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Abstract
The stress response enzyme, Heme Oxygenase 1 (HO-1), has been identified as an important
immunomodulator which is highly upregulated in response to cellular stress and inflammation.
HO-1 catalyses the conversion of free heme into the linear tetrapyrroles (LTPs), biliverdin (BV) and
bilirubin, with the concomitant release of carbon monoxide. Interestingly, HO-1 and its reaction
products have been reported to be protective in various models of autoimmune and inflammatory
disease. Despite the promising therapeutic potential of the HO-1 system, implementation of HO-
1-based therapies is hindered by the lack of clinically suitable HO-1 inducers and products. The
plant-derived polyphenols, carnosol and curcumin, have been identified as candidate HO-1
inducers, however, there has been limited investigation into their effects on human immune cells.
Furthermore, the marine-derived LTP, phycocyanobilin (PCB), is a structural analogue to BV, yet

their anti-inflammatory activities have not been directly compared.

In order to determine whether carnosol, curcumin and PCB are viable alternatives to currently-
available HO-1 modulators, and to learn more about the HO-1 system in general, this study
investigated their effects on the immunologic and metabolic functions of human dendritic cells
(DC) and peripheral blood mononuclear cells (PBMC). The results demonstrate that carnosol and
curcumin effectively regulate the maturation and pro-inflammatory functions of human DC,
through HO-1 dependent inhibition of mitogen-activated protein kinase signalling. Additionally,
PCB was found to display similar efficacy to BV as an immunomodulator in human DC, and both
BV and carbon monoxide were identified as important mediators of HO-1 anti-inflammatory
activity in DC. Carnosol and curcumin also regulated the metabolic reprogramming of activated
DC and PBMC, and a novel signalling pathway involving AMP-activated Protein Kinase-dependent
upregulation of HO-1 by these polyphenols was uncovered in the course of this study. Treatment
of PBMC and CD4" T cells with carnosol or curcumin was additionally found to significantly reduce
T cell proliferation and pro-inflammatory cytokine production. Finally, the anti-inflammatory
effects of these polyphenols observed in healthy human PBMC was applied to the context of
psoriasis through investigation of their efficacy in ex vivo psoriasis patient PBMC. Curcumin, but
not carnosol, significantly inhibited T cell proliferation and cytokine poly-functionality, with
reduced expression of the psoriasis-associated cytokines IFNy, IL-17, GM-CSF and IL-22 observed
in curcumin-treated PBMC. These results therefore describe the immunological effects of
carnosol, curcumin and PCB in human immune cells, and, furthermore, provide important insight
into the mechanism of action of HO-1 in human DC, and its relationship to immunometabolism.
Thus, this study supports the use of these naturally-derived compounds as alternative modulators

of the HO-1 system, with relevance for the treatment of autoimmune and inflammatory diseases.
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Chapter 1:
Introduction



1.1 The Immune System

The immune system is comprised of an intricate network of organs, cells and soluble mediators
which are specialised to protect the host from infection and cellular damage. The mammalian
immune system is described as having two main ‘arms’; the innate and adaptive immune systems.
The innate immune system is evolutionarily the oldest part of the modern day immune system,
and represents the host’s first line of defence against invading pathogens (1). Innate immune
defences include physical and chemical barriers to pathogen entry and immune cells such as
neutrophils, monocytes and macrophages which rapidly recognise and respond to any pathogens
which overcome these barriers and gain entry to the host. The innate immune response is often
sufficient to resolve minor infections, however when pathogens manage to overcome these

defences, the adaptive immune system is activated.

The adaptive immune system, comprised of T and B cell lymphocytes, evolved more recently than
the innate immune system and is confined to vertebrates (2,3). Although it is slower to respond
to infections (typically taking days to mount an immune response after infection), it has significant
advantages such as high specificity and immunological memory. The adaptive immune response
is initiated after a specific pathogen-derived antigen is presented to a T or B cell by antigen-
presenting cells (APCs) of the innate immune system. This confers a higher degree of specificity in
the response against the pathogen, as only T or B cells with receptors to that antigen are
competent to respond. Importantly, the adaptive immune response generates long lived
immunological memory towards specific pathogens as responder cells remain in circulation for
weeks, years or even decades, and can mount a quicker immune response in the event of

reinfection (3,4).

Together, the innate and adaptive immune systems synergise to protect the host from infection
and other threats such as cancer and cell damage. However, defects in the immune system can
result in disease where immune responses are insufficient or mounted inappropriately against the
host. Chronic infection, cancer, auto-inflammatory and autoimmune diseases are all products of
a malfunctioning immune system and represent major threats to human health; it is essential,
therefore, to understand how the different components of the immune system function and
interact with each other, as well as how they can be modulated to develop novel treatments for

immune diseases.

1.2 Regulation of the Immune Response

For animmune response to be successful it must be induced in a timely manner, be of appropriate

specificity and magnitude to the threat encountered, and resolved after the threat has been



eliminated. To achieve this, the immune system has evolved numerous mechanisms to ensure it
is able to rapidly recognise and distinguish between different pathogens, prevent inappropriate
activation against benign or self-targets, and switch off activated immune cells once they are no
longer required. These mechanisms include the development of immune cells with specialised
effector and regulatory functions, signalling pathways that allow rapid and restricted immune cell
activation, as well as modulation of broader cellular functions such as metabolic programming.
Integration of these mechanisms is necessary to ensure appropriate regulation of the immune

response.

1.2.1 Pattern recognition & signalling

In order to mount an immune response against a pathogen without inappropriately targeting the
host’s own healthy cells the immune system must be able to distinguish ‘self’ from ‘non-self’. In
the case of the innate immune system, which must be able to promptly recognise and react to
pathogens, this distinction is performed by an array of ‘pattern recognition receptors’ (PRRs). PRRs
detect broad molecular signatures, termed ‘pathogen associated molecular patterns’ (PAMPs),
which are common to many different varieties of bacteria, fungi, protozoa and viruses. This allows
the innate immune system to quickly initiate the correct response towards the type of pathogen
detected (4). PRRs are also capable of recognising ‘damage associated molecular patterns’
(DAMPs) which are endogenous molecules that signal that cell damage has occurred; this allows
for recruitment of immune cells to sites of cellular stress to resolve the cause of damage and

facilitate tissue repair (5,6).

While there are numerous different PRRs, with each cell type expressing its own repertoire, they
are broadly organised into families including Toll-like receptors (TLRs), NOD-like receptors (NLRs),
RIG-I-like receptors (RLRs) and cytosolic DNA sensors (7). TLRs are the most extensive and best
studied family of PRRs, expressed both on the surface of cells and within the cytoplasm, and can
detect PAMPs from bacteria, fungi, protozoa and viruses, as well as DAMPs. For example, TLR4,
the ‘classical’ TLR, is a cell surface receptor which recognises lipopolysaccharide (LPS) present on
the surface of gram-negative bacteria (4,7,8). In contrast, NLRs, RLRs and cytosolic DNA sensors
are only found in the cytoplasm and can recognise different microbial PAMPs and endogenous
DAMPs. Together the various families of PRRs provide a wide range of mechanisms to detect
pathogens and stressed cells, with multiple receptors capable of detecting the same PAMPs and
DAMPs. This provides redundancy in pattern recognition resulting in greater signal amplification

and protection against pathogens which manage to avoid detection by certain PRRs.



Once activated, PRRs initiate an immune response appropriate for the PAMP or DAMP detected.
This can be mediated by different signalling pathways depending on the PRR activated but in most
cases culminates in the activation of transcription factors including NF-kB, IRF3/7 or AP-1, which
upregulate genes encoding immune mediators such as cytokines or receptors depending on the
cell type. TLR signalling is primarily conducted via recruitment of adaptor proteins containing TIR
domains such as MyD88, TRIF, TRAM and TIRAP to the TIR domains of the TLRs. Association of this
protein scaffold around the TLR results in the activation of IRAK kinases which facilitate
downstream signalling including the activation of mitogen activated protein kinases (MAPKs) and

transcription factors (7-10).

Signalling via NLRs is unique, as while many NLRs activate MAPKs and transcription factors upon
detection of PAMPs or DAMPs, certain NLRs instead initiate the formation of the inflammasome;
alarge, multi-protein complex which facilitates the cleavage of caspases to produce mature forms
of IL-1 family cytokines. The inflammasome is typically composed of an NLR sensor, the adaptor
molecule ASC and pro-caspase 1; the best studied and most well-known of these being the NLRP3
inflammasome. Upon association with ASC, pro-caspase 1 undergoes self-cleavage and is released
as the enzymatically active caspase 1. Caspase 1 cleaves both pro-IL-1B and pro-IL-18 into IL-1
and IL-18 respectively, which are potent members of the IL-1 cytokine family that strongly induce
acute inflammation and pyrexia as well as influencing immune cell recruitment and polarisation
(11). NLRP3 recognises various PAMPs and DAMPs, however inflammasome formation is
described as a ‘two step’ process, requiring two separate signals or activators. The first step
requires recognition of a PAMP or DAMP by PRRs, resulting in activation of NF-kB and the
upregulation of the inflammasome components NLRP3, pro-IL-18 and pro-IL-18; this is often
referred to as the ‘priming’ event. The second step involves integration of another signal which
causes the oligomerization of the inflammasome components; the exact source and transduction
of this signal is debated, with DAMPs such as ATP and particulates having been identified as
effective NLRP3 agonists, however most theories of NLRP3 activation agree on either K* efflux,
reactive oxygen species (ROS) generation or other cellular damage produced by triggers acting
elsewhere in the cell (11-13). In this way, NLRP3 is capable of responding to multiple different
stimuli, as it does not appear to directly contact PAMPs or DAMPs, and acts as a ‘master’ sensor
of infection and cellular stress to regulate production of the highly pro-inflammatory cytokines IL-

1B and IL-18.

In summary, pattern recognition by the innate immune system is a robust mechanism of rapid
detection and response to infection and cellular damage. Much of innate immune cell activation

also centres on the formation of the inflammasome, which acts to regulate production of the
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potent IL-1 family cytokines by requiring the convergence of multiple signals for the release of
their active forms. Indeed, inappropriate activation of PRRs and the inflammasome has been
implicated in many non-infectious diseases such as atherosclerosis and osteoarthritis (14,15), and
auto-inflammatory diseases such as the cryopyrin-associated periodic syndromes (CAPS) (12). It is
therefore important to identify mechanisms of inhibiting or limiting PRR signalling in order to
develop novel inhibitors of inappropriate inflammation. An overview of the major PRR signalling

pathways in innate immune cells is presented in Figure 1.1.
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Figure 1.1. Pattern recognition and signalling in the innate immune system. Image from (7).

1.2.2 Dendritic cells

Dendritic cells (DC) are mononuclear phagocytes of the innate immune system which are
specialised towards immune surveillance and antigen presentation. DC are exclusively derived
from bone marrow precursor cells; macrophage and DC progenitors give rise to common DC
progenitors and monocytes, both of which undergo differentiation into DC (16). There are two
major DC subsets; classical DC (cDC) which populate most tissues and have an enhanced ability to
capture, process and present antigens, and plasmacytoid DC (pDC) which are primarily found in
blood and lymphoid tissues and have limited PRR expression and antigen capture, but are major
producers of type 1 interferons in response to nucleic acid PAMPs (17,18). For the remainder of

this thesis the abbreviation ‘DC’ will refer to classical DC only.



Due to their heightened capacity to take up and process antigens, and unique ability to prime
naive T cells, DC are widely regarded as the ‘professional’ APC of the immune system. Immature
DC act as sentinel cells within tissues by constantly sampling antigens from their environment in
order to detect PAMPs or DAMPs. Once DC are activated by an antigen they undergo extensive
phenotypical and functional changes; antigen capture is significantly reduced while expression of
major histocompatibility complexes (MHC), co-stimulatory molecules, chemokine receptors and
cytokines are highly upregulated. This allows DC to respond to the pathogen or cell damage in situ
while also preparing the required machinery for antigen presentation; antigens are processed
within endosomes, loaded onto MHC Class | or Class Il molecules and expressed on the cell surface
alongside co-stimulatory receptors (19). Expression of the chemokine receptor CCR7 allows DC to
receive chemotactic signals via CCL19 and CCL21 which induce migration towards tissue-draining
lymph nodes (20,21). Here, mature DC are able to contact and activate naive T cells. Full T cell
activation requires the input of two separate signals; the first signal is provided by ligation of the
MHC-antigen complex with the T cell receptor (TCR) and CD4 or CD8 co-receptor, and the second
signal by co-stimulation between CD80 or CD86 expressed on the DC and the T cell CD28 receptor.
Additionally, polarising cytokines such as IL-1p, IL-6, IL-12 and IL-23 produced by DC contribute to
the differentiation of T cells into discrete T helper subsets (22). While other APCs can present
antigens to activated or memory T cells, DC are the only APC capable of activating naive T cells
(23). Consequently, DC are often described as the ‘bridge’ between the innate and adaptive
immune systems as they can respond directly to pathogens while also initiating and directing the

adaptive immune response (Figure 1.2).
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Figure 1.2. Maturation process of DC. DC uptake antigens from the surrounding tissue
environment. Upon activation by PAMPs or DAMPs, DC upregulate expression of MHC
molecules, co-stimulatory receptors, and cytokines. DC then migrate to the lymph node where
they contact naive T cells. Activation of T cells requires input of two signals; ligation of the MHC-
peptide complex with the TCR and co-stimulation through ligation of CD80/CD86 with CD28.
Cytokines produced by DC contribute to the polarisation of T cells into different effector subsets.



In addition to responding to pathogens and recruiting the adaptive immune system, DC have been
recognised as important arbiters of immune tolerance. While the immune system must be
competent to respond to infection and cellular damage, it is essential that it is carefully regulated
to avoid excessive inflammation, allergy or autoimmunity. The majority of self-reactive T cells,
which recognise self-antigens, are deleted or differentiated into anti-inflammatory regulatory T
cells (Tregs) during development within the thymus, which is termed ‘central tolerance’ (24).
However, some self-reactive T cells are released into the periphery, and therefore additional
checkpoints exist to maintain ‘peripheral tolerance’ (25). These checkpoints aim to induce ‘anergy’
of self-reactive T cells, rendering them unresponsive and unable to mount an immune response
to encountered self-antigens (26). DC are key mediators of peripheral tolerance; immature DC
uptake and display self-antigens to T cells under steady-state conditions, but in the absence of a
maturation stimulus DC lack expression of CD80 and CD86 to provide co-stimulation and cytokine
production for T cell polarisation (Figure 1.3) (27-31). Activation of the self-reactive TCR by
immature DC therefore results in T cell anergy, deletion, or in the presence of retinoic acid and
transforming growth factor B (TGFB) can induce differentiation into Tregs (31,32). Mature DC have
also been shown to induce Tregs, lending credence to the idea that the activation and polarisation
of T cells is dependent on the maturation stimuli received by DC and their environmental context,
including the presence of specific soluble factors (31,33). Finally, tolerogenic DC also express
ligands for the T cell checkpoint inhibitors programmed cell death 1 (PD1) and cytotoxic T
lymphocyte associated protein 4 (CTLA4), which induce T cell anergy or deletion when activated

(34,35).

Despite the contributions of DC to both immunity and immune tolerance, failure of these
mechanisms can result in promotion of autoimmune disease or cancer by DC. TLR activation in DC
during infection often precedes presentation of autoimmune diseases; this is thought to be a
result of molecular mimicry, where presentation of microbial antigens closely resembling self-
antigens activates autoreactive T cells, or direct activation of TLRs by self-antigens (36). Molecular
mimicry has been implicated in the pathogenesis of psoriasis, as previous streptococcal infection
is associated with the onset of certain types of psoriasis, although the exact antigen responsible
is unknown (37). Activation of TLR7 and TLR9 by chromatin-containing immune complexes
appears to be a predisposing event for development of systemic lupus erythematosus (SLE) and is
particularly associated with IFN-a produced by pDC (38). Aside from initiating autoimmunity by
activation of self-reactive T cells, DC within sites of inflammation can promote the differentiation
of T cells into pathogenic subsets such as Th17 cells via production of pro-inflammatory cytokines

(39,40). Conversely, tolerogenic DC can be exploited to promote the growth of cancers; cancer



cells cultivate anti-inflammatory tumour microenvironments and interact with tumour-infiltrating
DC to downregulate expression of co-stimulatory molecules and pro-inflammatory cytokines,
leading to the induction of Tregs and anergy of anti-tumour T cells (41,42). Activation of PD1 and
CTLA4 on T cells by tumour infiltrating DC has recently been identified as major mechanism by
which the immune response to cancer cells is inhibited; anti-PD1 and anti-CTLA4 antibodies have

been met with significant success in the clinic against multiple types of cancer (43—-46).
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Figure 1.3. Induction of tolerance versus immunity by DC. Immature DC uptake self-antigens
during the steady state and present them to T cells. T cells which recognise the self-antigen
undergo anergy in the absence of co-stimulation from the DC. DC which encounter a foreign
antigen are matured by PRR activation resulting in upregulation of co-stimulatory receptors. T
cells which recognise the foreign antigen receive signals from both the TCR and co-stimulation
and become activated.

Considering their central role within both the innate and adaptive immune system, and their
involvement in the pathogenesis of many autoimmune and malignant diseases, it is unsurprising
that DC have become a target for the development of novel immunotherapies. Inhibitors of DC
maturation or their cytokines have been considered as treatments for autoimmune or chronic
inflammatory conditions where DC promote inflammation and the expansion of pathogenic T

cells; for example, antibodies against the DC cytokine IL-23 have been successful in the treatment



of psoriasis by inhibiting the polarisation of Th17 cells (47). Utilisation of DC-mediated tolerance
has been suggested as a novel mechanism to reduce graft rejection in transplantation; tolerogenic
DC can be generated in vitro, pulsed with alloantigen and injected into the host prior to
transplantation in order to develop tolerance towards the alloantigen and promote Treg
expansion (48). Finally, in addition to successful antibody treatments targeting PD1 and CTLA4, DC
have been the focus of another experimental cancer treatment: the creation of a ‘cancer vaccine’.
This strategy aims to activate DC to induce anti-tumour T cell responses by either stimulating DC
in situ with tumour antigens alongside an adjuvant, or maturing DC ex vivo and loading them with
tumour antigens prior to reinjection into the patient (31,49). In summary, DC are involved in the
mediation of both innate and adaptive immune responses, and while they contribute to the
pathology of many diseases, they can also be targeted to treat disease through the development

of novel immunotherapies.

1.2.3Tcells

T cells play a central role in cell-mediated immunity and are divided into numerous discrete
subsets. Broad classification of T cells can be made based on their expression of cell surface
markers; the majority of T cells express a TCR comprised of an a and B chain and are therefore
termed of (alpha beta) T cells, however, a small minority of T cells instead express a TCR
comprised of a y and & chain and are termed y6 (gamma delta) T cells. ap T cells are further
subdivided based on their expression of either the CD8 or CD4 co-receptor; CD8* T cells are known
as cytotoxic T cells and recognise MHC Class | on host cells to kill virus infected or damaged cells,
whereas CD4" T cells are termed ‘helper’ cells as they primarily manage the functions of other
immune cells and thereby shape the immune response (50). CD4* T cells recognise MHC Class |l
on APCs and differentiate into different effector or regulatory subtypes, as described in section
1.2.2. y& T cells are a rare population largely found at mucosal and epithelial sites and appear to
be more ‘innate-like’ than af T cells as they recognise conserved non-peptide antigens directly
without the need for antigen presentation by an APC, and rapidly respond once activated (51). An

overview of the differentiation of the different T cell subsets is provided in Figure 1.4.

1.2.3.1Th17 cells

Th17 cells are a T helper subset which provide immunity against extracellular pathogens such as
Candida albicans and Staphlyococcus aureus. Th17 effector functions are mediated by their wide
range of pro-inflammatory cytokines, including IL-17, IL-21 and IL-22. IL-17 family members,
particularly IL-17A and IL-17F, are important for the recruitment and activation of neutrophils and

can also act on non-immune cells in mucosa or epithelia to produce pro-inflammatory cytokines,
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Figure 1.4. Overview of the development of different T cell subsets. Lymphocyte progenitors
migrate to the thymus and develop into T cell precursors expressing either aff or y6 TCRs. af T
cell precursors express both CD4 and CD8 co-receptors; cells which recognise MHC Class | retain
CD8 expression and become cytotoxic T cells, while cells which recognise MHC Class Il retain CD4
expression and become T helper cells. CD4* T cells further differentiate into different T helper cell
subsets depending on the cytokine signals received during activation.

chemokines and anti-microbial agents. IL-21 promotes Th17 cell differentiation and has a wide
range of instructive effects on other immune cells, while IL-22 promotes proliferation and
upregulation of anti-microbial agents in keratinocytes (52,53). Polarisation of naive CD4* T cells to
Th17 cells involves a combination of cytokines, especially TGFB, IL-6 and IL-23. TGFB induces the
expression of the transcriptional regulators retinoic acid-related orphan receptor y thymus
(RORyt) and forkhead box P3 (FOXP3); RORyt instructs Th17 cellular programming, while FOXP3
controls Treg differentiation and inhibits RORyt activity. The addition of IL-6 and IL-23 activate
STAT3 which stabilises RORyt expression, relieves inhibition by FOXP3 and promotes Th17
differentiation. As TGFp is involved in the polarisation of both Th17 cells and Tregs the two

populations are finely balanced, with the presence of pro-inflammatory cytokines determining the

lineage decision (52-54).

Due to the reciprocal relationship between Th17 cells and Tregs the balance between tolerance

and autoimmunity can be easily disrupted. Hence it is unsurprising that Th17 cells have been found
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to be involved in the pathogenesis of numerous autoimmune diseases. The role of Th17 cells and
IL-17 in autoimmunity was first described in multiple sclerosis (MS) and its murine model,
experimental autoimmune encephalitis (EAE), in which autoreactive T cells degrade the myelin
sheath surrounding the axons of neurons in the central nervous system (CNS), causing progressive
loss of signal transmission and neuronal function. MS was originally thought to be a Th1l mediated
disease, however, it is now recognised that Th17 cells are involved in at least the initiation of MS
and EAE and early stages of neuroinflammation as: (i) mice with ablated Th17, but not Th1 cells,
were protected from EAE induction, (ii) adoptive transfer of pathogenic Th17, but not Th1l cells,
was sufficient to induce EAE in recipient mice, and (iii) neutralisation of IL-17 resulted in a less
severe EAE phenotype (55-57). Th17-mediated inflammation has also been implicated in the
pathology of rheumatoid arthritis (RA), a prevalent autoimmune disease characterised by
progressive joint inflammation which results in painful deformity and immobility. High levels of IL-
17 have been found in the inflamed synovium of RA patients and IL-17 has been shown to recruit
neutrophils and monocytes to the joint and mediate destruction of synovial tissue (58).
Furthermore, a novel subset of pathogenic ‘ex-Th17’ cells or ‘non-classical Th1 cells’, which are
similar to Th1 cells but of a Th17 lineage, produce a wide variety of pro-inflammatory cytokines
and are highly resistant to suppression by Tregs, has been described within the synovia of RA

patients (59).

Finally, the contribution of Th17 cells to the pathogenesis of autoimmune diseases can be best
observed in psoriasis, a skin disease characterised by extensive infiltration of immune cells and
abnormal proliferation of keratinocytes, resulting in the development of painful and itchy skin
lesions. IL-17 has been identified as the major cytokine responsible for the pathology of psoriasis
through promotion of skin inflammation, immune cell recruitment and keratinocyte
hyperproliferation. IL-17 and Th17 cells have been shown to be highly upregulated in psoriatic
lesions and multiple genome-wide association studies have linked IL-17 related genes to psoriasis
incidence (60,61). Other pro-inflammatory cytokines produced by Th17 cells, or induced by IL-17,
such as IL-22, IL-1B and IL-36 have been shown to further drive skin inflammation and proliferation
(62—65). The central role played by IL-17 and Th17 cells in psoriasis has been highlighted by the
clinical success of monoclonal antibody treatments against IL-23, IL-17 and the IL-17 receptor; in
many cases these new therapies have completely resolved psoriatic lesions in affected patients
and appear to have long-lasting effects (66-68). Thus, further study of Th17 biology is likely to
lead to new insights into autoimmune pathology and the development of novel treatment

strategies.
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1.2.3.2 Tregs

Tregs are a subset of T helper cells which act as the major enforcer of peripheral immune tolerance
and contribute to the production of anti-inflammatory responses. Tregs are defined by expression
of FOXP3 which is essential for their development and function, as well as the IL-2 receptor
component CD25, as IL-2 is important for the maintenance of Treg populations (69,70). There are
two major subsets of Tregs; natural Tregs (nTregs) which are derived directly from the thymus,
and induced Tregs (iTregs) which arise in the periphery through differentiation of naive CD4* T
cells via TGFB. While the exact conditions required for the development of nTregs in the thymus
are unclear, it is thought that they require high-affinity interactions between their TCR and self-
peptide MHC complexes presented by thymic DC or medullary thymic epithelial cells alongside co-
stimulation and the cytokines IL-2 and IL-7 (71). Unlike other T cell subsets, nTregs are functionally
mature upon release from the thymus having undergone antigen priming in the thymus prior to
encountering self-antigens in the periphery. These nTregs persist in the periphery throughout life
and act to control autoreactive T cells which have escaped central tolerance mechanisms.

Depletion of nTregs is associated with fatal autoimmune disease in both mice and humans (70).

Unlike nTregs, iTregs develop in peripheral tissues upon encounter of naive CD4* T cells with self-
antigens under steady-state or inflammatory conditions, and control the immune response at sites
of infection or damage. iTregs also act in concert with nTregs to maintain immune tolerance and
may have specialist roles such as maintenance of foetal tolerance during pregnancy and mucosal
tolerance towards allergens (72). However, the primary function of iTregs appears to be the local
regulation of inflammation within tissues: CD4* T cells differentiate into iTregs during
inflammation in order to suppress T cell proliferation and pro-inflammatory cytokine production,
thereby preventing excessive tissue damage from over-activation of the immune system (73,74).
As a result of their transient role in regulating responses to infection or peripheral tolerance,
iTregs have been observed to have less stable FOXP3 expression than nTregs and appear to be

‘plastic’, allowing them to gain characteristics and functions of other T helper subsets (72).

Tregs utilise a number of different cell- and cytokine-mediated mechanisms to exert their
regulatory functions. The CTLA4 receptor is constitutively expressed by Tregs and binds the co-
stimulatory molecules CD80 and CD86 on APCs, causing them to be internalised and destroyed by
the Treg (75-77). This allows for the maintenance of tolerance as APCs presenting self-antigens
are prevented from activating self-reactive T cells due to the absence of co-stimulation. CTLA4 has
been shown to be essential for the suppressive function of Tregs (78), but is also associated with
tumour promotion by suppression of anti-tumour T cells; anti-CTLA4 antibodies have been shown

to improve cancer outcomes by blocking this inhibition of the immune response (43). Tregs also
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suppress inflammation by the release of anti-inflammatory mediators into the surrounding
microenvironment. The surface enzyme CD39 is highly expressed by Tregs and contributes to their
suppressive function by catalysing the conversion of the pro-inflammatory DAMP adenosine tri-
phosphate (ATP) into adenosine di-phosphate (ADP) (79—81). ADP can be further converted to
adenosine by the ectoenzyme CD73, which binds the A2A purinergic receptor on inflammatory
cells and upregulates intracellular levels of inhibitory cAMP (82,83). CD39* Tregs have been shown
to be important in suppression of pathogenic Th17 cells in MS, but are also associated with
promotion of chronic infections and cancer (84-89). Finally, production of the anti-inflammatory
cytokines IL-10 and TGFp is a major mechanism by which Tregs control immune tolerance and
inflammation. TGFB, as mentioned previously, regulates the development of iTregs, and therefore
creates a positive feedback loop whereby Tregs promote the generation of further Tregs. IL-10
has wide-ranging effects on immune cells, including suppression of DC and macrophage function
which results in downregulation of T cell responses. However, excessive or inappropriately

released IL-10 can promote pathogen persistence and chronic infection (73,90).

In summary, Tregs are crucial for the maintenance of immune tolerance and prevention of
deleterious immune responses. Both nTregs and iTregs are important in the context of
autoimmunity and chronic inflammation, however they can also be exploited to create anti-

inflammatory environments benefitting the expansion of pathogens or malignant cells.

1.2.4 Immunometabolism

Each living cell requires energy to function, and therefore contains cellular machinery to extract
energy and biosynthetic precursors from the breakdown of different fuels. Recently it has become
increasingly appreciated that cellular metabolism plays an important role in immune cell
activation, and can shape the resulting immune response. Current research is now heavily focused
on characterising the metabolic pathways utilised by different immune cells, and studying how
altering these metabolic circuits in immune cells affects their function and the generation of pro-

and anti- inflammatory immune responses.

1.2.4.1 Catabolic and anabolic metabolism

Metabolic pathways are defined as either catabolic or anabolic; catabolic metabolism involves the
breakdown of complex molecules into simpler molecules with the release of energy, while
anabolic metabolism uses simple molecules to build more complex molecules. Cells contain
specific catabolic pathways to convert the three main fuel sources, carbohydrates, lipids and
proteins, into energy, usually in the form of ATP. Carbohydrate metabolism first begins with the

breakdown of complex carbohydrates into simple sugars, primarily glucose. Glucose is transported
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into the cell via membrane glucose transporters, and is metabolised in the cytosol by an anaerobic
pathway known as glycolysis, which catabolises glucose to pyruvate over the course of ten
enzymatic reactions, generating 2 ATP and 2 NADH molecules. Pyruvate can either be converted
to lactate and excreted by the cell, or transported into the mitochondria to undergo oxidative
phosphorylation. Within the mitochondria, pyruvate is converted to acetyl-coA and enters the
tricarboxylic acid cycle (TCA cycle, or Kreb’s cycle) where it is catabolised to generate 3 NADH and
1 FADH,. NADH and FADH; both provide electrons for the electron transport chain (ETC), which in
the presence of oxygen creates a proton gradient across the mitochondrial inner membrane. This
proton gradient is coupled to the enzyme ATP synthase, which converts ADP to ATP using the
energy generated by allowing protons to travel back across the mitochondrial membrane. Each
molecule of glucose can generate an additional 34 molecules of ATP during oxidative
phosphorylation, making it a much more energy efficient process than glycolysis alone (91). Aside
from glucose, cells can also use other fuels such as lipids and proteins as substrates for oxidative
phosphorylation. Fatty acids are metabolised over a number of steps depending on the length of
their aliphatic tails, eventually culminating in B-oxidation to produce large amounts of acetyl-coA,
NADH, and FADH; for entry into the TCA cycle and ETC. Meanwhile, certain amino acids can be
used as precursors for fatty acid synthesis and metabolism, or to produce intermediates of the

TCA cycle (92).

Anabolic metabolism provides biosynthetic precursors necessary to build cellular components and
energy stores. Fatty acid synthesis is an anabolic pathway opposing fatty acid oxidation, which
uses intermediates from catabolic pathways including glycolysis and the TCA cycle to create de
novo fatty acids (92). As the membranes of cells and their organelles are comprised of lipids, fatty
acid synthesis supports the growth and proliferation of cells. Additionally, fatty acids can modulate
cell signalling and post-translational protein modification, thereby influencing cellular responses
(93). Cell growth and proliferation is also supported by the pentose phosphate pathway, which
uses intermediates of glycolysis in the biosynthesis of nucleotides and amino acids. The pentose
phosphate pathway also generates nicotinamide adenine dinucleotide phosphate-oxidase
(NADPH), a cofactor required for the activity of numerous enzymes, including those involved in
fatty acid synthesis and redox homeostasis (92,94). Finally, while protein synthesis is the primary
anabolic pathway which utilises amino acids, certain amino acids can also be used as substrates

for fatty acid synthesis, and contribute to the regulation of metabolic signalling (95).

While both catabolic and anabolic metabolism are necessary for the function of healthy cells,
many of these processes directly oppose each other and therefore must be carefully regulated.

Cells receive multiple signals from both intracellular sensors and their environment to inform
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them of their energy status and nutrient availability, as well as stimuli for growth, proliferation
and protein production. In order to integrate these signals to coordinate selection of a suitable
metabolic response, cells have evolved ‘master’ sensors to regulate their metabolism. The primary
anabolic sensor in mammalian cells is mechanistic target of rapamycin (mTOR), which is comprised
of two complexes, mTOR Complex 1 (mTORC1) and 2 (mTORC2). Growth factors and mitogens
activate signalling pathways which eventually converge to activate mTOR, which promotes
synthesis of proteins, lipids and nucleotides via upregulation of their respective anabolic pathways
(96,97). The increased expression of glycolytic genes by mTOR is mediated by its upregulation of
the transcription factor hypoxia inducible factor 1a (HIF1a) (97), which also acts as an oxygen
sensor, allowing for upregulation of anaerobic glycolysis when oxygen is limiting (98). Additionally,
the activation of anabolic metabolism needs to be coupled to nutrient availability, therefore,
mTOR is also positively regulated by nutrients such as glucose and amino acids (99,100).
Integration of information on nutrient availability alongside growth and mitogenic signals allows
for logical regulation of anabolic metabolism; the central regulatory role of mTOR in this process
can be best observed in cancers where mutations in mTOR or its signalling partners often result

in unrestricted cell growth and division (101).

While mTOR acts as a global regulator of anabolic metabolism, cells also require a mechanism to
upregulate catabolic metabolism when energy is scarce. This role belongs to AMP-activated
protein kinase (AMPK), an energy-sensing kinase which directly inhibits mTOR activity and
downregulates anabolic metabolism. AMPK monitors the energy status of the cell by binding AMP,
the precursor for ATP. When energy is plentiful the ratio of AMP:ATP favours ATP, resulting in low
engagement of AMPK; however, during periods of starvation or cell stress the ratio of AMP:ATP
increases, activating AMPK and initiating metabolic processes with the aim of increasing the
cellular energy supply. AMPK activation upregulates a catabolic program which centres on
oxidative phosphorylation; uptake of glucose and fatty acids into the cell is increased alongside
promotion of their metabolism in the mitochondria (102). As oxidative phosphorylation is the
most energy efficient metabolic pathway this allows the cell to prioritise energy production over
the generation of biosynthetic precursors. To support this increase in mitochondrial activity,
AMPK promotes mitochondrial biogenesis via phosphorylation of peroxisome-proliferator-
activated receptor gamma coactivator 1a (PGCla), the master regulator of mitochondrial function
and metabolism (103). Furthermore, AMPK also promotes the recycling of organelles, including
aberrant mitochondria, in a process known as autophagy, which functions both to improve cellular
efficiency and provide fuels for catabolic metabolism (104). The upregulation of catabolic

pathways and autophagy by AMPK has highlighted it as a target for the treatment of metabolic
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disease (105). Interestingly, the drug metformin, an AMPK activator, is used as a first-line
treatment for type Il diabetes and has also been associated with reduced inflammation and
incidence of cancer (106,107). A summary of the catabolic and anabolic metabolic pathways under

the control of mTOR and AMPK is provided in Figure 1.5.
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Figure 1.5. Control of anabolic and catabolic metabolism by mTOR and AMPK. mTOR signalling
is upregulated in response to growth factors, mitogens and nutrient availability, resulting in
increased activation of glycolysis, fatty acid synthesis and the pentose phosphate pathway. This
generates biosynthetic precursors such as fatty acids and nucleotides to promote cell growth and
proliferation. AMPK is activated in response to low energy availability (> AMP:ATP ratio) and cell
stress, resulting in increased fatty acid oxidation and flux through the TCA cycle and ETC. This
produces large amounts of ATP as well as promoting autophagy and mitochondrial biogenesis.

1.2.4.2 Metabolism of immune cells

The specific metabolic pathways upregulated by immune cells upon engagement with different
stimuli appears to underpin the type of immune response produced by that cell, with some cell
types displaying an increased dependency on certain metabolic pathways over others.
Fundamental studies examining the metabolism of murine bone-marrow derived macrophages
(BMDM) have shown that upon activation with a pro-inflammatory stimulus such as LPS, BMDM

greatly upregulate their rate of glycolysis while downregulating oxidative phosphorylation, relying
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almost exclusively on glycolysis to meet their metabolic demands (108). This program of aerobic
glycolysis is termed Warburg metabolism, and was first observed in cancer cells by Otto Warburg
in 1956 (109). The mechanism by which this switch to Warburg metabolism occurs in BMDM is
dependent on upregulation of HIF1la via mTOR activation, which promotes the expression of
genes encoding both glycolytic machinery and pro-inflammatory cytokines such as pro-IL-1B
(110-112). Although glycolysis produces less ATP than oxidative phosphorylation, it does confer
advantages to newly activated immune cells as it can rapidly produce additional ATP and
biosynthetic precursors, even in inflammatory environments where oxygen is often limiting
(113,114). Downregulation of oxidative phosphorylation also allows for the activated BMDM to
repurpose TCA cycle intermediates to support its heightened anabolic metabolism. For example,
citrate fuels the upregulation of fatty acid synthesis in pro-inflammatory macrophages, which
provides large amounts of phospholipids necessary to expand the membranes of the endoplasmic
reticulum (ER) and Golgi apparatus, in support of the cell’s increased requirement for protein
synthesis (115). Conversely, in alternatively-activated BMDM, which are generally considered to
be anti-inflammatory, oxidative phosphorylation is the dominant metabolic pathway. Oxidative
phosphorylation in these anti-inflammatory macrophages is largely fuelled by fatty acid oxidation,
which provides sufficient energy to support the long-term responses carried out by this class of
macrophage, such as tissue repair and parasite control. IL-4, the cytokine which mediates
alternative activation of macrophages, upregulates fatty acid oxidation and oxidative
phosphorylation alongside anti-inflammatory immune pathways in BMDM (116-118). This
metabolic program is also driven by high AMPK activity in the alternatively-activated macrophage,
which suppresses pro-inflammatory responses and promotes polarisation towards an anti-

inflammatory phenotype (119).

Due to the close ontological relationship between macrophages and DC, similar metabolic
patterns have been observed in murine bone marrow derived DC (BMDC) as in BMDM. Activation
of TLR signalling in BMDC has also been reported to trigger a switch to Warburg metabolism, which
is essential for the survival of BMDC and their ability to stimulate T cells (120). Similarly, HIF1a has
been observed to be highly upregulated in activated BMDC, and appears to control the increased
glycolytic metabolism and pro-inflammatory immune function of these cells (121). Interestingly,
it has also been reported that the upregulation of glycolysis in BMDC primarily serves to support
increased fatty acid synthesis and expansion of their ER/Golgi compartment, indicating that this is
a common consequence of anabolic metabolism in pro-inflammatory cells (122). Finally, similar to
alternatively-activated BMDM, AMPK has been described to suppress glycolytic metabolism and

pro-inflammatory responses in BMDC (120,123). Activation of AMPK also appears to contribute to
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the anti-inflammatory effects of IL-10 in BMDC (120), suggesting that suppression of metabolic

reprogramming plays an important role in the regulation of immune cells.

Many of the metabolic patterns seen in innate immune cells can also be observed in cells of the
adaptive immune system. T cells in particular have unique metabolic demands as a result of their
strong proliferative response upon activation, and generation of long-lived memory cells. Naive
and memory T cells are largely quiescent, relying on oxidative phosphorylation to meet their
limited energy demands (124). However, during activation T cells switch from catabolic to anabolic
metabolism to support their rapid growth, proliferation and polarisation (125,126). Similar to pro-
inflammatory BMDM and BMDC, upregulation of glycolysis is observed during T cell activation
upon engagement of the TCR, and is necessary for their early production of cytokines (127).
Subsequently, the metabolic profile adopted by the T cell is linked to its differentiation into
discrete subsets. Effector T cells including Th1, Th17 and cytotoxic T cells display high rates of
aerobic glycolysis and associated mTOR signalling to fuel their extensive proliferation and effector
functions (128,129). Anti-inflammatory Tregs, on the other hand, do not undergo this
upregulation of glycolysis, and instead utilise fatty acid oxidation and oxidative phosphorylation
to meet their metabolic demands, via activation of AMPK (129). Thus, T cell metabolism reflects
the functional requirements of each T cell type: actively proliferating T cells engage anabolic
metabolism to provide for their growth and effector functions, while Tregs and resting naive and

memory T cells utilise catabolic pathways to provide energy over the long-term.

One of the gaps in our understanding of immunometabolism is the species differences between
murine and human immune cells. To date, much of the research within the field has been
performed in mice. While there are many similarities between the immune systems of mice and
humans, differences in habitat and life cycle have likely resulted in important evolutionary
differences in metabolic function between the two species (130). One of the major differences
between murine and human macrophages and DC is expression of inducible nitric oxide synthase
(iNOS); nitric oxide (NO) produced by iNOS is an important regulator of Warburg metabolism, as
it has been shown to mediate the downregulation of oxidative phosphorylation seen in pro-
inflammatory BMDM and BMDC (131,132). However, expression of iNOS by human
macrophages/DC is limited, thus it is unclear to what degree they engage in Warburg metabolism
(133,134). Although studies in human macrophages have identified upregulation of glycolysis as
an important modulator of the pro-inflammatory immune response during sepsis and tuberculosis
(135,136), recent studies have reported that human macrophages and DC stimulated with LPS
display increases in both glycolysis and mitochondrial respiration (137,138). Similarly, in T cells,

some metabolic features remain similar between mice and humans, while others display distinct
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differences. A study by Renner et al. has reported that like murine T cells, human CD4* and CD8*
T cells upregulate glycolysis when activated; however, while this upregulation of glycolysis was
required for T cell proliferation, T cells could utilise either glycolysis or oxidative phosphorylation
to support cytokine production (139). Other studies have demonstrated that human T cells are
capable of adapting their metabolism to compensate for nutrient deficiencies in their
microenvironment (140,141), a feature which allows them to maintain their effector functions in
pro-inflammatory environments where there often exists competition for limited nutrient

supplies.

Through the foundational research described above, a paradigm for immunometabolism has
emerged: pro-inflammatory cells are associated with anabolic metabolism, characterised by high
glycolytic flux & mTOR signalling, while anti-inflammatory cells are catabolic, relying on fatty acid
oxidation, oxidative phosphorylation and AMPK activation for efficient energy production.
However, it appears that human immune cells may not display the same discrete activation of
metabolic pathways seen in their murine equivalents, instead demonstrating greater metabolic
plasticity. Furthermore, caution should be exercised when applying this paradigm to disease
models, as differences between the metabolic profiles of cells activated in vitro versus in vivo have
been identified (142-144). Thus, further research into the metabolic function of human immune
cells, especially in disease contexts, is necessary before therapies targeting metabolic pathways

can be considered.

1.3 The Heme Oxygenase System

Heme oxygenase (HO) is an enzyme which catalyses the breakdown of heme into the linear
tetrapyrrole (LTP) biliverdin (BV), with the concomitant release of free iron and carbon monoxide
(CO). BV canthen be converted into another LTP, bilirubin (BR), by the enzyme biliverdin reductase
(BVR) (Figure 1.6). Heme is an iron-containing porphyrin that is a component of many biologically
important proteins, especially hemoglobin which is used to carry oxygen within red blood cells.
Free heme is cytotoxic due to its iron component which can form free radicals via a Fenton
reaction, thereby causing oxidative stress (145-147). Therefore, it is important that heme released
from degraded hemoproteins is rapidly catabolised to prevent cellular damage. Under
homeostasis, senescent red blood cells are removed from circulation in the spleen, where heme
is catabolised within red-pulp macrophages by the constitutively expressed HO isozyme HO-2. The
resulting LTPs, BV and BR, are typically excreted in bile as bile pigments, however they also have
potent antioxidant and anti-inflammatory properties (148-151). HO-2 is also highly expressed in

the brain, where it produces CO which is used as a neurotransmitter (152,153).
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Figure 1.6. The Heme Oxygenase System. The conversion of free heme to BV, CO and iron is
catalysed by the enzyme HO under aerobic conditions. BV can then be converted to BR by the
enzyme BVR. Both of these enzymes utilise NADPH as a cofactor.

