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1.2 Innate immune cells  

Innate immune response is mostly dependent upon cells of myeloid origin that can 

engulf and destroy pathogens. While these cells have independent capabilities to 

deal with such infectious challenges, they have also evolved to be more effective in 

conjunction with cells and proteins of the adaptive immune system. For example, 

lymphoid cells of the adaptive immune system produce antibodies that opsonise 

bacteria which can then be destroyed by innate immune cells (Beutler, 2004). 

These myeloid cells include mononuclear and polymorphonuclear phagocytes. The 

mononuclear phagocytes are the macrophages and monocytes and under 

inflammatory conditions monocytes can also mature into a subtype of dendritic 

cells which are discussed in section 1.3. The mononuclear phagocytes are 

competent at presenting antigens to T cells of the adaptive immune system. 

Macrophages are widely distributed throughout the body mostly in the lining 

parenchyma of major organs (e.g. heart, brain, lung, and liver) where they come in 

contact with invasive pathogens. They are morphologically diverse with specialised 

tissue-resident cell types. Dendritic cells follow similar distribution and function and 

also exhibit a variety of morphologies (e.g. the Langerhans cell of the skin; the 

plasmacytoid dendritic cell of the spleen). Although they exist as a minority 

population among the mononuclear phagocytes, DCs are capable of initiating 

adaptive immune responses to most pathogens by presenting a wide range of 

antigens to CD4+ and CD8+ T cells (Banchereau and Steinman, 1998). 

The polymorphonuclear phagocytes include neutrophils, basophils, and eosinophils. 

They are of importance in the control of infection as they have a specialised ability 

to destroy microbes by a broad array of effector mechanisms including the 

production of pro-inflammatory mediators (Herant et al., 2003; Legrand et al., 

2008; Wedemeyer et al., 2000). 
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The innate immune system also contains cells that are of a lymphoid origin called 

natural killer cells (NK cells) that are morphologically similar to lymphocytes. 

Natural killer cells target and lyse abnormal/viral-infected cells which have 

low/absent expression of MHC class I cell surface molecules with no prior specific 

sensitization of the host (unlike T cells). They play important roles in anti-tumour 

and anti-viral immunity (Ljunggren and Karre, 1990). 

Dendritic cells are one of the crucial components of the immune system due to 

their essential role in the induction and control of T cell mediated immunity, as well 

as in the modulation of responses elicited by B cells and NK cells. 

 

1.3 Dendritic cells (DCs) 

Dendritic cells are professional antigen processing cells (APCs) with characteristic 

abilities in the acquisition, processing, and presentation of antigens to naive T cells 

in order to produce an adaptive immune response; therefore, they represent 

critical mediators of both immunity and tolerance (Banchereau and Steinman, 

1998). They possess long membrane extensions that resemble dendrites of nerve 

cells (hence the name), which allow them to intimately interact with antigens and 

other cells. Dendritic cells play an important role in linking the innate arm of the 

immune system to the adaptive immune system. They do this by their exclusive 

ability to induce the differentiation of naïve T cells into effector or memory cells 

each with its unique function and cytokine profile (Banchereau et al., 2000). The 

importance of DCs is not only focused on their ability to induce competent immune 

responses against harmful pathogen-derived antigens (e.g. peptides derived from 

virus and bacteria), but also to avoid autoimmunity or provide tolerance to self-

antigens (Guermonprez et al., 2002). 
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1.3.1 Origin and development of DCs 

Dendritic cells develop from myeloid or lymphoid precursors (Ardavin et al., 2001). 

Dendritic cells were considered previously to be solely of myeloid origin; however, 

increasing evidences have shown that DCs can also be generated from lymphoid 

progenitors (Karsunky et al., 2003). Differentiation and development of 

haematopoietic stem cells (HSCs), during the process of haematopoiesis, gives rise 

to common myeloid precursors (CMPs) and common lymphoid precursors (CLPs) as 

shown in Figure 1.1.  

 

Figure 1.1. Dendritic cells (DCs) differentiation from pluripotent haematopoietic 
stem cells (HSCs). In the bone marrow, the HSCs differentiate into common 
lymphoid progenitors (CLPs) and common myeloid progenitors (CMPs). CMPs, 
within bone marrow, can be further differentiated into monocytes and pre-DCs. 
Monocytes and pre-DCs subsequently leave the bone marrow and enter the blood 
stream and migrate to lymphoid organs and peripheral tissues, where they 
differentiate into lymphoid DCs and tissue-resident DCs. In addition to CMPs, CLPs 
also have the potential to give rise to DCs, but their contribution is not well 
understood. Adapted from Kushwah and Hu 2011. 
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environment through phagocytosis, macropinocytosis, or endocytosis. Immature 

DCs express low levels of MHC class II and co-stimulatory molecules (CD40, CD80, 

and CD86) on their surface (as shown in Figure 1.2), hence they are considered to 

be unable to present antigens efficiently to T cells and initiate an effective immune 

response (Banchereau et al., 2000). In steady-state conditions, DCs maintain 

themselves in the peripheral tissue in an immature state and they express low 

amounts of MHC and co-stimulatory molecules. Immature DCs that migrate to 

lymphoid tissues and present self-antigens to T cells induce T cell anergy instead of 

T cell activation which forms a basis for tolerance (Hawiger et al., 2001). 

