 secretion by MoM¢. GM-M¢
(blue) and M-Mg (red) from 6 donors were activated with increasing doses of LPS
(0.05-50pug) and IFNy (10-10000 IU). The secretion of IL-12p70, was measured at
24h by ELISA. Each experiment was performed in singlicate.
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Fig S.1B Effect of LPS and IFNy dose on IL-23 secretion by MoM¢. GM-Mo
(blue) and M-Mg (red) from 6 donors were activated with increasing doses of LPS
(0.05-50pug) and IFNy (10-10000 IU). The secretion of IL-23, was measured at 24h by
ELISA. Each experiment was performed in singlicate.
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Figure S.2A Comparison of the effect of LPS and R848 stimulation on cytokine
secretion by MoM¢@. M-Me and GM-Mg from 5 donors (Fig. S2A-E) were
stimulated with LPS (S5pg/mL) or R848 (40ug/mL) in the presence or absence of IFNy
(1000IU) and IL-4 (20ng/mL). Supernatants were collected 24h later and cytokine
levels measured by ELISA. Shown is mean + SD of triplicate stimulation for each

condition.
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Figure S.2B Comparison of the effect of LPS and R848 stimulation on cytokine
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(1000IU) and IL-4 (20ng/mL). Supernatants were collected 24h later and cytokine
levels measured by ELISA. Shown is mean + SD of triplicate stimulation for each

condition.
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Figure S.2C Comparison of the effect of LPS and R848 stimulation on cytokine
secretion by MoM¢@. M-Me and GM-Mg from 5 donors (Fig. S2A-E) were
stimulated with LPS (5pg/mL) or R848 (40ug/mL) in the presence or absence of IFNy
(1000IU) and IL-4 (20ng/mL). Supernatants were collected 24h later and cytokine
levels measured by ELISA. Shown is mean + SD of triplicate stimulation for each

condition.
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levels measured by ELISA. Shown is mean + SD of triplicate stimulation for each

condition.
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