1.3.1 Heme oxygenase 1

HO-1 is a stress-inducible HO isozyme encoded by the gene HMOX1, which is an important
immunomodulator and antioxidant. Unlike HO-2, which is constitutively expressed and controls
the breakdown of heme under homeostasis, HO-1 is highly upregulated in response to oxidative
stress and inflammation, and provides protection against cellular and tissue damage. HO-1
expression is largely under the control of the redox-sensitive transcription factor nuclear factor
erythroid 2 (NFE2)-related factor 2 (Nrf2) which binds to the antioxidant response element (ARE)
in the promoter region of many antioxidant genes, including HMOX1. Under steady-state
conditions, Nrf2 is bound to the protein Keap1 (Kelch-like erythroid cell-derived protein with CNC
homology-associated protein 1) in the cytoplasm, which suppresses Nrf2 activity by facilitating its
ubiquitination and thereby targeting it for degradation by the proteasome (154). However, in the
presence of oxidants, ROS and other Nrf2 activators, the cysteine residues of Keapl are modified
resulting in disruption of the ubiquitination, and consequent stabilisation, of Nrf2 (155,156). Nrf2
can then migrate to the nucleus and bind to the ARE to promote expression of antioxidant genes.
Furthermore, another level of regulation exists for HO-1 expression; Bach1 is a transcriptional
repressor and heme sensor which binds the HMOX1 promoter, thereby blocking Nrf2 from
accessing the ARE. However, in the presence of high intracellular levels of heme, Bach1 undergoes
a conformational change and dissociates from the DNA. It is then exported from the nucleus,

ubiquitinated and degraded, allowing HMOX1 transcription to occur (157).

Although Nrf2 and Bach1l are the primary regulators of HO-1, other transcription factors and
signalling pathways have been described to modulate HO-1 expression. Binding sites for the pro-
inflammatory transcription factors NF-kB and AP-1 have been identified within the HMOX1
promoter, suggesting that they may upregulate HO-1 expression during inflammation (158-160).
Some instances of HO-1 upregulation in vitro have been shown to be dependent on or correlated

with NF-kB or AP-1 expression; a review of these studies is provided by Alam and Cook (161). As
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ROS cause cellular damage resulting in the release of DAMPs, and are frequently produced in
response to infection, induction of HO-1 by NF-kB or AP-1 may be a response to cell damage or
serve to protect the cell from ROS generated during inflammation (162). Additionally, it has been
suggested that HO-1 may inhibit NF-kB signalling and thus prevent the expression of pro-
inflammatory genes, therefore it is plausible that HO-1 may be induced by pro-inflammatory

transcription factors to provide negative feedback limiting their activity (163,164).

While there appear to be multiple transcriptional regulators of HO-1 expression, most HO-1
inducers do not interact directly with transcription factors but instead activate them via an
intermediate signalling pathway. Protein kinase pathways, particularly MAPKs, which are
associated with responses to cellular stress have been implicated in the regulation of HO-1
expression. The MAPKs ERK, JNK and p38 have been shown to upregulate HO-1 in different cell
types and cellular conditions, however p38 appears to be the most commonly associated MAPK
in HO-1 induction and blockade of p38 signalling inhibits the induction of HO-1 by multiple stimuli
(159,161,165). The phosphatidylinositol-3 kinase (PI3K)/Akt pathway has been reported to
mediate the expression of HO-1 in response to cytokines and prostaglandins as well as some
pharmacological HO-1 inducers (159,166—169). Interestingly, the cytokine IL-10 also upregulates
HO-1 expression as part of its anti-inflammatory activity, and it is thought that this effect is
mediated via activation of STAT3 (170,171). HO-1 is also upregulated in response to LPS in some
cell types such as macrophages, which is mediated via TLR4 signalling; this may produce another
negative feedback loop as HO-1 derived CO has been reported to inhibit TLR4 signalling and
therefore limit inflammation (159,172,173). In summary, due to the prevalence of hemoproteins
within cells and the potent antioxidant and anti-inflammatory effects of HO-1, it is unsurprising
that cells possess numerous different mechanisms to upregulate HO-1 expression in response to
stress, and it is likely that many stimuli which induce HO-1 expression utilise multiple signalling

pathways and transcription factors to do so (Figure 1.7).

Although HO-1 can be upregulated by most cell types, it appears to have a significant role in the
functioning of immune cells. As described above, HO-1 has demonstrable anti-inflammatory
properties and its expression is often upregulated during inflammation. Additionally, a HMOX1"-
mouse model found that knockout mice produced significantly more IL-1pB, IL-6, IL-12 and TNFa
when challenged with LPS compared to wild type mice (174). In agreement with these
observations, HO-1 has primarily been associated with the activity of myeloid cells, particularly in
the promotion of anti-inflammatory immune responses. For instance, HO-1 is constitutively
expressed by immature DC, which maintain immune tolerance as described previously, and is

downregulated upon DC maturation (175—-177). Pharmacological downregulation or inhibition of
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Figure 1.7. Regulation of HO-1 expression. Under homestatic conditions, Nrf2 is ubiquitinated by
Keapl and targeted by the proteosome for degradation. Bachl binds to the ARE and inhibits
HMOX1 transcription. During cell stress, increased intracellular levels of heme cause Bachl to
dissociate from the ARE, and ROS cause Nrf2 to dissociate from Keap 1, allowing it to migrate to
the nucleus and bind the ARE to promote HMOX1 transcription. The transcription factors NF-«kB
and AP-1 can also bind the HO-1 promoter and promote HO-1 upregulation during inflammation.
Finally, signalling through MAPKs, PI3K and IL-10 have also been reported to regulate HO-1
expression in certain cell types

HO-1 within DC in vitro enhances their maturation, cytokine production and activation of T cell
responses, whereas HO-1 induction promotes tolerogenic DC by inhibiting their pro-inflammatory
functions and maintaining them in an immature-like phenotype (176,178-180). Thus, HO-1
expression is closely associated with the maturation status of DC and appears to regulate their
activity. Similar to DC, HO-1 also has immunomodulatory properties within macrophages. For
example, Wegiel et al. observed that HMOX1”-mice have defective macrophage populations and
that macrophage differentiation is dependent on HO-1 derived CO (181). Furthermore, HO-1
expression has been demonstrated to promote the polarisation of macrophages towards an anti-

inflammatory or alternatively-activated phenotype (182).

While HO-1 is strongly associated with regulation of the phenotype and function of myeloid cells,
less is known of its role in T cell biology. HO-1 expression is correlated with the inhibition of
effector T cell responses and promotion of Tregs, however it is unclear to what extent this is
mediated by HO-1 activity in T cells or APCs. Pae et al. reported that HO-1 is constitutively
expressed by human Tregs and that HO-1 expression inhibited T cell proliferation (183). CO
derived from HO-1 has been shown to suppress T cell proliferation via inhibition of IL-2 production
and caspases 3 and 8, thus limiting pro-inflammatory T cell responses (184,185). This effect was

demonstrated in T cells stimulated in vitro in the absence of APCs, and therefore is an example of

22



HO-1 immunomodulatory activity within T cells. However, other reports of HO-1-mediated anti-
inflammatory effects in T cells appear to be dependent on HO-1 expression by APCs rather than
by T cells themselves. Activation and proliferation of T cells in response to HO-1 inhibition was
observed by Burt et al. only when T cells were cultured in the presence of APCs (186).
Furthermore, it was demonstrated that Tregs from HMOX1”" mice are not impaired and are
functionally suppressive, and that while HO-1 inhibition reduced Treg suppression, this effect was
mediated by HO-1 activity in DC than in Tregs themselves (180,187,188). In support of these
observations, a study by Wong et al. reported that DC expressing HO-1 promoted Treg
differentiation and suppressed inflammation in an allergic airway model (189). Therefore, the
current model suggests that HO-1 primarily modulates T cell activity through its expression in
APCs; HO-1 maintains DC in an immature state which promotes Treg differentiation and inhibits

pro-inflammatory T cell responses.

In summary, HO-1 is a poly-functional enzyme which is induced in response to cell stress and
inflammation. HO-1 expression is associated with the maintenance of immune tolerance and
inhibition of pro-inflammatory immune responses, and is especially significant in the function of

myeloid cells.

1.3.2 Linear tetrapyrroles

LTPs are a class of chemical compound whose structure is comprised of four pyrrole rings linked
together linearly by covalent bonds or carbon bridges. Common LTPs include the heme breakdown
products and bile pigments BV and BR, and phycobilins found in cyanobacteria. BV and BR have
both been demonstrated to possess antioxidant and anti-inflammatory properties, and are

thought to be responsible for much of the activity of HO-1.

BV is produced as an intermediate of heme catabolism and is readily converted to BR by BVR. BV
is soluble and readily excreted into bile during homeostatic heme catabolism, while BR is insoluble
and must be glucuronidated by the liver in order to be excreted. BR is one of the most potent
antioxidants found in mammalian cells and is particularly important in the protection against lipid
peroxidation (150). However it is also extremely cytotoxic at high concentrations;
hyperbilirubinemia results in jaundice and is especially dangerous in neonates, however,
moderate hyperbilirubinemia in adults, termed Gilbert’s syndrome, has been shown to be
protective against cardiovascular disease, diabetes mellitus, metabolic syndrome and obesity
(190,191). In addition to its antioxidant properties, BR has also been shown to display anti-
inflammatory activity. BR treatment inhibited iNOS expression and TNFa production in response

to LPS in rats (192), while HO-1 derived BR was found to downregulate IFNy-induced MHC Class Il
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expression on endothelial cells (193). BR has also been reported to inhibit leukocyte trafficking by
disrupting the ROS-mediated signalling of adhesion molecule VCAM1 (194). Finally, a dimethyl
ester of BR was recently shown to inhibit pro-inflammatory eicosanoid signalling by inhibition of
the arachidonic acid pathway enzymes phospholipase A2, lipoxygenase and cyclooxygenase (195).
Thus, BR is protective during inflammation through both the neutralisation of ROS and direct

inhibition of pro-inflammatory signalling.

While many of the protective effects of BV and BVR can be ascribed to the activity of BR, direct
anti-inflammatory signalling by BV and BVR has been demonstrated in numerous studies. In a rat
model of acute lung injury, BV administration protected rats from endotoxic shock, reduced serum
levels of IL-6 and promoted IL-10 expression (196). Similarly, in a rat model of cerebral ischemia
reperfusion injury BV administration reduced expression of the pro-inflammatory cytokines IL-6,
TNFa , and IL-1B (197). Furthermore, in HO-2 null mice, BV administration ameliorated chronic
inflammation by reducing the activation of immune cells and pro-inflammatory cytokine
production (198,199). In addition to its enzymatic function, Wegiel et al. have reported that BVR
can act as an anti-inflammatory signalling molecule upon binding of BV. It was observed that cell-
surface BVR initiates a cell signalling cascade which activates PI3K and Akt to produce the anti-
inflammatory cytokine IL-10, while BV was also found to inhibit TLR4 expression via NO-dependent
nuclear translocation of BVR to the TLR4 promoter (200,201). BVR has also been suggested to
activate the AP-1 mediated pathway of HO-1 induction, and therefore contribute to the
upregulation of HO-1 expression in response to inflammation (202). Thus, BV has been established
as protective in many inflammatory animal models and has multiple modes of action, acting either
by itself, as a precursor for BR, or as an activator of BVR-mediated signalling and transcriptional

regulation (149).

In conclusion, LTPs are versatile compounds due to their extensive antioxidant and anti-
inflammatory properties, and are important effectors of HO-1 activity. Due to the insolubility and
cytotoxicity of BR, BV represents a more attractive immunomodulator which has demonstrable

anti-inflammatory functions both dependent and independent of BR.

1.3.3 Carbon monoxide

CO is also produced by HO during heme catabolism. At high concentrations it is considered a
poison and environmental pollutant given that it strongly binds to hemoglobin and reduces the
oxygen carrying capacity of red blood cells, thereby resulting in inhibition of cellular respiration.
However at physiological concentrations, it is recognised as an important cellular messenger and

anti-inflammatory agent.
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Both HO-1 derived and exogenously delivered CO have been demonstrated to inhibit pro-
inflammatory immune responses in vitro and in vivo. Studies performed by Choi et al. in murine
macrophages have shown that both HO-1 overexpression and CO treatment inhibited TNFa, IL-
1B, IL-6 and granulocyte-monocyte colony-stimulating factor (GM-CSF) production by murine
macrophages in response to LPS, while increasing production of IL-10 (203—205). CO has also been
shown to inhibit DC maturation and antigen presentation to T cells, and to inhibit T cell
proliferation (184,185,206—208). In vivo, CO has been reported to improve disease outcomes in
many animal models of inflammatory disease, including sepsis, EAE, Alzheimer’s disease and
colitis (209-212). Furthermore, CO administration during animal models of organ transplantation
has been shown to limit ischemia-reperfusion injury to donor organs and suppress graft rejection
(213-215). Interestingly, recent studies utilising members of a new class of CO releasing
molecules (CORMs) have reported that CORM-A1 and CORM3 upregulate HO-1 and are protective
in various in vitro and in vivo models of inflammation (216-218). This new method of CO

administration may therefore allow for safer use of CO as a therapy in inflammatory disease.

The mechanism of action of CO appears to involve multiple different cellular targets. Modulation
of MAPK signalling pathways has been proposed as a major mechanism by which CO exerts its
anti-inflammatory activity. Otterbein et al. reported that the anti-inflammatory effects of CO in
murine macrophages were dependent on activation of the p38 MAPK, while Morse et al.
demonstrated that CO inhibits the JNK MAPK and its downstream target, AP-1 (203,219).
However, it is unlikely that CO binds to MAPKs directly as they do not contain transition metals
and thus it is assumed that they are downstream targets of a yet unidentified CO-binding effector
protein (220,221). Additionally, Jung et al. recently reported that CO negatively regulated NLRP3
inflammasome activation by inhibiting caspase 1 expression, thereby limiting IL-1B and IL-18
release, and suggested that this effect is mediated by suppression of mitochondrial ROS
generation (222). Downregulation of TLR4 signalling has also been observed in response to CO,
however it is unknown whether CO modulates the expression or function of other PRRs (172,223).
Finally, it has also been reported that CO itself can induce HO-1 expression; this provides an
interesting positive feedback system by which CO promotes and sustains its own activity by

upregulating HO-1 to further its generation (216,222-227).

In conclusion, CO is an intriguing cellular regulator which has wide ranging physiological and anti-
inflammatory functions. Alongside BV and BR, CO mediates the cytoprotective functions of HO-1.
Treatment with inhaled CO gas or with various CORMs may prove beneficial in the context of

inflammation or oxidative stress (168,228).

25



1.4 HO-1 in Disease

Due to the extensive antioxidant and anti-inflammatory properties of the HO-1 system, it is
unsurprising that HO-1 and its products have been associated with beneficial outcomes in both
human disease and animal models. Free heme can contribute to the progression of many
inflammatory diseases such as sepsis and malaria and hence HO-1 upregulation is a protective
mechanism in heme-mediated pathologies (147). Furthermore, it has been suggested that
polymorphisms in the HMOX1 gene resulting in greater expression of HO-1 are protective against
inflammatory diseases, while those resulting in impaired transcription of HMOX1 have been
associated with an increased risk of diseases such as atherosclerosis and coronary heart disease
(168,229). Additionally, HO-1 expression in patients suffering from autoimmune diseases such as
MS or psoriasis has been correlated with disease activity; this upregulation of HO-1 is thought to
be a response to excessive inflammation (230,231). Therefore, modulation of the HO-1 system,
either by induction of HO-1 expression or administration of its products CO, BV or BR, has been
investigated as a novel treatment strategy in various animal models of inflammatory disease

(192,211,212,232-234).

1.4.1 HO-1 in autoimmunity

Autoimmunity is associated with significant morbidity and mortality, and the global incidence and
prevalence of autoimmune diseases is rising (235). Despite this trend, the majority of autoimmune
diseases are incurable, and many lack effective treatments to control disease progression and
symptoms. Hence, there is a significant incentive to identify new targets to treat autoimmune
disease, and, for the reasons outlined above, the HO-1 system has become an important target of

interest.

1.4.1.1 Multiple sclerosis

MS is a chronic, debilitating neurological disease with limited treatment options and no available
cure. Research over the last number of years has identified Th17 cells as the pathological cells
responsible for MS pathogenesis and pathology (discussed in section 1.2.3.1), and more recently
HO-1 and its products have been identified as protective in MS and EAE. Fagone et al. reported
that HO-1 expression is reduced in the peripheral blood mononuclear cells (PBMC) of MS patients
compared to both healthy controls and patients with non-immune mediated neurological disease,
and that HO-1 expression is further downregulated in MS patients experiencing disease relapse
compared to those with stable disease or receiving corticosteroid treatment (230). Furthermore,
HO-1 upregulation has been observed in glial cells within MS plaques, likely as a local response to

neuroinflammation (236). In EAE models, both HO-1 and CO have been demonstrated to improve
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disease outcomes, while administration of BVR and BR have also been shown to suppress EAE
onset and progression (210,237-239). Interestingly, a recent study by Simon et al. reported that
intradermal injection of the HO-1 inducer, cobalt protoporphyrin IX (CoPP), inhibited the induction
of EAE in mice via suppression of autoreactive T cells by HO-1* DC (240). These studies point
towards a role for free radicals in the pathogenesis of EAE and MS, and lend support for the

modulation of the HO-1 system as a novel treatment strategy for MS.

1.4.1.2 Inflammatory bowel disease

Inflammatory bowel disease (IBD) is an autoimmune disease affecting the gut, and is divided into
two main categories; Crohn’s disease, which can affect the digestive tract anywhere proximal to
the colon, and ulcerative colitis, which affects the colon and rectum. IBD is characterised by a
dysregulated immune system within the gut alongside disturbances in the intestinal microbiome,
resulting in chronic inflammation which causes damage to the gut over time (241). Despite the
identification of pathogenic immune cells as central to the pathology of IBD, treatments aimed at
controlling inflammation in the gut are limited. As a result, a significant number of patients are
unable to manage their disease and often require numerous surgeries to remove affected tissue,
which greatly impacts their quality of life. It has previously been observed that HO-1 expression is
upregulated in the intestinal epithelium of patients with IBD (242,243). Hence, the anti-
inflammatory potential of HO-1 and its products has been investigated in numerous in vivo models
of IBD. A protective role for HO-1 has been identified in the dextran sulfate-sodium (DSS) model
of colitis; Zhong et al. reported that induction of HO-1 via hemin administration ameliorated colitis
symptoms, while the HO-1 inhibitor, tin protoporphyrin (SnPP), exacerbated disease (244). The
protective effects of HO-1 in this study was accompanied by a reduction in Th17-mediated IL-17
production and expansion of Tregs. A follow up study confirmed that the improved Th17/Treg
balance was dependent on HO-1, and mediated by reduced IL-6 signalling (232). Other studies
have investigated the use of HO-1 products in models of IBD. For example, Berberat et al. reported
that treatment with the HO-1 inducer CoPP or BV, but not CO, was protective in the DSS colitis
model (245), while a number of studies have demonstrated that CO administration improves
disease symptoms in models of IBD (246-249). Taken together, these studies suggest that
administration of HO-1 inducers or reaction products may be promising potential treatments for

IBD, however, further clinical investigation is necessary.

1.4.1.3 Psoriasis
Psoriasis is a chronic autoimmune disease of the skin affecting 2-3% of the population, which
manifests as red, scaly plagues with associated pruritus and pain (250). It is characterised by

excessive keratinocyte proliferation as well as extensive infiltration and activation of immune cells
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(251). Although the causes of psoriasis are incompletely understood, important roles for DC and
T cells in the pathophysiology of psoriasis have been identified, and particular emphasis has been
placed on the Th17 axis cytokines, IL-23, IL-17 and IL-22 (252-254). Recently developed
monoclonal antibodies against IL-23 and IL-17 have proved to be highly effective treatments
against moderate to severe cases of psoriasis, while traditional therapies such as phototherapy

and corticosteroids remain the primary treatments for mild to moderate disease (66—68).

Unsurprisingly, the HO-1 system has recently become a target of interest for psoriasis treatment.
While keratinocytes constitutively express HO-2 to combat ROS generated from environmental
stressors such as UV radiation, upregulation of HO-1 expression has been observed in psoriatic
plaques (231). Keratinocytes upregulate HO-1 during terminal differentiation in the epidermis,
and a role for HO-1 during cutaneous wound healing has also been described. Therefore, HO-1
induction during psoriasis may act to alleviate abnormal keratinocyte differentiation and
proliferation which is a feature of psoriatic lesions (231,255,256). Furthermore, upregulation of
HO-1 has been demonstrated to inhibit skin inflammation and keratinocyte proliferation in animal
models of psoriasis. Ma et al. observed a decrease in pro-inflammatory cytokines and keratinocyte
hyperproliferation upon administration of CoPP in a guinea pig model of psoriasis, while Listopad
et al. observed similar results in a murine model of the disease. In this case, a decrease in T cell
mediated skin inflammation was accompanied by increased HO-1 activity in APCs present in the
skin (179,257). Zhang et al. also recently reported that induction of HO-1 improved symptoms in
a murine model of psoriasis, and attributed this effect to negative regulation of STAT3 signalling
by HO-1 (258). Interestingly, induction of HO-1 is also associated with existing treatments for
psoriasis. For example, phototherapy involving exposure to UVA radiation has been shown to
upregulate HO-1 expression in both in vitro and in vivo skin cells, while the immunosuppressant
dimethyl fumarate (DMF), also known as Fumaderm™, used to treat both psoriasis and MS, has
been identified as a potent HO-1 inducer, and at least some of its anti-inflammatory effects have
been attributed to HO-1 (259-263). Whether HO-1 activity is required for the efficacy of these
therapies remains unclear, however, these studies provide further support for the modulation of

HO-1 expression as a potential treatment for psoriasis and other immune mediated disorders.

1.4.2 Naturally-derived HO-1 modulators

Despite the body of evidence supporting modulation of the HO-1 system as a treatment for
diseases characterised by damaging inflammation or oxidative stress, clinical implementation of
HO-1 based therapies faces numerous challenges. Traditional HO-1 inducers primarily include
metalloporphyrins such as CoPP, which strongly upregulate HO-1 expression but are also

associated with significant toxicity concerns and thus are unsuitable for clinical use (264,265). The
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vast majority of animal studies examining the role of HO-1 in different disease models have utilised
either metalloporphyrins, HMOX1”- animals, or gene silencing to modify HO-1 expression, but
none of these methodologies are suitable for use in humans, making the findings of these studies
difficult to translate to the clinic. Furthermore, while DMF is an approved treatment for psoriasis
and MS, and has been demonstrated to upregulate HO-1 expression, it is also associated with
significant side effects including leukopenia and gastrointestinal disturbances, rendering it
intolerable for a subset of patients (266). CO delivery via inhalation or administration of CORMs
has been considered therapeutically but requires further research to determine a safe dose that
will produce an effective concentration in specific tissues but without risk of CO-mediated toxicity
(229). Finally, therapeutic administration of LTPs also faces challenges: BR is unsuitable for clinical
use due to its potent cytotoxicity and poor solubility, while commercially available BV, whether
synthetic or extracted from bovine bile, has not been approved for human use, and large scale
production of biliverdin in E.coli or yeast expression systems has been attempted but is hindered
by potential endotoxin contamination (267). Therefore, there is a great need to identify safer and
better tolerated alternatives to currently available sources of HO-1 inducers and LTPs. Thus far, a
number of plant- and marine-derived compounds have been identified as candidate HO-1

inducers or LTP analogues.

1.4.2.1 Curcumin

Curcumin is a yellow-coloured polyphenol with anti-inflammatory and antioxidant properties
most commonly found in the turmeric plant (Curcuma longa). Turmeric has been used in Indian
and Chinese medicine for centuries to treat disorders including gastrointestinal complaints and
infections, while curcumin is widely used as a health supplement, cosmetics ingredient, and food
flavouring and colouring (268). Curcumin has been investigated as a treatment for a wide variety
of indications including cancer, infection and inflammation (269—-272). One of the mechanisms by
which curcumin is thought to exert its activity is activation of Nrf2 and consequent upregulation
of HO-1; McNally et al. reported that curcumin activated Nrf2 in the HUH7 hepatoma cell line via
a combination of ROS production, activation of the p38 MAPK and inhibition of protein
phosphatases (165). Furthermore, numerous studies have reported that the protective anti-
inflammatory and antioxidant effects of curcumin are attenuated in Nrf2 knockout mice or in the

presence of HO-1 inhibitors (273-276).

As described in section 1.3.1, HO-1 has well-described immunomodulatory effects in DC, primarily
through the regulation of DC maturation. Interestingly, a number of studies have examined the
activity of curcumin in DC, and report similar effects to those seen with HO-1 induction. Kim et al.

reported that murine DC treated with curcumin displayed reduced maturation, cytokine
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production and activation of Th1 cells when stimulated with LPS, and described inhibition of MAPK
signalling and NF-kB translocation as potential mechanisms (277). Furthermore, both Cong et al.
and Rogers et al. have reported that curcumin-treated murine DC promote Treg differentiation
(278,279). In the case of human DC, Rogers et al. reported that curcumin treatment arrests DC
maturation and impairs their ability to induce allostimulatory T cell responses, while promoting
Treg expansion (279). This is supported by Shirley et al. who also observed impairment of
maturation, cytokine production, chemotaxis and induction of T cell responses in curcumin-
treated DC stimulated with LPS or Poly I:C (280). Although the direct effects of curcumin have
primarily been investigated within innate immune cells, there have been some studies into its
activity in T cells. In murine lymphocytes, Gao et al. reported inhibition of T cell proliferation and
cytokine production by curcumin, via inhibition of NF-kB (281). Curcumin was also shown to inhibit
T cell proliferation and production of IFNy and IL-17 in both in vitro and in vivo models of graft
versus host disease (282). These effects have also been observed in human T cells by Kim et al.,
who additionally reported an increased percentage of Tregs within CD4* T cells cultured with

curcumin (283).

In support of its well-described anti-inflammatory effects in vitro, curcumin treatment has shown
efficacy in many animal models of autoimmunity. Liu et al. reported that administration of
curcumin in the DSS colitis model improved disease activity and histological scores, mediated by
reduced STAT3 signalling and pro-inflammatory cytokine production (284). Another study by Zhao
et al. investigated curcumin in a model of colitis and found that curcumin treatment ameliorated
disease symptoms via inhibition of DC activation (285). Interestingly, a recent study by Briick et
al., which administered dietary curcumin to mice in an EAE model, observed that curcumin
upregulated HO-1 expression and STAT3 signalling in DC, resulting in inhibition of IL-12 and IL-23
production by DC, reduced differentiation of pathogenic Thl and Th17 cells, and consequently
improved EAE disease scores (286). Capini et al. also utilised a novel delivery system by combining
curcumin with antigen-loaded liposomes which were administered to mice in an antigen-specific
RA model. Mice that received the curcumin liposomes displayed reduced inflammation and
arthritis symptoms due to the induction of antigen-specific Tregs by APCs (287). Finally, curcumin
has been investigated in two different psoriasis models; Kang et al. reported curcumin significantly
reduced pro-inflammatory cytokines, including Th17 axis cytokines IL-23, IL-22 and IL-17, and
improved psoriatic lesions in a transgenic mouse model of psoriasis (288), while Sun et al. found
that curcumin inhibited imiquimod-induced psoriasis-like inflammation via inhibition of Th17-
polarising cytokines (289). Therefore, the use of curcumin as a treatment in autoimmunity is

supported by numerous pre-clinical animal models, with modulation of DC activity to control
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pathogenic T cells emerging as a common feature of its effects. However, further research into
the immunomodulatory effects of curcumin, and its mechanism of action, in human cells is

warranted.

Despite the positive results from in vitro studies and animal models, clinical studies investigating
curcumin have been met with mixed results (290). While curcumin is widely sold as an oral health
supplement, the oral bioavailability of curcumin is limited due to poor absorption from the gut
and rapid metabolic degradation; a pilot study which administered 12 g per day of oral curcumin
to ten healthy subjects reported a failure to detect the presence of curcumin in the serum or HO-
1 mRNA or protein in PBMC of any subject at any time point up to 48 hours (291,292).
Furthermore, a small phase Il clinical trial which administered oral curcumin supplements to
psoriasis patients reported a low response rate; however, this study lacked a placebo group for
comparison (293). Nevertheless, success has been found in clinical trials of curcumin where the
target tissue was easily accessible, or through utilisation of novel curcumin preparations with
greater bioavailability. For example, oral administration of curcumin was found to significantly
improve the induction and maintenance of remission in ulcerative colitis compared to placebo in
two randomised controlled trials (294,295); the efficacy of orally administered curcumin may be
greater in conditions affecting the gut as absorption from the gastrointestinal tract is not required
for curcumin to reach its target tissue. Similarly, topical application of curcumin in a clinical trial
of gingivitis reported significant anti-inflammatory effects (296), while in another trial of psoriasis
patients, topical curcumin reduced keratinocyte proliferation and T cell migration into the skin
(297). Additionally, a lecithin-based delivery system for curcumin was utilised to improve oral
bioavailability in a recent randomized controlled trial of psoriasis. When administered as an
adjuvant therapy to topical corticosteroids, curcumin significantly reduced the number and
severity of psoriatic plagues and downregulated serum levels of the pro-proliferation cytokine IL-
22, compared to placebo (298). Further research to improve the topical delivery of curcumin is
ongoing, with novel preparations of curcumin as gels, films and nanovesicles among the examples

of formulations which have been tested in in vivo trials (299).

In conclusion, curcumin is a well-studied naturally-derived HO-1 inducer with demonstrable
antioxidant and anti-inflammatory properties both in vitro and in vivo. Encouragingly, clinical
studies of curcumin have reported that it is well tolerated even at reasonably high doses, however,
its safety in long-term treatment is still unknown (300,301). Thus, curcumin may represent a safe
option for therapeutically inducing HO-1 expression, yet more studies in human cells are

warranted and bioavailability issues must also be considered.
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1.4.2.2 Carnosol

Carnosol is another polyphenol primarily found in the rosemary herb (Rosmarinus officinalis),
which also has anti-inflammatory and antioxidant properties. Although it has not been in use as
ubiquitously as curcumin, carnosol is a constituent of many herbs widely consumed as part of the
health-promoting Mediterranean diet, and is thought to contribute to its protective effects (302).
Like curcumin, carnosol has also been identified as a natural inducer of HO-1 through activation
of Nrf2 and PI3K signalling (167,303,304). Carnosol has primarily been investigated as an anti-
cancer compound due to its anti-proliferative and pro-apoptotic properties at high
concentrations, and has been shown to inhibit experimental carcinogenesis in both in vitro and in
vivo models (302,305,306). However, little investigation into its potential as an anti-inflammatory

agent has been performed to date.

In vitro studies of carnosol have observed anti-inflammatory and antioxidant effects similar to
those described for HO-1. Lian et al. reported that carnosol inhibited NF-kB nuclear translocation
and transcriptional activity, and downregulated ICAM-1 expression and monocyte adhesion in
TNFa-activated endothelial cells. Furthermore, these effects were attenuated in the presence of
small interfering RNA (siRNA) against either Nrf2 or HO-1, demonstrating a dependence on HO-1
for these anti-inflammatory effects (163). Lo et al. also observed an inhibition of NF-kB activation
and iNOS expression in carnosol-treated murine macrophages stimulated with LPS, and reported
that carnosol inhibited p38 and ERK MAPK signalling (307). A recent study using the HaCaT
keratinocyte cell line found that carnosol treatment protected keratinocytes from UVB-mediated
ROS, cell death and NF-kB activation (308). Finally, carnosol has also been reported to inhibit iNOS
expression and pro-inflammatory cytokine and chemokine production by LPS-stimulated murine
macrophages, and to inhibit the expression of the catabolic genes MMP-3, MMP-13, ADAMTS-4

as well as IL-6 and NO production in human chondrocytes (309,310).

Surprisingly few in vivo studies have investigated carnosol for its anti-inflammatory and
antioxidant properties. Wang et al. reported that carnosol was protective in a rat model of spinal
cord injury, and its effects were attributed to activation of Nrf2 and inhibition of NF-kB and COX-
2 (311). Two studies reported that carnosol was effective at alleviating pain responses in a murine
model of pain; both studies reported inhibition of COX-1 and COX-2 signalling as well as a
reduction in eicosanoid production by carnosol (312,313). Interestingly, a study by Lee et al.
investigated the activity of carnosol in a murine model of atopic dermatitis and found it effectively
inhibited STAT3 activation, reduced the production of pro-inflammatory cytokines and improved
skin inflammation (314). In terms of human studies, only one clinical trial investigating carnosol

has been published to date: in a randomised controlled trial of erythema, administration of
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carnosol-rich sage extract significantly reduced UV-induced erythema compared to placebo (315).
These studies suggest that carnosol treatment could be protective in the context of inflammatory
skin diseases such as psoriasis. Although few in vivo or clinical studies have investigated carnosol
as an anti-inflammatory therapy, it is believed to be well-absorbed and unlikely to have significant
toxicity concerns as it is regularly consumed in herb-rich diets (302). A recent study by Arranz et
al. reported that bioavailable fractions of digested rosemary extract contained carnosol and
displayed immunomodulatory activity, suggesting that carnosol may have greater bioavailability
than curcumin (316). In summary, while further investigation into the bioavailability, safety and
efficacy of carnosol in vivo is necessary before it can be utilised in the clinic, carnosol represents
an attractive candidate for development as a naturally-derived HO-1 inducer and novel

immunotherapeutic.

1.4.2.3 Phycocyanobilin

Therapeutic administration of BV has been considered due to its extensive anti-inflammatory and
antioxidant properties, described in section 1.3.2, but progress has been limited due to toxicity
concerns of bile or microbial-derived BV. However, LTPs with close structural similarities to BV,
known as phycobilins, naturally occur within cyanobacteria such as Spirulina platensis. These
phycobilins contain pigments which allow cyanobacteria to absorb light at wavelengths which are
not well absorbed by the prototypical light-absorbing pigment, chlorophyll. One such phycobilin
which is a structural analogue to BV is phycocyanobilin (PCB), a blue-coloured chromophore which
is a component of the protein phyocyanin found in Spirulina (Figure 1.8) (317). Data from the
Dunne lab has confirmed that PCB is a potent antioxidant in human cells and is also a substrate

for human BVR, causing it to be reduced to phycocyanorubin (318).
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Figure 1.8. Structural similarities between BV and PCB.
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Spirulina is widely consumed as a dietary protein source and health supplement due to its anti-
inflammatory and ‘immune boosting’ properties (319-322). However, there has been little
investigation into the use of purified PCB, or other phycobilins, as an anti-inflammatory treatment.
Oral administration of PCB was shown to be protective in murine models of diabetic nephropathy
and liver injury as a result of its antioxidant activity (323,324). PCB was also reported to prevent
cellular injury due to oxidative stress in an in vitro neuronal cell line, as well as restore oxidative
imbalance and inhibit inflammation in a rat model of acute cerebral hypoperfusion (325).
Interestingly, there have been a few studies investigating PCB in the context of EAE; Pentén-Rol
et al. reported that treatment of rats with phycocyanin improved symptoms of EAE, and in two
recent follow up studies also observed that phycocyanin induces re-myelination in rats and mice
affected by EAE, and that PCB can also ameliorate EAE and reduce pro-inflammatory cytokines in
mice (326—328). Additionally, data from the Dunne lab has shown that PCB limits allogeneic
immune responses and has anti-inflammatory properties in human PBMC in vitro (318). Both
Spirulina and PCB have been reported by Strasky et al. to increase HO-1 expression in an
endothelial cell line and murine model of atherosclerosis, potentially allowing for HO-1 induction
as a positive feedback mechanism in certain cells (329). Finally, digestion of phycocyanin by gastric
pepsin has been reported to yield biologically active chromopeptides, supporting oral

consumption as an effective route of administration (330).

In conclusion, while there has been a limited number of investigations into the therapeutic use of
PCB to date, there is sufficient evidence to suggest it can exert anti-inflammatory and antioxidant
activity, and to support further investigation into its use as an immunotherapy. Furthermore, due
to its structural similarity to BV and ability to act as a substrate for BVR, it is likely that PCB
preparations can mimic the beneficial effects of BV in inflammation and oxidative stress, but

without the toxicity concerns of currently available sources of BV.
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1.5 Research Question

The identification of anti-inflammatory drugs with minimal side effects, yet which are effective in
blocking pathways leading to damaging inflammation is much sought-after. As outlined above, the
induction of HO-1 or administration of the HO reaction products has clear protective effects in
several models of autoimmune or inflammatory disease, making HO-1 inducers and LTPs ideal
candidates for use in preventative medicines, or as therapeutics which could potentially
complement current immunosuppressants and biologics. Existing HO-1 inducers such as CoPP and
DMF, as well as commercial preparations of BV, are associated with intolerable side effects or
toxicity concerns. Therefore, identification of alternative modulators of the HO-1 system which
can be used to harness the therapeutic properties of HO-1 is of considerable interest.
Furthermore, increased understanding of the mechanism(s) by which HO-1 exerts its anti-
inflammatory effects will inform the development of novel anti-inflammatories. The plant-derived
polyphenols, carnosol and curcumin, are candidate HO-1 inducers yet there has been little
research into their effects on human immune cells. Similarly, PCB represents a promising analogue
of BV, yet there has been no direct comparison of their anti-inflammatory effects in innate
immune cells. Therefore, the goal of this study is to explore the potential of these naturally-
derived HO-1 inducers and products as immunomodulators in human immune cells, through
investigation of their effects on different mediators of immune regulation, including DC, T cells

and metabolic signalling.

1.5.1 Aims

e To determine if carnosol, curcumin or PCB treatment can modulate the maturation and
function of human DC.

e To assess whether carnosol or curcumin can inhibit pro-inflammatory T cell responses and
promote Tregs, in human PBMC and CD4* T cells.

e To characterise the effects of carnosol and curcumin on metabolic activity and signalling
within human DC and PBMC.

e To investigate the effects of carnosol and curcumin in human keratinocytes and ex vivo

psoriasis patient PBMC
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Chapter 2:
Materials and Methods



2.1 Materials

2.1.1 Cell culture

Lymphoprep was purchased from Axis-Shield poC. MagniSort Human CD14 Positive Selection Kit
and Human CD4 Positive Selection Kit were purchased from eBioscience. The following were all
purchased from Sigma-Aldrich: Dulbecco’s Phosphate-Buffered Saline (PBS), Roswell Park
Memorial Institute (RPMI)-1640 Medium, Dulbecco’s Modified Eagle’s Media (DMEM), L-
Glutamine, Penicillin-Streptomycin solution, Foetal Bovine Serum (FBS),
Ethylenediaminetetraacetic Acid (EDTA), Trypsin-EDTA solution, Trypan Blue solution and
Dimethyl Sulfoxide (DMSO). Human recombinant Granulocyte-Monocyte Colony-Stimulating

Factor (GM-CSF) and IL-4 were purchased from Miltenyi Biotec.
2.1.2 Reagents

Biliverdin hydrochloride (BV; microbial source), phycocyanobilin (PCB; microbial source) and
Sn(IV) Protoporphyrin IX dichloride (SnPP) were all purchased from Frontier Scientific. Carnosol
(from Rosemarinus officinalis) and curcumin (from Curcuma longa) were purchased from Sigma-
Aldrich and dissolved in DMSO. Human hemoglobin (Hb) was purchased from Sigma-Aldrich and
dissolved in fresh RPMI before use. Compound C (also known as dorsomorphin) was purchased
from Sigma-Aldrich and dissolved in DMSO. 5-Aminoimidazole-4-carboxamide ribonucleotide
(AICAR) was purchased from Sigma-Aldrich and dissolved in water. Ultrapure lipopolysaccharide
(LPS) from E. Coli 0111:B4 was purchased from Enzo Life Sciences. Human monoclonal anti-CD3
and anti-CD28 antibodies were purchased from eBioscience. AlamarBlue was purchased from

BioRad.

2.1.3 Western blotting

All chemicals used were purchased from Sigma-Aldrich unless otherwise stated. Acrylamide was
purchased from Fisher. SeeBlue Plus2 Pre-Stained Protein Standard was purchased from
Invitrogen. Immobilon polyvinylidene difluoride (PVDF) membrane and Enhanced
Chemiluminescent (ECL) Horseradish-Peroxidase (HRP) Substrate were purchased from Merck

Millipore.
2.1.4 Primary antibodies

Anti-phospho-MEK, anti-MEK, anti-phospho-p38, anti-p38, anti-phospho-ERK (1/2), anti-ERK

(1/2), anti-IkB, anti-phospho-AMPK and anti-AMPK were all purchased from Cell Signalling

37



Technology. Anti-HO-1 was purchased from Enzo Life Sciences. Anti-pro-IL-1 was purchased from

R&D Systems. Anti-B-actin-peroxidase was purchased from Sigma-Aldrich.
2.1.5 Secondary antibodies

Anti-rabbit 1gG (whole molecule)-peroxidase, anti-mouse IgG (whole molecule)-peroxidase and

anti-goat 1gG (whole molecule)-peroxidase were purchased from Sigma-Aldrich.
2.1.6 Flow cytometry

Phorbol 12-myristate 13-acetate (PMA), ionomycin and brefeldin were purchased from Sigma.
Anti-mouse Ig CompBeads were purchased from BD. Fix & Perm kit, FITC-conjugated DQ-
Ovalbumin and Mitotracker Green™ were purchased from Invitrogen. CellTraceViolet (CTV) was
purchased from Life Technologies. Fixable Viability Dye eFluor506 and eFluor780, Propidium
lodide (Pl), Annexin V Binding Buffer and Foxp3 Staining Buffer Kit were all purchased from
eBioscience. Brilliant Stain Buffer was purchased from BD Horizon. The following fluorochrome-
conjugated antibodies were purchased from eBioscience, BioLegend and BD Horizon as specified

in Table 2.1.