Figure 1.2. Dendritic cells (DCs) have central role in the immune system by 
generating antigen-specific T cells from naïve T cells. DCs sense and take up 
antigens via various PRRs in peripheral tissues, process them intracellularly into 
proteolytic peptides, and load these peptides onto major histocompatibility 
complex (MHC) class I and II molecules and become mature DCs. Subsequently, 
mature DCs migrate to secondary lymphoid organs and become competent to 
present antigens to T lymphocytes to generate effector T cells. Adopted from Sato 
2007. 
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during DC maturation and this is due to a remarkably rapid reduction in the 

synthesis of class II transactivator (CIITA) mRNA (Landmann et al., 2001). 

1.6 Activation of T cells by antigen bearing mature DCs  

When a naïve T cell has recognised, via its T cell receptor (TCR), a specific antigen 

presented by the DC, a specialized area of contact between T cell and DC called the 

immunological synapse is formed. This synapse consists of clusters of TCRs with 

MHC-peptides surrounded by a ring of adhesion molecules (Grakoui et al., 1999). 

Signals through the TCR render the T cell fully activated. It will undergo several 

rounds of proliferation resulting in its distinct clonal expansion and functional 

differentiation into effector T cells of either CD4+ T helper cells or CD8+ cytotoxic T 

cells (CTLs) depending on the type of MHC molecules presented on DCs being either 

MHC class II or MHC class I molecules respectively (first signal). Additionally, T cells 

require a second signal for full activation. This second signal comes from co-

stimulatory receptors expressed by DCs (Dhodapkar et al., 2000; Mellman and 

Steinman, 2001). The experimental study of DC induced T cell activation requires 

the use of transgenic systems and these are briefly described in Box 1. 

1.6.1 Role for DC co-stimulatory receptors in T cell activation 

Dendritic cell maturation is characterized by up-regulation in the expression of co-

stimulatory molecules such as CD40, CD80, and CD86 (Hart, 1997). These molecules 

do not initiate antigen-specific T cell responses but rather help in their generation 

and amplification by providing the second signal that is needed for the complete 

activation of T cells. Furthermore, without co-stimulatory molecules, antigen-

specific T cell stimulation will lead to T cell anergy or cell death (Guinan et al., 

1994). Immature DCs present self-antigens to T cells and in the absence of co-

stimulatory molecules results in their deletion or inactivation thus preventing an 

autoimmune response (Bachmann et al., 1999a; Bour-Jordan and Bluestone, 2009). 

Conversely, if self-antigens are presented on DCs expressing high co-stimulatory 
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sentinel cells such as macrophages and dendritic cells. To-date, 13 different types of 

PRRs has been recognised. They can recognize pathogen-associated molecular 

patterns (PAMPs) from microorganisms or danger-associated molecular patterns 

(DAMPs) from damaged tissue (Akira et al., 2001). The different TLRs and their 

respective ligands are shown in Table 1.1.  

Table 1.1 Summary of Toll like receptor classes and ligands. Adapted from  Akira & 

Takeda 2004.  

DC maturation is initiated when a TLR is engaged by its ligand, for example binding 

of TLR4 by the bacterial cell wall component, lipopolysaccharide (LPS). TLR4 is a 

type I transmembrane protein with an extracellular domain consisting of a leucine-

rich repeat (LRR) domain responsible for the recognition of pathogens, and a 
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     Figure 1.6 Signalling cascades leads to p38MAPK activation. 

1.7.2.4 The transcription factors CREB/ATF1 are targets of MAPKs 

The regulation of gene transcription is important for both tissue specific-gene 

expression and regulation of gene activity in response to specific stimuli (Latchman, 

1997). Transcription factors (TFs) have crucial roles in mediating gene expression 

and hence in almost controlling all biological processes. TFs contain a basic domain 

that binds specific DNA sequence (DBDs) which influence the rate of transcription 

(Jakoby et al., 2002). CREB and the closely related protein ATF1 constitute a 

subfamily of bZIP transcription factors that binds to its DNA target sequence as a 

dimer and play critical roles in the regulation of gene expression as well as cell 

cycle, metabolism, growth, and survival (Mayr and Montminy, 2001). CREB and 

ATF1 represent the major transcriptional effectors of MAPKs (particularly p38MAPK 

but also ERK1/2). These transcription factors bind to DNA sequences termed cAMP 

responsive elements (CRE) and drive gene expression. 

CREB activation occurs through phosphorylation of its Ser133 and Ser142 residues 

within the 60-amino-acid kinase-inducible domain (KID). ATF1 is structurally and 

functionally related to CREB and is activated by phosphorylation at Ser63 and 





http://www.news-medical.net/health/What-is-DNA.aspx
http://www.news-medical.net/health/What-are-Lipids.aspx
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environment (skin, lung and digestive tract) (Motohashi et al., 2002). The Nrf2 

structure consists of six highly conserved regions named as homology domains 

(Nrf2-ECH homology) Neh1 to Neh6 as shown in Figure 1.7 (Itoh et al., 1999). 

Figure 1.7. Schematic representation for the basic structure of transcription factor 
Nrf2. Neh1 is the first conserved domain and contains the basic-leucine zipper 
domain and CNC homology region. The amino and carboxyl termini of the proteins 
are also highly conserved, and are referred to as Neh2 and Neh3, respectively. 
Additionally, there are two conserved acidic domains (Neh4 and Neh5) as well as a 
serine-rich conserved region (Neh6). Adopted from Itoh et al. 1999.  

 

Nrf2 binds to the antioxidant response element (ARE), a DNA motif found within 

the promoter regions of numerous cytoprotective genes, with high affinity only as a 

heterodimer with its obligatory partner a small Maf protein (Itoh et al., 1997b). 

Small Maf proteins lack transactivation domains, and thus the ability of the Nrf2-

Maf heterodimer to promote transcription is solely dependent on the 

transactivation ability of Nrf2 (Motohashi et al., 2002). Amongst members of the 

CNC family, Nrf2 is the most potent transcriptional activator from the ARE 

(Kobayashi et al., 1999; Papaiahgari et al., 2006). 

Nrf2 requires the recruitment of co-activators that include CBP/p300, co-activator-

associated arginine methyltransferase 1 (CARM1), protein arginine N-

methyltransferase 1 (PRMT1) and p300/CBP-associated factor (p/CAF) for initiation 

of Nrf2 related gene transcription (Lin et al., 2006). The cAMP responsive element 

binding protein (CREB)-binding protein (CBP) has been shown to bind to the 
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transactivation domains of Nrf2, Neh4 and Neh5, which act synergistically to attain 

maximum activation of reporter gene expression. Indeed, specific inhibition of CBP 

significantly reduced Nrf2 activity (Katoh et al., 2001). CBP helps transcription 

through a) its intrinsic histone acetyltransferase (HAT) activity, b) interaction with 

other proteins possessing HAT activity, and c) bridging to components of the 

general transcriptional machinery (Bannister and Kouzarides, 1996; Kalkhoven, 

2004). Histone acetylation (as well as DNA methylation) control the access of 

transcription factors to the promoter regions and thereby affect the pattern of gene 

transcription. Nucleosomes contain histones in their core, around which DNA is 

wound into a condensed structure that represses transcription, but that can be 

selectively unfolded to increase accessibility to general transcription factors and 

RNA polymerase II, and thus promote gene transcription (Grunstein, 1990; Kuo and 

Allis, 1998). 

Transcriptional repressors Bach1 and Bach2 are basic leucine zipper (bZip) protein 

and forms heterodimers with one of the small Maf proteins (i.e. MafK, MafF, and 

MafG) that bind to the Maf recognition element (MARE) and effectively function as 

repressors of gene transcription over NFE2-related transcription, including 

suppression of a key gene in heme metabolism, heme oxygenase-1 (HO-1) 

(Kitamuro et al., 2003; Yoshida et al., 2007). 

1.11.1 Kelch-like ECH-associated protein-1 (Keap-1) 

Analyses of Nrf2 activity has led to the identification of Nrf2 transcriptional activity 

suppressor, Kelch-like ECH-Associated Protein 1 (Keap1), which specifically binds to 

Nrf2 via its evolutionarily conserved amino terminal regulatory domain. In the 

absence of cellular stress, Nrf2 is tethered within the cytosol by keap1, which binds 

to Nrf2 via the Neh2 domain (to the seven lysine residues located between the 

conserved 29DLG31 and 79ETGE82 motifs) of the transcription factor (Itoh et al., 
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1999). This interaction represses cellular Nrf2-dependent transcription activity 

(Zipper and Mulcahy, 2002). 