Table 2.1. Fluorochrome-Conjugated Antibodies

Specificity Clone Fluorochrome Volume used Supplier
(ul/ test)

CD3 UCHT1 BV711 1.25 BD Horizon
Cb4 RPAT4 PE-CF594 1.25 BD Horizon
CD161 DX12 PE-Cy5 5 BD Horizon
TCRyb B1 BV650 1.25 BD Horizon
CD8 SK1 APC eFluor 780 1.25 eBioscience
CD25 BC96 PE-Cy7 1.5 eBioscience
CD127 eBioRDRS APC-eFluor 780 1.25 eBioscience
CD39 24DMS1 PerCP-e710 1.25 eBioscience
Foxp3 236AIE7 PE 15 eBioscience
CTLA4 L3D10 APC 1.25 Biolegend

Ki67 SolA15 V450 1.5 eBioscience
IL-2 5344111 PE-CF594 1.25 BD Horizon
IL-17 BL168 Alexad88 1.5 Biolegend

IFNy 4S.B3 APC 0.5 Biolegend

TNFa MAb11 PerCP-Cy5.5 1.25 eBioscience
GM-CSF MP1-22E9 PE 1.25 eBioscience
IL-22 22URTI PE-Cy7 1.25 eBioscience
CD209 9E9A8 PE-Cy7 1.5 BiolLegend

CD14 61D3 FITC 1.5 eBioscience
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HCD14 FITC 1.5 BioLegend
CD40 5C3 BV510 1.25 eBioscience
CD80 2D10.4 FITC 15 eBioscience
CD83 HB15e PE 1.25 eBioscience
CD86 1T2.2 PerCP-e710 0.5 eBioscience

1T2.2 APC 0.5 Biolegend
Annexin V n/a APC 1.25 eBioscience

n/a FITC 1.25 Biolegend

2.1.7 Seahorse XF analyser

Seahorse XF/XFe 24 well cell culture microplates, extracellular flux assay kits, XF calibrant and XF
assay media was purchased from Agilent Technologies. Oligomycin A was purchased from Cayman
Chemicals. Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) was purchased from
Santa Cruz Biotechnology. Rotenone, antimycin A and 2-deoxy-D-glucose (2-DG) were purchased

from Sigma-Aldrich. Cell-Tak™ was purchased from Fisher Scientific.
2.1.8 Confocal microscopy

Light-protective cell culture microplates were purchased from iBidi. Anti-p65 antibody was
purchased from Santa Cruz Biotechnology. Fluorochrome-conjugated secondary anti-mouse
antibody was purchased from Abcam. 4',6-diamidino-2-phenylindole (DAPI) and phalloidin stains

were purchased from VWR.
2.1.9 siRNA

On-Target Plus non-targeting siRNA pools and SMARTpool siRNA oligonucleotides targeting HO-1

were purchased from Dharmacon. Oligofectamine was purchased from Invitrogen.

2.2 Methods

2.2.1 Preparation of protoporphyrins and linear tetrapyrroles

SnPP, BV and PCB were dissolved in 50 mM Tris HCI buffer pH 8.6 and adjusted to pH 7.4 for use
in cell culture. Where there was incomplete dissolution of solute the concentrations of obtained
solutions were determined by spectrophotometry using the Beer Lambert law. The molar
extinction coefficient for SnPP at 407 nm was 36800 M™*cm™. The molar extinction coefficients for
BV and PCB at 650 nm were 12500 Mcm™ and 13087 Mlcm™, respectively. Stock solutions were

prepared and then diluted as required.
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2.2.2 Cell culture

Cells were cultured at 37°C with an atmosphere of 95% humidity and 5% CO,. RPMI and DMEM
cell culture media were supplemented with 10% FBS, 2 mM L-Glutamine, 100 U/ml penicillin and
100 pg/ml streptomycin. Cell numbers and viability were determined by performing cell counts
in trypan blue. Cells were diluted in trypan blue and 10 pl was loaded onto a Hycor KOVA Glastic
cell counter slide and viewed under a light microscope. Cell viability was assessed by dye exclusion.

The number of viable cells was determined using the following formula:

Number ofcells/ml = # cells counted x dilution factor x 10*

2.2.3 HaCaT cell culture

The HaCaT keratinocyte cell line was stored cryopreserved in liquid nitrogen, at a concentration
of 3 x 10° cells/ml in freezing medium (FBS supplemented with 10% DMSO) in plastic cryovials.
HaCaTs were cultured in DMEM supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml
penicillin and 100 pg/ml streptomycin. HaCaTs were grown in 75 cm? flasks and passaged every 3-
4 days by trypsinisation. For use in in vitro assays HaCaTs were seeded at 40,000 cells/ml one day
prior to treatment and left to adhere overnight. Prior to use in cytokine or proliferation assays the
cell culture media was replaced with DMEM containing 1% FBS for 12-18 hours, after which the

media was returned to complete DMEM.
2.2.4 PBMC isolation

This study was approved by the research ethics committee of the School of Biochemistry and
Immunology, Trinity College Dublin and is in accordance with the Declaration of Helsinki. PBMC
were isolated from leukocyte-enriched buffy coats obtained from anonymous healthy donors with
consent from the Irish Blood Transfusion Service, St James’ Hospital, Dublin. Blood was diluted in
sterile PBS and centrifuged at 1250 g for 10 minutes at room temperature, with the brake off. The
buffy coat layer was removed and diluted in sterile PBS. 25 ml of diluted buffy coat was layered
over 20 ml LymphoPrep and PBMC were isolated by density-gradient centrifugation at 800 g for
20 minutes at room temperature, with the brake off. The PBMC layer was removed from the
interface of the gradient and washed twice in sterile PBS by centrifugation at 650 g for 10 minutes

at room temperature. Isolated PBMC were re-suspended and cultured in RPMI.

2.2.5 Isolation of psoriasis patient PBMC
Written informed consent was obtained from participants attending a specialist psoriasis out-
patient clinic at St Vincent’s University Hospital, Dublin. This study received ethical approval from

St. Vincent’s University Hospital Ethics and Medical Research Committee and was conducted in
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accordance with the Declaration of Helsinki. Blood samples were taken from consenting patients
(n=9; mean Psoriasis Area Severity Index [PASI] 6.6 + 3.3), PBMC were isolated as described above

and stored cryopreserved at -80°C in freezing medium.
2.2.6 Isolation of CD14* monocytes and CD4* T Cells

CD14" monocytes and CD4* T cells were isolated from PBMC by magnetic-activated cell sorting
(MACS), using the Magnisort CD14 or CD4 positive selection kits (eBioscience). PBMC were washed
in MACS buffer (PBS supplemented with 2% FBS and 2 mM EDTA) and pelleted by centrifugation
at 300 g for 5 minutes. PBMC were re-suspended in MACS buffer at 1 x 108 cells/ml in a 12 x 75
mm 5ml tube and incubated with anti-CD14 biotin (10 pl per 100 pl cells) for 10 minutes at room
temperature. Cells were then washed in 4 ml MACS buffer and pelleted by centrifugation at 300
g for 5 minutes. Supernatant was discarded, cells were re-suspended in their original volume of
MACS buffer and incubated with MagniSort positive selection beads (15 ul per 100 pl cells) for 10
minutes at room temperature. The volume was then adjusted to 2.5 ml and the tube placed inside
the magnetic field of a Magnisort magnet for 5 minutes. The negative fraction was then poured
off by inverting the tube while held inside the Magnisort magnet, and the remaining cells were re-
suspended in 2.5 ml MACS buffer. This step was repeated three times and then the positive
fraction containing the CD14* monocytes was re-suspended in RPMI and counted. CD14*
monocyte purity was confirmed by flow cytometry and was routinely greater than 90% (Figure
2.1). For CD4* T cell isolation the CD14 negative fraction was collected and counted and the above
protocol was followed using anti-CD4 biotin. CD4* T cell purity was confirmed by flow cytometry

and was routinely greater than 95% (Figure 2.2).
2.2.7 Culture of monocyte derived dendritic cells

Primary human DCs were cultured from CD14* monocytes isolated from healthy human PBMCs.
Purified CD14* monocytes were cultured at 1 x 10°cells/ml in 6 well plates in RPMI supplemented
with human recombinant GM-CSF (50 ng/ml) and IL-4 (40 ng/ml). On the third day of culture half
the media was carefully removed from the wells and replaced with fresh media containing GM-
CSF and IL-4. On the sixth day of culture non-adherent cells were gently removed from the wells
and pelleted by centrifugation at 300 g. DCs were re-suspended in RPMI and counted. The purity
of DCs was determined by expression of CD14 and CD209 (DC-SIGN) by flow cytometry; CD14

CD209" cells were defined as immature DCs and were routinely greater than 95% (Figure 2.3)
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2.2.8 Flow cytometry

2.2.8.1 Extracellular staining

For staining of cells with fluorochrome-conjugated antibodies against extracellular markers, cells
were harvested and washed in PBS. Cells were first stained with an amine-binding viability dye
which stains dead cells by incubating them in 30 pl Fixable Viability Dye (diluted 1:1000 in PBS) for
30 minutes at 4°C, protected from light. Cells were then washed in PBS and centrifuged at 300 g
for 5 minutes. The supernatant was discarded and cells were incubated in 30 ul PBS (or Brilliant
Stain buffer diluted 1:2 in PBS where two or more Brilliant Violet dyes were used) containing
fluorochrome-conjugated antibodies at the test volumes indicated in Table 2.1, for 15 minutes at
room temperature, protected from light. Following extracellular staining, cells were washed in

PBS, centrifuged at 300 g and re-suspended in PBS for acquisition.
2.2.8.2 Intracellular staining

For analysis of cytokine production by flow cytometry, cells were incubated with PMA (50 ng/ml)
and ionomycin (500 ng/ml) in the presence of brefeldin A (5 pg/ml) for 6 hours prior to staining.
After surface staining, cells were treated with 50 pl Fix & Perm solution A for 15 minutes in the
dark at room temperature. Cells were washed in PBS and centrifuged at 300 g for 5 minutes at
room temperature. Cells were then stained with intracellular fluorescently labelled antibodies in
30 pl Fix & Perm solution B (or Brilliant Stain buffer diluted 1:2 in Fix & Perm solution B where two
or more Brilliant Violet dyes were used) and incubated for 15 minutes in the dark at room

temperature. Cells were washed again and re-suspended in PBS for acquisition.
2.2.8.3 Intranuclear staining

For staining of intranuclear markers, cells were treated with 250 ul FOXP3 fixation and
permeabilisation buffer for 30 minutes in the dark at 4°C following surface staining. Cells were
then washed twice with 1 ml 1X FOXP3 permeabilisation buffer and centrifuged at 300 g for 5
minutes. Cells were then stained with intranuclear fluorescently labelled antibodies in 30 pl
permeabilisation buffer and incubated for 30 minutes at 4°C in the dark. Cells were washed in PBS
and centrifuged at 300 g for 5 minutes at room temperature. Cells were then re-suspended in PBS

and analysed by flow cytometry.
2.2.8.4 CTV labelling

In order to label CD4* T cells with CTV to assess cellular proliferation, CD4" cells were isolated as

described in section 2.2.6. Cells were washed in PBS and centrifuged at 300 g. Cells were re-
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suspended in 10 ml warm PBS containing 1 uM CTV and incubated at 37°C for 10 minutes. In order
to stop CTV uptake into the cells, 10 ml of RPMI or 1 ml FBS was added and the cells were
incubated on ice for 15 minutes. The cells were then centrifuged at 300 g, re-suspended in RPMI
and counted. Stained and unstained cell samples were fixed with 4% paraformaldehyde (PFA) for

use as compensation controls.
2.2.8.5 Annexin V & Pl staining

For assessment of apoptosis, cells were stained with fluorochrome-conjugated anti-Annexin V and
PIl. Cells were washed in 1X Annexin V binding buffer and pelleted by centrifugation at 300 g.
Supernatant was discarded and cells were incubated in 30 ul 1X binding buffer containing 1.25 ul
fluorochrome-conjugated anti-Annexin V for 15 minutes at room temperature, protected from
light. Cells were then washed in 1X binding buffer and centrifuged at 300 g. Supernatant was
discarded and cells were re-suspended in 200 pl 1X binding buffer containing 5 pl Pl, and

immediately acquired.
2.2.8.6 DQ-Ovalbumin

The model antigen DQ-Ova, which fluoresces upon processing by proteases inside the cell, was
used to assess antigen uptake. DQ-Ova was prepared to a stock concentration of 1 mg/ml. Cells
were incubated with fresh media containing 500 ng/ml DQ-Ova for 20 minutes at 37°C, followed
by incubation at 4°C for 10 minutes. Cells were then washed in PBS, centrifuged at 300 g, re-
suspended in PBS and immediately acquired. Cells treated with media containing no DQ-Ova were

used as a gating control for DQ-Ova positive cells.

2.2.8.7 Mitotracker Green labelling

In order to analyse mitochondrial mass, cells were stained with Mitotracker Green. Cells were
washed in warm PBS and centrifuged at 300 g for 5 minutes. Supernatants were removed and cells
were stained with Mitotracker Green at a final concentration of 4 nM in PBS. Cells were incubated
for 30 minutes at 37°C. Cells were washed in warm PBS and centrifuged at 300 g for 5 minutes.

Supernatants were removed and cells were acquired immediately.
2.2.8.8 Acquisition, compensation and analysis

Where flow cytometry experiments contained more than one fluorochrome, single-stained
controls were prepared for each fluorochrome using BD CompBeads in order to calculate spectral
compensation. Samples were acquired on either a BD FACSCanto Il or LSRFortessa flow cytometer.

All flow cytometry data analysis was performed using Flowlo v10 (Treestar Inc) software.
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Polyfunctionality of T cells from psoriasis patient PBMC was analysed using SPICE software
(National Institute of Allergy and Infectious Diseases, National Institutes of Health). Cells were

gated on according to the gating strategies presented in Appendix 4.
2.2.9 Enzyme-Linked Immunosorbent Assay

The concentrations of cytokines present in supernatants collected from cell cultures were
measured by Enzyme-Linked Immunosorbent Assay (ELISA) using eBioscience Ready-Set-Go ELISA
kits for IL-8, TNF-a, I1L-12p70, IL-23p19, IL-10, IFN-y and IL-17. 96-well high binding plates were
coated with 75 pl of capture antibody diluted in PBS (1:250 dilution) and incubated overnight at
4°C. The capture antibody was removed and 75 pl 1X assay diluent was added to the plates and
incubated for 1 hour at room temperature. The plates were then washed 3 times by submerging
in ELISA wash buffer (PBS, 0.0005% Tween-20). 100 ul of serially-diluted protein standards
(recombinant cytokines of known concentrations) were prepared in 1X assay diluent and added
to the plates in triplicate. Between 50 — 100 pul of supernatants were added to the plates either
undiluted or diluted in 1X assay diluent and incubated overnight at 4°C. The next day the plates
were washed 3 times with ELISA wash buffer and 75 ul of detection antibody diluted in 1X assay
diluent (1:250 dilution) was added to the plates, which were then incubated for 2 hours at room
temperature. The plates were washed 3 times with ELISA wash buffer and 75 ul of HRP-conjugated
streptavidin diluted in 1X assay diluent (1:250 dilution) was added and incubated for 20 minutes
at room temperature, protected from light. The plates were then thoroughly washed in ELISA
wash buffer and 75 ul of TMB solution was added. The plates were allowed to develop protected
from light and the reaction was stopped by the addition of 35 ul 1 M sulphuric acid. The OD value
of each well was determined at 450 nm using a microplate reader. A standard curve was generated
using the serially diluted protein standards and used to determine the concentration of cytokine

in the supernatant.

2.2.10 SDS-PAGE and Western blotting

2.2.10.1 Sample preparation

Cell lysates were prepared by removing cell supernatants and washing cells in PBS prior to addition
of high stringency lysis buffer (HSLB; 1 mM EDTA, 10% Glycerol, 50 mM HEPES, 100 mM NacCl, 1%
NP-40, pH 7.5) containing 1% phosphatase inhibitor cocktail 3. The samples were centrifuged at
16,000 g for 5 minutes, and the lysates were transferred to new Eppendorf tubes and stored at -

20°C until use.
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2.2.10.2 SDS-PAGE

Either 10% or 12% polyacrylamide gels were prepared (Table 2.2) depending on the size of the
protein of interest, and placed in 1X running buffer (25 mM Tris, 250 mM Glycine, 1% SDS, pH 8.3).
Samples were thawed and diluted in Laemmli buffer containing 5% B-mercaptoethanol, and boiled

at 100°C for 5 minutes. Samples and a pre-stained molecular weight ladder were loaded onto the

gels. Electrophoresis was carried out at 120 volts (V) for 90 minutes.

Table 2.2. Composition of SDS-polyacrylamide gel (2 gels)

10% Resolving Gel 12% Resolving Gel Stacking Gel
30% Acrylamide | 5 ml 6 ml 0.67 ml
H.O | 5.9 ml 4.9 ml 2.7 ml
1.5 M Tris-HCI | 3.8 ml 3.8 ml -

1 M Tris-HCl | - - 0.5ml
10% SDS | 0.15 ml 0.15 ml 40 pl
10% APS | 0.15 ml 0.15 ml 40 pl

Temed | 6 ul 6 ul 6 ul

2.2.10.3 Transfer of proteins onto PVDF membrane

The resolved proteins were transferred onto a PVDF membrane. The gel was removed and placed
onto a sheet of filter paper soaked in 1X transfer buffer (39 mM Glycine, 48 mM Tris, 20%
methanol, pH 8.0). The PVDF membrane was soaked in methanol and placed carefully over the
gel. An additional filter paper soaked in 1X transfer buffer was then placed on top of the PVDF
membrane. The system was then pressed tightly together to ensure there were no air bubbles
between the gel and the membrane. The proteins were transferred for 75-90 minutes at 200

milliamperes (mA) in 1X transfer buffer.
2.2.10.4 Immunodetection of proteins

PVDF membranes contained resolved proteins were incubated for 1 hour at room temperature in
either 5% Marvel in TBST (2 mM Tris, 50mM NaCl, 0.05% Tween-20, pH 7.6) or 3% BSA in TBST.
The membrane was then incubated in primary antibody (diluted according to Table 2.3) overnight
at 4°C. The following day, the membrane was washed 3 times for 5 minutes with TBST, and then
incubated for 2 hours in secondary antibody (Table 2.3) at room temperature. The membrane was

then washed a further 3 times and developed using freshly prepared ECL on a BioRad ChemiDoc

45



system. Densitometry analysis was performed using ImageLab software (BioRad). Examples of full-

length blots are provided in Appendix 3.

Table 2.3. Dilutions for Western blot antibodies

Primary Antibody Dilution Secondary Antibody Dilution
Anti-HO-1 1:1000 Anti-Rabbit 1:2000
Anti-phospho-MEK 1:1000 Anti-Rabbit 1:2000
Anti- MEK 1:2000 Anti-Rabbit 1:2000
Anti-phospho-ERK (1/2) 1:2500 Anti-Rabbit 1:2000
Anti-ERK (1/2) 1:5000 Anti-Rabbit 1:2000
Anti-phospho-p38 1:1000 Anti-Rabbit 1:2000
Anti-p38 1:1000 Anti-Rabbit 1:2000
Anti-phospho-AMPK 1:1000 Anti-Rabbit 1:2000
Anti-AMPK 1:1000 Anti-Rabbit 1:2000
Anti-IkB 1:1000 Anti-Mouse 1:1000
Anti-Pro-IL-1 1:500 Anti-Goat 1:1000
Anti-B-actin-peroxidase 1:50,000 - -

2.2.11 Seahorse XF/XFe 24 analyser

The Seahorse XF/XFe 24 analyser simultaneously measures in real time the oxygen consumption
rate (OCR), a measure of the rate of oxidative phosphorylation, and extracellular acidification rate
(ECAR), a measure of the rate of glycolysis, in the medium directly surrounding a single layer of
cells. The Seahorse cartridge plate, consisting of the sensors for O, and pH, was hydrated prior to
use by the addition of 1 ml XF calibrant fluid per well and incubated in a no-CO; incubator at 37°C

for a minimum of 8 hours prior to use.
2.2.11.1 PBMC Seahorse experiments

Seahorse 24-well microplates were pre-treated with 50 pl/well Cell-Tak™ (22.4 ug/ml) dissolved
in 0.1 M sodium bicarbonate (pH 8.0) and incubated at room temperature for a minimum of 30
minutes. Following incubation, the wells were washed twice with sterile water. PBMC were
counted, washed and re-suspended in complete XF assay medium (supplemented with 10 mM
glucose, 1 mM sodium pyruvate, 2 mM L-glutamine and pH adjusted to 7.4) and seeded into the
microplate at 5 x 10° cells/well, in an initial volume of 100 ul/well. Blank wells (XF assay medium
only) were left without PBMC for subtracting background OCR and ECAR during Seahorse analysis.
The microplate was briefly pulse centrifuged, rotated and pulse centrifuged a second time to

ensure cells were adhered to the bottom of the plate. The plate was incubated in a no-CO;
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incubator at 37°C for 15 minutes. An additional 400 pl/well of complete assay medium was gently

added to each well and the plate was incubated for a further 15 minutes.

Metabolic compounds were prepared in XF assay medium and loaded into the appropriate
injection ports on the cartridge plate (75 ul/port) and incubated for 10 minutes in a no-CO>
incubator at 37°C. The cartridge was then placed into the XF/XFe analyser and the machine was
calibrated. Following calibration the cell plate was added to the XF/XFe analyser and the OCR and
ECAR were measured over time as detailed in Table 2.4. Upon completion of the assay the XF assay
medium was removed and HSLB was added to each well. Protein concentration was determined
by the Pierce BCA assay (ThermoFisher) to ensure protein content was similar between all

treatment wells.

2.2.11.2 DC Seahorse experiments

DC were washed and re-suspended in complete RPMI and seeded at 2 x 10° cells/well into the
Seahorse 24 well microplate. DC were cultured with relevant experimental conditions in the
Seahorse microplate for up to 24 hours prior to Seahorse analysis. 30-60 minutes prior to
placement into the XF/XFe analyser the culture medium was replaced with complete XF assay
medium and incubated in a no-CO; incubator at 37°C. Blank wells (XF assay medium only) were

left without DC for subtracting background OCR and ECAR during Seahorse analysis.

Metabolic compounds were prepared in XF assay medium and loaded into the appropriate
injection ports on the cartridge plate (75 pl/port) and incubated for 10 minutes in a no-CO;
incubator at 37°C. The cartridge was then placed into the XF/XFe analyser and the machine was
calibrated. Following calibration the cell plate was added to the XF/XFe analyser and the OCR and
ECAR were measured over time as detailed in Table 2.4. Upon completion of the assay the XF assay
medium was removed and HSLB was added to each well. Protein concentration was determined
by the Pierce BCA assay (ThermoFisher) to ensure protein content was similar between all

treatment wells.
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Table 2.4. Seahorse protocol

Step

Action

Equilibrate

Mix (3 mins)

Wait (2 mins)

Measure (3 mins)

Repeat steps 2-4 x2

Inject Port A

Repeat steps 2-4 x3

Inject Port B

OO N[OV DWW N[

Repeat steps 2-4 x3

[ERY
o

Inject Port C

[any
[EEY

Repeat steps 2-4 x3

[ERY
N

Inject Port D

[EEN
w

Repeat steps 2-4 x3

[ERY
o

End protocol

2.2.11.3 Seahorse analysis

Analysis of results was performed using Wave software (Agilent Technologies). The rates of basal

glycolysis, max glycolysis, glycolytic reserve, basal respiration, max respiration, ATP production

and respiratory reserve were calculated as detailed in Table 2.5:

Table 2.5. Seahorse calculations

Rate

Calculation

Non-glycolytic ECAR

Average ECAR values after 2-DG treatment.

Basal glycolysis

Average ECAR values prior to oligomycin treatment — non-glycolytic
ECAR

Max glycolysis

Average ECAR values after oligomycin & before FCCP treatment

Glycolytic reserve

Max glycolysis — basal glycolysis

Non-mitochondrial
OCR

Average OCR values after rotenone/antimycin A & before 2-DG
treatment

Basal respiration

Average OCR values prior to oligomycin treatment - non-
mitochondrial OCR

Max respiration

Average OCR values after FCCP & before rotenone/antimycin A
treatment

Non-ATP respiration

Average of OCR values after oligomycin & before FCCP treatment

ATP production

Basal respiration — non-ATP respiration

Respiratory reserve

Max respiration — basal respiration
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2.2.12 Confocal microscopy

2.2.12.1 NF-kB nuclear translocation

Translocation of the active subunit of NF-kB, p65, from the cytosol to the nucleus during LPS
activation of DC was imaged by confocal microscopy. DC were seeded at 1 x 108 cells/ml in a light-
protective microplate (iBidi) and cultured with relevant experimental conditions. The microplate
was spun at 110 g for 5 minutes and cells were fixed with 4% PFA in PBS for 15 minutes at room
temperature. Cells were permeabilised by incubation in 100% methanol for 5 minutes at -20°C.
Following fixation and permeabilisation, cells were incubated with blocking buffer (5% BSA,
0.005% Tween-20 in PBS) for 1 hour at room temperature. After blocking, cells were incubated
with anti-p65 antibody in blocking buffer (1:300) for 3 hours at room temperature, followed by
incubation with a fluorochrome-conjugated secondary anti-mouse antibody in blocking buffer
(1:500) for 1 hour at room temperature. Finally, nuclei were stained with DAPI in PBS (1:2000) for
5 minutes at room temperature, and washed in PBS. Images were taken on a Leica SP8 scanning

confocal microscope at X63 magnification.
2.2.12.2 HaCarT proliferation

Proliferation of HaCaT keratinocytes was analysed by confocal microscopy. HaCaTs were seeded
at 40,000 cells/ml in a light-protective microplate (iBidi) and left to adhere for 24 hours. After 24
hours cell culture medium was replaced with DMEM containing 1% FBS for 12-18 hours to
synchronise the cell cycle. HaCaTs were then cultured in relevant experimental conditions for 24
hours. Cells were fixed with 4% PFA in PBS for 15 minutes at room temperature. Cells were
permeabilised by incubation with 0.5% Triton X in PBS for 10 minutes at room temperature. Cells
were then washed with PBS and incubated with phalloiden solution (1:2000) in PBS for 2 hours at
room temperature, in the dark. Cells were washed with PBS and nuclei were stained with DAPI in
PBS (1:2000) for 5 minutes at room temperature. Tile scan images were taken on a Leica SP8
scanning confocal microscope at X10 magnification. The number of cells per image was counted
using Imagel software. Each experimental condition was run in duplicate and the average cell

count from both duplicates was reported for each experiment.

2.2.13 siRNA transfection

Oligonucleotides were solubilised in RNase-free water to a final concentration of 20 uM. Further
dilutions of oligonucleotides and oligofectamine were made according to Table 2.6. After 5
minutes, diluted oligofectamine was added dropwise onto the diluted oligonucleotides, and

incubated for 15-20 minutes at room temperature to allow complexes to assemble. The cells were
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washed in pre-warmed serum- and antibiotic- free medium and then the appropriate volume of
serum- and antibiotic-free medium was added to the wells, as detailed in Table 2.6. The complexes
were then added dropwise onto the cells, and mixed by gently swirling the cell culture plate. Cells
were incubated for 6 hours prior to addition of cell culture medium containing 2X concentrations

of FBS and L-glutamine. Cells were cultured for a further 24-72 hours to complete transfection.

Table 2.6. Components and volumes required for siRNA transfection

Component 6-well plate 24-well plate
Oligonucleotide Oligonucleotides 10 pl 2.5l
dilution Serum & antibiotic free medium 90 ul 22.5 ul
(1:10; volume per well)
Oligofectamine dilution Oligofectamine 4l 1ul
(1:5; volume per well) | Serum & antibiotic free medium 16 ul 4 ul
Volume per well Serum & antibiotic- free medium 880 ul 220 pl
Volume per well 2X medium 1ml 250 pl

2.2.14 AlamarBlue viability assay

Viability of HaCaTs was measured by reduction of alamarBlue reagent. A volume of alamarBlue
equal to 10% of the cell culture volume was added to each well and the plate was swirled gently
to mix. Cells were incubated at 37°C for 18 hours and then absorbance was read at 570 nm and
600 nm. The 600 nm absorbance values were subtracted from the 570 nm values, and cellular

viability was expressed as a percentage of the untreated control.

2.2.15 Statistical analysis

All statistical analysis was performed on GraphPad Prism 6 software. Comparison of two
treatment groups was made by a two-tailed Student’s t test. > 3 groups were analysed by one-
way ANOVA with either Tukey’s multiple comparisons post hoc test to compare the means of all
groups with each other, Dunnett’s multiple comparisons post hoc test to compare the means of
treatment groups to a control group, or Sidak’s multiple comparisons post hoc test to compare
the means of preselected treatment group pairs. Resulting p values < 0.05 were considered

significant and denoted with asterisks or hash marks in the figures.
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Figure 2.1. Analysis of monocyte purity by flow cytometry. Purified monocytes were identified
as CD14* by flow cytometry. (A) Dead cells and cellular debris were excluded on the basis of size
(forward scatter; FSC) and granularity (side scatter; SSC). (B) Viable cells were then gated for CD14
expression.
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Figure 2.2. Analysis of CD4" T cell purity by flow cytometry. Purified CD4* T cells were identified
as CD4* by flow cytometry. (A) Dead cells and cellular debris were excluded on the basis of size
(FSC) and granularity (SSC). (B) Viable cells were then gated for CD4 expression.
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Figure 2.3. Analysis of DC purity by flow cytometry. Human monocyte-derived DC were identified
as CD14°CD209" by flow cytometry. (A) Dead cells and cellular debris were excluded on the basis
of size (FSC) and granularity (SSC). Viable cells were then gated for (B) CD14 and (C) CD209
expression using fluorescence-minus-one (FMO) controls. (D) FMO defined CD14 vs CD209 gate
was then applied to DC sample to determine purity of the DC population.
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Chapter 3:
Modulation of the HO-1 system in
human DC



3.1 Introduction

DC play a central role in the generation of both pro- and anti-inflammatory immune responses
due to their position as the ‘professional’ APC of the immune system. Therefore, drugs which
modulate the phenotype and function of DC are highly sought after as new treatment strategies
for diseases in which the immune response is dysregulated. In the case of autoimmunity, DC can
either instigate or protect against self-directed inflammation. In EAE & MS, DC have been
implicated in the induction of pathogenic Th17 cells and neuroinflammation (331-337). However,
tolerogenic DC have been found to be protective against EAE. For example, Yogev et al. observed
that depletion of DC prior to induction of EAE aggravates disease symptoms due a reduction of
Treg numbers (338), while the beneficial effects of TGF-B and IFN-B in EAE have been attributed
to the activity of DC (339,340). Similarly, in psoriasis, the immunological synapse between DC and
T cells has become a target of interest for disease treatment. Enrichment of pro-inflammatory DC
has been observed in psoriatic plaques (341,342), where they contribute to local inflammation of
the skin and promote differentiation of Th17 cells. Specifically, the pro-inflammatory cytokines
TNFa and IL-23 produced by DC have been shown to be key contributors to the pathology of
psoriasis, as evident by the clinical efficacy of treatments targeting these cytokines (343-345).
Meanwhile, Langerhans cells, a DC subset resident in the epidermis, act to suppress inflammation
in psoriatic lesions via production of the anti-inflammatory cytokine IL-10 and upregulation of PD-
L1 expression (346). Thus, there is solid rationale to target DC in autoimmunity, with the overall

aim of re-balancing their immunogenic and tolerogenic activities.

HO-1 is a stress response protein which has been described to promote tolerogenic DC. Chauveau
et al. were the first to report that HO-1 is constitutively expressed by immature DC, and is
downregulated upon DC maturation. Furthermore, they found that DC treated with the HO-1
inducer, CoPP, were refractory to maturation by LPS, and displayed reduced pro-inflammatory
cytokine production (176). Following this, it was found that HO-1 expression by DC is required for
the suppressive activity of Tregs, and that DC which express HO-1 actively inhibit effector T cell
responses (177,188). These results are supported by a recent study from Wong et al. which found
that DC treated with CoPP were capable of inducing Treg differentiation, and were protective in a
model of airway inflammation (189). Mechanistically, it is not well established how HO-1
modulates the activity of DC. Inhibition of p38 MAPK signalling by HO-1 has been suggested by Al-
Huseini et al. as one mechanism by which HO-1 regulates DC function (178). Additionally, while
treatment of DC with SnPP, a metalloporphyrin which inhibits the enzymatic activity of HO-1, has
been shown to oppose the effects of HO-1 expression in DC (177,178), it has yet to be elucidated

which products of HO-1 mediate its immunomodulatory effects. Rémy et al. reported that
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treatment with the CO-donor CORM2 produced similar immunomodulatory effects in DC as HO-1
(207). In support of a role for CO in the activity of HO-1 in DC, Riquelme et al. reported that CO
impairs antigen presentation and activation of T cells by DC, via inhibition of DC mitochondrial
function (208). Thus, while there exists some evidence that CO is at least partially responsible for
the activity of HO-1 in DC, the contributions of HO-1 derived LTPs, and the cellular pathways

involved in these effects, remain unclear.

Despite the mounting evidence that upregulation of HO-1 promotes tolerogenic DC and anti-
inflammatory immune responses, translation of these studies to the clinic has been hindered by
the lack of suitable HO-1 inducers. HO-1 inducers used in vitro or in pre-clinical in vivo studies are
typically metalloporphyrins such as CoPP and hemin, but these are difficult to administer and are
associated with potential toxicities. Hence, the identification of alternative inducers of HO-1, or
HO-1 products, which can be used to modulate the HO-1 system in DC, and which are more
appropriate for clinical use, is required before HO-1 can be used therapeutically. Aside from
metalloporphyrins, polyphenols are another class of compound whose members frequently
display the capacity to upregulate HO-1. Through a review of the literature, the plant-derived
polyphenols curcumin and carnosol were identified as candidate HO-1 inducers which are likely
to be well tolerated as they are derived from common foods (303,304,347). Curcumin has
previously been shown to inhibit the maturation and function of DC, although these studies have
largely been performed in murine cells (277-280). Furthermore, while upregulation of HO-1 by
curcumin has been linked to some of its anti-inflammatory effects in murine DC (286), it remains
unclear to what extent its activity in human DC is mediated by HO-1. Unlike curcumin, there have

been no studies to date investigating the effects of carnosol in either murine or human DC.

Finally, although BV is known to mediate some of the antioxidant and anti-inflammatory effects
of HO-1in vivo (196,201,245,348), it remains unknown to what extent it contributes to the activity
of HO-1 in DC. Rémy et al. previously reported that CO, but not other HO-1 products, was
responsible for the immunomodulatory activity of HO-1 in human DC (207). However this study
tested only one concentration of BV (10 uM), and a non-significant trend towards reduced
maturation and cytokine production with BV treatment can be observed on assessment of their
results. Therefore, it is possible that higher concentrations of BV may replicate some of the activity
seen with HO-1 inducers in DC. Clinically, however, BV faces similar challenges to
metalloporphyins as commercially available preparations of BV are not approved for use in
humans due to contamination and toxicity concerns. Interestingly, a structural analogue to BV,
PCB, has been identified as a component of phycocyanin, a chromoprotein found in Spirulina

(317). Furthermore, data from the Dunne lab has confirmed that PCB acts as a substrate for human
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BVR, lending credence to the hypothesis that it may replicate the activity of BV (318). Little
research into the anti-inflammatory effects of PCB has been carried out to date, and there are

currently no studies investigating its use in DC.

In summary, the HO-1 system is known to have immunomodulatory activity in DC, and to promote
the generation of tolerogenic DC that may be useful in the context of autoimmunity. However, it
is unclear how HO-1 achieves its anti-inflammatory effects in DC, and which of its reaction
products contribute to these effects. Furthermore, currently available HO-1 inducers and products
are unsuitable for clinical use, therefore it is necessary to identify whether alternative HO-1
inducers, such as carnosol and curcumin, or LTPs such as PCB, can also be used to modulate the

phenotype and function of DC.

3.2 Aims

e To characterise the immunomodulatory effects of the polyphenols, carnosol and
curcumin, and the LTP, PCB, in primary human DC.

e To determine the contribution of the HO-1 reaction products, BV and CO, to its
immunomodulatory activity in human DC.

e To elucidate the molecular mechanism(s) by which the HO-1 inducers, carnosol and

curcumin, modulate the phenotype and function of human DC.
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3.3 Results

3.3.1 Carnosol and curcumin are non-toxic to primary human DC

The polyphenols carnosol and curcumin are poorly soluble in water, therefore DMSO was chosen
as the vehicle for these compounds. However, DMSO is known to be potentially toxic to cell
cultures even at low concentrations (349). Stock solutions were prepared to ensure that the final
concentration of DMSO in cell cultures was not greater than 0.5%. In order to confirm that the
preparations of carnosol and curcumin were non-toxic to primary human DC at the concentrations
used in this study, DC were treated with carnosol or curcumin (2.5-10 uM) and cell viability was
examined after 24 hours. Apoptotic cell death was measured by Annexin V & PI staining, with no
increase in apoptosis observed in carnosol or curcumin treated DC compared to the vehicle control
(Figure 3.1A). Total viability was measured using an amine-binding viability dye, and again no
differences were seen between carnosol or curcumin treated DC and the vehicle control (Figure
3.1B). The viability of DC after 24 hours was typically in the range of 80-90% with all treatments,
therefore carnosol and curcumin were determined to be well tolerated by primary human DC at

the concentrations used in this study.

3.3.2 BV and PCB are non-toxic to primary human DC

As the only previous study to examine BV treatment in human DC used just one concentration (10
uM) (207), the viability of human DC treated with higher concentrations of BV (25-100 uM) was
assessed. Furthermore, as PCB has not been investigated using human DC before, the viability of
DC treated with various concentrations of PCB (12.5-50 uM) was also measured. Both BV and PCB
are soluble in aqueous buffers, therefore DMSO toxicity was not a concern. DC were treated with
BV or PCB and cell viability was measured after 24 hours. Apoptotic cell death was measured by
Annexin V & Pl staining, with no increase in apoptosis observed in BV or PCB treated DC compared
to the vehicle control (Figure 3.2A). Total viability was measured using an amine-binding viability
dye, and again no differences were seen between BV or PCB treated DC and the vehicle control
(Figure 3.2B). As previously observed, the viability of DC after 24 hours was typically in the range
of 80-90% with all treatments, therefore BV and PCB were also well tolerated by primary human

DC at the concentrations used in this study.

3.3.3 Carnosol and curcumin induce HO-1 expression in both immature and LPS-treated DC
Carnosol and curcumin have previously been described to induce HO-1 in other cell types

(303,304), and it was confirmed that they are non-toxic to human DC up to 10 uM, therefore it
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was next examined whether they were capable of upregulating HO-1 in DC at these
concentrations. DC were treated with carnosol or curcumin (2.5-10 uM) for 24 hours and HO-1
expression was assessed by Western blot. Immature DC constitutively expressed HO-1 (Figure
3.3A, lane 1), and consistent with previous reports (176,177), LPS-stimulated mature DC
downregulated HO-1 expression (Figure 3.3A, lane 2). Conversely, treatment with carnosol or
curcumin alone enhanced HO-1 expression (Figure 3.3A, lanes 4-9). Next it was determined
whether this upregulation of HO-1 by carnosol and curcumin would be seen in the presence of a
maturation stimulus such as LPS. DC were treated with carnosol or curcumin (2.5-10 uM) for 6
hours, to allow for the upregulation of HMOX1 gene transcription and protein translation, prior to
treatment with LPS (100 ng/ml), and HO-1 expression was assessed by Western blot after 24
hours. As before, the basal expression of HO-1 was reduced in LPS-stimulated DC (Figure 3.3B,
lane 2), however this was overcome in the presence of carnosol or curcumin (Figure 3.3B, lanes 3-

8).

3.3.4 Treatment with carnosol or curcumin inhibits LPS-mediated maturation of human DC

Mature DC are capable of activating naive T cells and initiating pro-inflammatory immune
responses which contribute to the pathology of autoimmune diseases. HO-1 overexpression with
CoPP has previously been shown to arrest the maturation of DC via inhibition of surface co-
stimulatory and maturation marker upregulation (176,178,350). Similar observations have been
reported in curcumin-treated DC in response to LPS stimulation (279,280). Having confirmed that
both carnosol and curcumin upregulate HO-1 expression in human DC, it was next investigated
whether they could also inhibit DC maturation in response to a pro-inflammatory stimulus such
as LPS. Immature DC were incubated with increasing concentrations of carnosol or curcumin for
6 hours prior to stimulation with LPS. Expression of the co-stimulatory molecules CD80 and CD86,
and the maturation markers CD40 and CD83 was measured by flow cytometry after 24 hours. Both
carnosol and curcumin significantly downregulated expression of all markers tested compared to

control DC, and these effects were observed to be dose-dependent (p<0.05 — p<0.001; Figure 3.4).

3.3.5 Treatment with BV and PCB moderately reduces LPS-mediated DC maturation

Despite previous reports that HO-1 expression inhibits DC maturation in response to pro-
inflammatory stimuli (176,178,350), it is unclear which HO-1 products mediate this effect.
Although it was reported that CO, but not BV, was capable of reducing expression of CD80, CD83
and CD86 in LPS-stimulated DC (207), the concentration of BV used was much lower than the

concentrations selected for use in this study. Additionally, the effects of PCB on human DC
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maturation have yet to be investigated. Therefore, it was next examined whether BV or PCB could
reduce LPS-mediated DC maturation. Immature DC were incubated with increasing
concentrations of BV or PCB for 6 hours (in accordance with incubation times used for polyphenol
experiments) prior to stimulation with LPS. Expression of the co-stimulatory molecules CD80 and
CD86, and the maturation markers CD40 and CD83 was measured by flow cytometry after 24
hours. There was a trend towards reduced expression of all markers in BV and PCB treated DC,
however significant reductions were seen only for CD83 in DC treated with 100 uM BV (p<0.01)
and for CD40 in DC treated with 50 uM PCB (p<0.05; Figure 3.5). This suggests that BV can
contribute to the reduction of DC maturation by HO-1, and furthermore, indicates that PCB

possesses similar activity to BV in this regard, at least in an in vitro context.

3.3.6 Carnosol and curcumin treatment maintains the phagocytic capacity of LPS-stimulated
DC in a HO-1-dependent manner

Upon maturation, DC lose their capacity to take up/phagocytose antigens as their role switches
from tissue surveillance to antigen presentation (19,351). As it was previously observed that
carnosol and curcumin reduced the phenotypic maturation of DC, it was next investigated
whether they might also maintain the capacity of DC to uptake antigens after LPS stimulation. To
test this, immature DC were pre-treated with carnosol (10 uM) or curcumin (10 uM) for 6 hours
prior to stimulation with LPS. After 24 hours, DC were incubated with FITC-conjugated DQ-
Ovalbumin (DQ-Ova; a model antigen) at 500 ng/ml and analysed for antigen uptake by flow
cytometry. As expected, immature DC displayed high DQ-Ova uptake, and this was significantly
reduced in LPS-stimulated DC (p<0.001). However, both carnosol and curcumin treatment
maintained the phagocytic capacity of LPS-treated DC, with DQ-Ova uptake levels observed to be
similar to that of immature DC (Figure 3.6A,B). In order to determine if this effect is dependent on
HO-1 activity, immature DC were treated with carnosol or curcumin in the presence or absence of
SnPP, a HO-1 enzymatic inhibitor, prior to LPS stimulation and DQ-Ova treatment as before. The
observed increase in DQ-Ova uptake in carnosol- and curcumin-treated DC stimulated with LPS
was significantly attenuated in the presence of SnPP confirming that HO-1 activity is indeed

required for this effect (p<0.05; Figure 3.6A,C).

3.3.7 BV and PCB do not modulate the phagocytic capacity of LPS-stimulated DC
Having observed that the maintenance of antigen uptake in LPS-stimulated DC by carnosol and
curcumin was dependent on HO-1 activity, and that BV and PCB displayed some capacity to limit

DC maturation, it was hypothesised that BV could modulate antigen uptake by DC downstream of
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HO-1. DC were incubated with BV or PCB for 6 hours prior to LPS stimulation and DQ-Ova
treatment as previously described. Unlike carnosol and curcumin treated DC, neither BV nor PCB
treatment increased the antigen uptake capacity in LPS stimulated DC (Figure 3.7). Therefore, it
can be concluded that the HO-1 dependent activity of carnosol and curcumin on DC antigen

capture is not mediated by BV or other LTPs, and is instead likely mediated by CO.