The Neh2 moiety of Nrf2 is required for the repression activity by Keap1 (Itoh et al., 

1999; Xue and Cooley, 1993). Keap1 resides within the cytosol where it interacts 

with the actin cytoskeleton and, in the absence of chemical/oxidative stress, 

associates with Nrf2 leading to Nrf2 proteasomal degradation. Structurally, Keap1 

contains three major domains; N-terminal BTB domain, an intervening region (IVR) 

bridge that is rich in cysteine residues and regulates activity of Keap1 and links BTB 

to double glycine (DGR) domain situated on the C-terminal containing six conserved 

repeats also known as kelch (Figure 1.8) (Itoh et al., 1999; Kang et al., 2004). The 

BTB domain mediates protein dimerisation which is required for effective Nrf2 

sequestration in the cytosol, whereas Kelch repeats have been implicated in binding 

to the actin cytoskeleton and the formation of multi-protein complexes (Albagli et 

al., 1995; Robinson and Cooley, 1997). Cullin3 (Cul3), a subunit of the E3 ligase 

complex, serves as a molecular bridge bringing together substrate adaptor protein 

(Keap1) and substrate (Nrf2) through Keap1 BTB and intervening-region (IVR) 

domains. Therefore, Keap1 would participate directly in the regulation of Nrf2 

polyubiquitination and subsequent 26S proteasome-mediated degradation 

(Cullinan et al., 2004; Kobayashi et al., 2004). 

 

Figure 1.8. Schematic presentation of Keap1. Five domains within Keap1 are 
demonstrated: NTR, BTB, IVR, DGR, and CTR. Adopted from Kang et al 2004.  
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2006a). This conformational change in Keap-1 disables it from directing Nrf2 for 

degradation via the proteasome (Kobayashi et al., 2004). Other Nrf2 molecules then 

saturate the Keap-1 via binding to the newly available BTB site within the 

homodimer, subsequently Nrf2-binding capacity of Keap1 is saturated and even 

diminished due to Keap1 self-ubiquitination allowing any newly synthesised Nrf2 to 

translocate into the nucleus (Li and Kong, 2009). Nrf2 then associates with small 

maf protein forming a heterodimer which facilitates its capacity to bind to the ARE 

regions found in the regulatory domains of its nrf2-regulated genes (Itoh et al., 

1997b). The co-activator CBP is then recruited to the Nrf2 heterodimer resulting in 

its transactivation (Katoh et al., 2001; Lin et al., 2006) and subsequent transcription 

of enzymes involved in xenobiotic detoxification ultimately resulting cellular 

protection and maintenance of redox homeostasis (Figure 1.9).  

Figure 1.9. Schematic presentation of Nrf2 activation. In resting state, Nrf2 is 
sequestered in the cytosol via the Keap-1. Under oxidative stress intracellular GSH 
is depleted, resulting in conformational changes in Keap-1. This disables Keap1 from 
directing Nrf2 for degradation via the proteasome and enabling any newly 
synthesised Nrf2 to translocate into the nucleus. Nrf2 then associates with small 









44 

 

antibodies, multi-organ inflammation, immune complex deposition in blood vessels 

and glomerular nephritis (Ma et al., 2006). 

However, the molecular and mechanistic basis for these altered co-stimulatory 

receptor expression of Nrf2-/- DCs are unknown and require investigation. 

1.13 Heme oxygenases (HOs) in redox homeostasis 

Heme is the product of catabolism of heme containing metalloproteins that has the 

potential to induce the generation of ROS (Figueiredo et al., 2007; Jeney et al., 

2002). Heme chemically consists of an iron ion contained in the centre of a large 

heterocyclic organic ring called a porphyrin, made up of four pyrrolic groups joined 

together by methine bridges (protoporphyrin IX). Most of porphyrin-containing 

metalloproteins have heme as their prosthetic group which are known as 

hemoproteins, nevertheless not all porphyrins contain iron. Hemes are most 

commonly recognized as components of haemoglobin but they are also 

components of a number of other hemoproteins such as myoglobin, cytochrome, 

endothelial nitric oxide synthase and catalase (Maines, 1988). Excessive 

accumulation of heme within cells or in the extracellular environment can underlie 

pathological states such as neurodegenerative diseases (Alzheimer's disease, 

Parkinson's disease, and Huntington's disease), malaria (Prentice et al., 2007), and 

hemoglobinopathies (thalassemia and sickle Cell diseases) (Mariani et al., 2009). 

Three HO isoforms: HO-1 (32 kDa), HO-2 (36 kDa), and HO-3 (33 kDa) have been 

described. HO-1 is normally expressed at low levels in most tissues but can be 

dramatically induced by a variety of stimuli, while HO-2 is constitutively expressed 

and is essentially un-inducible, and HO-3 is constitutive with limited tissue 

expression (Siow et al., 1999). The crystal structure of HO-1 consists of two helical 

folds with heme sandwiched between them (Figure 1.10). The proximal helix 

provides a heme iron ligand while the distal helix contains conserved glycines near 

the oxygen binding site that allows close contact between the helix backbone and 

http://en.wikipedia.org/wiki/Chemical_compound
http://en.wikipedia.org/wiki/Iron
http://en.wikipedia.org/wiki/Heterocyclic
http://en.wikipedia.org/wiki/Porphyrin
http://en.wikipedia.org/wiki/Pyrrole
http://en.wikipedia.org/wiki/Methine
http://en.wikipedia.org/wiki/Metalloprotein
http://en.wikipedia.org/wiki/Hemoprotein
http://en.wikipedia.org/wiki/Hemoglobin
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heme in addition to providing flexibility for substrate binding and product release 

(Schuller et al., 1999). 

 

 

 

 

 

 

       

 

Figure 1.10. Schematic diagram of heme oxygenase-1. The N-terminus is blue and 
the C-terminus is red, with green in the middle. Adopted from Schuller et al. 1999.  

 

Heme oxygenase-1 is a rate limiting microsomal membrane protein that catalyses 

the oxidative cleavage of heme molecules to yield equimolar quantities of 

biliverdin, carbon monoxide (CO), and iron. Biliverdin is subsequently reduced to 

bilirubin by the cytosolic enzyme biliverdin reductase (Figure 1.11), HO-1 is not a 

heme protein by nature, but it binds heme to form a 1:1 complex (Ryter et al., 

2006). 
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Figure 1.11. Schematic representation of heme degradation by heme oxygenase-
1. Heme oxygenase-1 degrades heme to generate iron, carbon monoxide, and 
biliverdin-IX. Biliverdin-lX is subsequently reduced to bilirubin-IX by biliverdin 
reductase. Iron is sequestered by ferritin. Carbon monoxide can bind to the heme 
moiety of guanylyl cyclase to increase cellular levels of cGMP. 

 

HO-1 is transcriptionally up-regulated as a sensitive cytoprotective protein by 

various types of oxidative stressors including its substrate heme and various 

environmental factors (Kitamuro et al., 2003). Nrf2 transcriptional activity was 

found to increase transcription of HO-1 expression (Sun et al., 2002). In the 

presence of low levels of heme, Bach1 (Figure 1.12) represses target genes with the 

Maf recognition elements (MAREs) in their regulatory regions by preventing 

activators such as Nrf2 from binding to MAREs.  
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5. Examine the relevance of ROS disequilibrium in HO-1-mediated effects on 

DC phenotype and function 
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were used between days 6 or 7. An exception is for DC proliferation assay, as 

explained in 2.13, where DCs on day 3 were harvested from cell culture petri dishes, 

counted and re-seeded in 96-well round-bottom microtitre plates at different cell 

densities with20 ng/ml GM-CSF. 

 

2.6 Viable cell count by Trypan Blue exclusion 

Cell suspensions were mixed with an equal volume of 0.2% w/v Trypan Blue in 

HBSS. The samples were then pipetted into the counting chambers of a 

haemocytometer [Weber Scientific International Ltd.; Lancing, UK] and counted at 

100X magnification. Dead cells absorb the Trypan Blue dye and appear blue, 

whereas viable cells exclude the dye and appear clear. 

 

2.7 Immunomagnetic separation of CD11c+ve DCs (For ELISA only) 

Purified CD11c positive wild type and Nrf2-/- bone marrow derived DCs were 

isolated using MACS LS+ immunomagnetic separation columns [Miltenyi Biotec, 

Germany]. Cells were washed and resuspended at a density of in 1 x 108 cells per 

400 µl of ice cold MACS Buffer (HBSS without phenol red supplemented with 2 mM 

EDTA and 0.5% bovine serum albumin (BSA)). Cells were magnetically labelled using 

anti-CD11c conjugated magnetic microbeads [Miltenyi Biotec, Germany] 20 µl per 1 

x 106 cells, and refrigerated for 15 minutes. Cells were washed with MACS buffer (2 

ml per 1 x 106 cells), centrifuged at 300 g for 10 minutes and resuspended in 500 µl 