3.3.8 Carnosol and curcumin reduce pro-inflammatory cytokine production by LPS-stimulated
human DC

Cytokine production by DC plays a significant role in the pathology of autoimmune diseases. For
example, TNFa contributes to local inflammation, while IL-12 and IL-23 instruct T cell polarisation
towards the pro-inflammatory Th1 and Th17 phenotypes, respectively (36,352). Upregulation of
HO-1 expression has previously been described to reduce cytokine production by LPS-stimulated
DC (176,178). Furthermore, curcumin has been reported to reduce IL-12 production by DC, but its
effects on other pro-inflammatory cytokines have not been assessed (277,280). To examine the
effect of carnosol and curcumin on cytokine production by human DC, immature DC were pre-
treated with carnosol or curcumin and stimulated with LPS for 24 hours as before. Supernatants
were collected and analysed by ELISA for IL-12p70, IL-23p19, TNFa and IL-10. Both carnosol and
curcumin treatment reduced IL-12p70 and IL-23p19 to almost undetectable levels, even at the
lowest concentrations tested (p<0.05 — p<0.001). Curcumin also significantly decreased the
concentration of TNFa (p<0.05), while there was a non-significant trend towards reduced TNFa in
carnosol-treated DC. A decrease in the anti-inflammatory cytokine, IL-10, was also observed with
both carnosol and curcumin treatment, however the ratio of IL-10 to pro-inflammatory cytokines

remained favourable (Figure 3.8).

IL-1B plays a crucial role in innate immune responses and is also associated with Th17
differentiation (353). Unlike the cytokines listed above, IL-1B is not secreted into DC cell
supernatants by LPS stimulation alone as the immature cytokine (pro-IL-1B) must be processed by
caspase-1 and the inflammasome complex prior to secretion. It is, however, possible to detect the
intracellular pro-form of IL-1B by Western blot. To examine production of pro-IL-1B, immature DC
were pre-treated with carnosol (10 uM) or curcumin (10 uM) for 6 hours prior to stimulation with
LPS for 3-6 hours. Pro-IL-1B expression was upregulated in whole cell lysates from DC treated with
LPS in comparison to unstimulated DC, however this effect was reduced in LPS-treated DC that

had been pre-treated with either carnosol or curcumin (Figure 3.9).
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3.3.9 Cytokine production by DC is reduced following treatment with BV or PCB

It is currently unclear whether BV contributes to the inhibitory effects of HO-1 on DC cytokine
production (207). Furthermore, PCB treatment has not been investigated in the context of DC
cytokine production. Given that both BV and PCB displayed some capacity to limit DC maturation,
it was next investigated whether they could also modulate DC function. DC were incubated with
BV or PCB for 6 hours prior to stimulation with LPS for 24 hours as previously described.
Supernatants were collected and analysed by ELISA for IL-12p70, IL-23p19, and IL-10. Both BV and
PCB significantly reduced the production of IL-12p70 and I1L-23p19 (p<0.05 — p<0.0001), with PCB
treatment showing greater potency over BV in the reduction of IL-23 (Figure 3.10). A trend
towards reduced IL-10 was also observed with BV and PCB treatment, however, similar to carnosol

and curcumin treated DC, the ratio of IL-10 to pro-inflammatory cytokines was favourable.

3.3.10 Carnosol and curcumin-treated DC have a reduced capacity to stimulate proliferation

of allogeneic CD4* T cells

The immune synapse between DC and CD4* T cells is central to the generation of harmful adaptive
immune responses in autoimmunity, thus, the overall goal in modulating DC maturation and
function in the context of autoimmunity is to limit the activation of pathogenic T cells. It has
previously been reported that HO-1-overexpressing DC have an impaired ability to drive adaptive
T cell responses (176,177). In order to assess the impact of carnosol and curcumin treatment on
the ability of DC to activate T cells, immature DC were pre-treated with carnosol or curcumin prior
to stimulation with LPS as previously described. After 24 hours, cells were washed in fresh RPMI
and added to purified allogeneic CD4* T cells labelled with CTV. After 5 days, CD4* T cell
proliferation was measured by CTV fluorescence and supernatants were analysed for IFNy
production as an indicator of T cell activation. Analysis of CD4* T cell proliferation revealed that T
cells cultured with allogeneic DC, previously matured with LPS, demonstrated a higher level of
proliferation compared to T cells cultured with immature DC. However, CD4* T cells cultured with
LPS-stimulated DC, previously treated with carnosol or curcumin, showed significantly lower levels
of proliferation, and this effect was observed to be dose-dependent (p<0.05 — p<0.001; Figure
3.11). Similarly, the concentration of IFNy in the supernatants of T cells cultured with carnosol- or
curcumin-treated DC was lower than that from T cells cultured with control DC (Figure 3.12). Taken
together, these results suggest that carnosol and curcumin reduce the capacity of DC to stimulate

allogeneic T cells.
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3.3.11 Immunomodulation of DC phenotype and function by carnosol and curcumin is

dependent on HO-1 activity

Curcumin has previously been reported to have immunomodulatory effects in murine and human
DC similar to those seen in CoPP-treated DC (277,279,280), yet it has not been tested whether the
effects of curcuminin DC are directly dependent on its ability to upregulate HO-1. Having observed
that both curcumin and carnosol act as strong inducers of HO-1 in human DC, and that the
maintenance of antigen uptake capacity in LPS-stimulated DC by these polyphenols was
dependent on HO-1 activity, it was next investigated whether the reduction of DC maturation and
cytokine production by curcumin and carnosol would also be dependent on HO-1. Silencing of HO-
1 expression in human DC was attempted but unfortunately was unfeasible due to difficulties in
maintaining HO-1 knockdown alongside carnosol and curcumin treatment without comprising
cellular viability (Appendix 1). Therefore, the contribution of HO-1 to the immunomodulatory

effects of DC was examined using the HO-1 enzymatic inhibitor, SnPP.

DC were incubated with carnosol or curcumin, in the presence or absence of SnPP, for 6 hours
prior to stimulation with LPS for 24 hours. The expression of the maturation marker CD83, and co-
stimulatory receptor CD86, was measured by flow cytometry. As previously observed, carnosol
and curcumin treatment reduced CD83 and CD86 expression in LPS stimulated DC, however, this
effect was attenuated in the presence of SnPP (Figure 3.13A,B). Furthermore, addition of SnPP
prevented the previously observed reduction of TNFa production in LPS-stimulated DC by
curcumin (Figure 3.13C). Taken together, these results indicate that at least some of the
immunomodulatory activity of curcumin and carnosol is mediated by their upregulation of HO-1

and its subsequent enzymatic activity.

3.3.12 The carbon monoxide scavenger, hemoglobin, reduces the anti-inflammatory effects
of carnosol and curcumin in human DC

Having confirmed that the effects of carnosol and curcumin in human DC are at least partially
dependent on the enzymatic activity of HO-1, it was of interest to determine which HO-1 reaction
product(s) were mediating these effects. Previous experiments investigating the use of BV in
human DC indicated that while it does possess some immunomodulatory activity, this does not
account for all the observed HO-1-dependent effects of carnosol and curcumin. CO has previously
been demonstrated to inhibit DC maturation and antigen presentation to T cells (206—208). To
test whether CO generation contributes to the activity of carnosol and curcumin, DC were treated

with carnosol and curcumin, as before, with the addition of hemoglobin (Hb; 10 uM), which
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strongly binds CO and has been used previously as a scavenger of CO in vitro (170,184). Expression
of the co-stimulatory receptors CD80 and CD86 was measured by flow cytometry. Addition of Hb
resulted in a reversal of the previously observed reduction in CD86 expression in LPS-stimulated
DC pre-treated with carnosol (p<0.01; Figure 3.14A). In curcumin-treated DC, Hb partially reversed
reductions in both CD80 and CD86 expression after LPS stimulation (p<0.05; Figure 3.14B).

It was previously observed that, while the promotion of antigen-uptake in human DC by carnosol
and curcumin was dependent on HO-1 activity, BV was not responsible for this effect. Having
confirmed that Hb treatment partially reversed the reduction of DC maturation by carnosol and
curcumin, it was next investigated whether Hb treatment would also inhibit antigen uptake in
carnosol- and curcumin-treated DC. DC were treated with carnosol or curcumin, with or without
the addition of Hb, and stimulated with LPS as before. Similar to HO-1 inhibition with SnPP, Hb
treatment significantly attenuated DQ-Ova uptake in carnosol-treated DC suggesting that CO is at
least partially responsible for maintaining DC in an immature state post HO-1 induction (p<0.001).
Hb also modestly reduced curcumin-mediated DQ-Ova uptake, however the effects were not as

potent as those observed in carnosol-treated DC (Figure 3.15).

Finally, the effect of Hb on cytokine production by carnosol- and curcumin-treated DC was
assessed. As previously seen, carnosol and curcumin treatment reduced the expression of IL-
23p19 by LPS-stimulated DC. However, carnosol-treated DC displayed significantly higher IL-23
production when cultured in the presence of Hb (p<0.01), and a trend towards increased IL-23
production was also observed in curcumin-treated DC (Figure 3.16). In summary, scavenging of
CO by Hb partially reversed some of the immunomodulatory effects of carnosol and curcumin in

human DC, indicating that CO contributes to the HO-1 dependent activity of these polyphenols.

3.3.13 Curcumin, but not carnosol, partially inhibits NF-kB signalling in human DC

Although HO-1 is known to promote tolerogenic DC, the mechanism by which it modulates the
immunogenicity of DC is unclear. NF-kB is the master transcription factor which regulates
expression of pro-inflammatory genes in DC, and it has previously been suggested that HO-1 can
inhibit NF-kB signalling in a cancer cell line (164). Therefore, it was hypothesised that the anti-
inflammatory effects of carnosol and curcumin seen in DC could result from inhibition of NF-kB
signalling. Activation of NF-kB is regulated by the inhibitory protein complex IkB; upon integration
of a pro-inflammatory stimulus, kB kinase (IKK) phosphorylates IkB, causing it to disassociate from

the active subunits of NF-kB. IkB is then targeted for degradation and the active NF-kB subunits
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can translocate to the nucleus (354). Therefore, measurement of IkB degradation acts as an

indicator of NF-kB activation.

To assess IkB degradation in response to LPS stimulation, DC were treated with carnosol (10 uM)
or curcumin (10 uM) for 6 hours prior to simulation with LPS for 15 minutes up to 3 hours.
Expression of IkB was detected by Western blot. Control DC showed significant downregulation of
IKB expression as early as 15 minutes post-LPS stimulation, which was restored by 3 hours post-
LPS. Neither carnosol nor curcumin treatment appeared to prevent the degradation of IkB in LPS-

stimulated DC (Figure 3.17).

Despite failing to observe inhibition of NF-kB activation in carnosol- and curcumin-treated DC, it
is possible for NF-kB signalling to be obstructed downstream of its activation. Previous studies
have reported that carnosol and curcumin can inhibit the nuclear translocation of the active NF-
KB subunit, p65 (163,279). Therefore, it was next determined whether a similar effect would be
observed in carnosol- and curcumin-treated DC. To measure nuclear translocation of p65, DC were
treated with carnosol or curcumin for 6 hours prior to simulation with LPS for 30 minutes. DC were
stained with anti-p65 and DAPI, and detection of p65 localisation was performed by confocal
microscopy. LPS stimulation strongly upregulated p65 nuclear translocation, and again no effect
was observed with carnosol treatment. Interestingly, LPS-induced translocation of p65 was
inhibited with curcumin treatment suggesting that the two compounds may differentially affect

NF-kB signalling in human DC (Figure 3.18).

3.3.14 Carnosol and curcumin inhibit MAP Kinase activation in LPS-stimulated human DC

Despite the indication that curcumin can inhibit NF-kB signalling in DC, no effect on NF-kB was
observed with carnosol treatment. Therefore, inhibition of NF-kB is unlikely to be the mechanism
by which HO-1, and the polyphenols carnosol and curcumin, achieve the majority of their
immunomodulatory effects in DC. Signalling through MAPKs such as MEK/ERK and p38 mediates
some of the functional and phenotypic changes arising from the maturation of human DC in
response to pro-inflammatory stimuli (355). Furthermore, it has previously been suggested that
HO-1 can inhibit p38 MAPK signalling in DC (178). To investigate whether carnosol or curcumin
could inhibit MAPK activation, DC were pre-treated with carnosol (10 uM) or curcumin (10 uM)
for 6 hours prior to stimulation with LPS over time. Phosphorylation, and therefore, activation of
MEK, ERK and p38 MAPK was assessed by Western blotting. Both carnosol and curcumin
treatment reduced LPS induced activation of MEK and ERK, while a modest reduction of p38

activation was also observed (Figure 3.19).
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To ensure the observed reduction of MAPK activation was not due to early activation of MAPKs
by carnosol and curcumin, and therefore tolerance to LPS stimulation, activation of MEK (which
acts upstream of ERK) and p38 was assessed after addition of carnosol, curcumin or LPS as a
positive control. As expected, LPS induced activation of both MEK and p38, however there was no
observed effect with either carnosol or curcumin (Figure 3.20). Therefore, the observed inhibition
of MAPK signalling by carnosol and curcumin is a result of the anti-inflammatory activity of these

compounds, and does not represent ‘exhaustion’ of the MAPKs.

3.3.15 Inhibition of MAP Kinase signalling in LPS-stimulated DC by carnosol and curcumin is
dependent on HO-1 activity

Finally, having observed that both carnosol and curcumin effectively inhibit MAPK signalling in
LPS-stimulated DC, it was next investigated whether this inhibition was dependent on HO-1. DC
were pre-treated with carnosol or curcumin, in the presence or absence of the HO-1 inhibitor
SnPP, for 6 hours prior to stimulation with LPS for 30 minutes. Phosphorylation of MEK and p38
MAPK was assessed by Western blotting. As before, both carnosol and curcumin inhibited LPS-
induced activation of both MAPKs; however, this effect was attenuated in the presence of SnPP
(Figure 3.21). Taken together with previous results demonstrating that the immunomodulatory
functions of carnosol and curcumin in DC are dependent on HO-1 activity, this result suggests that
HO-1 upregulation by carnosol and curcumin acts to inhibit MAPK signalling in response to pro-

inflammatory stimuli, thereby limiting the downstream immune response.
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Figure 3.1. Carnosol and curcumin are non-toxic to human DC. (A) Primary human DC were
incubated with a vehicle control, carnosol or curcumin (2.5-10 uM). After 24 hours, cells were
stained for Annexin V and Pl uptake and analysed by flow cytometry. Viable cells were designated
as Annexin V- PI" (non-apoptotic cells). Results shown are from one healthy donor and are
representative of data from four independent experiments. (B) DC from healthy donors (n=6)
were incubated with increasing doses of carnosol (2.5-10 uM) or curcumin (2.5-10 uM) for 6 hours
prior to stimulation with LPS (100 ng/ml). Cells were stained with an amine-binding viability dye
after 24 hours and analysed by flow cytometry. Pooled data (n=6) depicts the mean (+SEM)
percentage viable cells of total DC (gated by forward and side scatter).
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Figure 3.2. BV and PCB are non-toxic to human DC. (A) Primary human DC were incubated with a
vehicle control, BV (25-100 uM) or PCB (12.5-50 uM). After 24 hours, cells were stained for
Annexin V and Pl uptake and analysed by flow cytometry. Viable cells were designated as Annexin
V" PI" (non-apoptotic cells). Results shown are from one healthy donor and are representative of
data from four independent experiments. (B) DC from healthy donors (n=6) were incubated with
increasing doses of BV (25-100 uM) or PCB (12.5-50 uM) for 6 hours prior to stimulation with LPS
(100 ng/ml). Cells were stained with an amine-binding viability dye after 24 hours and analysed by
flow cytometry. Pooled data (n=6) depicts the mean (+SEM) percentage viable cells of total DC
(gated by forward and side scatter).
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Figure 3.3. Carnosol and curcumin upregulate HO-1 expression in human DC. (A) Immature DC
from healthy donors (n=2-4) were treated with vehicle control, LPS (100 ng/ml), carnosol or
curcumin (2.5-10 uM) for 24 hours or (B) treated with carnosol or curcumin for 6 hours prior to
stimulation with LPS for 24 hours. HO-1 expression was detected by Western blot. All blots depict
an individual donor and are representative of 2-4 independent experiments. Densitometric
analysis was performed using Imagelab (Bio-Rad) software (n=2-4).
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Figure 3.4. Treatment with carnosol or curcumin inhibits LPS-mediated maturation of human
DC. DC from healthy donors (n=6) were incubated with increasing doses of carnosol (2.5-10 uM)
or curcumin (2.5-10 uM) for 6 hours prior to stimulation with LPS (100 ng/ml). Cells were stained
with fluorochrome conjugated antibodies specific for CD40, CD80, CD83 and CD86 after 24 hours
and analysed by flow cytometry. (A) Histograms depicting expression of maturation markers by
viable cells in carnosol and curcumin treated DC compared to vehicle control from one
representative experiment. (B) Pooled data (n=6) depicting expression of CD40, CD80, CD83 and
CD86 in carnosol and curcumin treated DC. Results shown are mean (+ SEM) of the measured
Mean Fluorescence Intensities (MFI), expressed as percentages of the vehicle controls. Statistical
significance was determined by one-way ANOVA, with Dunnett’s multiple comparisons post hoc
test to compare treatment groups against the control group (***p<0.001, **p<0.01, *p<0.05).
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Figure 3.5. Treatment with BV and PCB moderately reduces LPS-mediated DC maturation. DC
from healthy donors (n=6) were incubated with increasing doses of BV (25-100 uM) or PCB (12.5-
50 uM) for 6 hours prior to stimulation with LPS (100 ng/ml). Cells were stained with fluorochrome
conjugated antibodies specific for CD40, CD80, CD83 and CD86 after 24 hours and analysed by
flow cytometry. (A) Histograms depicting expression of maturation markers by viable cells in BV
and PCB treated DC compared to vehicle control from one representative experiment. (B) Pooled
data (n=6) depicting expression of CD40, CD80, CD83 and CD86 in BV and PCB treated DC. Results
shown are mean (+ SEM) of the measured Mean Fluorescence Intensities (MFI), expressed as
percentages of the vehicle controls. Statistical significance was determined by one-way ANOVA,
with Dunnett’s multiple comparisons post hoc test to compare treatment groups against the
control group (**p<0.01, *p<0.05).
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Figure 3.6. Maintenance of antigen uptake by carnosol and curcumin in LPS-treated DC is
dependent on HO-1. DC from healthy donors (n=8-10) were incubated with carnosol (10 uM) or
curcumin (10 uM), with or without SnPP (10 uM), for 6 hours prior to stimulation with LPS for 24
hours. DC were then incubated with DQ-Ovalbumin (DQ-Ova; 500 ng/ml) for 20 minutes prior to
analysis by flow cytometry. (A) Representative dot plots depicting DQ-Ova uptake by DC (gated by
forward and side scatter) treated with carnosol, curcumin and SnPP from one donor. (B) Pooled
data depicting percentage DQ-Ova uptake of DC treated with carnosol and curcumin alone and (C)
in the presence of SnPP. Results shown are mean (+ SEM) of the percentage DQ-Ova uptake in
carnosol- and curcumin-treated DC, with or without SnPP. Statistical significance was determined
by one-way ANOVA, with either Tukey’s multiple comparisons post hoc test to compare means of
all groups, or Sidak’s multiple comparisons post hoc test to compare means of pre-selected group
pairs (***p<0.001, *p<0.05).
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Figure 3.7. Neither BV nor PCB modulate the antigen uptake capacity of LPS-stimulated DC. DC
from healthy donors (n=5) were incubated with a vehicle control, BV (100 uM) or PCB (50 uM) for
6 hours prior to stimulation with LPS for 24 hours. DC were incubated with DQ-Ovalbumin (DQ-
Ova; 500 ng/ml) for 20 minutes prior to analysis by flow cytometry. (A) Representative dot plots
depicting DQ-Ova uptake by DC (gated by forward and side scatter) treated with BV or PCB from
one donor. (B) Results shown are mean (+ SEM) of the percentage DQ-Ova uptake in BV and PCB
treated DC. Statistical significance was determined by one-way ANOVA, with Tukey’s multiple
comparisons post hoc test to compare means of all groups (**p<0.01).
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Figure 3.8. Carnosol and curcumin inhibit cytokine production by LPS-treated DC. DC from
healthy donors (n=4) were incubated with increasing doses of (A) carnosol (2.5-10 uM) or (B)
curcumin (2.5-10 uM) for 6 hours prior to stimulation with LPS. Supernatants were collected after
24 hours and IL-12p70, IL-23p19, TNFa, and IL-10 production was measured by ELISA. Results
shown are mean (+ SEM) of the pooled cytokine concentrations (means of three technical
replicates per donor). Statistical significance was determined by one-way ANOVA, with Dunnett’s
multiple comparisons post hoc test to compare means of treatment groups to the control group
(****p<0.0001, ***p<0.001, ** p<0.01, *p<0.05).
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Figure 3.9. Carnosol and curcumin inhibit pro-IL-18 expression by LPS-treated DC. DC from
healthy donors (n=3) were treated with either carnosol (10 uM), curcumin (10 uM) or a vehicle
control for 6 hours prior to stimulation with LPS. Cell lysates were harvested at 3 hours and 6 hours
post LPS (100 ng/ml) stimulation and expression of pro-IL-1B was detected by Western blotting.
(A) Representative blot of three independent experiments is shown. (B) Densitometric analysis
was performed using Imagelab (Bio-Rad) software (n=3).
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Figure 3.10. BV and PCB inhibit cytokine production by LPS-treated DC. DC from healthy donors
(n=3-6) were incubated with a vehicle control or increasing doses of (A) BV (25-100 uM) or (B) PCB
(12.5-50 uM) for 6 hours prior to activation with LPS. Supernatant was collected after 24 hours
and analysed for IL-12p70, IL-23p19 and IL-10 secretion by ELISA. Results shown are means + SEM
of the pooled cytokine concentrations (means of three technical replicates per donor). Statistical
significance was determined by one-way ANOVA, with Dunnett’s multiple comparisons post hoc
test to compare means of treatment groups to the control group (****p<0.0001, ***p<0.001, **
p<0.01, *p<0.05).
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Figure 3.11. Carnosol- and curcumin-treated DC have a reduced capacity to stimulate allogeneic
CD4* T cells. DC from healthy donors (n=6-7) were treated with carnosol or curcumin (2.5-10 uM)
for 6 hours prior to stimulation with LPS. After 24 hours, DC were washed and cultured at a 1:10
ratio with allogeneic purified CD4* T cells. Immature DC (iDC) were also cultured with CD4*T cells
as an allogeneic control. After 5 days CD4* T cells were analysed for proliferation by flow
cytometry. (A) Histograms depicting proliferation of CD4* T cells (gated by forward and side
scatter) co-cultured with either control, carnosol or curcumin treated allogeneic DC, as measured
by CTV fluorescence. Data shown is from one healthy donor. (B) Pooled data depicting mean (+
SEM) percentage proliferation of CD4* T cells cultured with control DC or DC treated with different
concentrations of carnosol or curcumin. Statistical significance was determined by one-way
ANOVA, with Tukey’s multiple comparisons post hoc test to compare means of all groups
(***p<0.001, *p<0.05).
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Figure 3.12. Carnosol- and curcumin-treated DC have a reduced capacity to induce IFNy
production by allogeneic CD4* T cells. DC from healthy donors (n=8) were treated with carnosol
or curcumin (2.5-10 uM) for 6 hours prior to stimulation with LPS. After 24 hours, DC were washed
and cultured at a 1:10 ratio with allogeneic purified CD4* T cells. After 5 days supernatants were
measured for IFNy concentration by ELISA. Pooled data (n=8) depicting mean (£ SEM) percentage
reduction in IFNy in CD4* T cells cultured with curcumin- or carnosol-treated DC matured with LPS.
Statistical significance was determined by one-way ANOVA, with Dunnett’s multiple comparisons
post hoc test to compare means of all treatment groups to the control group.
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Figure 3.13. Immunomodulation of DC by carnosol and curcumin is dependent on HO-1 activity.
DC from healthy donors (n=5) were incubated with carnosol (10 pM), curcumin (10 uM), with or
without SnPP (50 uM), or a vehicle control for 6 hours prior to stimulation with LPS (100 ng/ml).
Cells were stained with fluorochrome conjugated antibodies specific for CD83 and CD86 after 24
hours and analysed by flow cytometry. (A) Histograms depicting expression of CD83 and CD86 by
viable cells in DC treated with carnosol or curcumin, with or without SnPP, compared to controls
from one representative experiment. (B) Pooled data (n=5) depicting expression of CD83 and
CD86 in carnosol and curcumin treated DC, with or without SnPP. Results shown are mean (+ SEM)
of the measured Mean Fluorescence Intensities (MFI), expressed as percentages of the vehicle
controls. (C) The concentration of TNFa in cell culture supernatants was measured by ELISA.
Results shown are mean (+ SD) of two technical replicates from one healthy donor, and is
representative of four independent experiments. Statistical significance was determined by one-
way ANOVA, with Sidak’s multiple comparisons post hoc test to compare preselected treatment
group pairs (****p<0.0001, **p<0.01, *p<0.05).
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Figure 3.14. Hemoglobin, a CO scavenger, inhibits the reduction of DC maturation by carnosol
and curcumin. DC from healthy donors (n=3) were treated with carnosol (10 uM) or curcumin (10
M) either alone or in the presence of the CO scavenger hemoglobin (Hb; 10 uM) for 6 hours prior
to stimulation with LPS. Cells were stained with fluorochrome conjugated antibodies specific for
CD80 and CD86 after 24 hours and analysed by flow cytometry. Pooled data depicting expression
of CD80 and CD86 in (A) carnosol- and (B) curcumin-treated DC. Results shown are mean (+ SEM)
of the measured Mean Fluorescence Intensities (MFI), expressed as percentages of the vehicle
control. Statistical significance was determined by one-way ANOVA, with Dunnett’s multiple
comparisons post hoc test to compare treatment groups against the control group (denoted by
asterisks) and Sidak’s multiple comparisons post hoc test to compare the means of preselected
pairs of groups (denoted by hash marks). (****p<0.0001, *p<0.05, ##p<0.01, #p<0.05).
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Figure 3.15. Hemoglobin partially inhibits the maintenance of antigen uptake capacity by
carnosol in LPS-stimulated DC. DC from healthy donors (n=4) treated with carnosol (10 uM) or
curcumin (10 uM), with or without Hb (10 uM), were incubated with DQ-OVA as described
previously. (A) Representative dot plots depicting DQ-Ova uptake by DC (gated by forward and
side scatter) treated with carnosol, curcumin and Hb from one donor. (B) Pooled data (n=4)
depicting mean (+ SEM) percentage DQ-Ova uptake of DC treated with carnosol and curcumin
either alone or in the presence of Hb. Statistical significance was determined by one-way ANOVA,
with Sidak’s multiple comparisons post hoc test to compare the means of preselected group pairs
(***p<0.001).

83



1500 -

*k
—
*
E 10004 1 p=0.14 T
B
£
&
=|' 500
0-
Hb (10 pM) - - + - +
Carnosol (10 uM) - - - + +
LPS (100 ng/ml) - + + + +
1000 - 5=0.08
800+
E
o 6004
£
& 4004
=
200+
0-
Hb (10 pM) - - + - +
Curcumin (10 uM) - - - + +
LPS (100 ng/ml) - + + + +

Figure 3.16. Hemoglobin partially inhibits the reduction of IL-23 production by carnosol and
curcumin in LPS-stimulated DC. DC from healthy donors (n=3) were treated with carnosol (10 pM)
or curcumin (10 uM) either alone or in the presence of the CO scavenger hemoglobin (Hb; 10 uM)
for 6 hours prior to stimulation with LPS. Pooled data (n=3) depicts the mean (£ SEM)
concentration of IL-23p19 in supernatants of DC treated with carnosol, curcumin and Hb.
Statistical significance was determined by one-way ANOVA, with Dunnett’s multiple comparisons
post hoc test to compare treatment groups against the control group (**p<0.01, *p<0.05).
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Figure 3.17. Carnosol and curcumin do not inhibit IkB degradation in LPS-stimulated DC. DC from
healthy donors (n=3) were incubated with (A) carnosol (10 uM), (B) curcumin (10 uM) or a vehicle
control for 6 hours prior to stimulation with LPS (100 ng/ml) for 15 minutes to 3 hours. The
degradation of IkB was measured by Western blot. All blots depict an individual donor and are
representative of three independent experiments. Densitometric analysis was performed using
Imagelab (Bio-Rad) software (n=3).
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Figure 3.18. Curcumin reduces nuclear translocation of the NF-kB subunit p65 in LPS-stimulated
DC. DC from healthy donors (n=4) were incubated with carnosol (10 uM), curcumin (10 uM) or a
vehicle control for 6 hours prior to stimulation with LPS for 30 minutes. The nuclear translocation
of the NF-kB subunit p65 was assessed by confocal microscopy. Data shown is from one healthy
donor and is representative of experiments performed in four healthy donors.
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Figure 3.19. Carnosol and curcumin reduce activation of MAP Kinases in LPS-stimulated DC. DC
from healthy donors (n=2-6) were incubated with carnosol (10 uM), curcumin (10 uM) or a vehicle
control for 6 hours prior to stimulation with LPS (100 ng/ml) for 15 minutes to 3 hours. (A) The
activation of the MAPKs MEK, ERK and p38 was measured by Western blot. All blots depict an
individual donor and are representative of 2-6 independent experiments. Densitometric analysis
of (B) carnosol and (C) curcumin treated DC was performed using Imagelab (Bio-Rad) software
(n=2-6).
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Figure 3.20. Carnosol and curcumin do not activate MAP Kinases in human DC. DC from healthy
donors (n=2-3) were incubated with LPS (100 ng/ml), carnosol (10 uM) or curcumin (10 uM) for
15 minutes to 3 hours. (A) The activation of the MAPKs MEK and p38 was measured by Western
blot. All blots depict an individual donor and are representative of 2-3 independent experiments.
Densitometric analysis of (B) carnosol and (C) curcumin treated DC was performed using ImagelLab
(Bio-Rad) software (n=2-3).
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ng/ml) for 30 minutes. (A) The activation of the MAPKs MEK and p38 was measured by Western
blot. All blots depict an individual donor and are representative of three independent
experiments. Densitometric analysis of (B) carnosol and (C) curcumin treated DC was performed
using Imagelab (Bio-Rad) software (n=3).



3.4 Discussion

The HO-1 system has emerged as an important immunomodulatory pathway in DC, which can
promote the development of tolerogenic DC and shape resulting immune responses. Unlike most
other cell types, where HO-1 is expressed as a response to oxidative stress or inflammation (356),
immature DC constitutively express HO-1, and downregulate this expression upon receipt of a pro-
inflammatory stimulus (176,177). Overexpression of HO-1 renders DC refractory to maturation,
while knockdown or inhibition of HO-1 is sufficient to promote DC maturation and activation
(176,178,189,350). Therefore, HO-1 is intimately related to the maturation status of the DC, and
its expression appears to regulate DC function by suppressing pro-inflammatory responses.
Pharmacological upregulation of HO-1 expression in DC has potential as a novel approach to
modify DC activity, especially in the context of autoimmunity where aberrant DC activation can
promote pathogenic T cells. However, the pursuit of this approach has been limited by a lack of
HO-1 inducers which are suitable for clinical use. Administration of HO-1 products could also aim
to replicate the immunomodulatory effects of HO-1 induction, however it is currently unclear
which of the HO-1 products are responsible for its activity in DC. Furthermore, application of these
products is associated with its own set of challenges, including difficulties in delivery and toxicity

concerns.

The results of this chapter aim to address the above challenges by investigating both the use of
novel plant- and marine-derived HO-1 inducers/products and their mechanism of action in human
DC. Two polyphenols, curcumin and carnosol, which are naturally-occurring within common
foods, were selected for investigation as potential HO-1 inducers in human DC. The data presented
herein confirms that curcumin and carnosol are potent inducers of HO-1 expression in DC; both
compounds strongly upregulated HO-1 in immature DC, and this upregulation was maintained
even after the addition of a maturation stimulus. As the role of HO-1 in DC has been best described
in the context of DC maturation (176,177,188,189), it was next determined whether curcumin and
carnosol treatment would replicate these effects in DC. Curcumin has previously been shown to
reduce expression of DC maturation markers in murine BMDC (277) and human monocyte-derived
DC (279,280). Consistent with this, a dose-dependent reduction in expression of the co-
stimulatory receptors, CD80 and CD86, and the maturation markers, CD40 and CD83, was
observed in curcumin-treated DC stimulated with LPS. Carnosol treatment also displayed similar
efficacy to curcumin in the reduction of DC surface markers. Therefore, both polyphenols were
found to regulate the phenotypic maturation of human DC, closely mimicking the previously
reported activity of traditional HO-1 inducers in this cell type. This immature phenotype observed

in carnosol- and curcumin-treated DC is supported by functional analyses which demonstrated
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that treated DC possess a greater capacity for antigen capture and reduced pro-inflammatory
responses. Antigen capture capacity reflects the maturation status of the DC, as DC which have
undergone maturation switch from a tissue-surveillance role towards antigen presentation, and
migrate to the lymph node to contact T cells (19,351). There have been mixed reports regarding
the effects of curcumin on antigen capture with Shirley et al. reporting a decrease in antigen
uptake after curcumin treatment (280), while Kim et al. demonstrated an increase in phagocytosis
(277). There have been no studies, to date, examining the effect of carnosol on antigen capture.
In the present study, antigen uptake and processing of the model antigen, DQ-Ova, was
significantly increased in LPS-stimulated DC which were pre-treated with carnosol or curcumin
and reflected that of immature DC. This result confirms that carnosol- and curcumin-treated DC

are functionally immature as well as phenotypically immature.

The cytokines released by DC reflect their status as immunogenic or tolerogenic, as their
downstream activity functions to shape the resulting immune response. IL-12 and IL-23 are
important cytokines which polarise T cells into Thl and Th17 effector subsets, respectively, and
have been associated with the pathology of autoimmune diseases such as MS and psoriasis
(56,336,337,346,357). Expression of both of these cytokines by human DC was reduced to almost
undetectable levels with carnosol and curcumin treatment. IL-1B is involved in the differentiation
of Th17 cells (353), the primary pathogenic T cell in MS and psoriasis, and a reduction in expression
of the pro-form of this cytokine was also observed. Interestingly, despite reports that HO-1
induction by CoPP conserves IL-10 expression in DC (176,189), a decrease in IL-10 was observed
with both carnosol and curcumin treatment. However, these results are in agreement with
previous studies that have shown reductions of both IL-12 and IL-10 in curcumin-treated DC
(277,280). Finally, the observed tolerogenicity of curcumin- and carnosol- treated DC was further
demonstrated in a co-culture system with allogeneic CD4* T cells; both compounds effectively
limited the ability of DC to initiate an adaptive immune response, as measured by T cell
proliferation and IFNy production. Again, this is in agreement with other studies which have
described the reduced capacity of DC treated with HO-1 inducers or curcumin to activate T cells
(177,278-280,283). Therefore, these data support previous studies which have characterised the
anti-inflammatory properties of curcumin in DC, while also describing a novel role for carnosol as

a modulator of DC maturation and function.

This study reports for the first time that carnosol and curcumin are effective HO-1 inducers in
human DC, and that they are capable of modulating DC maturation and function in a similar
fashion to traditional HO-1 inducers. However, whether the effects of these polyphenols in DC

were dependent on their upregulation of HO-1 had yet to be elucidated. Attempts to address this
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qguestion initially utilised a gene-silencing approach, with the aim of preventing the upregulation
of HO-1 expression by carnosol and curcumin in order to identify their HO-1-specific and non-
specific effects. Unfortunately, this strategy proved too technically difficult to deliver useful
results: it was not possible to achieve sufficient RNA interference to counteract the strong
induction of HO-1 by carnosol and curcumin without negatively impacting cellular viability.
Instead, a commonly used enzymatic inhibitor of HO-1, SnPP, was added to DC alongside carnosol
and curcumin to assess the contribution of HO-1 activity to their effects in DC. Encouragingly,
addition of SnPP limited the ability of carnosol and curcumin to inhibit the maturation of DC; SnPP
reversed the reduction of CD83 and CD86 expression seen in carnosol- and curcumin-treated DC,
and abrogated their increased antigen capture capacity. Additionally, SnPP partially reversed the
ability of curcumin to inhibit cytokine production by LPS-stimulated DC, as an increase of TNFa
production was observed in curcumin-treated DC in the presence of SnPP. These results provide
some insight into the mechanism of action of carnosol and curcumin, indicating that the activity
of HO-1 contributes to their anti-inflammatory activities in DC. Interestingly, a recent study by
Mucha et al. which sought to compare different mechanisms of HO-1 inhibition identified similar
obstacles as those that were faced during the course of this study. RNA interference was found to
be ineffective at inhibiting HO-1 upregulation by inducers such as hemin, and while SnPP did
effectively inhibit the enzymatic activity of HO-1, it also increased HO-1 expression (358). This
confounding factor may mask some of the effects of SnPP-mediated inhibition of HO-1. The
authors conclude that currently the most reliable strategy for inhibition of HO-1 is knockdown via
CRISPR-Cas9 gene editing; should this approach prove to be effective in primary human DC, it is
hoped that it can be used to build on the results presented in this chapter and further define the

contributions of HO-1 to the immunomodulatory activity of carnosol and curcumin.

Although it has been known for a number of years that HO-1 can regulate the maturation and
function of DC, it remains unclear which components of the HO-1 pathway affect this regulation.
BV is the primary product of heme catabolism by HO-1, yet its effects in DC have been largely
unexplored. Additionally, PCB has been identified as a structural analogue to BV and as a substrate
for human BVR (318), therefore the effects of PCB in human DC were assessed alongside that of
BV. Interestingly, both BV and PCB treatment moderately reduced the expression of DC
maturation and co-stimulatory markers, although this reduction was not as potent as that
observed with carnosol and curcumin. Furthermore, while the increased capacity for antigen
capture in LPS-stimulated DC treated with carnosol or curcumin was observed to be HO-1
dependent, neither BV nor PCB displayed any ability to replicate this effect. Conversely, both BV
and PCB strongly inhibited the production of pro-inflammatory cytokines IL-12 and IL-23 by LPS-
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stimulated DC, and to a similar extent to that seen with carnosol and curcumin. Therefore, it can
be concluded that while BV may contribute in part to the regulation of DC maturation and function
by HO-1, it does not fully account for all the observed effects seen with HO-1 inducers, making
involvement of other HO-1-related factors likely. Nonetheless, this study presents evidence for
the first time that BV can exert anti-inflammatory effects within human DC. Moreover, these
results indicate that PCB compares favourably to BV, and displays similar, if not greater, efficacy
in its immunomodulatory activity. Interestingly, work carried out in the Dunne laboratory has
demonstrated that PCB is also a more potent antioxidant than BV (318), and may therefore

represent an attractive alternative to BV as an antioxidant and anti-inflammatory therapy.

Although this study has determined that BV does have some anti-inflammatory activity in human
DC, this does not fully account for the HO-1 dependent effects of carnosol and curcumin, thus it
was investigated whether CO, another HO-1 product, might play a role. Hemoglobin is a
hemoprotein which is usually involved in the transport of oxygen, but which has a much higher
affinity for CO. Thus, hemoglobin can act as a scavenger of CO, and in this context, has been used
as a COinhibitor (170,184). In the present study, hemoglobin was used to scavenge CO in carnosol-
and curcumin-treated DC in order to assess its contribution to their immunomodulatory effects.
Hemoglobin partially attenuated the reduction of DC maturation by carnosol and curcumin; the
expression of the co-stimulatory receptors CD80 and CD86 by carnosol- and curcumin-treated DC
was increased in the presence of hemoglobin, while the antigen uptake of carnosol, but not
curcumin, treated DC was decreased. Additionally, hemoglobin was found to inhibit the reduction
of IL-23 production by both polyphenols. These results are in agreement with Rémy et al. who
found that DC treated with CORM2 displayed reduced maturation and cytokine production in
response to LPS (207). However, while CO has been shown to promote phagocytosis in
macrophages (209), other studies have reported that CO does not affect antigen uptake by DC
(206,208). Discrepancies between the results presented herein and previous studies may have
arisen due to differences in assessing CO activity; other investigations into the effects of CO in DC
have administered CO, either directly or via CORMs, rather than scavenge CO as performed in this
investigation. While use of hemoglobin as a scavenger of CO better assesses the role of CO in the
context of HO-1 induction, it does have limitations; in the current study it was not possible to
measure the concentration of CO within DC in order to assess the extent of CO scavenging by
hemoglobin, therefore it is possible that CO may have only been weakly, or transiently, inhibited.
Furthermore, through the course of this study it was found that hemoglobin, as a heme-containing
protein, can also cause some upregulation of HO-1 expression in DC, which may confound some

of its observed effects. Notwithstanding these limitations, the use of hemoglobin in the present
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study provides some insight into the contribution of CO to the effects of HO-1 inducers carnosol
and curcumin. As was the case with BV, CO does display some anti-inflammatory activity in human
DC, yet does not account for all effects observed with traditional HO-1 inducers or the
polyphenols, carnosol and curcumin. It is therefore hypothesised that no single HO-1 product
mediates all observed immunomodulatory effects, but that each product partially contributes,
with likely redundancy or overlap between them. Interestingly, HO-1 itself may directly interact
with transcription factors to regulate DC function; Lin et al. previously reported that a cleaved HO-
1 protein without enzymatic activity can localise to the nucleus and directly bind transcription
factors (359). Indeed, a recent study also reported that HO-1 can directly bind STAT3 and inhibit
its activation, thereby limiting Th17 cell differentiation (360). Although in this study it was not
possible to explore whether HO-1 displays similar activity within human DC, this possibility is an

interesting avenue for future research.

Finally, although it was determined that the activity of carnosol and curcumin in DC is dependent
on HO-1 activity, mediated in part by BV and CO, the mechanism of action responsible for these
immunomodulatory effects remained to be elucidated. NF-kB is activated as a result of PRR
signalling, and controls the immune response of DC by upregulating expression of genes including
surface maturation markers and pro-inflammatory cytokines (361,362). Inhibition of NF-kB has
previously been suggested as a mechanism of action by HO-1 (164,350), therefore it was of
interest to determine whether carnosol and curcumin might affect signalling through NF-kB. It was
observed that neither carnosol nor curcumin prevented degradation of I1kB in LPS-stimulated DC,
indicating that they do not modulate the engagement of TLR4 or the signalling intermediates
upstream of IKK activation. This is in contrast with early studies which reported that curcumin can
inhibit IKK activation & subsequent degradation of IkB (363,364); however these studies were
performed in various cell lines, and therefore may diverge from the activity of curcumin in primary
human DC. NF-kB signalling can also be regulated downstream of its activation by IKK.
Interestingly, curcumin, but not carnosol, was found to inhibit translocation of the active NF-kB
subunit, p65, to the nucleus of LPS-stimulated DC. This result is supported by Rogers et al. who
also reported that curcumin can inhibit nuclear translocation of p65 in human DC (279). However,
it is in contrast with previous studies that have observed inhibition of NF-kB with carnosol
treatment in RAW264.7 macrophages (307), and human chondrocytes (309). Taken together, the
results of the present study suggest that carnosol and curcumin differentially regulate NF-kB
depending on cell-type. As only curcumin, and not carnosol, displayed NF-kB regulatory activity in
primary human DC this effect is unlikely to be dependent on HO-1, as both polyphenols were

observed to similarly upregulate HO-1 expression. However, the inhibition of NF-kB by curcumin

95



may regulate DC maturation and function independently of its HO-1 dependent effects, and
contribute to differences in activity observed between the two polyphenols. Further research is
required to delineate these differential activities of carnosol and curcumin in human DC, and to
determine which of the anti-inflammatory effects of curcumin are dependent on its inhibition of

NF-kB signalling.