MACS buffer. MACS LS+ Separation Columns were attached to MidiMACS magnets 

and set up on a MidiMACS stand. The columns were washed three times with 3 ml 

of MACS buffer. The magnetically labelled cell suspensions were pipetted onto the 

column. Unlabelled cells were collected as the negative fraction whereas labelled 

cells were retained within the column. A thorough elution of the negative fraction 
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REGULATION OF DC PHENOTYPE, FUNCTION, 

AND SIGNALLING PATHWAYS BY NRF2  
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Figure 3.1. Nrf2 modulation of DC proliferation depends on culture conditions. 
Nrf2+/+ and Nrf2-/- iDCs were plated at indicated cell densities. [3H]Thymidine (3H-
Thy) was added at day 4. Proliferation of iDCs was determined by scintillation 
counting of incorporated [3H]Thymidine at day 5 (A), day 6 (B) and day 7 (C). Data 
are presented as average [3H]Thymidine scintillation counts ± S.D. Statistical 
significance was tested by one-way analysis of variance (*, p<0.05). Data are 
derived from three independent experiments. 
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compared at each time point. At day 5, Nrf2-/- iDCs proliferate more than Nrf2+/+ 

iDCs at most cell densities (10, 25, 50, 75, and 100 x 103 cells/ml, Figure 3.1A). 

However on day 6, Nrf2-/- iDCs proliferate more than Nrf2+/+ iDCs only at 10 x 103 

cells/ml while other cell densities showed no differences as shown in Figure 3.1B. 

This difference continues on day 7 at the same cell density (10 x 103 cells/ml) but 

other cell densities showed opposite effects where Nrf2+/+ iDCs proliferate more 

than Nrf2-/- iDCs as in Figure 3.1C. These results demonstrated that, depending on 

cell density, Nrf2 has the potential to affect DC proliferative capacity.  

 

3.2.2 Loss of Nrf2 is associated with increased levels of anti-apoptotic protein, Bcl-

2, but does not increase DC survival  

Altered proliferative capacity of Nrf2-/- iDCs could also be accompanied by altered 

survival of these iDCs. The Bcl-2 protein serves as a critical regulator of pathways 

involved in apoptosis and increased Bcl-2 expression is associated with increased 

cell survival (Chao and Korsmeyer, 1998). Therefore we sought to examine the level 

of Bcl-2 by Western immunoblotting. The result revealed an increase in the 

expression of Bcl-2 in Nrf2-/- iDCs basally in comparison to Nrf2+/+ iDCs (Figure 3.2A). 

In order to test whether increased Bcl-2 expression leads to increased survival (or 

reduced cell death) of Nrf2-/- DC, we examined cell apoptosis using FITC Annexin V 

staining which binds to phophatidyl serine (PS) molecules. Phosphatidyl serine is 

exposed on the inverted phospholipid bilayer cell membrane in one of the early 

events involved in apoptosis (Fadok et al., 1992; Vermes et al., 1995). While loss of 

Nrf2 resulted in a reduction in the proportion of Annexin V positive DCs (apoptotic 

DCs) in relation to the wild type control, this was not statistically significant (Figure 

3.2B 8.6 ± 2.1% in Nrf2-/- iDCs versus 11.4 ± 2.0% in Nrf2+/+ iDCs, p > 0.05).  

Since Annexin V staining positivity precedes the loss of membrane integrity (which 

accompanies the later stages of cell death) resulting from either apoptotic or 
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(Di) and (Ei) and quantified in (Dii) and (Eii). Data are representative of 4 
independent experiments. (*, p < 0.05; NS- NS-Not Significant).  

 

3.2.3 Loss of Nrf2 results in increased ROS levels without increase in ATP 

production in immature DCs 

Nrf2 signalling increases transcription of antioxidant genes that counter elevations 

in intracellular ROS (Reddy et al., 2007b). The maintenance of DC intracellular redox 

status is imperative for appropriate DC immune functioning (Williams et al., 2008). 

However, the potential effect caused by the loss of Nrf2 on DC ROS levels has not 

yet been clearly defined. We therefore examined ROS levels using the fluorescent 

ROS indicator, dihydroethidium, in Nrf2-/- and Nrf2+/+ iDCs basally and in response 

to the oxidative stress inducer, hydrogen peroxide (H2O2) and the TLR agonist, LPS. 

As demonstrated in Figure 3.3A, Nrf2-/- iDCs had significantly higher basal ROS 

levels in comparison with Nrf2+/+ iDCs (mean fluorescence intensity 1341 ± 98 

versus 833 ± 112, p < 0.05). Furthermore, Nrf2-/- iDC ROS levels were significantly 

increased in comparison with their wild type counterpart following treatment with 

H2O2 (mean fluorescence intensity 2159 ± 116 versus 1482 ± 102, p < 0.05) and LPS 

(mean fluorescence intensity 1557 ± 137 versus 1026 ± 102, p < 0.05). Increased 

ROS levels may result from enhanced cell oxidative phosphorylation due to increase 

adenosine triphosphate (ATP) production (Del Prete et al., 2008; Minet and Gaster, 

2012). To test this possibility, we measured ATP production by DCs. Results show 

that Nrf2-/- iDCs produce more ATP than Nrf2+/+ iDCs, but this was not statistically 

significant as shown in Figure 3.3B ( 251 ± 39 x 103 versus 210 ± 26.5 x 103, p > 

0.05).  

Taken together, these results suggest that loss of Nrf2 impairs the capacity of iDCs 

to maintain redox homeostasis.  
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3.2.5 Loss of Nrf2 results in altered iDCs phenotype  

Elevated ROS levels have been shown to enhance DC co-stimulatory molecule 

expression and maturation (Kantengwa et al., 2003; Matsue et al., 2003b). To 

evaluate the role of Nrf2 in regulating the phenotype of iDCs, we compared the 

maturation states of Nrf2-/- and Nrf2+/+ iDCs. Maturation is accompanied by an 

increase in the proportion of DCs that express higher levels of co-stimulatory 

molecules (Steinman, 2003). Immature DCs are composed of subpopulations that 

express either high or low levels of co-stimulatory molecules (Figure 3.5A). Flow 

cytometric analysis of iDCs demonstrated that the proportion of iDCs that express 

high levels of MHC class II, CD86, and CD40 was significantly increased in the Nrf2-/- 

iDCs in comparison with the Nrf2+/+ iDCs as shown in Figure 3.5A for MHC class II 

(Nrf2-/- 44.0 ± 2.0% versus Nrf2+/+ 19.3 ± 2.5%, p < 0.05); 3.5B for CD86 (Nrf2-/- 37.1 

± 2.8% versus Nrf2+/+ 17.2 ± 1.0%, p < 0.05); and 3.5C for CD40 (Nrf2-/- 31.9 ± 3.9% 

versus Nrf2+/+ 19.7 ± 1.4%, p < 0.05). 

These results showed that loss of Nrf2 enhances co-stimulatory molecule 

expression in iDCs 

  

A (i) 

A (ii) 
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3.2.6 Loss of Nrf2 does not alter LPS responsiveness of DCs  

To test whether loss of Nrf2 could affect the DC responsiveness to LPS stimulation, 

we examined the effect of LPS-induced maturation in Nrf2+/+ and Nrf2-/- DC. We 

found that DCs from Nrf2-/- show higher expression of MHC class II and CD86 in 

response to all concentrations of LPS (Figure 3.6A panel (i) and 3.6B panel (i)), but 

for CD40 the higher expression only observed at low concentrations of LPS (Figure 

3.6C panel (i)). However, normalising of the raw data reveals a similar degree of 

responsiveness to LPS in both genotypes for MHC class II (Figure 3.6A panel (ii)), 

CD86 (Figure 3.6B panel (ii)) and CD40 Figure 3.6C panel (ii)). 

These results showed DC responsiveness to LPS is not affected by loss of Nrf2. 

  A (i) 
A (ii) 

B (i) B (ii) 
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on DCs with the CD8 TCRs (Berg and Forman, 2006; Guermonprez et al., 2002). 

However, full CD8 T cell activation requires co-stimulatory inputs provided through 

DC receptors such as CD86 (Chai et al., 1999). Immature DCs expressing low levels 

of co-stimulatory molecules are unable to stimulate a fully competent antigen-

specific CD8 T cell response (Bachmann et al., 1999b). Therefore, maturation of DCs 

is crucial for the initiation of CD8 cytotoxic T cell dependent immunity. Given that 

Nrf2-/- iDCs have elevated expression of CD86, CD40, and MHC class II, we 

postulated that these iDCs would be capable of inducing an antigen-specific CD8 T 

cell response. To address this, we utilized a TCR transgenic mouse model wherein 

the CD8 T cells express a T cell receptor (F5 TCR) that recognizes an antigenic 

peptide, NP68, when presented by DCs (Mamalaki et al., 1992). The functional 

consequence of changes in DC co-stimulatory molecule expression can be assessed 

by the ability of NP68-bearing DCs to stimulate F5 CD8 T cell proliferation. 