The differential regulation of NF-kB by carnosol and curcumin in human DC, while interesting, did
not explain the shared HO-1 dependent immunomodulatory effects of these polyphenols.
Alongside activation of transcription factors such as NF-«kB, pro-inflammatory stimuli also trigger
signalling pathways which culminate in the activation of MAPKs. MAPKs can phosphorylate both
cytoplasmic targets and nuclear transcription factors, and thereby regulate the resulting DC
immune response (365,366). Furthermore, signalling via the MAPKs, ERK and p38, in murine DC
has been shown to contribute to the differentiation of Th17 cells, and inhibition of these MAPKs
is protective against EAE (333,337). HO-1 has previously been reported to inhibit the p38 MAPK in
murine DC and endothelial cells (178,367), therefore it was investigated whether carnosol or
curcumin might regulate MAPK activation. Both carnosol and curcumin were found to inhibit
activation of the MAPKs ERK, its upstream kinase MEK, and p38, in LPS-stimulated human DC.
Signalling via ERK regulates pro-inflammatory cytokine production by DC, while p38 signalling is
particularly important in the generation of immunogenic DC, as it positively regulates expression
of surface maturation markers and the cytokines IL-12 and IL-23, and negatively regulates antigen
capture (355). Therefore, inhibition of these MAPKs by carnosol and curcumin represents a likely
explanation for their observed immunomodulatory effects in human DC. These results are
supported by Kim et al. who previously reported that curcumin inhibits activation of ERK and p38
in murine DC (277). Conversely, although it has been reported that curcumin can upregulate HO-
1 via p38 activation in a hepatoma cell line (165), in the present study no activation of MEK or p38
was observed with either curcumin or carnosol treatment alone, ruling out this mechanism of
action in human DC. In order to integrate the observed inhibition of MAPK signalling by these
polyphenols with their HO-1 dependent anti-inflammatory effects in DC, the activation of MAPKs
in curcumin- and carnosol-treated DC was assessed in the presence of SnPP. The inhibition of MEK
and p38 activation by curcumin and carnosol was abrogated in the presence of SnPP, confirming
a link between polyphenol-induced HO-1 expression and regulation of MAPK signalling. Therefore,
this study reports for the first time that curcumin and carnosol inhibit MAPK activation in human
DC, in a HO-1 dependent manner. Precisely which of the HO-1 products mediate the inhibition of

MAPKs, and how they achieve this inhibition, remains to be determined in future studies.
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In summary, the results presented in this chapter contribute to our current understanding of the
role of HO-1, and its products BV and CO, in the generation of tolerogenic DC. The data presented
herein supports a model whereby upregulation of HO-1 in DC can suppress MAPK signalling in
response to pro-inflammatory stimuli, resulting in the maintenance of DC in an immature state
(Figure 3.22). It also provides further evidence to support the use of the plant-derived
polyphenols, carnosol and curcumin, and the marine-derived LTP, PCB, as potential drug
candidates to treat autoimmune and inflammatory disease. Carnosol and curcumin therefore
represent promising alternatives to currently available metalloporphyrins as HO-1 inducers
suitable to modulate immune responses in human DC, while PCB may replicate the activity of BV

in human DC with greater potency and efficacy.
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Figure 3.22. Model of HO-1 mediated inhibition of DC maturation and pro-inflammatory
functions. Pro-inflammatory stimuli act on DC to activate NF-kB and MAPKs, which upregulate DC
cytokine production, expression of surface maturation markers and inhibit antigen uptake (purple
arrows). Carnosol and curcumin both upregulate expression of HO-1, which catabolises heme to
produce BV and CO. BV inhibits pro-inflammatory cytokine production and DC maturation (green
arrows), which is replicated by PCB. CO inhibits pro-inflammatory cytokine production and DC
maturation, and promotes antigen uptake (red arrows). These effects may be mediated by
inhibition of MAPK signalling by BV and/or CO (dashed arrows). Additionally, curcumin can inhibit
NF-kB signalling through an unknown mechanism.
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Chapter 4:

The relationship between
immunometabolism and the anti-
inflammatory effects of carnosol and
curcumin



4.1 Introduction

The emerging field of immunometabolism has highlighted the significance of metabolic function
in the regulation of immune cell activity. Under certain conditions, anabolic and catabolic
metabolism have become associated with pro- and anti-inflammatory immune cells, respectively.
Thus, modulation of specific metabolic pathways in immune cells may represent a novel strategy
to downregulate inflammation while maintaining the activity of anti-inflammatory immune cells.
Indeed, altered metabolic activity in immune cells has been observed in the context of
autoimmunity, both in animal models and human patients, lending further support to the
potential targeting of metabolic pathways to restore immune balance during disease (368,369).
DC and T cells are the predominant immune cell types which mediate autoimmunity, therefore
identification of immunomodulators which can modify the metabolic profiles of these cells is of

considerable interest.

Each of the discrete T cell subsets have been described to employ metabolic programs which
provide support for their specific needs and effector functions. Within helper T cell populations,
effector T cells are dependent on mTOR signalling after activation to support their differentiation
and expansion via upregulation of aerobic glycolysis (129,370). The requirement for this metabolic
reprogramming during T cell activation is starkly evident in anergic T cells. For example, Zheng et
al. observed that anergic T cells (which have received signal 1 in the absence of signal 2) failed to
upregulate metabolite transporters and activate mTOR, while inhibition of cellular metabolism &
mMTOR signalling was sufficient to induce anergy even in the presence of both signals (371).
Conversely, Tregs are less dependent on mTOR and glycolysis, instead displaying high AMPK
activity with associated engagement of lipid oxidation and oxidative phosphorylation (129). Of
note, metabolic programming appears to regulate the lineage decision-making between Th17 cells
and Tregs; a study by Shi et al. reported that Th17 cell differentiation is dependent on upregulation
of glycolysis via HIF1a and mTOR, with inhibition of either glycolysis or HIF1a/mTOR resulting in a
decreased frequency of Th17 cells and concomitant increase of Tregs. Importantly, blockade of
glycolysis was protective in the transfer model of EAE, due to the expansion of Tregs over Th17
cells (372). Furthermore, Dang et al. reported that HIF1a itself can regulate the differentiation of
Th17 cells and Tregs through activation of RORyt transcription (373). Interestingly, in addition to
glycolysis, Th17 cells also depend on de novo fatty acid synthesis, while Tregs take up exogenous
fatty acids to support their metabolism. In support of this, inhibition of fatty acid synthesis was
also found to be protective in the EAE model (374). Alteration of cellular metabolism may
therefore represent a novel mechanism to restore the Th17/Treg balance in autoimmune diseases

such as MS and psoriasis. However, caution should be exerted in the translation of these studies

99



to human disease. To date, the majority of studies investigating T cell metabolism have been
performed in murine cells. Recent studies performed in human cells have suggested that while
human Th17 cells are similarly dependent on the mTOR-HIFla-glycolysis pathway for their
differentiation and function, development of human Tregs is also contingent on glycolysis (375).
Further research is therefore required to define the influence of immunometabolism on the

reciprocal relationship of human Th17 cells and Tregs.

DC execute a number of specialist functions at different stages of the immune response, from
immunosurveillance within tissues to antigen presentation in the lymph node. The metabolic
requirements of DC are therefore dependent on their activation state and environment, and it is
now recognised that coordination of both immunological and metabolic signalling pathways is
required for DC maturation. Similar to BMDM, BMDC also engage Warburg metabolism upon
activation via TLR signalling, with an upregulation of aerobic glycolysis and downregulation of
oxidative phosphorylation observed in mature BMDC. Conversely, this metabolic program is
suppressed in immature BMDC by high AMPK activity (120). Stimulation of BMDC with LPS was
found by Jantsch et al. to increase expression of HIFla, which mediated upregulation of the
glucose transporter GLUT1 and DC maturation markers (121). Furthermore, Everts et al. reported
that increased glycolysis occurred within minutes of DC activation, and that its purpose was to
produce metabolites required for de novo fatty acid synthesis, which allowed for the expansion of
ER and Golgi membranes to support the increased demand for protein synthesis and transport in
the maturing DC (122). Everts et al. also found that, similar to BMDM, the downregulation of
oxidative phosphorylation in BMDC resulted from suppression of mitochondrial activity by iNOS-
derived NO (132); however, human DC do not generally express iNOS, therefore, it is doubtful
whether they engage Warburg metabolism like their murine counterparts. Indeed, a recent study
by Malinarich et al. found that while mature human DC are more glycolytic than immature DC,
they do not entirely downregulate oxidative phosphorylation, and instead display a more
‘balanced’ switch to glycolysis (138). As this is the only study published to date which has
investigated the metabolism of human DC, it remains unclear to what extent human DC
metabolism reflects that of murine DC, and what the relationship is between metabolism,

maturation and function in human DC.

Finally, although HO-1 is known to modulate cellular bioenergetics via its role in heme/iron
metabolism and redox homeostasis (376), its relationship to the metabolism of immune cells has,
so far, been unexplored. Many of the effects of HO-1 on cellular and systemic metabolism have
been attributed to the activity of its products: CO has been shown to inhibit glycolysis and improve

mitochondrial function in cardiac tissue (377—379), and to promote oxidative phosphorylation in
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astrocytes (380). Meanwhile, Gilbert’s syndrome (adult hyperbilirubinemia) is believed to be
protective against metabolic syndrome, diabetes mellitus and obesity (190,191), and an iron-rich
diet has been reported to improve glucose tolerance in mice via activation of AMPK (381).
Interestingly, metabolic signalling has also been described to regulate HO-1 expression. Blockade
of fumarase, the TCA cycle enzyme which converts fumarate to malate, has been shown to
increase HO-1 expression (382), as has the fumarate-derivative DMF (262,383), which is used in
the treatment of psoriasis and MS. Itaconate, a metabolite produced by activated macrophages
has also been shown to upregulate HO-1 expression (384). Additionally, the protective effects of
the adipokine, adiponectin, in iron-induced liver damage, has been ascribed to HO-1 induction via
activation of AMPK and PPARa (385). Given that both HO-1 and metabolic signalling are known to
regulate immune function, particularly in DC, it is of interest to determine whether cross-talk

exists between the HO-1 system and immunometabolism.

In summary, characterisation of the metabolic pathways utilised by immune cells in different
contexts may provide new insights into their biology, and could potentially lead to the
development of new treatment strategies for immune-mediated diseases. However, the majority
of research informing the current understanding of immunometabolism has been performed in
murine systems, therefore it is imperative that this field of study is extended to human immune
cells. Moreover, although there is evidence that the HO-1 system is interrelated to metabolic
function, its role in immunometabolism has not been explored. Therefore, the purpose of this
chapter is to explore the metabolic effects of the HO-1 inducers, carnosol and curcumin, in human

immune cells.

4.2 Aims

e To characterise the effects of the HO-1 inducers, carnosol and curcumin, on metabolic
pathways in human PBMC and DC.

e To determine whether metabolic signalling regulates HO-1 expression in human DC.
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4.3 Results

4.3.1 Curcumin, but not carnosol, slightly reduces the viability of human PBMC

Carnosol and curcumin were previously found to be non-toxic to human DC, however, the
activation of adaptive immune cells requires longer exposure to treatments in vitro. First, it was
confirmed that anti-CD3 stimulation of human PBMC resulted in effective activation of T cells.
PBMC were either left unstimulated or stimulated with anti-CD3, and after 3-4 days the
concentration of the T cell cytokines, IFNy and IL-17, in cell culture supernatants was measured
by ELISA. There was no detectable production of either IFNy or IL-17 by unstimulated PBMC,
however, anti-CD3 stimulation resulted in a significant upregulation of both cytokines (p<0.05 —
p<0.01; Figure 4.1). Hence, stimulation of PBMC with anti-CD3 for 3-4 days was found to
effectively activate T cells.

To determine whether PBMC would tolerate carnosol or curcumin treatment over this timeframe,
PBMC were treated with carnosol (2.5-10 uM) or curcumin (1-5 uM) for 6 hours prior to
stimulation with anti-CD3. After 3-4 days the viability of PBMC was assessed by flow cytometry,
using an amine-binding viability dye. Carnosol was well tolerated by PBMC up to 10 uM, while
curcumin treatment produced an approximate ~10% decrease in viability at 5 pM (Figure 4.2).
Therefore carnosol and curcumin were judged to be largely well tolerated by PBMC, albeit, in the

case of curcumin, at lower concentrations than those used previously in DC.

4.3.2 Carnosol and curcumin upregulate HO-1 expression in human PBMC

Having confirmed that carnosol and curcumin are tolerated by PBMC up to 5 puM, it was next
determined whether they could induce HO-1 expression in PBMC at these concentrations. PBMC
were treated with carnosol or curcumin (1-5 uM) for 24 hours, and HO-1 expression was detected
by Western blot. Unlike DC, PBMC do not basally express HO-1, however, both carnosol and
curcumin were found to increase HO-1 expression at 2.5 and 5 uM (Figure 4.3). Thus, it was
confirmed that these polyphenols can induce HO-1 expression in PBMC at the concentrations used

in this study.

4.3.3 Carnosol and curcumin inhibit the upregulation of glycolysis in stimulated PBMC

Activation of both murine and human T cells has been observed to result in a marked increase in
glycolysis (386,387). Furthermore, effector T cells, particularly Th17 cells, have been shown to be
particularly dependent on glycolysis for their differentiation and function (129,372,373). Although

some evidence exists to suggest that the HO-1 system can regulate cellular bioenergetics (376),
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the effects of HO-1 inducers on the metabolism of immune cells has not been investigated. The
polyphenols, carnosol and curcumin, were confirmed to be effective, non-toxic, HO-1 inducers in
PBMC. Therefore, it was next assessed whether treatment with carnosol or curcumin could limit

the upregulation of glycolysis in activated T cells.

PBMC were treated with carnosol (5 uM) or curcumin (5 uM) for 6 hours prior to stimulation with
anti-CD3. After 4 days, PBMC were re-seeded into a Seahorse microplate for assessment of
metabolic activity. PBMC were placed into a Seahorse XFe24 analyser and their glycolytic activity
was determined by the measured ECAR after addition of oligomycin (an inhibitor of mitochondrial
complex V), FCCP (a mitochondrial uncoupler), rotenone and antimycin A (inhibitors of the
mitochondrial complexes | & lll, respectively), and 2-DG (an inhibitor of glycolysis). The ECAR of
anti-CD3 stimulated PBMC was observed to be greater than unstimulated PBMC, while PBMC
which were treated with carnosol or curcumin prior to stimulation displayed an ECAR similar to
unstimulated PBMC (Figure 4.4A). Analysis of the glycolytic profiles of control, carnosol- and
curcumin-treated PBMC revealed that the basal rate of glycolysis was significantly increased in
anti-CD3 stimulated PBMC compared to unstimulated PBMC (p<0.05), while a trend towards
reduced basal glycolysis was observed in stimulated PBMC previously treated with carnosol or
curcumin. Similarly, a trend towards an increased max glycolytic rate and glycolytic reserve was
observed in anti-CD3 stimulated compared to unstimulated PBMC, which was again reduced in
carnosol- and curcumin-treated PBMC (Figure 4.4B). These results confirm that mitogen-
stimulated PBMC significantly upregulate glycolytic metabolism compared to resting PBMC.
Furthermore, treatment of PBMC with the polyphenols, carnosol and curcumin, appears to limit

this upregulation of glycolysis after anti-CD3 stimulation.

4.3.4 PBMC treated with carnosol or curcumin display reduced oxidative phosphorylation

Following the observation that the glycolytic profiles of carnosol- and curcumin-treated PBMC,
stimulated with anti-CD3, resembled that of unstimulated PBMC, the effects of these polyphenols
on oxidative phosphorylation was next examined. PBMC were treated with carnosol or curcumin,
stimulated with anti-CD3 and placed in a Seahorse XFe24 analyser as before. Engagement of
oxidative phosphorylation was determined by the measured OCR after addition of oligomycin,
FCCP, rotenone/antimycin A and 2-DG. The OCR of anti-CD3 stimulated PBMC was observed to be
greater than that of unstimulated, carnosol- and curcumin-treated PBMC, all of which remained
mostly quiescent (Figure 4.5A). Analysis of the respiratory profiles of control, carnosol- and
curcumin-treated PBMC showed that the basal respiratory rate and ATP production of all

treatment groups were comparable. However, anti-CD3 stimulated PBMC possessed a
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significantly higher max respiratory rate and respiratory reserve compared to unstimulated PBMC
(p<0.05), which was absent in PBMC treated with carnosol or curcumin (Figure 4.5B). Therefore,
stimulated PBMC were observed to have a greater respiratory capacity than unstimulated PBMC,
although the basal respiratory rate of stimulated and unstimulated PBMC were largely similar.
Moreover, carnosol and curcumin treatment appeared to abrogate this increased spare

respiratory capacity (SRC) in stimulated PBMC.

4.3.5 Unstimulated PBMC preferentially utilise oxidative phosphorylation over glycolysis

The metabolic analysis of control, carnosol- and curcumin-treated PBMC demonstrated that PBMC
stimulated with anti-CD3 display an increased rate of glycolysis and greater respiratory reserve
over unstimulated PBMC, which was inhibited when PBMC were treated with carnosol or
curcumin prior to activation. In order to assess whether these metabolic changes reflected a
preference towards glycolysis or oxidative phosphorylation by PBMC, the ratio of basal OCR:ECAR
was calculated from matched experimental data. Unstimulated PBMC were observed to have the
highest OCR:ECAR ratio, reflecting a preferential use of oxidative phosphorylation over glycolysis
in resting PBMC. Conversely, control, carnosol- and curcumin- treated PBMC, which were
stimulated with anti-CD3, had similar OCR:ECAR ratios that were lower than that observed for
unstimulated PBMC (Figure 4.6). Taken together, these data indicate that carnosol and curcumin
may inhibit glycolysis and oxidative phosphorylation to a similar degree in anti-CD3 stimulated

PBMLC.

4.3.6 Carnosol and curcumin reduce the expansion of mitochondria following anti-CD3
stimulation in human PBMC

T cell activation via TCR stimulation has previously been reported to increase mitochondrial
biogenesis (388-390), and mitochondria are required for a number of different processes
important for T cell differentiation and function (391). Having observed that PBMC stimulated
with anti-CD3 possessed a greater SRC than unstimulated, carnosol- and curcumin-treated PBMC,
it was next investigated whether this may be a result of altered mitochondrial biogenesis. PBMC
were treated with carnosol or curcumin and stimulated with anti-CD3 as before. After 4 days,
PBMC were stained with Mitotracker Green and mitochondrial mass was measured by flow
cytometry. PBMC stimulated with anti-CD3 were found to have significantly increased
mitochondrial mass compared to unstimulated PBMC (p<0.001). However, this increase was
inhibited in stimulated PBMC which were previously treated with carnosol or curcumin (p<0.05 —

p<0.01; Figure 4.7). This result indicates that the diminished SRC observed in carnosol- and
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curcumin-treated PBMC may be a result of reduced mitochondrial expansion following TCR

stimulation.

4.3.7 Human DC temporally upregulate glycolysis and oxidative phosphorylation after LPS
stimulation

Carnosol and curcumin were found to alter the metabolic function of PBMC, with reductions in
both glycolysis and SRC observed in anti-CD3 stimulated PBMC treated with either polyphenol.
Carnosol and curcumin were previously observed to limit the maturation and function of DC,
therefore it was of interest to investigate whether they would also affect DC metabolism. The
current understanding of DC metabolism is largely based on murine studies, which have
demonstrated that murine DC strongly upregulate aerobic glycolysis and downregulate oxidative
phosphorylation upon TLR stimulation (120-122). However, this engagement of Warburg
metabolism is mediated by NO produced by iNOS in murine DC (132). Human monocyte-derived
DC do not express iNOS, and therefore likely produce a different metabolic response when
activated. A recent study investigating the metabolism of tolerogenic vs immunogenic human DC
confirmed that LPS-matured DC do not undergo a switch to Warburg metabolism (138). However,
the metabolism of human DC was only assessed 24 hours after stimulation. As the metabolic
changes of murine DC have been observed to occur rapidly after TLR stimulation (122), it was of
interest in the present study to first characterise the metabolic changes of LPS-stimulated DC over

time.

Human DC were seeded into a Seahorse microplate and stimulated with LPS for 0, 1, 3, 6 or 24
hours prior to placement into a Seahorse XF24 analyser. The rate of glycolysis and oxidative
phosphorylation were determined by the measured ECAR and OCR, respectively, after treatment
with metabolic inhibitors as described before. The ECAR of LPS-stimulated DC was highest at 3 and
6 hours post-LPS treatment, while the ECAR of DC 24 hours post-LPS treatment was observed to
be similar to that of unstimulated DC (Figure 4.8A). The glycolytic profile of unstimulated vs LPS-
stimulated DC was assessed, and it was observed that the basal rate of glycolysis was increased in
LPS-treated DC at all timepoints. However, the maximum rate of glycolysis increased in LPS-
stimulated DC after 1 hour, and peaked at 3-6 hours before returning to the unstimulated-DC
baseline by 24 hours post-LPS. This was reflected in the calculated glycolytic reserve of LPS-
stimulated DC, which was greatest in DC 3-6 hours post-LPS, whereas at 24 hours post-LPS
stimulation, DC displayed a glycolytic reserve similar to unstimulated DC (Figure 4.8B). Therefore,

while stimulation of human DC with LPS results in a small but mostly sustained increase in the
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basal glycolytic rate, the increased glycolytic potential of LPS-stimulated DC appears to be

transient, peaking at 3-6 hours post-activation.

The respiratory profiles of DC appeared to mirror their observed glycolytic activity; DC stimulated
with LPS for 6 hours displayed the highest OCR, while smaller increases in the OCR of DC 1, 3, and
24 hours post-LPS were seen compared to unstimulated DC (Figure 4.9A). The basal respiratory
rate of LPS-stimulated DC was higher than that of unstimulated DC at all timepoints, and was
significantly increased in DC 6 hours post-LPS treatment (p<0.05). Interestingly, the maximal
respiratory rate and respiratory reserve were significantly increased in DC stimulated with LPS for
6 hours compared to both unstimulated DC and DC treated with LPS for 1 or 24 hours (p<0.05).
Additionally, the rate of ATP production was also observed to be significantly increased in DC after
6 hours LPS stimulation (p<0.05; Figure 4.9B). Taken together, these data indicate that, unlike
murine DC, human DC significantly upregulate both glycolytic metabolism and oxidative
phosphorylation upon LPS-stimulation. However, this observed increase in DC metabolism peaks

approximately 6 hours post-activation.

4.3.8 Carnosol and curcumin treatment significantly limits the upregulation of glycolysis in

LPS-stimulated DC

Human DC were observed to undergo significant metabolic activation during LPS stimulation,
characterised by an increased basal rate of glycolysis and oxidative respiration, and a temporary
increase in glycolytic and respiratory capacity. It was next of interest to determine whether
carnosol and curcumin could limit this increase in DC metabolism, as was seen in PBMC. As the
greatest upregulation of glycolysis and oxidative phosphorylation was seen at 6 hours post LPS
stimulation, this timepoint was chosen to assess the action of carnosol and curcumin on DC
metabolism. Human DC were seeded into a Seahorse microplate and treated with carnosol (10
UM) or curcumin (10 uM) for 6 hours prior to stimulation with LPS for a further 6 hours. DC were
then placed into a Seahorse XFe24 analyser and their glycolytic activity was determined by the

measured ECAR in response to metabolic inhibitors, as described before.

As previously observed, the ECAR of LPS-stimulated DC was higher than that of unstimulated DC,
whereas LPS-stimulated DC previously treated with either carnosol or curcumin displayed an ECAR
similar to unstimulated DC (Figure 4.10A). This was reflected in the basal rate of glycolysis, which
was significantly reduced in curcumin-treated DC compared to control DC (p<0.05), and a trend
towards reduced basal glycolysis was also seen in carnosol-treated DC. The observed inhibition of

glycolysis in carnosol- and curcumin-treated DC was more pronounced in the maximal rate of
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glycolysis and glycolytic reserve, which were significantly reduced with both polyphenols
compared to control DC (p<0.05 — p<0.001; Figure 4.10B). Therefore, carnosol and curcumin
treatment prevented the upregulation of glycolysis in LPS-stimulated DC, resulting in reductions

of both basal glycolysis and the spare glycolytic capacity of maturing DC.

4.3.9 Carnosol and curcumin treatment reduces the spare respiratory capacity of LPS-
stimulated DC

Treatment of DC with either carnosol or curcumin was found to inhibit the upregulation of
glycolysis in response to LPS stimulation. However, it was previously observed that LPS-stimulated
human DC also increase oxidative phosphorylation in addition to glycolysis. Therefore, the effect
of these polyphenols on oxidative phosphorylation within LPS-stimulated DC was also examined.
DC were treated with carnosol or curcumin and stimulated with LPS as before. DC were then
placed into a Seahorse XFe24 analyser and their rate of oxidative phosphorylation was determined
by the measured OCR after treatment with metabolic inhibitors, as previously described. The OCR
of LPS-stimulated DC was observed to be greater than that of unstimulated DC, and of carnosol-
and curcumin-treated DC (Figure 4.11A). A slight reduction in the basal respiratory rate was
observed in carnosol and curcumin treated DC compared to control DC, but this was not
significant. Unlike previous experiments, the rate of ATP production was similar between
unstimulated and LPS-stimulated DC, and was unaffected by either carnosol or curcumin
treatment. Conversely, a trend towards an increased maximal respiratory rate and respiratory
reserve was observed in LPS-stimulated DC compared to unstimulated DC, which was reduced in
DC previously treated with carnosol or curcumin (Figure 4.11B). Taken together, these data
suggest that carnosol and curcumin inhibit the increased SRC of LPS-stimulated DC, but without

much effect on their basal respiratory rate or ATP production.

4.3.10 Curcumin-treated DC preferentially utilise oxidative phosphorylation over glycolysis

Analysis of the metabolism of carnosol- and curcumin-treated DC revealed that both polyphenols
inhibited the upregulation of basal glycolysis, reserve glycolysis, and SRC in response to LPS
stimulation. As a greater inhibitory effect was observed on the glycolytic vs respiratory profile of
LPS-stimulated DC with carnosol and curcumin treatment, the overall preference for oxidative
phosphorylation or glycolysis in these cells was determined via calculation of the basal OCR:ECAR
ratio from matched experiments. Consistent with previous studies in murine and human DC which

have suggested that immature DC preferentially utilise oxidative phosphorylation to meet their
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metabolic requirements (120,138), unstimulated DC displayed a slightly greater OCR:ECAR ratio
than LPS-stimulated DC. Interestingly, the OCR:ECAR ratio of curcumin-treated DC was
significantly increased compared to control DC, which was also higher than that of unstimulated
DC (p<0.01). Conversely, the OCR:ECAR ratio of carnosol-treated DC was similar to that of control
DC (Figure 4.12). These results indicate that LPS-stimulated DC are more glycolytic than immature
DC, and that curcumin inhibits the upregulation of glycolysis to a greater degree than oxidative
phosphorylation. As carnosol treatment was also observed to inhibit both the increase in glycolysis
and respiratory reserve after LPS stimulation, the lower OCR:ECAR ratio of carnosol-treated DC
may reflect a similar level of inhibition of both glycolysis and oxidative phosphorylation in these

cells.

4.3.11 Activation of AMPK regulates the induction of HO-1 by carnosol and curcumin in
human DC

Previous work demonstrated that carnosol and curcumin exert extensive immunomodulatory and
anti-inflammatory effects in human DC, as a result of their upregulation of HO-1 expression. The
cellular energy sensor and master regulator of catabolic metabolism, AMPK, has previously been
implicated in the induction of HO-1 expression in other cell types (385,392,393). Upon observation
that carnosol and curcumin significantly inhibit the metabolic changes which arise as a result of
DC activation and are capable of maintaining DC in an immature state (a function also ascribed to
AMPK), it was hypothesised that metabolic signalling via AMPK may regulate the induction of HO-
1, and associated anti-inflammatory effects, by these polyphenols. To determine whether
carnosol or curcumin treatment results in the activation of AMPK in human DC, DC were treated
with carnosol (10 uM), curcumin (10 uM), or AICAR (1 mM), an AMPK agonist, for 1 hour.
Phosphorylation, and therefore activation, of AMPK was detected by Western blot. Treatment
with AICAR, carnosol and curcumin were all found to increase the activation of AMPK compared

to control DC (Figure 4.13A).

Having confirmed that carnosol and curcumin can activate AMPK, it was next investigated whether
AMPK can regulate the expression of HO-1 in human DC. First, human DC were treated with
increasing concentrations of AICAR for 24 hours, after which the expression of HO-1 was detected
by Western blot. A dose-dependent increase of HO-1 expression was observed in AICAR-treated
DC, with the greatest upregulation observed at 0.5 mM and 1 mM (Figure 4.13B). Following this,
the contribution of AMPK to the upregulation of HO-1 by carnosol and curcumin was investigated.
DC were treated with compound C, a pharmacological inhibitor of AMPK, for one hour prior to

treatment with carnosol (10 uM) or curcumin (10 uM). After 24 hours, the expression of HO-1 was
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detected by Western blot. As previously observed, carnosol and curcumin increased the
expression of HO-1 by DC, however, this increase was diminished in the presence of compound C
(Figure 4.13C). Taken together, these results suggest that the upregulation of HO-1 by carnosol

and curcumin is mediated by their activation of AMPK in human DC.

4.3.12 Compound C, an inhibitor of AMPK, inhibits cytokine production by human DC

Treatment of human DC with carnosol or curcumin was previously found to significantly inhibit
the production of pro-inflammatory cytokines in response to LPS, which was at least partially
dependent on the activity of HO-1. Having observed that the induction of HO-1 by carnosol and
curcumin appears to be dependent on their activation of AMPK, it was of interest to investigate
whether inhibition of AMPK signalling would also block the previously observed effects on
cytokine production. An attempt was made to assess the contribution of AMPK signalling in the
inhibition of cytokines by carnosol and curcumin, via addition of the AMPK inhibitor, compound
C. Surprisingly, as AMPK activation has previously been reported to inhibit 1L-12/1L-23p40
production in murine DC (120), treatment of DC with compound C alone was sufficient to
significantly inhibit the production of pro-inflammatory cytokines in response to LPS (p<0.05 —
p<0.0001; Figure 4.14). Therefore, it was not possible to assess whether blockade of AMPK
signalling could reverse the effects of carnosol and curcumin on DC cytokine production using

pharmacological inhibition of AMPK.

4.3.13 Inhibition of AMPK attenuates the reduction of DC maturation by carnosol and
curcumin

HO-1 is a known promoter of tolerogenic DC, as it is highly expressed in immature DC and limits
their maturation in response to pro-inflammatory stimuli (176-178). In the present study,
upregulation of HO-1 by carnosol and curcumin was previously observed to limit the maturation
of human DC stimulated with LPS. As inhibition of AMPK via compound C was found to attenuate
the induction of HO-1 by both carnosol and curcumin, it was next investigated whether AMPK
inhibition could also reverse the effects of these polyphenols on DC maturation. Human DC were
treated with compound C for one hour before addition of either carnosol (10 uM) or curcumin (10
uM) for a further 6 hours prior to stimulation with LPS. After 24 hours, expression of the
maturation markers CD40 and CD83, and co-stimulatory molecules CD80 and CD86 was measured
by flow cytometry. Consistent with previous experiments, carnosol treatment significantly
reduced expression of CD83 and CD86 by LPS-stimulated DC (p<0.05), with a trend towards

reduced CD40 also observed. However, this effect was attenuated in the presence of compound
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C (p<0.05 — p<0.001; Figure 4.15). Similarly, curcumin treatment significantly reduced the
expression of CD40 and CD86 in LPS stimulated DC (p<0.05), with a trend towards reduced CD83
also observed. Again, this inhibition of surface marker expression by curcumin was reversed with
the addition of compound C (p<0.05; Figure 4.16). Treatment of LPS-stimulated DC with
compound C alone did not significantly increase the expression of DC surface markers. These
results indicate that signalling via AMPK is required for the modulation of DC maturation by

carnosol and curcumin.

4.3.14 Inhibition of AMPK attenuates the increased phagocytic capacity of LPS-stimulated DC

treated with carnosol or curcumin

Finally, the inhibition of DC surface marker expression by carnosol and curcumin had been
supported by further experiments which demonstrated that carnosol- and curcumin-treated DC
also maintained their capacity to uptake antigen after LPS stimulation. Having observed that
inhibition of AMPK signalling via compound C reversed the effects of carnosol and curcumin on
the phenotypic maturation of DC, it was next determined whether their effects on functional DC
maturation would also be attenuated. DC were treated with compound C, carnosol or curcumin,
and stimulated with LPS as before. After 24 hours, DC were incubated with DQ-Ova for 20 minutes,
and analysed for antigen uptake by flow cytometry. As expected, stimulation of DC with LPS
dramatically reduced their capacity to uptake antigen compared to immature DC (p<0.0001).
Furthermore, both carnosol and curcumin treatment maintained the phagocytic capacity of LPS-
stimulated DC similar to that of immature DC (p<0.05 — p<0.001), as was observed previously.
However, addition of compound C to carnosol- and curcumin-treated DC significantly abrogated
this effect (p<0.01 — p<0.001), resulting in antigen uptake similar to mature DC (Figure 4.17).
Treatment of DC with compound C alone did not significantly alter their antigen uptake capacity
following LPS stimulation. Taken together, these results confirm that the immunomodulatory
effects of carnosol and curcumin on both phenotypic and functional DC maturation are dependent

on their activation of AMPK.
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Figure 4.1. Stimulation of PBMC with anti-CD3 for 3-4 days effectively activates T cells. PBMC
were left unstimulated or stimulated with anti-CD3 for 3-4 days. The concentration of IFNy and IL-
17 in cell culture supernatants was measured by ELISA. Results shown are mean (£ SD) of three
technical replicates from one healthy donor, and is representative of three independent
experiments. Statistical significance was measured by paired t-test (**p<0.01, *p<0.05).
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Figure 4.2. Curcumin, but not carnosol, slightly reduces viability of human PBMC. PBMC were
either left unstimulated (US) or treated with carnosol (2.5-10 pM), curcumin (1-5 uM) or a vehicle
control for 6 hours prior to stimulation with anti-CD3 for 3-4 days. Cells were stained with an
amine-binding viability dye and analysed by flow cytometry. (A) Dot plots depicting viability dye
uptake of control-, carnosol- and curcumin-treated PBMC. Data is from one donor and
representative of five independent experiments. (C) Pooled data (n=5) depicting the mean (+SEM)
percentage viable cells of lymphocytes (gated by forward and side scatter). Statistical significance
was determined by one-way ANOVA, with Dunnett’s multiple comparisons post hoc test to
compare treatment groups against the control group (*p<0.05).
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Figure 4.3. Carnosol and curcumin induce HO-1 expression in human PBMC. (A) PBMC were
treated with a vehicle control, carnosol or curcumin (1-5 uM) for 24 hours. HO-1 expression was
detected by Western blot; blot depicts one donor and is representative of two independent
experiments. (B) Densitometric analysis was performed using Imagelab (Bio-Rad) software (n=2).
Blot was performed with assistance from Hannah Fitzgerald.

113



2.5 uM

anti A +

1 ug/ml 450 nM 500 nM 25 mM

200- oligorlnycin FQCP rotepone 2-pG

g -~ Unstimulated

— : ; i ; -= Vehicle control

S 1504 14T | = + anti-CD3
£ : . | ; =+ Carnosol 5 pM (4 days)
= ’ i \ § =¥ Curcumin 5 uM

g 100+ : i ! i

> YT

< : : :

O 50 : : : i

N TITIL

0 50 100 150
Time (minutes)
Basal Glycolysis Max Glycolysis
p=0.28
p=0.22
150+ p=0.32 150 p=0.055
.I
—_ p=0.41 —
= - £
E1004 . E100-
I I
o o
E E
[ |
2 e 2 s T L
B ] v &J’ . _ﬁ_
- * T =
ol : : " ol : : Y
us Vehicle Carnosol Curcumin us Vehicle Carnosol Curcumin
control 5.M 5uM control 5.M 5uM
+ anti-CD3 (1 ug/ml) + anti-CD3 (1 pg/ml)

Glycolytic Reserve

p=0.29
=0.14
80+
[ ]
_‘EGD-
£
I 40
o
E
201 A
© v
< hd "
S .| = &
A
=20 T T T T
us Vehicle Carnosol Curcumin

control 5uM 5uM

+ anti-CD3 (1 pg/ml)

114



Figure 4.4. Carnosol- and curcumin-treated PBMC show a reduced induction of glycolysis in
response to anti-CD3 stimulation. PBMC (n=4) were either left unstimulated (US) or treated with
carnosol (5 uM), curcumin (5 uM) or a vehicle control for 6 hours prior to stimulation with anti-
CD3 (1 pg/ml). After 4 days, PBMC were placed into a Seahorse XF24e analyser. The extracellular
acidification rate (ECAR) was measured before and after the addition of oligomycin (1 pug/ml), FCCP
(450 nM), antimycin A (2.5 uM) and rotenone (500 nM), and 2-DG (25 mM). (A) ECAR
measurements over time for each treatment group. Data depicts one representative experiment.
(B) Pooled data (n=4) depicting the calculated mean (x SEM) basal glycolytic rate, max glycolytic
rate and glycolytic reserve for each treatment group. Statistical significance was determined by
one-way ANOVA with Dunnett’s multiple comparisons post hoc test to compare treatment groups
against the control group (*p<0.05).
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Figure 4.5. Carnosol- and curcumin-treated PBMC show a reduced induction of oxidative
phosphorylation in response to anti-CD3 stimulation. PBMC (n=3) were either left unstimulated
(US) or treated with carnosol (5 uM), curcumin (5 puM) or a vehicle control for 6 hours prior to
stimulation with anti-CD3 (1 pg/ml). After 4 days, PBMC were placed into a Seahorse XF24e
analyser. The oxygen consumption rate (OCR) was measured before and after the addition of
oligomycin (1 pg/ml), FCCP (450 nM), antimycin A (2.5 uM) and rotenone (500 nM), and 2-DG (25
mM). (A) OCR measurements over time for each treatment group. Data depicts one
representative experiment (B) Pooled data (n=3) depicting the calculated mean (+ SEM) basal
respiratory rate, max respiratory rate, respiratory reserve and ATP production rate for each
treatment group. Statistical significance was determined by one-way ANOVA with Dunnett’s
multiple comparisons post hoc test to compare treatment groups against the control group
(*p<0.05).
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Figure 4.6. Unstimulated PBMC preferentially utilise oxidative phosphorylation over glycolysis.
PBMC (n=3) were either left unstimulated (US) or treated with carnosol (5 uM), curcumin (5 uM)
or a vehicle control for 6 hours prior to stimulation with anti-CD3 (1 pug/ml). After 4 days, PBMC
were placed into a Seahorse XF24e analyser. Basal rates of oxidative phosphorylation and
glycolysis were measured by OCR and ECAR, respectively. Pooled data (n=3) depicting the
calculated mean (+ SEM) ratio of OCR:ECAR for each treatment group. Statistical significance was
determined by one-way ANOVA with Dunnett’s multiple comparisons post hoc test to compare
treatment groups against the control group.
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Figure 4.7. Carnosol and curcumin reduce mitochondrial expansion in anti-CD3 stimulated
PBMC. PBMC (n=5) were either left unstimulated (US) or treated with carnosol (5 uM), curcumin
(5 uM) or a vehicle control for 6 hours prior to stimulation with anti-CD3 (1 pg/ml) for 4 days.
PBMC were then stained with Mitotracker Green and mitochondrial biomass was measured by
flow cytometry. (A) Histogram depicting Mitotracker Green staining in control-, carnosol- and
curcumin-treated PBMC from one representative experiment. (B) Pooled data (n=5) depicting
Mitotracker Green staining in control-, carnosol- and curcumin-treated PBMC. Results shown are
mean (x SEM) of the measured Mean Fluorescence Intensities (MFI), expressed as percentages of
the vehicle control. Statistical significance was determined by one-way ANOVA, with Tukey’s
multiple comparisons post hoc test to compare means of all groups (***p<0.001, **p<0.01,
*p<0.05).
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Figure 4.8. Human DC temporally increase glycolytic metabolism after LPS stimulation. Primary
human DC (n=3) were stimulated with LPS (100 ng/ml) for 1, 3, 6 or 24 hours prior to placement
in a Seahorse XF24 analyser. The extracellular acidification rate (ECAR) was measured before and
after the addition of oligomycin (1 ug/ml), FCCP (450 nM), antimycin A (2.5 uM) and rotenone
(500 nM), and 2-DG (25 mM). (A) ECAR measurements over time for each LPS stimulation time-
point. Data depicts one representative experiment (B) Pooled data (n=3) depicting the calculated
mean (+ SEM) basal glycolytic rate, max glycolytic rate and glycolytic reserve for each LPS
stimulation time-point.
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Figure 4.9. Determination of the increase in oxidative phosphorylation over time by LPS-
stimulated human DC. Primary human DC (n=3) were stimulated with LPS (100 ng/ml) for 1, 3, 6
or 24 hours prior to placement in a Seahorse XF24 analyser. The oxygen consumption rate (OCR)
was measured before and after the addition of oligomycin (1 pg/ml), FCCP (450 nM), antimycin A
(2.5 puM) and rotenone (500 nM), and 2-DG (25 mM). (A) OCR measurements over time for each
LPS stimulation time-point. Data depicts one representative experiment. (B) Pooled data (n=3)
depicting the calculated mean (x SEM) basal respiratory rate, max respiratory rate, respiratory
reserve and ATP production rate for each LPS stimulation time-point. Statistical significance was
determined by one-way ANOVA with Tukey’s multiple comparisons post hoc test to compare the
means of all treatment groups (*p<0.05).
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Figure 4.10. Carnosol- and curcumin-treated DC show a reduced induction of glycolysis in
response to LPS stimulation. Primary human DC (n=8) were either left unstimulated (US), or
treated with carnosol (10 puM), curcumin (10 uM) or a vehicle control for 6 hours, then stimulated
with LPS (100 ng/ml) for 6 hours prior to placement in a Seahorse XF24e analyser. The extracellular
acidification rate (ECAR) was measured before and after the addition of oligomycin (1 ug/ml), FCCP
(450 nM), antimycin A (2.5 uM) and rotenone (500 nM), and 2-DG (25 mM). (A) ECAR
measurements over time for each treatment group. Data depicts one representative experiment.
(B) Pooled data (n=8) depicting the calculated mean (+ SEM) basal glycolytic rate, max glycolytic
rate and glycolytic reserve for each treatment group. Statistical significance was determined by
one-way ANOVA with Dunnett’s multiple comparisons post hoc test to compare treatment groups
against the control group (***p<0.001, **p<0.01, *p<0.05).
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Figure 4.11. Carnosol and curcumin treatment reduces the spare respiratory capacity of LPS-
stimulated DC. Primary human DC (n=6) were either left unstimulated (US), or treated with
carnosol (10 uM), curcumin (10 uM) or a vehicle control for 6 hours, then stimulated with LPS (100
ng/ml) for 6 hours prior to placement in a Seahorse XF24e analyser. The oxygen consumption rate
(OCR) was measured before and after the addition of oligomycin (1 pg/ml), FCCP (450 nM),
antimycin A (2.5 uM) and rotenone (500 nM), and 2-DG (25 mM). (A) OCR measurements over
time for each treatment group. Data depicts one representative experiment. (B) Pooled data (n=6)
depicting the calculated mean (+ SEM) basal respiratory rate, max respiratory rate, respiratory
reserve and ATP production rate for each treatment group. Statistical significance was determined
by one-way ANOVA with Dunnett’s multiple comparisons post hoc test to compare treatment
groups against the control group.
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Figure 4.12. Curcumin treated DC favour oxidative phosphorylation over glycolysis. Primary
human DC (n=5) either left unstimulated (US), or were treated with carnosol (10 uM), curcumin
(10 uM) or a vehicle control for 6 hours, then stimulated with LPS (100 ng/ml) for 6 hours prior to
placement in a Seahorse XF24e analyser. Basal rates of oxidative phosphorylation and glycolysis
were measured by OCR and ECAR, respectively. Pooled data (n=5) depicting the calculated mean
(x SEM) ratio of OCR:ECAR for each treatment group. Statistical significance was determined by
one-way ANOVA with Dunnett’s multiple comparisons post hoc test to compare treatment groups
against the control group (**p<0.01).
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Figure 4.13. Activation of AMPK regulates the induction of HO-1 by carnosol and curcumin in
human DC. (A) Primary human DC (n=7) were incubated with AICAR (1 mM), carnosol (10 uM),
curcumin (10 uM), or a vehicle control for 1 hour. The activation of AMPK was measured by
Western blot. (B) Primary human DC (n=3) were incubated with AICAR (125-1000 uM) for 24
hours. Expression of HO-1 was detected by Western blot. (C) Primary human DC (n=3) were
incubated with compound C (5 uM) for 1 hour prior to treatment with carnosol (10 uM) or
curcumin (10 uM), or a vehicle control for 24 hours. Expression of HO-1 was detected by Western
blot. Dividing lines indicate where blots have been cropped; all bands shown are derived from the
same blot. All blots depict an individual donor and are representative of 3-7 independent
experiments. Densitometric analysis was performed using Imagelab (Bio-Rad) software (n=3-7).
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Figure 4.14. Compound C, an inhibitor of AMPK, inhibits cytokine production by human DC.
Primary human DC (n=4) were treated with compound C (5 pM) for 6 hours prior to stimulation
with LPS (100 ng/ml) for 24 hours. The concentration of IL-12p40, IL-23p19 and TNFa in cell culture
supernatants was measured by ELISA. Results shown are mean (+ SEM) of the pooled cytokine
concentrations (means of two or three technical replicates per donor). Statistical significance was
determined by one-way ANOVA, with Tukey’s multiple comparisons post hoc test to compare
means of all treatment groups (****p<0.0001, ** p<0.01).
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Figure 4.15. Inhibition of AMPK attenuates reduction of DC maturation markers by carnosol.
Primary human DC (n=7) were incubated with or without compound C (5 uM) for 1 hour prior to
treatment with carnosol (10 uM) or a vehicle control for 6 hours. DC were then stimulated with
LPS (100 ng/ml) and expression of maturation markers was determined after 24 hours by flow
cytometry. (A) Histograms depict expression of maturation markers by viable cells in carnosol-
treated DC, with or without compound C, compared to controls from one representative
experiment. (B) Pooled data (n=7) depicting expression of CD40, CD80, CD83 and CD86 in
carnosol-treated DC, with or without compound C. Results shown are mean (+ SEM) of the
measured Mean Fluorescence Intensities (MFI), expressed as percentages of the vehicle control.
Statistical significance was determined by one-way ANOVA, with Tukey’s multiple comparisons
post hoc test to compare the means of all groups (***p<0.001, *p<0.05).
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Figure 4.16. Inhibition of AMPK attenuates reduction of DC maturation markers by curcumin.
Primary human DC (n=7) were incubated with or without compound C (5 uM) for 1 hour prior to
treatment with curcumin (10 uM) or a vehicle control for 6 hours. DC were then stimulated with
LPS (100 ng/ml) and expression of maturation markers was determined after 24 hours by flow
cytometry. (A) Histograms depict expression of maturation markers by viable cells in curcumin-
treated DC, with or without compound C, compared to controls from one representative
experiment. (B) Pooled data (n=7) depicting expression of CD40, CD80, CD83 and CD86 in
curcumin-treated DC, with or without compound C. Results shown are mean (+ SEM) of the
measured Mean Fluorescence Intensities (MFI), expressed as percentages of the vehicle control.
Statistical significance was determined by one-way ANOVA, with Tukey’s multiple comparisons
post hoc test to compare the means of all groups (*p<0.05).
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Figure 4.17. Inhibition of AMPK attenuates the increased phagocytic capacity of LPS-stimulated
DC treated with carnosol or curcumin. Primary human DC (n=7) were incubated with or without
compound C (5 uM) for 1 hour, then treated with carnosol (10 uM), curcumin (10 uM) or a vehicle
control for 6 hours prior to stimulation with LPS (100 ng/ml) for 24 hours. DC were then incubated
with DQ-Ovalbumin (DQ-Ova; 500 ng/ml) for 20 minutes prior to analysis by flow cytometry. (A)
Representative dot plots depicting DQ-Ova uptake by DC (gated by forward and side scatter)
treated with carnosol, curcumin and compound C from one representative experiment. (B) Pooled
data (n=7) depicting percentage DQ-Ova uptake of DC treated with carnosol and curcumin, with
or without compound C. Results shown are mean (+ SEM) percentages of DQ-Ova uptake in
control-, carnosol- and curcumin-treated DC, with or without compound C. Statistical significance
was determined by one-way ANOVA, with Tukey’s multiple comparisons post hoc test to compare
means of all groups (****p<0.0001, ***p<0.001, **p<0.01, *p<0.05).
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4.4 Discussion

Historically, cellular metabolism has been largely overlooked in the study of immunology, often
dismissed as simple energy bookkeeping with little significance outside the context of metabolic
diseases such as diabetes and obesity. However, in recent years, interest in the metabolism of
immune cells has exploded, as the intricacies between metabolic signalling and immunological
function have started to be revealed. It is now acknowledged that immune cells can be
characterised by their use of distinct metabolic programs which support their specific bio-
energetic requirements. Furthermore, the development, differentiation and maturation of
immune cells is frequently dependent on accompanying changes to their metabolism, while cross-
talk between metabolic and immunologic signalling pathways allows for the coordination of
immune function and cellular metabolism. Due to the relative infancy of the field, much of the
current understanding of immunometabolism is grounded in seminal studies performed in mice;
it is now important that these studies are extended to human immune cells in order to expand
our knowledge of human immune function during homeostasis and disease. Additionally, the
relationships between known immunomodulators, such as HO-1, and immunometabolism remain
a largely unexplored area of research, which could potentially yield new strategies to restore
immune balance via metabolic reprogramming. Therefore, the purpose of the work described in
this chapter was to explore the metabolism of activated human T cells and DC, and the metabolic

effects of the HO-1 inducers carnosol and curcumin in these cells.

T cell activation is accompanied by extensive proliferation and differentiation that requires
significantly increased biosynthesis and energy production. Although upregulation of aerobic
glycolysis is characteristic of certain effector T cell subsets, and is important for T cell cytokine
production (127,129), upregulation of oxidative phosphorylation has also been shown to be
required for the activation of murine T cells (394,395). Consistent with this, in the present study
activation of human PBMC with anti-CD3 was observed to result in greatly increased rates of both
glycolysis and oxidative phosphorylation. This is in agreement with a previous study by Renner et
al., who reported that activated human CD4" and CD8" T cells display increased glucose and
oxygen consumption (139). However, as expected, the ratio of oxidative phosphorylation to
glycolysis usage remained higher in unstimulated PBMC compared to anti-CD3 stimulated PBMC.
The increased SRC of activated T cells was supported by a significant increase in mitochondrial
mass; this observation is in agreement with previous studies which have demonstrated that
mitochondrial biogenesis is upregulated upon activation in murine T cells (389-391). Therefore,
these results indicate that, similar to murine T cells, human T cells also upregulate metabolic

machinery and display elevated metabolic activity compared to resting T cells. This is the first
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study to report this effect in human PBMC, through direct measurement of glycolysis and oxidative
phosphorylation using Seahorse analysis. Further research is required to establish whether
different human T cell subsets display distinct metabolic profiles, as has previously been

demonstrated in murine systems.

Modulation of T cell metabolism has been suggested as a potential strategy to limit harmful pro-
inflammatory immune responses (396). However, there have been no studies to date investigating
the effects of HO-1 inducers on T cell metabolism. In this study, the polyphenols carnosol and
curcumin were confirmed as non-toxic and capable of inducing HO-1 in human PBMC, therefore,
their effects on T cell metabolism were assessed. Treatment of PBMC with either carnosol or
curcumin attenuated the upregulation of both glycolysis and oxidative phosphorylation seen after
stimulation with anti-CD3. The quiescent metabolism of carnosol- and curcumin-treated PBMC
appears to reflect that previously observed in anergic T cells, which display a failure to upregulate
the metabolic machinery necessary for activation. However, inhibition of metabolic signalling in T
cells was also found to be sufficient to induce anergy (371). Interestingly, curcumin has previously
been reported to inhibit Ca?* mobilisation and the translocation of nuclear factor of activated T
cells (NFAT), an important transcription factor which mediates T cell activation, after TCR
stimulation (397). Therefore, it remains to be elucidated whether the effects of these polyphenols
on T cell metabolism are a result of regulation of metabolic signalling by carnosol or curcumin, or
rather inhibition of T cell activation upstream of the engagement of metabolic pathways.
Additionally, the effects of carnosol and curcumin on the metabolism of specific T cell subsets was
not assessed in this study; it would be of interest to determine whether the inhibition of T cell
metabolism by these polyphenols suppresses the function of certain T cell subsets over others,
particularly in the case of Th17 cells and Tregs whose differentiation has previously been described

to be regulated via metabolic signalling (372-374).

In support of the observed reduction of metabolic activity in carnosol- and curcumin-treated
PBMC, both polyphenols also significantly inhibited the expansion of mitochondria in activated
PBMC. Although AMPK has well-defined roles in mitochondrial biogenesis (398,399), it has been
reported that the increased mitochondrial biogenesis observed in activated T cells is at least
partially dependent on mTOR signalling, and that inhibition of AMPK actually results in
heightened, uncoordinated mitochondrial proliferation (390). Furthermore, activation of AMPK
with AICAR has been reported to induce T cell anergy via inhibition of mTOR (371), and AMPK-
deficient T cells display elevated levels of glycolysis (400). As carnosol and curcumin were
observed to activate AMPK in human DC, it is possible that increased AMPK activity could limit

mTOR signalling in T cells, accounting for the inhibition of mitochondrial biogenesis, and reduced
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metabolic activity of carnosol- and curcumin-treated PBMC. It will be interesting to determine if
carnosol and/or curcumin themselves can inhibit mTOR. Conversely, AMPK has also been reported
to promote the metabolic plasticity required for primary T cell responses in vivo (401), and TCR
stimulation activates AMPK in murine and human T cells, yet without concomitant inhibition of
mTOR (371,402). Therefore, future research should determine if carnosol and curcumin activate
AMPK in human PBMC, and whether AMPK signalling mediates the metabolic effects of these
compounds in human T cells. Additionally, although carnosol and curcumin were both found to
increase expression of HO-1 in human PBMC, the contribution of HO-1 to their observed inhibition
of T cell metabolism remains to be elucidated. HO-1 and its product CO have previously been
reported to modulate T cell function (184-186), and it is possible that regulation of T cell
metabolism is a potential mechanism for these effects. However, it is currently thought that the
modulation of T cell responses by HO-1 is primarily mediated by its activity in APCs (180,187,188),
therefore the observed inhibition of T cell metabolism by carnosol and curcumin may be a result
of HO-1 induction in the APCs which provide co-stimulation to T cells within PBMC, thereby
limiting T cell activation. Further research is required to establish the role of HO-1 in the metabolic
effects of carnosol and curcumin in PBMC, and to determine whether they are a result of direct

action on T cells, or via modulation of APCs.

Although there are a number of studies which have investigated the metabolism of murine DC,
studies which have focused on human DC metabolism are comparatively scarce; therefore, this
chapter also aimed to characterise the metabolic changes in human DC after stimulation with LPS.
LPS-stimulated BMDC have previously been observed to strongly upregulate aerobic glycolysis,
and simultaneously downregulate oxidative phosphorylation via the action of iNOS-derived NO
(120-122,132). The results presented here demonstrate that human DC stimulated with LPS
upregulate both glycolysis and oxidative phosphorylation within hours of activation. Furthermore,
a transient increase in the glycolytic reserve and SRC of human DC was observed within 6 hours
post-LPS stimulation, which was absent at 24 hours post-LPS. Therefore, it can be ascertained that
while human DC also display increased glycolytic metabolism after activation, unlike BMDC, they
also upregulate oxidative phosphorylation. This disparity between murine and human DC is likely
a result of their differing expression of iNOS, as human monocyte-derived DC do not readily
express iNOS; however, some evidence suggests that certain human DC subsets can express iNOS
in vivo, therefore the metabolic profile of these DC may differ from what is observed in vitro (403).
Consistent with the results presented in this chapter, Malinarich et al. recently reported that
human DC matured with LPS are more glycolytic than immature DC, and do not downregulate

oxidative phosphorylation (138). However, they also observed a reduced glycolytic reserve and
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SRC in mature compared to immature DC; a finding which, in fact, agrees with these results, as
the metabolism of DC was assessed 24 hours after maturation with LPS, by which time the
increased glycolytic reserve and SRC observed in this study was absent. Interestingly, Everts et al.
also observed an increase in the SRC of murine DC stimulated with LPS for 1 hour, which was
mediated by enhanced glycolytic flux into the TCA cycle (122). This increased flow of pyruvate into
the TCA cycle was found to produce citrate necessary for de novo fatty acid synthesis in the
maturing DC, providing lipids required to expand the ER and Golgi membranes in anticipation of
increased protein production (122). Therefore, the transient increase in the glycolytic reserve and
SRC of LPS-stimulated DC observed in this study may represent an early adaption of maturing DC
to their new immunogenic functions, which is downregulated once adequate cellular remodelling
has taken place. Meanwhile, the mature DC continues to display higher basal rates of glycolysis
and oxidative phosphorylation to meet its increased energy demands. In summary, this study
expands the current understanding of human DC metabolism, and also underscores the

importance of accounting for temporal changes when analysing the metabolism of immune cells.

The results of this chapter support previous data which described the anti-inflammatory
properties of carnosol and curcumin in human DC. The upregulation of glycolysis by DCin response
to LPS has been demonstrated to promote their maturation, cytokine production and activation
of T cells (120-122). Interestingly, DC treated with carnosol or curcumin displayed a reduced basal
rate of glycolysis, and failed to upregulate their glycolytic reserve after 6 hours of LPS stimulation.
This reduced glycolytic flux was also manifest in the mitochondrial activity of carnosol- and
curcumin-treated DC, as both polyphenols inhibited the increased SRC seen in response to LPS.
Malinarich et al. previously reported that tolerogenic human DC possess a greater capacity for
oxidative phosphorylation and fatty acid oxidation, and are less glycolytic than mature DC (138).
Previously, carnosol and curcumin were observed to promote tolerogenic DC, and in support of
this, curcumin-treated DC were found to preferentially utilise oxidative phosphorylation over
glycolysis. Therefore, it is possible that the anti-inflammatory effects of carnosol and curcumin in
human DC are at least partly mediated by their inhibition of glycolysis, resulting in a diminished
glycolytic reserve and SRC and failure to meet the bio-energetic requirements of maturation. It
would be of additional interest in future research to determine whether carnosol or curcumin
treatment promotes fatty acid oxidation in DC. As was the case in PBMC, the contribution of either
AMPK activation or HO-1 upregulation by carnosol and curcumin to their metabolic effects in DC
remains unclear. Krawczyk et al. previously reported that AMPK signalling antagonises the
maturation of BMDC and inhibits their upregulation of glycolysis in response to LPS (120), while

Carroll et al. found that AMPK-deficient BMDC display enhanced maturation and pro-
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inflammatory functions (123). Therefore, the observed activation of AMPK by carnosol and
curcumin could explain their modulation of the metabolic and immunological function of human
DC. Further work is required to investigate if inhibition of either AMPK or HO-1 attenuates the

effects of carnosol and curcumin on DC metabolism.

Although the HO-1 inducers carnosol and curcumin were found to limit the metabolic
reprogramming of human DC in response to LPS, it was not determined whether this effect was a
result of HO-1 activity. However, a relationship between metabolic signalling and the upregulation
of HO-1 in DC by these polyphenols was uncovered in the course of this study. Signalling via AMPK
has previously been implicated in the upregulation of HO-1 by certain drugs (392,393,404), but
there have been no such reports in human immune cells. Furthermore, both carnosol and
curcumin have been reported to activate AMPK in skeletal muscle and cancer cell lines (405-408).
In this study, carnosol and curcumin were both found to activate AMPK in human DC. Moreover,
AMPK activation was found to upregulate expression of HO-1 in human DC, and inhibition of AMPK
attenuated the induction of HO-1 by carnosol and curcumin. This study is therefore the first to
report an association between AMPK signalling and HO-1 expression in human DC, and that the
upregulation of HO-1 by carnosol and curcumin is at least partially dependent on their activation
of AMPK. Interestingly, a number of xenobiotics, including various polyphenols, have been
reported to activate AMPK via an increase in the AMP:ATP ratio; this is achieved by inhibition of
the mitochondrial ETC complexes (398). Curcumin, in particular, has been shown to inhibit ATP
synthase in mitochondrial preparations, thereby limiting ATP production and increasing the ratio
of AMP to ATP (409). Given that a number of polyphenols also appear to inhibit ATP synthase or
complex | (410,411), it is likely that carnosol acts in a similar fashion. Therefore, elevation of AMP
levels represents a probable mechanism by which carnosol and curcumin activate AMPK in human

DC, however, further research is required to confirm this.

Finally, the results of this chapter demonstrate that AMPK activation by carnosol and curcumin is
required to mediate their immunomodulatory effects in human DC. Pharmacological inhibition of
AMPK was found to reverse the observed reduction of DC maturation by these polyphenols; the
addition of compound C to carnosol- and curcumin-treated DC significantly increased their
expression of surface markers, and reduced their antigen uptake capacity. The inhibition of DC
maturation by carnosol and curcumin was previously found to be dependent on the activity of HO-
1, and inhibition of AMPK was observed to reduce the upregulation of HO-1 by both polyphenols.
Taken together, these results suggest that the AMPK-dependent immunomodulatory effects of
carnosol and curcumin in human DC are mediated by its upregulation of HO-1 in these cells.

Mechanistically, the upregulation of HO-1 by AMPK appears to be transcriptionally regulated as a
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number of studies have identified cross-talk between AMPK and Nrf2, the major transcription
factor in control of HO-1 expression (393,404,412). Phosphorylation of Nrf2 at its serine 550,
resulting in increased nuclear accumulation of the transcription factor, has been proposed by Joo
et al. as a potential mechanism by which AMPK regulates Nrf2 activity (413). Interestingly, Nrf2
activation may contribute to the role of AMPK in mitochondrial biogenesis and metabolism: Nrf2
has been associated with improved efficiency of oxidative phosphorylation and ATP production,
enhanced fatty acid oxidation, and reduced mitochondrial ROS (414). PGCla, the AMPK-regulated
transcription factor which promotes mitochondrial biogenesis, has been shown to activate Nrf2
and upregulate genes involved in redox homeostasis, presumably to counteract the ROS produced
as a result of increased mitochondrial activity (415,416). Furthermore, both Nrf2 itself and HO-1-
derived CO can also promote mitochondrial biogenesis, therefore, Nrf2 activation by PGCla
serves to both support its expansion of mitochondria, and also protect against oxidative stress
(417,418). The role of AMPK in the antioxidant response was also demonstrated by Zmijewski et
al. who found that exposure to the pro-oxidant hydrogen peroxide activated AMPK independently
of the cellular AMP:ATP ratio (419). Together, the AMPK-PGCla-Nrf2-HO-1 axis appears to
integrate mitochondrial biogenesis and function with redox homeostasis, ensuring that the
increased ROS produced by oxidative metabolism is compensated by increased antioxidant
activity. The results of this study add to this paradigm by suggesting that signalling between AMPK
and HO-1 also coordinates catabolic metabolism with tolerogenic immune responses in human
DC. Additionally, this study indicates that the previously observed anti-inflammatory effects of
AMPK in BMDC could be mediated by increased HO-1 expression (120,123). It will be of interest
to further explore the relationships between AMPK, HO-1 and the metabolism and function of DC

in the future.

In conclusion, the results of this chapter describe the metabolic changes arising from the
activation of human PBMC and DC, and characterise a hitherto-unidentified role for the HO-1
system in immunometabolism. Furthermore, this study provides evidence that the polyphenols
carnosol and curcumin may be useful as modulators of cellular metabolism, however, further
research is required to determine how they regulate metabolic activity. The data presented here
supports a model whereby activation of AMPK by carnosol and curcumin leads to the upregulation
of HO-1, which mediates the downstream immunomodulatory activity of these polyphenols in
human DC (Figure 4.18). These results are also suggestive that the anti-inflammatory phenotype
characteristic of immune cells with higher catabolic metabolism and AMPK signalling may arise

from increased expression of HO-1; this possibility is an interesting area for future research.
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Figure 4.18. Model of AMPK-dependent induction of HO-1 by carnosol and curcumin in DC.
Carnosol and curcumin are polyphenols which have been shown to inhibit components of the ETC,
resulting in reduced ATP production and elevated AMP levels. AMP activates AMPK, which results
in downstream activation of PGCla and Nrf2. PGCla promotes mitochondrial biogenesis and may
also activate Nrf2 (black dashed arrows). Nrf2 translocates to the nucleus and induces
transcription of HO-1. HO-1 and its products can then act as an antioxidant to neutralise ROS
produced by mitochondrial metabolism, and downregulate DC maturation and pro-inflammatory
functions. Additionally, AMPK or HO-1 may mediate the reduced rate of glycolysis and SRC
observed in carnosol- and curcumin-treated DC (red dashed arrows).
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Chapter 5:
Regulation of the adaptive immune
response and psoriatic inflammation by
carnosol and curcumin



5.1 Introduction

Autoimmunity occurs when dysregulated pro-inflammatory immune responses are mounted
against the host’s own tissues. This can be initiated by DC, which become inappropriately activated
and present self-antigens alongside co-stimulatory signals to autoreactive T cells, resulting in their
activation and expansion (39). It is the autoreactive T cells which cause the damaging
inflammation characteristic of autoimmune diseases, through the production of potent pro-
inflammatory cytokines such as IFNy and IL-17. These cytokines trigger the recruitment and
activation of other immune cells, as well as initiating the production of cytokines and chemokines
by non-haematopoietic cells, creating an inflammatory loop which sustains and amplifies
destructive inflammation within the affected tissue(s) (420,421). Thus, while targeting DC can
prevent the activation of autoreactive T cells, inhibition of T cell proliferation and cytokine
production, and promotion of regulatory T cells, is also an effective strategy in the treatment of

autoimmune disease.

The regulatory role of HO-1 in innate immune cells such as DC is well established, however its
function in the adaptive immune system is less certain. Some evidence exists to suggest that HO-
1 can exert anti-inflammatory effects directly in T cells. Pae et al. first reported that CD4*CD25*
Tregs constitutively express HO-1, and that CD28 stimulation upregulates HO-1 expression in both
CD4*CD25* and CD4'CD25 T cells. Furthermore, they found that overexpression of HO-1
prevented the proliferation of Jurkat T cells (183). This was supported by Choi et al. who found
that upregulation of Foxp3 in Jurkat T cells induced expression of HO-1, which was required for
their suppressive function (422), and Xia et al. who reported that HO-1 promoted expression of
Foxp3, and the Treg-associated cytokines IL-10 and TGF-B, in murine splenocytes (423).
Additionally, Zhang et al. found that treatment of naive murine T cells with hemin, a HO-1 inducer,
inhibited their proliferation and differentiation into Th17 cells (424). Suppressive effects for the
HO-1 products BV and CO have also been described within T cell populations (184,185,318,425).
Conversely, Zelenay et al. and Biburger et al. have reported that HO-1 expression is dispensable
for the suppressive function of murine and human Tregs (187,426), and others have suggested
that the anti-inflammatory effects of HO-1 in T cells are mediated by its activity in APCs rather
than T cells themselves (180,186,188,189). Interestingly, HO-1 expression/activity has been
reported to ameliorate the Th17/Treg imbalance in various murine models of T cell-mediated
disease (232,360,427,428). Whether this is achieved via HO-1 activity in APCs or T cells remains
unclear, however, there clearly exists a solid rationale for the use of HO-1 inducers as modulators

of T cell responses.
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Similarly to other HO-1 inducers, investigation into the effects of the polyphenols, carnosol and
curcumin, in adaptive immune cells has been limited. Kliem et al. previously reported that
curcumin can inhibit the activation of and cytokine production by T cells via inhibition of
intracellular Ca®* mobilisation after TCR stimulation, resulting in reduced nuclear translocation of
NFAT (397). This was supported by Kim et al. who found that treatment of human CD4* T cells
with curcumin limited their activation, proliferation and production of pro-inflammatory
cytokines. Furthermore, they found that curcumin treatment increased the frequency of Tregs at
later stages of culture, in a manner partially dependent on TGF-B (283). Interestingly, curcumin
treatment was also observed to improve the ratio of Th17 cells to Tregs in a murine model of graft-
versus-host disease (282), and in ex vivo T cells from SLE patients (429). There is, therefore, some
evidence to support the use of curcumin to inhibit pro-inflammatory T cell responses, although
further research into its activity in human cells is warranted. Comparatively, there are no studies

to date investigating the effects of carnosol in T cells.

Psoriasis is an autoimmune disease characterised by extensive infiltration of immune cells into the
skin and excessive proliferation of keratinocytes, resulting in the formation of red, scaly plaques
associated with considerable pruritus and pain (251). Therefore, successful treatment of psoriasis
requires that the activation of both infiltrating immune cells and local skin cells be halted; often
inhibition of the immune response in psoriasis is sufficient to resolve the hyperproliferation of
keratinocytes, as this appears to be caused by the action of Th17 cell cytokines including IL-17 and
IL-22 (62,64,430). Interestingly, treatment of keratinocytes with HO-1 inducers in vitro has been
reported to protect them from oxidative damage, and also limit their proliferation and production
of cytokines (169,431,432). These studies are supported by animal models of psoriasis which have
identified anti-psoriatic activity for HO-1 in keratinocytes and DC. Both Ma et al. and Zhang et al.
observed that treatment with HO-1 inducers reduced epidermal hyperplasia in psoriaform lesions,
while the latter also reported that HO-1 limits keratinocyte proliferation in response to IL-17 or IL-
22, via inhibition of STAT3 signalling (257,258). Meanwhile, Listopad et al. found that HO-1
induction inhibited T-cell mediated psoriatic inflammation in mice by restricting antigen-
presentation and cytokine production by APCs (179). Therefore, while these pre-clinical studies
indicate that HO-1 induction can effectively protect against psoriasis through its action in innate
cells and keratinocytes, it is unknown whether it can also act on pro-inflammatory T cells within

psoriasis.

Clinical translation of HO-1 as a treatment for psoriasis is supported by existing therapies, such as
phototherapy and DMF, which are associated with upregulation of HO-1 expression (260-

263,433). However, direct administration of HO-1 inducers in psoriasis is currently limited as the
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metalloporphyrins, CoPP and hemin, which have been utilised in animal models, are unsuitable
for clinical use. Curcumin and carnosol were previously observed to induce HO-1 in human DC and
PBMC, attenuate pro-inflammatory responses in DC and inhibit the metabolic changes associated
with DC and T cell activation. Hence, they may represent attractive alternatives to
metalloporphyrins as HO-1 inducers for the treatment of psoriasis. Accordingly, curcumin has
shown efficacy in various psoriasis models. Treatment of keratinocytes with curcumin in vitro was
found to cause cell cycle arrest, via inhibition of cyclin D1 expression (434). Meanwhile, both Kang
et al. and Sun et al. observed that curcumin improved psoriatic lesions and inhibited the
production of innate and adaptive cytokines in mice (288,289). Curcumin has additionally been
investigated in a number of small clinical trials of psoriasis. Heng et al. reported that topical
administration of curcumin effectively reduced epidermal hyperplasia and parakeratosis, as well
as the infiltration and activation of immune cells (297). Conversely, Kurd et al. found little effect
of orally-administered curcumin in an open-label trial (293), however, a lecithin-based oral
preparation of curcumin used as an adjuvant therapy in psoriasis was found to effectively reduce
psoriasis scores and serum IL-22 levels (298). While curcumin shows promise as a treatment for
psoriasis, as is the case with other HO-1 inducers, there is a similar lack of information about its
effects on psoriatic T cells. Furthermore, there have been no previous studies investigating the

effects of carnosol in the context of psoriasis, either on keratinocytes or immune cells.

In summary, while HO-1, and the polyphenols carnosol and curcumin, have potential as
treatments for autoimmune diseases such as psoriasis, their effects on adaptive immune cells are
uncertain. This question is important as adaptive immune cells, particularly Th17 cells, are the
primary pathogenic cells in many autoimmune diseases, while breakdown of Treg-mediated
peripheral immune tolerance is also a precipitating event in autoimmunity. Therefore, the
purpose of this chapter was to characterise the immunomodulatory effects of carnosol and

curcumin in human PBMC, and determine their ability to limit psoriatic inflammation.

5.2 Aims
e To investigate if carnosol or curcumin can inhibit adaptive immune responses by human
PBMC/T cells.
e To determine if carnosol or curcumin treatment can promote Tregs within PBMC.
e Tocharacterise the anti-psoriatic effects of carnosol and curcumin in human keratinocytes

and ex vivo PBMC from psoriasis patients.
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5.3 Results

5.3.1 Treatment of PBMC with carnosol or curcumin inhibits T cell proliferation

In the previous chapter, both carnosol and curcumin were found to be non-toxic and capable of
inducing HO-1 expression in human PBMC. Furthermore, these polyphenols effectively inhibited
the upregulation of cellular metabolism by PBMC in response to anti-CD3 stimulation. Therefore,
it was determined whether carnosol or curcumin treatment would also inhibit the proliferation of
T cells after mitogenic stimulation. Human PBMC, labelled with CTV, were treated with carnosol
(2.5-10 uM) or curcumin (1-5 uM) for 6 hours prior to stimulation with anti-CD3. After 3-4 days
the proliferation of CD4*T cells within PBMC was assessed by flow cytometry. Stimulation of PBMC
with anti-CD3 significantly increased T cell proliferation (p<0.001), however, both carnosol- and
curcumin-treated PBMC displayed reduced T cell proliferation compared to control PBMC (Figure
5.1A). This effect was found to be dose dependent, with curcumin treatment at 2.5 uM and 5 uM

resulting in significant inhibition of T cell proliferation (p<0.05 — p<0.01; Figure 5.1B).

5.3.2 Carnosol and curcumin are non-toxic to purified CD4* T cells

It was previously observed that carnosol and curcumin were well-tolerated by human PBMC, up
to 10 uM and 5 pM, respectively. It was next determined whether the viability of purified CD4* T
cells would be similarly unaffected by these polyphenols over the course of T cell activation. CD4*
T cells were purified from human PBMC and treated with carnosol (2.5-10 uM) or curcumin (1-5
UM) for 6 hours prior to stimulation with anti-CD3 and anti-CD28. After 3-4 days cellular viability
was assessed by flow cytometry using an amine-binding viability dye. The viability of PBMC treated
with carnosol or curcumin at all concentrations was comparable to vehicle control treated PBMC,
and was typically in the range of 80-90% (Figure 5.2). Therefore, both carnosol and curcumin were

judged to be non-toxic to purified CD4* T cells at the same concentrations used in PBMC.

5.3.3 Carnosol and curcumin inhibit the proliferation of purified CD4* T cells

Carnosol and curcumin were observed to inhibit the proliferation of CD4* T cells within anti-CD3
stimulated PBMC. This effect could arise from either direct activity in T cells, or in APCs providing
co-stimulation within PBMC. Having confirmed that carnosol and curcumin were well-tolerated by
purified CD4* T cells it was next determined whether they would also affect T cell proliferation in
the absence of APCs. CD4* T cells were purified from human PBMC, labelled with CTV, and treated
with carnosol (2.5-10 uM) or curcumin (1-5 uM) for 6 hours prior to stimulation with anti-CD3 and

anti-CD28. After 3-4 days, T cell proliferation was assessed by flow cytometry. CD4* T cells
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stimulated with mitogens displayed significantly increased proliferation, which was inhibited in
the presence of either carnosol or curcumin (Figure 5.3A). Furthermore, this inhibition was
observed to be more potent than that previously observed in PBMC, with the highest
concentrations of carnosol and curcumin tested resulting in almost complete attenuation of T cell
proliferation (Figure 5.3B). Thus, carnosol and curcumin were confirmed to have inhibitory activity

within human T cells separate from their effects in APCs.

5.3.4 Low-dose carnosol and curcumin treatment slightly increases the frequency of Tregs
within human PBMC

HO-1 and curcumin have previously been reported to promote the generation of Tregs, and to
improve Th17:Treg ratios in disease models (232,283,422,427). Therefore, it was next investigated
whether treatment of human PBMC with carnosol or curcumin would increase the frequency of
Tregs. PBMC were treated with carnosol (2.5-10 uM) or curcumin (1-5 pM) for 6 hours prior to
stimulation with anti-CD3. After 3-4 days, the frequency of Tregs, designated as
CD4*CD25*Foxp3*CD127", was determined by flow cytometry. A trend towards a slight increase
in the frequency of Tregs among CD4* T cells was observed in PBMC treated with 2.5 uM of
carnosol or curcumin, however this increase was not significant. Moreover, treatment of PBMC
with higher doses of carnosol or curcumin trended towards a reduced frequency of Tregs (Figure
5.4). Therefore, neither carnosol nor curcumin were judged to substantially increase the

frequency of Tregs within human PBMC.

5.3.5 Carnosol and curcumin do not alter CD39 or CTLA4 expression by Tregs

Although carnosol and curcumin were not found to substantially increase the frequency of Tregs
within human PBMC, it was of interest to investigate whether they might instead alter the
suppressive capacity of Tregs. CD39 is a surface enzyme expressed by Tregs which catalyses the
conversion of ATP to ADP, and contributes to their suppressive activity (79—-81). Furthermore, the
CTLA4 receptor is essential for Treg-mediated suppression of T cells, as it removes the co-
stimulatory receptors CD80 and CD86 expressed by APCs via trans-endocytosis (75-78). To
determine whether carnosol or curcumin treatment could regulate expression of CD39 and CTLA4,
human PBMC were treated and stimulated with anti-CD3 as before, and after 3-4 days the
expression of CD39 and CTLA4 by Tregs was measured by flow cytometry. CD39 was found to be
highly expressed by human Tregs, however neither carnosol nor curcumin altered CD39

expression at any concentration tested (Figure 5.5). Similarly, CTLA4 was also highly expressed in
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Tregs, and again no concentration of carnosol or curcumin tested was found to alter this
expression (Figure 5.6). Therefore, carnosol and curcumin do not appear to directly regulate the

suppressive function of Tregs.

5.3.6 Carnosol and curcumin treatment preferentially inhibits proliferation of CD4* effector

cells versus Tregs

Carnosol and curcumin were previously found to inhibit the proliferation of both PBMC and
purified CD4* T cells. However, although neither polyphenol was found to substantially increase
the frequency of Tregs within human PBMC, a trend towards a slight increase in Treg frequencies
was observed with low-dose carnosol and curcumin treatment. To elucidate the mechanism by
which carnosol and curcumin might alter the frequency of Tregs within PBMC, the proliferation of
Tregs was compared to that of effector T cells. Human PBMC were labelled with CTV, treated with
increasing concentrations of carnosol or curcumin, and stimulated with anti-CD3 as before. After
3-4 days, the proliferation of CD4*Foxp3™ effector cells and CD4*CD25Foxp3*CD127"° Tregs was
measured and compared. Both effector T cells and Tregs displayed similar levels of proliferation
within control-treated PBMC. However, carnosol and curcumin treatment appeared to inhibit the
proliferation of effector T cells to a greater degree than that of Tregs. (Figure 5.7A). This trend was
most clearly observed in PBMC treated with curcumin at 2.5 and 5 uM (Figure 5.7B). Thus, the
anti-proliferative activity of carnosol and curcumin may be greater in effector T cells than in Tregs,
which could account for the small differences in Treg frequencies observed with carnosol and

curcumin treatment.

5.3.7 Treatment of PBMC with carnosol and curcumin reduces the frequency of IL-17 and IFNy
producing T cells

Alongside promotion of Tregs, HO-1 and curcumin have previously been reported to reduce the
frequency of pro-inflammatory T cell subsets such as Th17 and Th1 cells (232,283,360,427,428),
which are characterised by their production of the cytokines IL-17 and IFNy, respectively. Thus, it
was next examined whether treatment of PBMC with carnosol or curcumin would alter the
frequency of IL-17 and IFNy producing helper T cells. Human PBMC were treated with increasing
concentrations of carnosol or curcumin and stimulated with anti-CD3 as before. After 3-4 days,
PBMC were re-stimulated with PMA and ionomycin, in the presence of brefeldin A, for 6 hours

and cytokine production was analysed by flow cytometry.
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The proportion of helper T cells (CD3*CD8") which expressed IL-17 was observed to be greater in
PBMC previously stimulated with anti-CD3 compared to unstimulated control PBMC.
Furthermore, the frequency of IL-17* helper T cells was reduced among carnosol- and curcumin-
treated PBMC, which displayed a frequency in between that of stimulated and unstimulated
control PBMC (Figure 5.8). Similarly, anti-CD3 stimulated PBMC were also observed to upregulate
the frequency of IFNy* helper cells compared to unstimulated control PBMC. Again, carnosol and
curcumin both inhibited the increased expression of IFNy by stimulated PBMC, with carnosol- and
curcumin-treated PBMC displaying an intermediate frequency of IFNy* helper cells between that
of stimulated and unstimulated control PBMC (Figure 5.9). The reduction of IL-17 and IFNy
producing helper T cells by carnosol and curcumin was similar between the different
concentrations of each polyphenol tested, indicating that this effect may not be dose-dependent.
In summary, these results indicate that carnosol and curcumin can reduce the frequencies of Th17

and Th1 cells in human PBMC.

5.3.8 Treatment of PBMC with carnosol or curcumin does not alter the frequency of TNFa or
IL-2 producing T cells

Having observed that carnosol and curcumin inhibited the frequency of IL-17 and IFNy producing
helper T cells in anti-CD3 stimulated PBMC, it was important to distinguish whether this
represented a specific effect on these T cell subsets, or if all cytokine production by T cells would
be inhibited. Therefore, the frequency of TNFa and IL-2 producing helper T cells was also
measured by flow cytometry, as previously described. TNFa is a pro-inflammatory cytokine
broadly expressed by activated T cells; as expected, anti-CD3 stimulated PBMC displayed a higher
frequency of TNFa* helper T cells compared to unstimulated PBMC. However, there was no
discernible difference in the frequency of TNFa* cells within carnosol- or curcumin-treated PBMC
(Figure 5.10). Similarly, IL-2 is a pleiotropic cytokine highly upregulated upon T cell activation,
which has important roles in the growth and differentiation of T cell subsets, including Tregs (435).
Stimulated PBMC possessed a much greater frequency of IL-2* helper T cells compared to
unstimulated PBMC (p<0.05), which was similar to that observed with carnosol and curcumin
treatment (Figure 5.11). Therefore, neither carnosol nor curcumin significantly reduced the
proportion of TNFa or IL-2 producing T cells within PBMC, indicating that there is some specificity

in their inhibition of T cell cytokine production.
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5.3.9 Carnosol and curcumin treatment significantly reduces total IL-17 and IFNy production

by human PBMC and purified CD4* T cells

Carnosol and curcumin were found to significantly inhibit T cell proliferation and reduce the
frequency of IL-17 and IFNy producing T helper cells within PBMC. Therefore, it was next
determined whether this would be reflected in the total amounts of IL-17 and IFNy produced by
carnosol- and curcumin-treated PBMC. Human PBMC were treated with increasing concentrations
of carnosol or curcumin and stimulated with anti-CD3 as before. After 3-4 days cell culture
supernatants were removed and the concentrations of IL-17 and IFNy were measured by ELISA.
Both carnosol and curcumin significantly reduced the production of IL-17 and IFNy by PBMC
(p<0.01 — p<0.0001). Furthermore, this effect was dose dependent, with the highest doses of
carnosol and curcumin tested almost completely abrogating the production of these pro-

inflammatory cytokines (Figure 5.12).

Although the proliferation of purified CD4* T cells was also found to be inhibited by carnosol and
curcumin, the frequency of IL-17 and IFNy producing T helper cells was not analysed in carnosol-
and curcumin-treated CD4* T cells. However, the total production of these cytokines was
measured to indicate whether these polyphenols can also inhibit T cell cytokine production in the
absence of APCs. CD4* T cells were purified from PBMC, treated with carnosol or curcumin and
stimulated with anti-CD3 and anti-CD28, as described previously. After 3-4 days cell culture
supernatants were removed and the concentrations of IL-17 and IFNy were measured by ELISA.
As was seen in PBMC, both carnosol and curcumin treatment resulted in a dose-dependent
reduction of IL-17 and IFNy production by CD4* T cells (p<0.05 — p<0.001). The concentrations of
IL-17 and IFNy were significantly reduced with the highest doses of carnosol and curcumin tested,
which almost completely inhibited production of both cytokines (Figure 5.13). Taken together,
these results support previous data demonstrating that carnosol and curcumin treatment inhibits
T cell proliferation and modulates the frequency of Th17 and Th1 cell subsets, and suggest that

these effects may be achieved through direct action on T cells.

5.3.10 Carnosol and curcumin are non-toxic to human keratinocytes

Carnosol and curcumin were found to have immunomodulatory effects in human T cells, which
are relevant for the treatment of psoriasis. Therefore, it was also of interest to investigate their
activity in keratinocytes. First, it was confirmed that carnosol and curcumin are non-toxic in these
cells. HaCaT keratinocytes were treated with carnosol (2.5-10 uM) or curcumin (2.5-10 uM) for 24

hours, after which their viability was determined by alamarBlue assay. Neither carnosol nor
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curcumin reduced the viability of keratinocytes compared to control-treated cells, at any
concentration tested (Figure 5.14). Therefore, both polyphenols were judged to be well tolerated

in HaCaT keratinocytes.

5.3.11 Keratinocyte proliferation is significantly reduced in the presence of carnosol or
curcumin

Hyperproliferation of keratinocytes is a feature of psoriasis which contributes to the formation of
psoriatic plagues. Therefore, inhibition of keratinocyte proliferation is required to improve the
condition of psoriatic skin. Curcumin has previously been reported to prevent cell cycle
progression in HaCaT keratinocytes (434), therefore it was next investigated whether curcumin
and carnosol treatment would reduce the proliferation of these cells. HaCaT keratinocytes were
treated with carnosol (2.5-10 uM) or curcumin (2.5-10 uM) and after 24 hours their proliferation
was analysed by confocal microscopy. Carnosol treatment of keratinocytes produced a small but
significant reduction in cell number compared to control-treated cells, which was similar across
all concentrations tested (p<0.01 — p<0.001; Figure 5.15). Similarly, curcumin treatment also
moderately inhibited keratinocyte proliferation at 2.5 uM and 5 uM, however, treatment with 10
UM curcumin resulted in a highly significant reduction of cell number (p<0.0001; Figure 5.16).
These results indicate that carnosol and curcumin, while non-toxic to keratinocytes, effectively

limit their basal proliferation.

5.3.12 Curcumin, but not carnosol, inhibits the production of IL-8 by keratinocytes

In addition to hyperproliferation, keratinocytes can contribute to the pathology of psoriasis by
producing pro-inflammatory cytokines which amplify inflammation within the skin. IL-8 is a
chemokine produced by keratinocytes in response to stimulation by other pro-inflammatory
cytokines, which promotes the recruitment of neutrophils and increases vascularisation within the
psoriatic plaque (436). Having observed that carnosol and curcumin both inhibit the proliferation
of keratinocytes, it was next determined if they would also reduce their ability to produce IL-8 in
response to inflammation. HaCaT keratinocytes were treated with carnosol (2.5-10 uM) or
curcumin (2.5-10 uM) for 6 hours prior to stimulation with TNFa (100 ng/ml). After 24 hours, cell
culture supernatants were removed and the concentration of IL-8 was measured by ELISA.
Treatment of keratinocytes with curcumin produced a moderate dose-dependent reduction of IL-
8 production, which was significant at the highest concentration of curcumin tested (p<0.01).

Conversely, no reduction of IL-8 was observed in keratinocytes treated with any concentration of
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carnosol (Figure 5.17). Taken together, these results indicate that curcumin is a more effective

inhibitor of keratinocyte function than carnosol.

5.3.13 Treatment of ex vivo PBMC from psoriasis patients with curcumin, but not carnosol,
inhibits T cell proliferation

Both curcumin and carnosol were observed to effectively inhibit T cell proliferation in PBMC and
CD4* T cells obtained from healthy donors. However, it has previously been reported that psoriasis
patients display increased levels of circulating pro-inflammatory T cells (437). Therefore, it was
investigated whether carnosol or curcumin could also inhibit the proliferation of T cells from
psoriasis patients. PBMC isolated from psoriasis patients were treated with carnosol (5 uM) or
curcumin (5 pM) for 6 hours prior to stimulation with anti-CD3. After 4 days, PBMC were re-
stimulated with PMA and ionomycin, in the presence of brefeldin A, for 6 hours and analysed for
expression of the cellular proliferation marker, Ki67, by flow cytometry. CD3*CD8 T cells from
control-treated PBMC displayed strong expression of Ki67, which was similar to that of T cells from
carnosol-treated PBMC. Conversely, curcumin treatment produced an approximate 50%
reduction in Ki67 expression by T cells, which was statistically significant (p<0.01; Figure 5.18).
Therefore, similar to previous results in healthy PBMC, curcumin was a more effective inhibitor of

T cell proliferation in ex vivo psoriasis patient PBMC than carnosol.

5.3.14 Carnosol and curcumin minimally affect the frequency of TNFa or IL-2 producing T cells
within ex vivo PBMC from psoriasis patients

Curcumin treatment was found to limit the proliferation of T cells within ex vivo PBMC from
psoriasis patients. Previous work in healthy PBMC found that, despite their anti-proliferative
activity, carnosol and curcumin did not compromise the expression of TNFa or IL-2 by T cells,
indicating that these cells retain some capacity to respond to stimulation. Therefore, it was also
determined whether this would be the case for carnosol- and curcumin-treated psoriasis patient
PBMC. PBMC from psoriasis patients were treated with carnosol or curcumin and stimulated as
described before. The expression of the cytokines TNFa and IL-2 by CD3*CD8' T cells was measured
by flow cytometry. TNFa was strongly expressed by T cells from psoriasis patients, and this
expression was unaffected by either carnosol or curcumin treatment (Figure 5.19A,C). Similarly,
IL-2 was also highly expressed by T cells, which was again unaffected by carnosol treatment.
Curcumin did, however, produce a small but significant reduction in IL-2 expression by T cells, of

approximately 10% (p<0.01). Despite this reduction, the overall frequency of IL-2* T cells in
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curcumin-treated PBMC remained high, typically above 50% (Figure 5.19B,D). Therefore, these
results confirm that neither carnosol nor curcumin exert broad inhibition of T cell cytokine

production within ex vivo PBMC from psoriasis patients.

5.3.15 Curcumin, but not carnosol, significantly reduces the expression of psoriasis-associated
cytokines by T cells within ex vivo PBMC from psoriasis patients

Although neither carnosol nor curcumin reduced the expression of TNFa or IL-2 in healthy human
PBMC, they were found to reduce the frequencies of IL-17* and IFNy* T cells, indicating that these
polyphenols can specifically downregulate expression of certain pro-inflammatory cytokines. It
has previously been reported that psoriasis patients display elevated serum levels of pro-
inflammatory cytokines (438). Furthermore, it is known that these cytokines are key mediators in
the pathology of psoriasis, particularly those of the Th17 axis (64,254). Therefore, it was next
investigated whether carnosol or curcumin can specifically inhibit the expression of these psoriatic
cytokines in ex vivo PBMC from psoriasis patients. The expression of IFNy, IL-17, IL-22 and GM-CSF
by CD3*CD8" T cells within control, carnosol- or curcumin-treated PBMC was measured by flow

cytometry, as previously described.

IFNy was typically highly expressed by T cells from psoriasis patients, with an average of
approximately 20% of T cells expressing this cytokine. Curcumin treatment resulted in a significant
reduction in the frequency of IFNy* T cells, as only 10% of T cells from curcumin-treated PBMC
were found to express IFNy (p<0.01). Conversely, carnosol had no effect on the frequency of IFNy*
T cells (Figure 5.20A,C). The frequency of IL-17* T cells was variable between individual patients,
on average representing 3% of T cells within control- and carnosol-treated PBMC. Nonetheless,
curcumin treatment significantly inhibited IL-17 expression by T cells in PBMC, with typically <1%
of T cells expressing this important psoriasis-associated cytokine (p<0.05; Figure 5.208B,D). The
expression of IL-22, another cytokine associated with Th17 cells, was similar to that of IL-17, as
the frequency of IL-22* T cells within psoriasis patient PBMC was approximately 4%. Again,
curcumin significantly reduced the expression of IL-22 by psoriasis patient T cells (p<0.05), while
carnosol had no effect (Figure 5.21A,C). Finally, GM-CSF was highly expressed by T cells within
psoriasis patient PBMC, with the average frequency of GM-CSF* T cells observed to be
approximately 30%. Similar expression of this cytokine was observed within carnosol-treated
PBMC, while curcumin treatment significantly reduced the frequency of GM-CSF* T cells to an
average of 10% (p<0.05; Figure 5.21B,D). Taken together, these results indicate that curcumin can
specifically inhibit the expression of pro-inflammatory cytokines relevant to psoriasis, while

carnosol did not appear to modulate the activity of psoriasis patient T cells in this study.
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5.3.16 Treatment of ex vivo PBMC from psoriasis patients with curcumin, but not carnosol,
reduces the frequency and IL-17 expression of yé T cells

Recent research has described an important role for y& T cells in psoriasis pathogenesis within
murine models, largely as a result of their strong expression of the psoriasis-associated cytokine
IL-17 (439,440). Although it is not yet known whether this rare T cell subset is relevant in the
context of human disease, it was of interest to determine whether carnosol or curcumin treatment
would alter the frequency and cytokine expression of y6 T cells, as had been observed in CD3*CD8"
T cells. PBMC from psoriasis patients were treated with carnosol or curcumin and stimulated as
previously described. The frequency of CD3*TCRy6* T cells was measured by flow cytometry.
Control- and carnosol-treated PBMC displayed a similar frequency of y& T cells, which varied
considerably between individual patients but was, on average, approximately 4% of live cells.
Interestingly, a significantly lower frequency of y6 T cells was observed in psoriasis patient PBMC
treated with curcumin, which was typically in the range of ~0.2-1% of live cells (p<0.05; Figure
5.22A,B). y&6 T cells from psoriasis patient PBMC also strongly expressed the pro-inflammatory
cytokines IL-17, IFNy and TNFa. A trend towards reduced IL-17, but not IFNy or TNFa expression
by v& T cells was observed with curcumin treatment. Carnosol treatment did not reduce the
expression of any cytokine by y6 T cells (Figure 5.22C). These results indicate that curcumin
treatment can inhibit the expansion of y6 T cells, and their expression of the strongly psoriasis-
associated cytokine, IL-17, in response to anti-CD3 stimulation, whereas carnosol treatment was

found to be ineffective in this regard.

5.3.17 Treatment with carnosol or curcumin reduces the total production of IFNy and IL-17
by ex vivo PBMC from psoriasis patients

Following the observation that ex vivo psoriasis patient PBMC treated with curcumin displayed
significantly reduced T cell proliferation and pro-inflammatory cytokine expression, it was next
investigated whether these effects would be reflected in the total production of IFNy and IL-17 by
these cells. PBMC from psoriasis patients were treated with carnosol or curcumin and stimulated
with anti-CD3 as previously described. After 4 days, cell culture supernatants were removed and
the concentrations of IFNy and IL-17 were measured by ELISA. As expected, curcumin significantly
reduced the production of IFNy by psoriasis patient PBMC (p<0.05), while no significant reduction
was observed with carnosol treatment. Interestingly, a trend towards reduced IL-17 production
by psoriasis patient PBMC was observed with both carnosol and curcumin treatment (Figure 5.23).

These results support the previously observed reduction of T cell proliferation and pro-
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inflammatory T cell frequencies within curcumin-treated psoriasis patient PBMC, and additionally

suggest that carnosol may have some, albeit limited, anti-inflammatory activity in psoriasis.

5.3.18 Curcumin reduces the poly-functionality of T cells in ex vivo PBMC from psoriasis

patients

Given that one of the hallmarks of highly pro-inflammatory T cells is the capacity to produce
multiple different cytokines, the poly-functionality of CD3*CD8" T cells in control, carnosol- and
curcumin-treated psoriasis patient PBMC was determined using SPICE analysis of flow cytometry
data (Figure 5.24). The segments within the pie charts represent the proportion of cells producing
0 to 6 cytokines simultaneously, and are heat-map coded to indicate increasing cytokine poly-
functionality (pie chart legend: white to red). The size of a pie segment corresponds to the
frequency of that population. The arcs surrounding the pie charts correspond to the specific
cytokines produced by the pie segments underneath (see pie arc legend). By comparing the poly-
functionality profiles of control-treated to carnosol- and curcumin-treated psoriasis patient PBMC
it was observed that carnosol treatment did not discernibly alter the frequency of poly-functional
CD3*CD8 T cells. In contrast, a clear increase in the frequency of T cells producing no cytokines
(white pie segment) and decrease in the frequencies of T cells producing 3 or more cytokines
(orange and red segments) was observed in curcumin-treated psoriasis patient PBMC compared
to control. By examining the cytokine arcs it is evident that this decrease in T cell poly-functionality
in curcumin-treated PBMC corresponds with a reduction in the frequencies of IFNy, IL-17, GM-CSF
and IL-22 producing cells, as was previously observed. This analysis provides greater insight into
the action of curcumin on psoriatic T cells, indicating that its anti-inflammatory effects are greatest

within highly pro-inflammatory poly-functional T cells.
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Figure 5.1. Carnosol and curcumin inhibit T cell proliferation in PBMC. PBMC labelled with CTV
were either left unstimulated (US), or incubated with carnosol (2.5-10 uM), curcumin (1-5 uM), or
a vehicle control for 6 hours prior to stimulation with anti-CD3. After 3-4 days, proliferation of
CD4* T cells was measured by flow cytometry. (A) Histograms depicting proliferation of CD4* T
cells (gated by scatter and viability) from unstimulated, and control-, carnosol- and curcumin-
treated PBMC stimulated with anti-CD3. Data is from one donor and is representative of seven
independent experiments. (B) Pooled data (n=7) depicting the mean (xSEM) percentage of
proliferated CD4* T cells within PBMC. Statistical significance was determined by one-way ANOVA,
with Dunnett’s multiple comparisons post hoc test to compare treatment groups against the
control group (***p<0.001, **p<0.01, *p<0.05).
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Figure 5.2. Carnosol and curcumin are non-toxic to purified CD4* T cells. CD4* T cells were either
left unstimulated (US), or incubated with carnosol (2.5-10 uM), curcumin (1-5 uM), or a vehicle
control for 6 hours prior to stimulation with anti-CD3 and anti-CD28 for 3-4 days. Cells were
stained with an amine-binding viability dye and analysed by flow cytometry. (A) Dot plots
depicting viability dye uptake of control-, carnosol- and curcumin-treated CD4* T cells (gated by
forward and side scatter). Data is from one donor and is representative of four independent
experiments. (B) Pooled data (n=4) depicting the mean (+SEM) percentage viable cells of
lymphocytes (gated by forward and side scatter).
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Figure 5.3. Carnosol and curcumin inhibit proliferation of purified CD4* T cells. CD4* T cells
labelled with CTV were either left unstimulated (US), or incubated with carnosol (2.5-10 uM),
curcumin (1-5 uM), or a vehicle control for 6 hours prior to stimulation with anti-CD3 and anti-
CD28. After 3-4 days, proliferation of CD4*T cells was measured by flow cytometry. (A) Histograms
depicting proliferation of unstimulated, and control-, carnosol- and curcumin-treated CD4* T cells
(gated by scatter and viability) stimulated with anti-CD3 and anti-CD28. Data is from one donor
and is representative of four independent experiments. (B) Pooled data (n=4) depicting the mean
(xSEM) percentage of proliferated CD4* T cells. Statistical significance was determined by one-way
ANOVA, with Dunnett’s multiple comparisons post hoc test to compare treatment groups against
the control group (***p<0.001).
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Figure 5.4. Low doses of carnosol and curcumin slightly increase the frequency of Tregs within
PBMC. PBMC were incubated with carnosol (2.5-10 uM), curcumin (1-5 pM) or a vehicle control
for 6 hours prior to stimulation with anti-CD3 for 3-4 days. The percentage of Treg cells was
measured by flow cytometry, with Tregs identified as CD4*CD25*Foxp3*CD127". (A) Dot plots
depicting the proportions of CD25*Foxp3* cells within the CD4* population of carnosol- and
curcumin-treated PBMC. Data is from one donor and is representative of five independent
experiments. (B) Pooled data (n=5) depicting the mean (+SEM) percentage of
CD4*CD25*Foxp3*CD127" Tregs within the CD4* population of carnosol- and curcumin-treated
PBMC.
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Figure 5.5. Carnosol and curcumin do not affect CD39 expression by Tregs. PBMC were incubated
with carnosol (2.5-10 uM), curcumin (1-5 pM) or a vehicle control for 6 hours prior to stimulation
with anti-CD3 for 3-4 days. Expression of CD39 by Tregs (identified as CD4*CD25*Foxp3*CD127")
was measured by flow cytometry. (A) Dot plots depicting the proportions of CD39* Tregs within
carnosol- and curcumin-treated PBMC. Data is from one donor and is representative of five
independent experiments. (B) Pooled data (n=5) depicting the mean (+SEM) percentage of CD39*
Tregs within carnosol- and curcumin-treated PBMC.
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Figure 5.6. Carnosol and curcumin do not affect CTLA4 expression by Tregs. PBMC were
incubated with carnosol (2.5-10 uM), curcumin (1-5 pM) or a vehicle control for 6 hours prior to
stimulation with anti-CD3 for 3-4 days. Expression of CTLA4 by Tregs (identified as
CD4*CD25*Foxp3*CD127"°) was measured by flow cytometry. (A) Dot plots depicting the
proportions of CTLA4* Tregs within carnosol- and curcumin-treated PBMC. Data is from one donor
and is representative of five independent experiments. (B) Pooled data (n=5) depicting the mean
(xSEM) percentage of CTLA4* Tregs within carnosol- and curcumin-treated PBMC.

158



150, —* CD4'FOXP3

& CD4*FOXP3*CD25*CD127'"° Treg
5
= 100-
. i gad
= - =
(]
A 50- ‘/’-' e
52
0 L] L] 1 L L] T
Vehicle 2. 5 10 1 25 5
Control -
Carnosol (uM) Curcumin (M)
B
309 p=0.07 .
, p=0.13 ,
201

% Increase in proliferation
-
o
1

of Tregs vs Effector T cells

0-
Vehicle 2.5 5 10 1 25 5
Control E—

Carnosol (uM) Curcumin (uM)

Figure 5.7. Carnosol and curcumin treatment preferentially inhibits proliferation of CD4*
effector cells versus Tregs. PBMC labelled with CTV were incubated with carnosol (2.5-10 uM),
curcumin (1-5 uM) or a vehicle control for 6 hours prior to stimulation with anti-CD3 for 3-4 days.
The proliferation of Tregs versus non-Tregs was measured by flow cytometry, with Tregs identified
as CD4*CD25*Foxp3*CD127°, and non-Tregs as CD4*FOXP3 . (A) Results shown are paired
percentages of proliferated non-Tregs versus Tregs from seven independent experiments. (B)
Pooled data (n=7) depicting the mean (+SEM) percentage difference between the proliferation of
Tregs and non-Tregs. Statistical significance was determined by one-way ANOVA, with Dunnett’s
multiple comparisons post hoc test to compare treatment groups against the control group.
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Figure 5.8. Carnosol and curcumin moderately reduce the frequency of IL-17 producing T cells.
PBMC were either left unstimulated (US), or incubated with carnosol (2.5-10 uM), curcumin (1-5
UM) or a vehicle control for 6 hours prior to stimulation with anti-CD3 for 3-4 days. PBMC were
then restimulated with PMA and ionomycin in the presence of brefeldin A for 6 hours and cytokine
production by CD3*CD8 T cells was analysed by flow cytometry. (A) Dot plots depicting the
proportions of IL-17* cells within the CD3*CD8" population of carnosol- and curcumin-treated
PBMC. Data is from one donor and is representative of five independent experiments. (B) Pooled
data (n=5) depicting the mean (+SEM) percentage of IL-17* cells within the CD3*CD8 population
of carnosol- and curcumin-treated PBMC. Statistical significance was determined by one-way
ANOVA, with Dunnett’s multiple comparisons post hoc test to compare treatment groups against
the control group.
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Figure 5.9. Carnosol and curcumin reduce the frequency of IFNy producing T cells. PBMC were
either left unstimulated (US), or incubated with carnosol (2.5-10 uM), curcumin (1-5 uM) or a
vehicle control for 6 hours prior to stimulation with anti-CD3 for 3-4 days. PBMC were then
restimulated with PMA and ionomycin in the presence of brefeldin A for 6 hours and cytokine
production by CD3*CD8 T cells was analysed by flow cytometry. (A) Dot plots depicting the
proportion of IFNy* cells within the CD3*CD8 population of carnosol- and curcumin-treated PBMC.
Data is from one donor and is representative of five independent experiments. (B) Pooled data
(n=5) depicting the mean (xSEM) percentage of IFNy* cells within the CD3*CD8" population of
carnosol- and curcumin-treated PBMC. Statistical significance was determined by one-way
ANOVA, with Dunnett’s multiple comparisons post hoc test to compare treatment groups against
the control group (*p<0.05).
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Figure 5.10. Carnosol and curcumin do not alter the frequency of TNFa producing T cells. PBMC
were either left unstimulated (US), or incubated with carnosol (2.5-10 uM), curcumin (1-5 uM) or
a vehicle control for 6 hours prior to stimulation with anti-CD3 for 3-4 days. PBMC were then
restimulated with PMA and ionomycin in the presence of brefeldin A for 6 hours and cytokine
production by CD3*CD8 T cells was analysed by flow cytometry. (A) Dot plots depicting the
proportion of TNFa* cells within the CD3*CD8 population of carnosol- and curcumin-treated
PBMC. Data is from one donor and is representative of five independent experiments. (B) Pooled
data (n=5) depicting the mean (+SEM) percentage of TNFa* cells within the CD3*CD8 population
of carnosol- and curcumin-treated PBMC. Statistical significance was determined by one-way
ANOVA, with Dunnett’s multiple comparisons post hoc test to compare treatment groups against
the control group.
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Figure 5.11. Carnosol and curcumin do not alter the frequency of IL-2 producing T cells. PBMC
were either left unstimulated (US), or incubated with carnosol (2.5-10 uM), curcumin (1-5 uM) or
a vehicle control for 6 hours prior to stimulation with anti-CD3 for 3-4 days. PBMC were then
restimulated with PMA and ionomycin in the presence of brefeldin A for 6 hours and cytokine
production by CD3*CD8 T cells was analysed by flow cytometry. (A) Dot plots depicting the
proportion of IL-2* cells within the CD3*CD8" population of carnosol- and curcumin-treated PBMC.
Data is from one donor and is representative of five independent experiments. (B) Pooled data
(n=5) depicting the mean (xSEM) percentage of IL-2* cells within the CD3*CD8 population of
carnosol- and curcumin-treated PBMC. Statistical significance was determined by one-way
ANOVA, with Dunnett’s multiple comparisons post hoc test to compare treatment groups against
the control group (*p<0.05).
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Figure 5.12. Carnosol and curcumin inhibit IFNy and IL-17 production by PBMC. PBMC were
either unstimulated (US) or incubated with carnosol (2.5-10 uM), curcumin (1-5 uM) or a vehicle
control for 6 hours prior to stimulation with anti-CD3 for 3-4 days. The concentration of IFNy and
IL-17 in cell culture supernatants was measured by ELISA. Pooled data (n=9) depicts mean (+SEM)
concentrations of IFNy and IL-17 in PBMC treated with (A) carnosol or (B) curcumin (means of
three technical replicates per donor). Statistical significance was determined by one-way ANOVA,
with Dunnett’s multiple comparisons post hoc test to compare treatment groups against the
control group (****p<0.0001, ***p<0.001, **p<0.01, *p<0.05).
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Figure 5.13. Carnosol and curcumin inhibit IFNy and IL-17 production by CD4* T cells. CD4* T cells
were either unstimulated (US) or incubated with carnosol (2.5-10 uM), curcumin (1-5 uM) or a
vehicle control for 6 hours prior to stimulation with anti-CD3 and anti-CD28 for 3-4 days. The
concentration of IFNy and IL-17 in cell culture supernatants was measured by ELISA. Pooled data
(n=3-4) depicts mean (xSEM) concentrations of IFNy and IL-17 in CD4* T cells treated with (A)
carnosol or (B) curcumin (means of three technical replicates per donor). Statistical significance
was determined by one-way ANOVA, with Dunnett’s multiple comparisons post hoc test to
compare treatment groups against the control group (***p<0.001, **p<0.01,*p<0.05).

165



1501

2 1004
E
3
=

s~ 50+

0-

0 2.5 5 10
Carnosol (uM)

150 -

21001
E
3
5

X 50-

0 2.5 5 10
Curcumin (uM)

Figure 5.14. Carnosol and curcumin are non-toxic to HaCaT keratinocytes. HaCaT keratinocytes
were treated with carnosol (2.5-10 uM), curcumin (2.5-10 uM) or a vehicle control for 24 hours.
Viability was determined via alamarBlue reduction over 18 hours. Pooled data (n=3) depicts mean
(£SEM) percentage viability of control, carnosol and curcumin treated HaCaTs (means of three
technical replicates per experiment). Statistical significance was determined by one-way ANOVA,
with Tukey’s multiple comparisons post hoc test to compare the means of all treatment groups.
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Figure 5.15. Carnosol reduces basal proliferation of HaCaT keratinocytes. HaCaT keratinocytes
were treated with carnosol (2.5-10 uM) or a vehicle control for 24 hours. The nuclei and actin
cytoskeleton were stained with DAPI and phalloidin, respectively. Cells were imaged by confocal
microscopy, and cell proliferation was determined via cell count using ImageJ software. Each
treatment group was imaged and counted in duplicate. (A) DAPI, phalloidin and composite images
for each treatment group. Data shown is representative of two independent experiments. (B)
Pooled data (n=2) depicting mean (xSEM) cell counts for each treatment group. Statistical
significance was determined by one-way ANOVA with Dunnett’s post hoc test to compare carnosol
treatment groups to the vehicle control (***p<0.001, **p<0.01).

168



DAPI Phalloidin Merge

Vehicle
control

Curcumin
2.5 uM

Curcumin
5um

Curcumin
10 um

2000

Cell count

1000+

*kkk

0 25 5 10
Curcumin (uM)

169



Figure 5.16. Curcumin reduces basal proliferation of HaCaT keratinocytes. HaCaT keratinocytes
were treated with curcumin (2.5-10 uM) or a vehicle control for 24 hours. The nuclei and actin
cytoskeleton were stained with DAPI and phalloidin, respectively. Cells were imaged by confocal
microscopy, and cell proliferation was determined via cell count using ImageJ software. Each
treatment group was imaged and counted in duplicate. (A) DAPI, phalloidin and composite images
for each treatment group. Data shown is representative of two independent experiments. (B)
Pooled data (n=2) depicting mean (xSEM) cell counts for each treatment group. Statistical
significance was determined by one-way ANOVA with Dunnett’s post hoc test to compare
curcumin treatment groups to the vehicle control (****p<0.0001, **p<0.01).
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Figure 5.17. Curcumin, but not carnosol, significantly reduces IL-8 production by HaCaT
keratinocytes. HaCaT keratinocytes were either unstimulated (US) or treated with carnosol (2.5-
10 uM), curcumin (2.5-10 uM), or a vehicle control for 6 hours prior to stimulation with TNFa (100
ng/ml) for 24 hours. The concentration of IL-8 in cell culture supernatants was measured by ELISA.
Pooled data (n=4) depicts mean (+ SEM) concentration of IL-8 in carnosol, curcumin or control
treated HaCaTs (means of three technical replicates per experiment). Statistical significance was
determined by one-way ANOVA, with Dunnett’s multiple comparisons post hoc test to compare
means of all treatment groups to the control group (****p<0.0001, **p<0.01).
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Figure 5.18. Curcumin, but not carnosol, significantly inhibits T cell proliferation in ex vivo PBMC
from psoriasis patients. PBMC isolated from psoriasis patients (n=9) were treated with carnosol
(5 uM), curcumin (5 uM) or a vehicle control for 6 hours prior to stimulation with anti-CD3. After
4 days, cells were restimulated with PMA and ionomycin in the presence of brefeldin A, and
analysed by flow cytometry. (A) Dot plots depicting expression of the proliferation marker Ki67 in
CD3*CD8 T cells from control-, carnosol- or curcumin-treated PBMC. Data is from one patient and
is representative of nine patient samples. (B) Pooled data (n=9) depicting mean (+SEM)
percentage expression of the proliferation marker Ki67 in CD3*CD8" T cells from control-, carnosol-
or curcumin-treated PBMC. Statistical significance was determined by one-way ANOVA with
Dunnett’s post hoc test to compare carnosol and curcumin treatment to the control (**p<0.01).
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Figure 5.19. Curcumin slightly reduces IL-2, but not TNFa, expression in ex vivo PBMC from
psoriasis patients. PBMC isolated from psoriasis patients (n=9) were treated with carnosol (5 uM),
curcumin (5 uM) or a vehicle control for 6 hours prior to stimulation with anti-CD3. After 4 days,
cells were restimulated with PMA and ionomycin in the presence of brefeldin A, and analysed by
flow cytometry. Dot plots depict expression of TNFa (A) and IL-2 (B) by CD3*CD8 T cells from
control-, carnosol- or curcumin-treated PBMC. Data is from one patient and is representative of
nine patient samples. Pooled data (n=9) depicts mean (+SEM) percentage expression of TNFa (C)
and IL-2 (D) by CD3*CD8 T cells from control-, carnosol- or curcumin-treated PBMC. Statistical
significance was determined by one-way ANOVA with Dunnett’s post hoc test to compare carnosol
and curcumin treatment to the control (**p<0.01).
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Figure 5.20. Curcumin, but not carnosol, significantly reduces expression of IFNy and IL-17 in ex
vivo PBMC from psoriasis patients. PBMC isolated from psoriasis patients (n=9) were treated with
carnosol (5 uM), curcumin (5 uM) or a vehicle control for 6 hours prior to stimulation with anti-
CD3. After 4 days, cells were restimulated with PMA and ionomycin in the presence of brefeldin
A, and analysed by flow cytometry. Dot plots depict expression of IFNy (A) and IL-17 (B) by
CD3*CD8 T cells from control-, carnosol- or curcumin-treated PBMC. Data is from one patient and
is representative of nine patient samples. Pooled data (n=9) depicts mean (+SEM) percentage
expression of IFNy (C) and IL-17 (D) by CD3*CD8 T cells from control-, carnosol- or curcumin-
treated PBMC. Statistical significance was determined by one-way ANOVA with Dunnett’s post
hoc test to compare carnosol and curcumin treatment to the control (**p<0.01, *p<0.05).
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Figure 5.21. Curcumin, but not carnosol, significantly reduces expression of IL-22 and GM-CSF in
ex vivo PBMC from psoriasis patients. PBMC isolated from psoriasis patients (n=9) were treated
with carnosol (5 uM), curcumin (5 uM) or a vehicle control for 6 hours prior to stimulation with
anti-CD3. After 4 days, cells were restimulated with PMA and ionomycin in the presence of
brefeldin A, and analysed by flow cytometry. Dot plots depict expression of IL-22 (A) and GM-CSF
(B) by CD3*CD8 T cells from control-, carnosol- or curcumin-treated PBMC. Data is from one
patient and is representative of nine patient samples. Pooled data (n=9) depicts mean (+SEM)
percentage expression of IL-22 (C) and GM-CSF (D) by CD3*CD8'T cells from control-, carnosol- or
curcumin-treated PBMC. Statistical significance was determined by one-way ANOVA with
Dunnett’s post hoc test to compare carnosol and curcumin treatment to the control (*p<0.05).

175



Vehicle Control Carnosol 5 uM Curcumin 5 uM

2.8

m
o
u T ™ T T T .I'” ™ T T T
TCRyb >
B .
151 | |
1 1
72}
2 104
ro} [ ]
© ® [ |
[
2=}
- ° ]
SR
A
E. e N
LY | |
A
0 $ p = i‘.‘-i
Control Carnosol Curcumin
5 .M 5.M
150 150
C 601 ‘ p=0.08
u
., .
. 40- . N . 100 . " m + 1001 goe gt faa
A 3
M~ Fag oo AA W
- L] E = i.. I I;
= = 2 5 . "
= % - . —:E— = 50 "a"
204 1 b A
see uE A
J:? s
e
| | A A
L ]
1] .l .-. A.,- 0 T T T 0 T T T
Control Carnosol Curcumin Control Carnosol Curcumin Control Carnosol Curcumin

5uM 5uM SuM 5uM S5uM 5uM

Figure 5.22. Curcumin, but not carnosol, significantly reduces the frequency of yé T cells in ex
vivo PBMC from psoriasis patients. PBMC isolated from psoriasis patients (n=9) were treated with
carnosol (5 uM), curcumin (5 uM) or a vehicle control for 6 hours prior to stimulation with anti-
CD3. After 4 days, cells were restimulated with PMA and ionomycin in the presence of brefeldin
A, and analysed by flow cytometry. (A) Dot plots depicting the frequency of CD3*TCRy&6* T cells
from control-, carnosol- or curcumin-treated PBMC. Data is from one patient and is representative
of nine patient samples. (B) Pooled data (n=9) depicting mean (+SEM) percentage frequency of
CD3*TCRy&* T cells from control-, carnosol- or curcumin-treated psoriasis patient PBMC. (C) Pooled
data (n=9) depicting mean (+SEM) percentage expression of IL-17, IFNy and TNFa by CD3*TCRy&*
T cells from control-, carnosol- or curcumin-treated PBMC. Statistical significance was determined
by one-way ANOVA with Dunnett’s post hoc test to compare carnosol and curcumin treatment to

the control (*p<0.05).
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Figure 5.23. Curcumin reduces the production of IFNy and IL-17 by ex vivo PBMC from psoriasis
patients. PBMC isolated from psoriasis patients (n=9) were treated with carnosol (5 uM), curcumin
(5 uM) or a vehicle control for 6 hours prior to stimulation with anti-CD3. After 4 days, the
concentration of IFNy and IL-17 in cell culture supernatants was measured by ELISA. Pooled data
(n=9) depicts mean (+SEM) concentrations of IFNy and IL-17 in cell culture supernatants of control,
carnosol and curcumin treated PBMC (means of two or three technical replicates per patient).
Statistical significance was determined by one-way ANOVA with Dunnett’s post hoc test to

compare carnosol and curcumin treatment to the control (*p<0.05).

177



)

NS A

2\ )\
| ﬂ ) @/

N~ - e

’
1

Control Carnosol 5 uM Curcumin 5 uM
Pie Chart Slice Legend Arc Legend
Bl s oytokines [ )
Bl s cytokines ] w17
[ 4 cytokines ] 22
[ 3 cytokines ] GM-CsF
2 cytokines - TNFa
1 cytokine [
|:| 0 cytokines

Figure 5.24. Curcumin reduces the poly-functionality of T cells in ex vivo PBMC from psoriasis
patients. PBMC isolated from psoriasis patients (n=9) were treated with carnosol (5 uM), curcumin
(5 uM) or a vehicle control for 6 hours prior to stimulation with anti-CD3. After 4 days, cells were
restimulated with PMA and ionomycin in the presence of brefeldin A, and analysed by flow
cytometry. The cytokine expression profiles of T cells from control-, carnosol- and curcumin-
treated psoriasis patient PBMC were analysed using SPICE software. The pie charts represent the
average frequencies of CD3*CD8 T cells producing every combination of cytokines for multiple
patients (n=9). The segments within the pie charts denote proportions of the CD3*CD8 T cell
population producing different combinations of cytokines, and are heat-map coded to indicate
increasing cytokine production. The arcs surrounding the pie charts indicate the cytokine(s)
produced by that proportion of cells.
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5.4 Discussion

Management of autoimmune disease can be achieved by regulating pro-inflammatory immune
responses initiated by APCs, propagated by adaptive immune cells, and exacerbated by bystander
cells within the inflammatory microenvironment. Although the immunomodulatory effects of HO-
1 in DC are well established, it is comparatively unclear whether this antioxidant and anti-
inflammatory enzyme can also regulate the activity of adaptive immune cells and non-immune
cells, especially in the context of autoimmunity. This question is of considerable relevance, as
treatments for autoimmune diseases are most often administered after the onset of symptoms,
when autoreactive T cells have already become activated and destructive inflammation is in place.
Thus, an ideal therapy for autoimmunity would downregulate existing pro-inflammatory activity
within autoreactive T cells and local tissues, prevent further activation of these cells via APCs, and
re-establish peripheral tolerance by promoting Tregs and tolerogenic DC. The results of this
chapter therefore aim to expand on previous work which described important anti-inflammatory
effects for the HO-1 inducers, carnosol and curcumin, in human DC, by investigating their use in
human PBMC/T cells. Furthermore, this chapter places the regulation of adaptive immune
responses and bystander cells by carnosol and curcumin into the context of psoriasis, a prevalent
autoimmune disease, by examining their activity within human keratinocytes and ex vivo PBMC

isolated from psoriasis patients.

Although there have been a number of studies which have reported a role for HO-1 in the
regulation of adaptive immune cells, it is currently thought that this is achieved through the action
of HO-1 in APCs. In the present study, the HO-1 inducers carnosol and curcumin were found to
inhibit T cell proliferation and expression of the pro-inflammatory cytokines IL-17 and IFNy within
healthy human PBMC stimulated with anti-CD3. These results are in agreement with those of Pae
et al. who reported that HO-1 overexpression or CoPP treatment inhibits the proliferation of
Jurkat T cells, human PBMC and human CD4* T cells (183,184). Conversely, Burt et al. previously
reported that HO-1 inhibition results in the proliferation of T cells only when they are cultured in
the presence of APCs (186). However, this discrepancy may be explained by differences in
experimental conditions; Burt et al. assessed T cell proliferation in the steady state, i.e. without
external stimulation (186), whereas in a study by Pae et al. (184), and the present study,
proliferation in response to TCR stimulation was assessed. Inhibition of HO-1 in APCs may lead to
increased activation of T cells in the absence of additional stimulation, whereas upregulation of
HO-1 in T cells can inhibit proliferation and pro-inflammatory responses initiated by mitogenic
stimulation. Indeed, while it was possible that the results obtained in PBMC were dependent on

the presence of APCs, treatment of purified CD4* T cells with carnosol and curcumin also potently
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inhibited their proliferation and pro-inflammatory cytokine production in response to stimulation.
Therefore, it is evident that these polyphenols do regulate T cell responses independently of their

activity in APCs.

This study presents data describing the anti-inflammatory effects of carnosol in adaptive immune
cells for the first time. Interestingly, a study by Kim et al. which investigated the effects of
curcumin in human CD4* T cells also reported that curcumin inhibits T cell proliferation and
cytokine production in response to mitogenic stimulation. However, in addition to inhibition of
Th1 and Th17 cytokines such as IFNy and IL-17, curcumin was found to inhibit IL-2 and TNFa
expression by T cells (283). In the present study, curcumin and carnosol treatment of healthy
PBMC specifically reduced the frequency of IFNy* and IL-17* T cells, without significant inhibition
of either TNFa or IL-2. Other studies performed in murine and human splenocytes have
additionally identified inhibition of IL-2 by curcumin as a contributor to the reduced proliferation
observed in these cells (441,442). These differences may arise from the treatment of PBMC vs T
cells alone; in this study, flow cytometry analysis of cytokine expression by T cells was performed
in PBMC treated with carnosol/curcumin, while other studies have used purified CD4* T cells or
splenocytes for their investigations. It is possible that the presence of APCs or other immune cells
within PBMC partially suppresses the activity of these compounds in T cells. In support of this
hypothesis, the inhibition of T cell proliferation by carnosol and curcumin was observed to be
more potent in purified CD4* T cell populations than in PBMC. Further investigation into the action
of carnosol and curcumin in mixed leukocyte populations is required to fully interpret these

results.

The inhibitory effects of HO-1 in adaptive immune cells has previously been suggested to result
from increased suppression by Tregs (232,423,424,427). This could occur through an increase in
Treg frequency, or promotion of their suppressive function. Although Kim et al. reported that 5
KM curcumin treatment significantly increased the frequency of Tregs within human CD4* T cells
(283), in the present study only a slight increase in Treg frequency was observed in PBMC treated
with either curcumin or carnosol. Additionally, neither polyphenol altered the expression of CD39
or CTLA4 by Tregs, which contribute to their suppressive activity. Conflicting reports regarding HO-
1/curcumin and Treg suppression currently exist in the literature; Forward et al. found that
curcumin inhibited Treg-mediated suppression of murine effector T cells (441), while Choi et al.
reported that HO-1 expression is required for the suppressive function of Foxp3*Jurkat T cells
(422). Meanwhile, Zelenay et al. found that HMOX1”- mice display normal levels of Tregs, with an
intact suppressive capacity (187), and George et al. similarly observed that knockout of HO-1 in

APCs, but not Tregs, impaired Treg-mediated suppression (188). Biburger et al. additionally
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reported while HO-1 expression regulated the proliferation of human Tregs, it did not modify their
suppressive function (426). In the present study it was observed that carnosol and curcumin
inhibited the proliferation of effector T cells to a greater extent than that of Tregs. This may
account for the slightly altered frequency of Tregs observed among carnosol- and curcumin-
treated PBMC, as preferential inhibition of effector T cell proliferation would increase the overall
proportion of Tregs. Furthermore, Zhang et al. previously reported that hemin treatment inhibited
the differentiation of Th17 cells (424). Thus, while HO-1 may not be required for the expansion
and function of Tregs, HO-1 upregulation may indirectly promote Tregs via inhibition of Th17
differentiation and effector T cell proliferation. This would ultimately enhance Treg-mediated
suppression of pro-inflammatory T cells by increasing the Treg:effector ratio. It will be of interest
in future studies to determine if carnosol and curcumin regulate the differentiation of Tregs from
naive T cells, and to assess the capability of carnosol- and curcumin-treated Tregs to suppress

effector T cell responses.

While the results presented in this chapter describe important anti-inflammatory effects by
carnosol and curcumin in human PBMC and T cells, the mechanism of action underlying the
activity of these polyphenols in adaptive immune cells remains to be elucidated. Both carnosol
and curcumin were previously observed to induce expression of HO-1 in PBMC, and many of the
results described herein are similar to those previously reported for other HO-1 inducers and
reaction products. Treatment of human PBMC with BV was found to inhibit their proliferation and
cytokine production (318), while CO has been reported to limit T cell proliferation via inhibition of
caspase 8 (185), and to reduce the production of IFNy and IL-17 by murine lymph node cells (425).
Interestingly, Pae et al. reported that CoPP treatment inhibited the proliferation of CD4* T cells via
reduced production of IL-2, which was dependent on CO-mediated inhibition of ERK signalling
(184). However, in the present study, the frequency of IL-2* T cells was unaltered in PBMC treated
with carnosol or curcumin, hence it is unclear to what degree CO contributes to the
immunomodulatory effects of these polyphenols in T cells. It is imperative that further research is
undertaken to determine whether the anti-inflammatory effects of carnosol and curcumin in
PBMC/T cells are dependent on the activity of HO-1. Furthermore, in the previous chapter it was
observed that these polyphenols effectively limited the metabolic reprogramming associated with
T cell activation. As the metabolism of T cells is known to greatly influence their differentiation
and function, it would be of interest to investigate whether the metabolic effects of carnosol and
curcumin mediate their observed reduction of T cell proliferation and Th1/Th17 cytokine

production.
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Although adaptive immune cells are the main instigators of autoimmunity, bystander cells within
affected tissues can respond to and amplify pro-inflammatory immune responses, thereby
contributing to disease pathology. Keratinocytes are the primary cell type in the skin affected by
autoimmune inflammation in psoriasis. The clinical and histological features of psoriatic plaques
including epidermal hyperplasia, parakeratosis, increased vascularisation and neutrophil
infiltration all occur as a reaction of keratinocytes to the pro-inflammatory microenvironment
created by activated immune cells (443). In this study, the effects of carnosol and curcumin were
investigated in HaCaT cells, a commonly-used human keratinocyte cell line, to ascertain whether
they may regulate keratinocyte activity relevant to psoriasis pathology. While curcumin has
previously been reported to induce apoptosis in primary human keratinocytes at 20 uM (444),
viability of HaCaT cells was unaffected by either curcumin or carnosol at concentrations <10 uM.
Furthermore, both polyphenols significantly reduced the basal proliferation of keratinocytes, with
curcumin displaying greater efficacy than carnosol in this regard. This is supported by previous
studies which have reported that curcumin can downregulate the expression of cell cycle
regulatory proteins in both primary and HaCaT keratinocytes (434,444). However, the
hyperproliferation of keratinocytes in psoriasis occurs as a response to the pro-inflammatory
cytokines IL-17 and IL-22, therefore, future work should assess whether carnosol and curcumin

can also inhibit inflammatory proliferation in these cells.

In addition to increased levels of proliferation, keratinocytes produce certain cytokines and
chemokines in response to inflammation; IL-8 is one such chemokine which causes the increased
vascularisation and neutrophil accumulation seen in psoriatic plaques (436). Curcumin, but not
carnosol, was observed to reduce the production of IL-8 by HaCaT keratinocytes in response to
TNFa stimulation. This result appears to mirror the efficacy of these polyphenols as inhibitors of
keratinocyte proliferation, therefore it should be determined whether the reduced IL-8 observed
in curcumin-treated keratinocytes results from inhibition of cytokine production, or a reduction in
cell number. Furthermore, although the anti-inflammatory effects of these polyphenols in DC
were previously observed to be dependent on HO-1, their modulation of the HO-1 system was not
assessed in keratinocytes during this study. Interestingly, HO-1 is expressed during the normal
differentiation of primary keratinocytes, and is further upregulated by IL-1B and IL-17, indicating
that it may be involved in regulating the response to inflammation in these cells (255). Treatment
of HaCaT keratinocytes with the HO-1 inducers hemin and CoPP has additionally been reported to
inhibit keratinocyte proliferation in response to IL-6 and IL-22 (258). Therefore, it should also be
confirmed whether these polyphenols upregulate HO-1 expression in keratinocytes, and whether

their anti-proliferative and anti-inflammatory effects are dependent on HO-1 activity. Taken
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together, these results indicate that curcumin possesses greater efficacy over carnosol as an anti-

psoriatic agent in keratinocytes.

Finally, the immunomodulatory activity of carnosol and curcumin observed in healthy human
PBMC was applied to psoriasis via the ex vivo treatment of PBMC isolated from psoriasis patients.
Patients with psoriasis are known to present with greater circulating numbers of pro-inflammatory
T cells (437), and also display increased serum levels of psoriatic cytokines (438). Given this
elevated inflammatory state that occurs with autoimmunity, it was important to confirm that
immune cells from psoriasis patients would not be refractory to the anti-inflammatory effects of
carnosol and curcumin observed in healthy donors. During this study, curcumin was found to
significantly downregulate markers of T cell activation and inflammation relevant to psoriasis. The
proliferation of T cells within curcumin-treated PBMC was significantly reduced, as was the
frequency of y6 T cells, a rare T cell population which has recently been described to contribute
to the pathology of psoriasis through its production of IL-17 (439,440). Furthermore, while there
was minimal effect on the frequency of IL-2 and TNFa producing T cells within curcumin-treated
PBMC, significant reductions in the expression of IFNy, IL-17, IL-22 and GM-CSF were observed.
Conversely, despite displaying some efficacy in healthy PBMC, carnosol treatment did not
effectively limit pro-inflammatory responses by PBMC from psoriasis patients. However, due to
the limited cell numbers available within patient samples, only a single concentration of each
polyphenol was tested during this study; it is possible that the concentration of carnosol used (5
uM) did not reach therapeutic efficacy, and a higher concentration may be more effective in future
studies. Nonetheless, this study demonstrated that curcumin is a more potent inhibitor of pro-

inflammatory T cells than carnosol, in ex vivo PBMC from psoriasis patients.

The specific inhibition of Thl and Th17 cytokine production by curcumin is highly relevant to
psoriasis treatment, as these cytokines are the central driving force behind psoriatic inflammation.
IFNy has previously been identified as a prognostic factor for psoriasis severity (445), while
blockade of GM-CSF was protective in a mouse model of psoriasis (446). Moreover, the Th17
cytokines, IL-17 and IL-22, are highly significant within psoriasis pathology, as both induce the
abnormal keratinocyte responses seen in psoriatic plaques (64,430), and blockade of IL-17 alone
has been clinically proven to resolve psoriatic symptoms (357). The effects of curcumin on pro-
inflammatory cytokine production by T cells were further highlighted by SPICE analysis, which
revealed that curcumin-treated PBMC from psoriasis patients displayed a reduced frequency of
poly-functional T cells. Poly-functionality, i.e. the expression of multiple pro-inflammatory
cytokines, has been identified in recent years as a hallmark of highly inflammatory pathogenic

cells in immune-mediated disease (59,447). Therefore, the reduction of poly-functional T cells by
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curcumin indicates that it can specifically inhibit the activity of pathogenic cells in autoimmunity,
without compromising global immune function. Furthermore, the inhibition of cytokines relevant
to psoriasis pathology, especially those associated with Th17 cells, by curcumin supports its use

as an immunomodulatory treatment for psoriasis.

The results of this study support previous investigations which have demonstrated efficacy for
curcumin in psoriasis; both Kang et al. and Sun et al. reported that curcumin treatment inhibited
the production of pro-inflammatory cytokines, including IL-17, IL-22 and IFNy, in murine models
of psoriasis, while Sun et al. additionally observed that curcumin treatment downregulated the
presence of y& T cells in the skin of psoriatic mice (288,289). Furthermore, Heng et al. found that
topical application of curcumin inhibited the proliferation of keratinocytes and T cell infiltration
into the skin of psoriasis patients (297), while Antiga et al. reported that use of curcumin as an
adjuvant therapy improved psoriasis symptoms and significantly reduced serum IL-22
concentrations (298). However, the present study represents the first extensive analysis of the
effects of curcumin on adaptive immune cells in human psoriasis patients. It will be of interest in
future research to assess whether curcumin is similarly effective at inhibiting the activity of T cells
isolated from psoriatic plaques, as these cells are likely to be more pro-inflammatory than
circulating T cells. Additionally, while curcumin was observed to slightly increase the frequency of
Tregs within healthy PBMC, it was not possible to perform this analysis within psoriasis patient
PBMC due to limiting cell numbers. Re-balancing the Th17/Treg axis in psoriasis via
downregulation of Th17 cells and increasing the frequency of Tregs would hopefully contribute to

the generation of long-lived therapeutic responses with curcumin treatment.

In conclusion, the polyphenols carnosol and curcumin have demonstrable immunomodulatory
activity within human PBMC and T cells, which appears to be mediated by specific inhibition of
proliferation and cytokine production in pro-inflammatory T cell subsets. Although it remains to
be elucidated whether these effects are dependent on the upregulation of HO-1 by carnosol and
curcumin, these results indicate that HO-1 can regulate immune function in both innate and
adaptive immune cells, as well as non-immune cells, with important implications for the treatment
of autoimmune disease (Figure 5.25). Furthermore, this study provides compelling evidence to
support the use of curcumin as a treatment for psoriasis, through its anti-proliferative and anti-

inflammatory effects in human keratinocytes and ex vivo psoriasis patient PBMC.
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Figure 5.25. Effects of carnosol and curcumin on the cell types involved in psoriasis pathology.
Psoriasis is an autoimmune disease where an inflammatory loop between DC, T cells and
keratinocytes sustains and amplifies disease pathology. DC activate T cells and promote their
differentiation into pro-inflammatory subsets via the production of polarising cytokines. T cells
are the primary pathogenic cells within psoriasis, and produce pro-inflammatory cytokines such
as IL-17 and IL-22. Keratinocytes react to T cell cytokines by increasing their rate of proliferation
and producing cytokines and chemokines which further attract and activate infiltrating immune
cells. This activity by keratinocytes results in the development of psoriatic plaques. Carnosol and
curcumin can inhibit the activities of DC, T cells and keratinocytes, and thereby limit psoriatic
inflammation.
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Chapter 6:
General Discussion



The advent of immunotherapy has allowed for advances in our understanding of the immune
system to be translated into sophisticated treatments for diseases characterised by inappropriate
or insufficient immune activation. Autoimmunity occurs where immune tolerance mechanisms
fail, resulting in deleterious immune responses directed against host tissues. It is estimated that
there are over 80 different autoimmune diseases, with an overall global prevalence of ~5% (448).
Although some of these diseases can be managed with the use of immunosuppressants, or more
recently developed biologics against specific cytokines/receptors, many are resistant to currently
available treatments, and there remains no cure for the majority of autoimmune diseases. Thus,
there is a great unmet need to identify new treatment strategies which can modify the activity of
immune cells that contribute to, or protect against, autoimmunity, as well as manage the local
tissue response to autoimmune inflammation. Efforts to regulate the immune system in
autoimmune disease have focused on DC, as the ‘gatekeepers’ of adaptive immunity, and T cells,

particularly Th17 cells and Tregs which are often imbalanced in autoimmunity.

As outlined in chapter 1, the HO-1 system provides important antioxidant and anti-inflammatory
protection to cells and tissues, and is increasingly appreciated as a significant regulator of immune
cell function. Numerous pre-clinical studies have indicated that upregulation of HO-1 expression
is protective in models of autoimmune diseases including EAE, colitis and psoriasis
(179,210,232,257,258). However, translation of these studies to the clinic has been hindered by a
lack of suitable HO-1 inducers, and inadequate analysis of the HO-1 system in human immune
cells. The goal of this study was to address the above issues by investigating the efficacy of two
plant-derived polyphenols, carnosol and curcumin, as HO-1 inducers and immunomodulators in
primary human DC and PBMC. The results presented herein confirm that these polyphenols act as
effective HO-1 inducers in human immune cells, and can downregulate pro-inflammatory immune
responses relevant to autoimmune pathology. Furthermore, important insight into the
mechanism of action of HO-1 in human DC, and its relationship to immunometabolism, was gained
during the course of this investigation. Cumulatively, these data provide evidence to support the
use of carnosol and curcumin as alternative HO-1 inducers in the treatment of autoimmune

disease.

The results of chapter 3 demonstrate that carnosol and curcumin can promote tolerogenic DC by
inhibiting DC maturation and pro-inflammatory functions in response to LPS stimulation. DC are
instrumental in the pathogenesis of autoimmunity due to their ability to activate T cells and direct
their polarisation. The requirement for DC in the initiation of EAE was first illustrated by Greter et
al. who reported that MHC Class Il expression by DC, but not CNS APCs, was essential for T cell

invasion of the CNS and disease development (334). This was further supported by Bailey et al.,
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who reported that peripheral DC migrate to the CNS during inflammation and present myelin
antigens to autoreactive CD4" T cells, additionally promoting their polarisation into pathogenic
Th17 cells via the production of IL-6 and IL-23 (331). Additional studies have also highlighted the
importance of IL-23 production by DC in establishing the Th17-dominant inflammatory program
in EAE (332,333,337). Furthermore, Sutton et al. reported that IL-23 and IL-1P also promoted the
activation of pathogenic y6 T cells, which cooperated with Th17 cells in the production of IL-17
and EAE development. Interestingly, they also observed that IL-17 enhanced the production of IL-
23 and IL-1B by LPS-stimulated DC, creating a positive feedback loop which supports further
activation of pathogenic Th17 and y& T cells (336). These results indicate that inhibition of DC
activation and pro-inflammatory cytokine production can limit the generation of autoimmune
inflammation by both conventional Th17 cells and y& T cells in EAE and MS. Similarly, the
contribution of DC to the inflammatory loop of psoriasis is now well appreciated, with IL-23 again
identified as a key DC cytokine which promotes IL-17-dependent psoriatic inflammation (449).
Indeed, monoclonal antibodies targeting IL-23 in psoriasis have been met with similar success
rates as those which directly target IL-17 (357). Treatment of human DC with carnosol or curcumin
in the present study was found to significantly reduce their expression of co-stimulatory molecules
in response to maturation by LPS, which limited their ability to stimulate allogeneic CD4* T cells.
Furthermore, the expression of IL-23, among other pro-inflammatory cytokines, was almost
completely abrogated in carnosol- and curcumin-treated DC. These data indicate that carnosol
and curcumin have considerable potential as treatments for autoimmune diseases where the
provision of co-stimulation and pro-inflammatory cytokines, such as IL-23, by DC is established

within disease pathology.

The polyphenols carnosol and curcumin were chosen for investigation in this study due to their
previously established ability to upregulate expression of HO-1 (303,304,347). Both polyphenols
robustly increased HO-1 expression in human DC, and moreover, theirimmunomodulatory effects
in DC were found to be dependent on HO-1 activity. These results were anticipated given previous
reports of the pivotal role played by HO-1 in the regulation of DC immunobiology (176-178).
However, despite these reports it was unclear which of the HO-1 products mediates its effects in
DC. The results of chapter 3 additionally aimed to answer this question via analysis of the effects
of BV and PCB, a marine-derived LTP analogous to BV, in human DC, as well as the contribution of
CO to the immunomodulatory effects of carnosol and curcumin. Interestingly, both BV and PCB
moderately reduced the expression of DC maturation markers, and also strongly inhibited the
production of pro-inflammatory cytokines. However, no effect was found with either LTP on the

antigen uptake capacity of DC. Meanwhile, CO scavenging was found to partially limit the
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reduction of DC maturation markers, cytokines and the maintenance of antigen uptake by
carnosol and curcumin treatment in LPS-stimulated DC. Although previous studies have suggested
that CO is the primary downstream effector of HO-1 in DC (173,206—-208), aside from limited
investigation by Rémy et al. (207), there has been no analysis of the role of BV in this context.
Therefore, this study is the first to report that BV, alongside CO, exerts immunomodulatory effects
in human DC. Taken together, these results suggest that all of the HO-1 products contribute to its
activity in DC, and while some effects appear to be product-specific (e.g. antigen uptake), there
exists considerable redundancy between them. Furthermore, although not investigated in the
course of this study, the HO-1 protein itself has been reported to directly interact with
transcription factors and thereby regulate downstream gene expression (359,360). Thus, while
the current study supports the use of PCB as an alternative antioxidant/anti-inflammatory LTP to
BV, it is likely that HO-1 inducers such as carnosol and curcumin will prove more effective
immunomodulators as they can make use of the full spectrum of immunoregulation mediated by

the HO-1 system.

In addition to elucidating the contribution of CO and BV to the regulation of DC maturation and
function by HO-1, this study also provided mechanistic insight into the HO-1 dependent effects of
carnosol and curcumin in human DC. MAPKs such as ERK and p38 integrate pro-inflammatory
stimuli and maturation signals and activate downstream signalling pathways and transcription
factors which initiate DC maturation and the production of pro-inflammatory cytokines (355).
Treatment of DC with either carnosol or curcumin was found to inhibit the activation of ERK, its
upstream kinase MEK, and p38 in response to LPS stimulation, in a HO-1 dependent manner. This
result provides an explanation for the wide-ranging immunoregulatory effects of these
polyphenols and HO-1 observed in human DC, which appear to be achieved through inhibition of
signal transduction. Furthermore, these data expand the current understanding of HO-1 function
in DC; HO-1 has previously been reported to inhibit p38 activation in BMDC and endothelial cells
(178,367), and to inhibit MEK/ERK activation by IL-1B in human intervertebral cells (450), yet there
have been no reports to date of the effects of HO-1 on MAPK signalling in human DC. Interestingly,
MAPK signalling in DC is associated with their ability to initiate autoimmunity. Brereton et al.
previously reported that inhibition of MEK/ERK signalling in BMDC significantly reduced their
production of IL-18 and IL-23, and consequently, their ability to promote Th17 cells and
neuroinflammation within EAE (337). Signalling via p38 in DC also appears to be required for the
induction of EAE; Huang et al. reported that deletion of p38 in DC protected mice from EAE, again
as a result of impaired Th17 activation due to reduced expression of CD86, IL-6 and IL-27 by DC

(333). Importantly, HO-1 induction has previously been reported to protect against EAE via its
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activity in DC (210,240); in light of the results described above, it is likely that this is achieved by
HO-1 dependent inhibition of MEK/ERK and p38 signalling in DC. This study therefore reports for
the first time that the polyphenols carnosol and curcumin can inhibit MAPK signalling and
downstream immune responses in DC via their upregulation of HO-1, with important implications

for the treatment of MS and other Th17-mediated autoimmune diseases.

One of the strategies currently under investigation to regulate the activity of immune cells in
autoimmunity is alteration of their metabolic function. The results of chapter 4 provide new data
which develops the under-explored study of human immune cell metabolism. Activation of
primary human T cells populations in PBMC was observed to coincide with significant increases in
their rate of glycolysis and SRC, which was also supported by an expansion of their mitochondrial
compartment. This result is in agreement with a previous study by Renner et al. who reported that
human CD4* and CD8" T cells upregulate both glycolytic and mitochondrial metabolism in
response to TCR stimulation (139). Interestingly, both Renner et al. and Tripmacher et al. observed
that inhibition of glycolysis alone was sufficient to prevent human T cell proliferation, but that
cytokine production was affected only when both glycolysis and oxidative phosphorylation were
inhibited (139,141). In the present study, carnosol and curcumin treatment of PBMC limited the
upregulation of glycolysis and SRC in response to anti-CD3 stimulation, and also reduced
mitochondrial biogenesis in these cells. Furthermore, and as shown in chapter 5, carnosol and
curcumin treatment of PBMC was found to inhibit T cell proliferation and the production of IFNy
and IL-17, but not IL-2 or TNFa. It is possible that the reduced rate of glycolysis and SRC in these
cells contributes to the observed inhibition of proliferation and pro-inflammatory cytokine
production. One potential explanation for the specific downregulation of pro-inflammatory
cytokines seen in carnosol- and curcumin-treated PBMC is that the inhibition of glycolytic
metabolism by these polyphenols is felt most acutely in certain T cell subsets such as Th17 cells,
which have been reported to be dependent on glycolysis for their effector function (129,372,373).
However, further research into the relationship between the metabolic and immunologic effects

of carnosol and curcumin in human PBMC/T cells is required to confirm this hypothesis.

Chapter 4 also provided insight into the metabolism of human DC under LPS stimulation. Primary
human DC were found to increase their rate of both glycolysis and oxidative phosphorylation in
response to LPS, and additionally showed a temporal upregulation of their glycolytic reserve and
SRC early after activation. To date there has been only one previous study which has investigated
the metabolism of human DC: Malinarich et al. similarly observed that glycolysis and oxidative
phosphorylation are increased in LPS-stimulated DC, however, their study assessed the

metabolism of DC too late after LPS stimulation to observe the temporal increase in glycolytic
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reserve and SRC reported here (138). Therefore, the present study is the first to report that human
DC undergo time-dependent changes in glycolytic and oxidative metabolism during maturation.
This is in contrast to previous work in murine systems, in which activated BMDC undergo a switch
to Warburg metabolism, with a concomitant decrease in oxidative phosphorylation (120-122). As
previously discussed, this difference between murine and human DC likely results from divergent
iNOS expression between the two cell types (132). The results of this study therefore have
important implications for the targeting of DC metabolism in human disease, as these cells may
prove more metabolically plastic than their murine counterparts. However, these results are
limited by the use of in vitro generated human DC and the DC subsets, which exist in vivo, may
display different metabolic properties as a result of their ontogeny or environment (403).
Nonetheless, inhibition of glycolysis early during DC activation has potential to prevent increased
flux into the TCA cycle, reduce downstream expansion of ER/Golgi membranes, and effectively
inhibit DC maturation. In this study, carnosol and curcumin were found to inhibit the upregulation
of glycolysis and the increased glycolytic reserve and SRC in LPS-stimulated DC. It remains to be
determined if these metabolic effects contribute to the reduced maturation and pro-inflammatory
function of carnosol- and curcumin-treated DC observed in chapter 3, and if so, whether this
occurs independently of their HO-1 dependent inhibition of MAPK signalling. Interestingly, as a
result of their role in cell growth and differentiation, signalling through MAPKs is associated with
the promotion of anabolic metabolism in various cell types (92,451,452). In particular, Través et
al. reported that inhibition of MEK/ERK in RAW264.7 macrophages inhibited their upregulation of
glycolytic metabolism in response to LPS (453). Therefore, it is exciting to speculate that carnosol
and curcumin regulate human DC via their upregulation of HO-1, which inhibits MAPK signalling
to prevent both the activation of downstream pro-inflammatory transcription factors/signalling
pathways and the metabolic changes which occur in response to LPS stimulation, thereby limiting

DC maturation and function.

Aside from uncovering a potential role for HO-1 in the regulation of DC metabolism, a novel
relationship between metabolic signalling and HO-1 induction by carnosol and curcumin in DC was
discovered during this study. Carnosol and curcumin were both found to activate AMPK in primary
human DC, which was required for their upregulation of HO-1 expression in these cells.
Furthermore, the immunomodulatory activity of these polyphenols was attenuated by AMPK
inhibition, providing a clear connection between the activation of AMPK by carnosol and curcumin
and their HO-1 dependent effects in DC. Although carnosol and curcumin have previously been
reported to activate AMPK in cancer and skeletal muscle cell lines (405-408), this study is the first

to report this effect in immune cells. Similarly, while previous studies have reported that signalling
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through AMPK can promote Nrf2 activation/HO-1 induction (392,393,404,412,413), this

association has not been made in DC, nor with carnosol or curcumin treatment.

These results have a number of important implications for both HO-1 and immunometabolism
research. Firstly, identification of a novel signalling pathway which can promote HO-1
upregulation in DC (and presumably other immune cells) opens up new possibilities in the search
for HO-1 inducers which can regulate the immune response. Existing HO-1 inducers are believed
to increase HO-1 expression due to their similarity to heme, the substrate of HO-1 (as is case with
many metalloporphyrins), or by the induction of oxidative stress/inflammation which activate
transcription factors including Nrf2, AP-1 and NF-kB (159). Activation of AMPK may serve as an
effective mechanism to upregulate HO-1 in an anti-inflammatory setting without the associated
toxicities of the aforementioned metalloporphyrins or ROS. Secondly, the induction of HO-1 by
AMPK links its well-characterised regulation of catabolic metabolism with its more recently
described anti-inflammatory activity. Engagement of oxidative phosphorylation and fatty acid
oxidation is associated with tolerogenic/anti-inflammatory immune responses, and this metabolic
program is coordinated by high AMPK activity (120,123,129). It is possible that the anti-
inflammatory phenotype of AMPK-active immune cells is achieved not only though the inhibition
of anabolic/pro-inflammatory signalling pathways such as mTOR, but also through the
upregulation of HO-1, which, as is evident from this study and others, has wide-ranging anti-
inflammatory effects in immune cells. As the field of immunometabolism continues to evolve, it
will be interesting to explore the role of HO-1 in the relationship between AMPK, catabolic
metabolism and the promotion of anti-inflammatory immune cells. Finally, AMPK has recently
become a target of interest due to its ‘health promoting’ properties. AMPK activation is believed
to promote overall cellular health by inducing a state of ‘pseudo-starvation’ that not only improves
the bio-energetic fitness of the cell, but limits energy-intensive processes such as cell division and
pro-inflammatory immune responses (454). Evidence that AMPK activation may be beneficial for
certain health outcomes has largely arisen from laboratory investigations and epidemiological
studies of the drug metformin, which is used as first-line treatment for type Il diabetes. Metformin
activates AMPK by inhibition of the ETC, similar to polyphenols such as curcumin, and has been
associated with reduced levels of inflammation and cancer incidence (107,410,454,455).
Additionally, salicylate, one of the active ingredients of the anti-inflammatory drug aspirin, has
also been reported to activate AMPK (456). Low dose aspirin is prescribed as a preventative
measure against cardiovascular disease and stroke, and like metformin, has been associated with
reduced inflammation and cancer incidence (457,458). Although these associations remain

hypothetical at present, it would be interesting to determine if patients receiving metformin or

192



aspirin treatment display increased expression of HO-1 as a result of AMPK activation by these

drugs, and whether HO-1 contributes to their potential anti-inflammatory and anti-cancer effects.

As discussed previously, the results of chapter 5 described the anti-inflammatory effects of
carnosol and curcumin in human PBMC/T cells, which complemented the inhibition of T cell
metabolism by these polyphenols observed in chapter 4. The present study is the first to report
that carnosol treatment can inhibit the adaptive immune response by human PBMC/T cells.
Furthermore, these results add to previous studies which have investigated the effects of
curcumin in T cells (283,397,441,442), and support a potential role for HO-1 in the regulation of
the adaptive immune response. Both carnosol and curcumin reduced the proliferation of T cells
and their expression of the pro-inflammatory cytokines IL-17 and IFNy in healthy human PBMC.
Although a number of in vivo disease models have indicated that HO-1 can reduce pro-
inflammatory responses by T cells (210,232,244,360,427,459), it has been difficult to separate
these effects from the suppressive activity of HO-1 in APCs. The results presented herein support
previous studies which have reported that HO-1 has direct anti-inflammatory activity in T cells in
vitro (183,424), and lend credence to the hypothesis that at least some of its effects on the
adaptive immune response in vivo are mediated through regulation of these cells, in addition to
APCs. Interestingly, the inhibition of T cell proliferation by carnosol and curcumin was observed
to be greater in purified CD4* T cell cultures compared to PBMC; while this result rules out APCs
within PBMC as the primary target for HO-1 in these experiments, it is not immediately clear why
the presence of other immune cells suppresses the activity of these polyphenols in CD4* T cells.
Furthermore, while supporting evidence exists to suggest that the effects of carnosol and
curcumin in human PBMC/T cells are dependent on their upregulation of HO-1, this mechanism
of action requires verification. These outstanding questions are currently under investigation in
follow up studies in the Dunne lab. Promisingly, recent research has indicated that inhibition of
HO-1 attenuates the anti-proliferative effects of these polyphenols in human PBMC (Hannah

Fitzgerald, unpublished observations).

One of the mechanisms by which HO-1 has been suggested to regulate the adaptive immune
response is through the promotion of Tregs. In chapter 5, low doses of carnosol and curcumin
were observed to slightly increase the frequency of Tregs in PBMC, however, there was no effect
on the expression of CD39 or CTLA4 by these Tregs. Upregulation of HO-1 has previously been
observed to result in increased Treg frequencies in vivo (233,460-463). However, how this
increase in Treg frequency is achieved is largely unknown. A number of studies have suggested
that the upregulation of HO-1 in DC promotes the differentiation of iTregs from naive T cells

(180,188,189), while others have reported that HO-1 expression in T cells inhibits Th17 cell
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differentiation (360,424), thereby favouring the generation of Tregs. Meanwhile, Zelenay et al.
previously reported that HMOX1”" mice display a normal frequency of Tregs, indicating that HO-1
is not required for Treg development (187). The results of this study suggest that HO-1 induction
in T cells may inhibit the proliferation of effector T cell subsets to a greater degree than that of
Tregs, thus increasing the relative frequency of these cells. While this effect has not been reported
before, for either carnosol/curcumin or HO-1, it remains possible that the slight increase in Treg
frequency observed with carnosol and curcumin treatment occurs through promotion of Treg
differentiation, or inhibition of Th17 cell differentiation, as described above. Therefore, further
research is required to determine if HO-1 alters the Th17/Treg cell balance through direct
regulation of signalling in APCs and/or T cells, indirectly through manipulation of cellular
proliferation, or via a combination of these mechanisms. Furthermore, debate also exists within
the literature whether HO-1 expression contributes to the suppressive function of Tregs. It has
previously been reported by Pae et al. and Choi et al. that human CD4*CD25* Tregs constitutively
express HO-1 (183,422). Choi et al. also observed that inhibition of HO-1 in a co-culture of Tregs
and responder cells attenuated Treg-mediated suppression of T cell proliferation, however, given
that HO-1 inhibition was applied to both Tregs and effector cells in this system, it is possible that
this effect arose through increased proliferation of T cells in response to HO-1 inhibition rather
than a failure of Treg suppression (422). In support of this hypothesis, Biburger et al. reported that
inhibition of HO-1 increased the proliferation of Tregs, but did not compromise their suppressive
capacity (426), while Zelenay et al. and George et al. also found that HO-1 expression by Tregs was
not required for their ability to suppress T cell responses (187,188). The results of this study agree
with the above studies which suggest that HO-1 does not directly mediate Treg suppression, as
CD39 and CTLA4 expression by Tregs was unaffected by carnosol or curcumin treatment. However,
this must be confirmed by analysis of the suppressive capacity of carnosol- and curcumin-treated
Tregs in a co-culture setting. Taken together, the results of chapter 5 add valuable new data which
increase our understanding of immunoregulation by HO-1 in effector T cells and Tregs. It is hoped
that these results can also provide a foundation for the future use of carnosol and curcumin as

modulators of the HO-1 system in adaptive immune cells.

The suppression of pro-inflammatory innate and adaptive immune responses by carnosol and
curcumin described in this study provided encouragement that these (or similar) polyphenols may
be useful as immunomodulators in the context of autoimmunity. Therefore, a translational study
was performed to assess the capability of carnosol and curcumin to regulate the activity of cells
relevant to the pathology of psoriasis, a common autoimmune disease. The results presented in

chapter 5 support the use of curcumin as a treatment for psoriasis as it is capable of reducing
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proliferation and inflammatory responses by human keratinocytes and ex vivo psoriasis patient

PBMC.

Keratinocytes are both victims and accomplices in psoriatic inflammation; cytokines produced by
infiltrating pro-inflammatory immune cells trigger the aberrant proliferation and differentiation
of keratinocytes which results in plague formation, yet keratinocytes themselves are involved in
the initiation and amplification of inflammation in psoriasis (464). Curcumin was observed to
significantly reduce the basal proliferation and production of IL-8 by human keratinocytes. This
result is supported by a previous study by Heng et al. who observed that topical application of
curcumin reduced expression of the proliferation marker Ki67 in the skin of psoriasis patients
(297). Hyperproliferation of keratinocytes is a major contributor to the histological appearance of
psoriatic skin (251), thus inhibition of proliferation in these cells acts to improve psoriasis
symptoms. Meanwhile, IL-8 production by keratinocytes promotes plaque vascularisation and the
infiltration and activation of neutrophils (436). Neutrophils are highly volatile innate immune cells
which contribute to the inflammatory loop of psoriasis via the production of numerous pro-
inflammatory cytokines which stimulate downstream responses by DC, T cells and keratinocytes
(465). Furthermore, recent research has identified a role for neutrophil extracellular traps (NETs)
in psoriasis pathology. NETosis is a unique type of cell death in which neutrophils release nucleic
acids alongside pro-inflammatory mediators. Through the release of NETs, neutrophils have been
suggested as major sources of IL-17 in psoriasis, while nucleic acids can form complexes with auto-
antigens and increase PRR activation in DC (449,465). However, previous efforts to target IL-8 in
psoriasis have been unsuccessful, therefore it is unlikely that inhibition of this cytokine and
neutrophil activity in isolation is sufficient to ameliorate psoriatic inflammation (466,467).
Although these preliminary results suggest that curcumin can effectively regulate the activity of
keratinocytes in psoriasis, the range of keratinocyte responses investigated here is limited. Auto-
antigens such as the antimicrobial peptide LL37 released by keratinocytes have been suggested to
be triggers of psoriasis pathogenesis; a recent study identified LL37-specific T cells in up to 46% of
psoriasis patients, and up to 75% of patients with moderate/severe disease (468). Thus, it would
be useful for future research to investigate whether curcumin treatment can also inhibit the
expression of auto-antigens such as LL37 by keratinocytes, as well as other pro-inflammatory

cytokines relevant to psoriasis pathology including IL-36, IL-1P and IL-18 (62,464).

While keratinocytes can contribute and respond to psoriatic inflammation, as in many other
autoimmune diseases, T cells are the primary pathogenic cells in psoriasis. Following from
observations that carnosol and curcumin can limit proliferation and expression of pro-

inflammatory cytokines by T cells in healthy PBMC, curcumin was also found to be an effective
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inhibitor of inflammatory poly-functional T cells in ex vivo psoriasis patient PBMC. Psoriasis patient
PBMC were observed to display robust expression of pro-inflammatory cytokines associated with
psoriatic inflammation, including IL-17, IFNy, IL-22 and GM-CSF, with IL-17 expression positively
correlating with patient PASI scores (Appendix 2). Curcumin treatment was found to specifically
reduce expression of these cytokines, without undue inhibition of general cytokine production by
T cells. Interestingly, SPICE analysis of the cytokine expression profiles of T cells within ex vivo
psoriasis patient PBMC indicated that the inhibitory activity of curcumin was most effective in
poly-functional T cells which concurrently expressed multiple pro-inflammatory cytokines. This
novel analytic tool has been utilised in recent studies to identify populations of highly pro-
inflammatory and pathogenic cells in diseases such as RA and hidradenitis suppurativa (59,447).
Although this study lacked a matched healthy control group for comparison of poly-functionality
with psoriasis patients, these results indicate that the production of pro-inflammatory cytokines
in psoriasis is largely mediated by these poly-functional cells. Thus, these results show promise for
the ability of curcumin treatment to target pathogenic T cells in psoriasis without inducing global
immunosuppression, which is an issue associated with some currently available
immunosuppressants (469). In addition to its effects on T cell cytokine production, curcumin
treatment also significantly inhibited T cell proliferation and reduced the frequency of y& T cells
among ex vivo psoriasis patient PBMC. Given that many existing psoriasis therapies function
through the inhibition of T cell proliferation (470), this result is again encouraging for the
prospective efficacy of curcumin in this context. Furthermore, y6 T cells have been identified as
major producers of IL-17 important to the pathogenesis of psoriasis in murine models
(439,440,471). While their contribution to human disease has yet to be fully elucidated, a
population of skin-homing Vy9V62 T cells has been identified in psoriasis patients (472). Should
this yo T cell subset prove relevant to psoriasis pathology, it would be interesting to determine

whether its expansion can also be inhibited by curcumin treatment.

The results of this study indicate that curcumin can act as an effective HO-1 inducer in the
treatment of psoriasis. Importantly, curcumin appears to be capable of regulating the Th17 axis,
which is critical to the pathology of psoriasis and other autoimmune diseases. This regulation is
implemented at multiple points in the Th17 axis, including DC, keratinocytes and T cells
themselves. Targeting of cytokines involved in this axis, particularly IL-23 and IL-17, has already
been demonstrated to be highly effective in the treatment of psoriasis (357), and it is hoped that
this strategy might also prove effective in other Th17-mediated diseases. These results therefore
place curcumin (or curcumin analogues) in an excellent position for application as a treatment for

psoriasis, with potential for further investigation into its use in other autoimmune and
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inflammatory diseases. In particular, it is likely that curcumin will be most useful as an adjuvant
therapy in psoriasis. An oral preparation of curcumin, Meriva™, has already found success as an
adjuvant therapy alongside topical glucocorticosteroids in a recent phase lll clinical trial (298).
Additionally, recently-developed biologics have revolutionised the treatment of psoriasis, and it
has been suggested that certain subsets of patients may benefit from combination therapy of
biologics with other systemic or topical treatments (473). One of the limitations of the present
study is that the clinical history of enrolled psoriasis patients was unavailable, therefore it is
unknown which existing drugs or therapies were administered to these patients. Furthermore,
while psoriasis patients display elevated levels of circulating inflammatory cells (437), the majority
of pathogenic cells are localised to the skin, and therefore the results presented here may not
accurately reflect the true inflammatory environment of psoriasis. Nonetheless, curcumin
treatment reduced inflammatory responses in ex vivo PBMC from all patients enrolled in this
study, indicating that it is an effective immunomodulator regardless of, or indeed, alongside,
existing treatment regimens. It is hoped that these results can be replicated in T cells isolated from
psoriatic plaques. Additionally, while carnosol treatment was ineffective at regulating immune
responses in keratinocytes and psoriasis patient PBMC at the concentrations used in this study, it
was observed to have significant immunomodulatory activity in human DC. Therefore, it is
recommended that future studies continue to investigate the potential for this naturally-derived

HO-1 inducer as a treatment for autoimmune disease, including psoriasis.

Finally, while this study provides evidence that carnosol and curcumin are effective modulators of
the HO-1 system in human immune cells, and have anti-inflammatory activity which positions
them as potential treatments for autoimmune and inflammatory diseases, translation of these
results to a clinical setting requires careful consideration regarding drug formulation and
administration. One of the caveats associated with these polyphenols is their poor solubility in
aqueous solutions, which may limit their bioavailability by certain routes of administration. While
both polyphenols are naturally-occurring in common herbs and spices, it is uncertain that they can
reach an effective concentration through nutritional consumption alone. A recent study by Briick
et al. reported that inclusion of 2% curcumin in the food pellets of mice effectively protected them
from EAE (286). However, it is unclear whether dietary consumption represents a realistic mode
of administration in humans, as previous studies have failed to detect HO-1 upregulation or clinical
efficacy with large doses of oral curcumin in healthy volunteers and psoriasis patients, respectively
(291,293). This is an especially relevant limitation to be aware of, as curcumin and its source,
turmeric, have become popularised as ‘nutraceuticals’” and promoted for their supposed health

benefits in recent years. However, due to the extensive interest in curcumin as an anti-
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inflammatory agent, efforts made to improve its oral bioavailability, or to utilise alternative routes
of administration, have been met with success in pre-clinical studies and clinical trials (287,297—
299). Moreover, oral administration of curcumin may be useful in the treatment of
gastrointestinal inflammation in IBD, in which drug absorption would not be required for it to
reach its target tissue; indeed, oral curcumin has been reported to both induce and maintain
disease remission as an adjuvant therapy in ulcerative colitis patients (294,295). While it is
possible that carnosol has greater oral bioavailability than curcumin (316), there have been no
studies to date examining the absorption or clinical efficacy of oral carnosol in vivo. However,
topical administration of carnosol-rich sage extract was found to be effective as a treatment for
erythema in a clinical trial (315). In summary, while this study presents important data
demonstrating that these polyphenols are effective HO-1 inducers and immunomodulators in
human immune cells, forethought should be paid to the route and mechanism of drug delivery

when considering the application of these results.

Inflammation, while necessary for host defence, is a significant contributor to global morbidity
and mortality as a feature of numerous diseases which threaten human health. Alongside an aging
population, the rising incidence of inflammation-associated diseases including obesity, cancer and
autoimmunity highlight the ongoing need to develop new anti-inflammatory and
immunomodulatory therapies (235,474-476). The results presented herein highlight the potential
of the HO-1 system to regulate the immune response in human immune cells, with particular
relevance for the treatment of autoimmune diseases such as psoriasis. Insight into the mechanism
of action of HO-1 in human DC, and its relationship to the emerging field of immunometabolism
has also been gained in the course of this study. Furthermore, this study proposes use of the plant-
derived polyphenols, carnosol and curcumin, as effective alternatives to existing HO-1 inducers
which can harness the therapeutic potential of the HO-1 system in human disease. A summary of

the major findings of this study is presented in Figure 6.1.
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Figure 6.1. Immunoregulation by carnosol and curcumin and HO-1. The naturally-derived HO-1
inducers, carnosol and curcumin, regulate the immune response in human cells. Both polyphenols
activate AMPK in human DC, which upregulates the expression of HO-1. HO-1 inhibits maturation,
cytokine production and T cell activation by DC in response to pro-inflammatory stimuli, through
inhibition of MAPK signalling. Carnosol and curcumin additionally inhibit metabolic changes arising
from the activation of DCand T cells. In T cells, carnosol and curcumin upregulate HO-1, and inhibit
proliferation and pro-inflammatory cytokine production in response to mitogens, with curcumin
displaying greater potency over carnosol. Finally, curcumin can also regulate the proliferation of
keratinocytes, and inhibit their production of the neutrophil attractant, IL-8, in response to pro-
inflammatory cytokines. Together, immunoregulation by these polyphenols can reduce harmful
immune activation and promote tolerogenic immune responses, with the goal of restoring
immune balance in autoimmune diseases such as psoriasis.
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Appendix



1. HO-1 knockdown by siRNA
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Figure app.1.1. Optimisation of siRNA knockdown of HO-1 in primary human DC. (A) Primary
human DC were transfected with non-targeting siRNA or siRNA targeting HO-1 for 24, 48, or 72
hours. HO-1 expression was detected by Western blot. (B) DC were transfected with non-targeting
siRNA or siRNA targeting HO-1 for 48 hours prior to treatment with carnosol (10 uM), curcumin
(10 uM) or a vehicle control for 24 hours. HO-1 expression was detected by Western blot. (C) DC
-targeting siRNA or siRNA targeting HO-1 for 24 hours, then transfected
a second time for a further 24 hours prior to treatment with carnosol (10 uM), curcumin (10 uM)

were transfected with non

or a vehicle control for 24 hours. HO-1 expression was detected by Western blot.
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Figure app.1.2. siRNA transfection limits DC viability, but HO-1 knockdown may inhibit reduced
CD86 expression in carnosol and curcumin treated DC. DC were transfected with non-targeting
siRNA or siRNA targeting HO-1 for 24 hours, transfected a second time for a further 24 hours and
treated with carnosol (10 uM), curcumin (10 uM) or a vehicle control for 6 hours prior to
stimulation with LPS for 24 hours. Cells were stained with a fixable viability dye and a
fluorescently-conjugated antibody against CD86. (A) Percentage viability of untransfected DC, and
transfected DC treated with a vehicle control, carnosol or curcumin for 6 hours prior to stimulation
with LPS for 24 hours. Data depicts one experiment in one donor. (B) Mean Fluorescence Intensity
(MFI) of CD86 of untransfected DC, and transfected DC treated with a vehicle control, carnosol or
curcumin for 6 hours prior to stimulation with LPS for 24 hours. Data depicts two experiments in
two different donors.
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2. PASI & IL-17 correlation
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Figure app.2.1. Correlation of patient PASI scores with frequency of IL-17* T cells.
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3. Full-length Western blots
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Figure app.3.1. Example full-length Western blots for HO-1, B-actin, pro-IL-18 and IkB. Full-
length Western blots probed for (A) HO-1, (B) B-actin, (C) pro-IL-1B, and (D) IkB. Data shown
depicts images of exposed bands alone (left) and merged images to include the protein ladder
(right).
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Figure app.3.2. Example full-length Western blots for p-MEK, MEK, p-ERK and ERK. Full-length
Western blots probed for (A) p-MEK, (B) MEK, (C) p-ERK, and (D) ERK. Data shown depicts images
of exposed bands alone (left) and merged images to include the protein ladder (right).
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Figure app.3.3. Example full-length Western blots for p-p38, p38, p-AMPK and AMPK. Full-length
Western blots probed for (A) p-p38, (B) p38, (C) p-AMPK, and (D) AMPK. Data shown depicts
images of exposed bands alone (left) and merged images to include the protein ladder (right).
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4. Flow cytometry gating strategies
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Figure app.4.1. Gating strategy for DC maturation and antigen uptake assays. (A) To assess
expression of maturation markers by DC, the DC population was first selected by FSC and SSC.
Single cells were then gated on by FSC width and height. Viable cells were then selected on the
basis of viability dye exclusion. (B) To measure DQ-Ova uptake, the DC population was first
selected on the basis of FSC and SSC in order to exclude debris and dying cells. Single cells were
then selected on the basis of FSC width and height. The DQ-Ova+ cell gate was then drawn using
control cells which were not incubated with DQ-Ova.
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Figure app.4.2. Gating strategy for proliferation assays. To assess T cell proliferation, PBMC or
CD4* T cells were labelled with CTV. Lymphocytes were first gated on the basis of FSC and SSC.
Single cells were then gated on by FSC width and height. Viable cells were then selected on the
basis of viability dye exclusion. The percentage of cell proliferation was determined using
unstimulated control cells to draw the CTV histogram gate.
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Figure app.4.3. Gating strategy for Tregs. To identify Treg cells, cells were stained with
fluorochrome-conjugated antibodies against CD4, CD25, FOXP3 and CD127. Lymphocytes were
gated on the basis of FSC and SSC. Single cells were then gated on by FSC width and height. Viable
cells were then selected on the basis of viability dye exclusion. CD4" cells were selected from viable
cells on the basis of high CD4 expression. CD25*Foxp3* cells were then gated on within the CD4*
population. Finally, CD127* cells were excluded to identify the population of
CD4*CD25*Foxp3*CD127% Tregs.
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Figure app.4.4. Gating strategy for T cell cytokine assays. To assess cytokine production by T cells,
cells were stimulated with PMA and ionomycin in the presence of brefeldin A prior to staining with
fluorochrome-conjugated antibodies against T cell lineage markers and cytokines of interest. First,
lymphocytes were gated on the basis of FSC and SSC. Single cells were then gated on by FSC width
and height. Viable cells were then selected on the basis of viability dye exclusion. CD3*CD8 cells
were selected from the population of viable cells to identify helper T cells. Finally, CD3*TCRy&*
cells were selected from the population of viable cells to identify y& T cells.
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