Nrf2+/+ iDCs pulsed with increasing concentrations of NP68 did not induce specific 

F5 CD8 T cell proliferation until 10 nM NP68 (Figure 3.7), with a greater 

proliferation seen at higher concentrations of NP68 (100 nM). In contrast, Nrf2-/- 

iDCs were able to induce significant F5 CD8 T cell proliferation even at 1 nM NP68 

and a 3-to-10-fold higher degree of T cell proliferation when compared with Nrf2+/+ 

iDCs at all NP68 concentrations (Figure 3.7, p < 0.05). 

These data demonstrate that the enhanced maturation phenotype of Nrf2-/- iDC is 

associated with an increased capacity to induce antigen-specific CD8 T cell 

stimulation. 
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Figure 3.7. Increased T cell stimulatory capacities of Nrf2-/- iDCs. Nrf2+/+ and Nrf2-/- 
iDCs were pulsed with increasing concentrations of NP68 antigenic peptide, and 
DCs were then co-cultured with F5 CD8 T cells for 72 h.[3H]Thymidine (3H-Thy) was 
added for the last 16 h. Proliferation of T cells was determined by scintillation 
counting of incorporated [3H] Thymidine. Data are presented as average 
[3H]Thymidine scintillation counts ± S.D. Statistical significance was tested by one-
way analysis of variance (*, p<0.05). Data are derived from three independent 
experiments.  

  

3.2.8 Altered immature DC function due to the loss of Nrf2 is not dependent on 

elevated ROS 

Loss of Nrf2 in iDCs leads to elevated ROS levels (Figure 3.3A), increased co-

stimulatory molecule expression (Figure 3.5A), and enhanced T cell stimulatory 

potential (Figure 3.7) (Aw Yeang et al., 2012). We investigated whether the 

elevated ROS contributed to increased co-stimulatory molecule expression by 

reducing ROS to normal levels using antioxidants in these cells. Vitamins C and E 

possess antioxidant activity and are known to reduce ROS levels (Jeong et al., 2011; 
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Roche et al., 2009). Nrf2+/+ and Nrf2-/- iDCs were treated with vitamins C and E for 

48 h, and ROS levels measured by flow cytometry. A significant reduction in ROS 

levels was observed in vitamin-treated Nrf2-/- iDCs compared with untreated 

controls (Figure 3.8A, mean fluorescence intensity, vitamin-treated Nrf2-/- iDCs 

2079 ± 132 versus untreated Nrf2-/- iDCs 938 ± 213, p < 0.05). A slight reduction in 

the ROS levels was also seen in vitamin-treated Nrf2+/+ iDCs, which was not 

statistically significant (Figure 3.8A, mean fluorescence intensity, vitamin-treated 

Nrf2+/+ iDCs 1230 ± 209 versus untreated Nrf2+/+ iDCs 878 ± 148, p > 0.05). It is 

important to note that the ROS levels in vitamin-treated Nrf2-/- iDCs was equivalent 

to that in untreated Nrf2+/+ iDCs (Figure 3.8A). To test whether elevated 

intracellular redox levels is responsible for increased DC co-stimulatory molecule 

expression, we measured MHC class II and CD86 expression in Nrf2-/- iDCs following 

vitamins treatment. As shown in Figure 3.8B, there was no significant difference in 

the co-stimulatory molecules expression between untreated controls and vitamins 

treatment groups in both MHC class II (23.1 ± 4.7% versus 21.2 ± 4.2%, p > 0.05 in 

Nrf2+/+ iDCs; 43.2 ± 2.1% versus 42.6 ± 2.7% p > 0.05 in Nrf2-/- iDCs, panel (i)) and 

CD86 (18.4 ± 1.9% versus 17.2 ± 2.3%, p > 0.05 in Nrf2+/+ iDCs; 34.8 ± 3.5% versus 

35.2 ± 4.1%, p > 0.05 in Nrf2-/- iDCs, panel (ii)). These results indicate that restoring 

ROS levels in Nrf2-/- DC to Nrf2+/+ DC status does not reverse co-stimulatory 

molecule expression. 

We further investigated whether the lack of changes in co-stimulatory molecule 

expression in Nrf2-/- iDCs upon ROS reset is also reflected in its ability to induce 

antigen-specific T cell activation. Consistent with our previous findings, lowering of 

ROS levels by vitamin treatment did not reduce the potential of NP68-bearing Nrf2-

/- iDCs to stimulate F5 CD8 T cell proliferation (Figure 3.8C). 

These results demonstrate that altered ROS status associated with loss of Nrf2 does 

not contribute to increased co-stimulatory molecules expression and T cell 

stimulatory potential of DCs. 
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3.2.10 ERK1/2 MAPK is not involved in mediating Nrf2-dependent modulation of 

DC function 

Redox alterations in DCs have been found to be associated with changes in ERK1/2 

MAPK signalling pathway (Aiba et al., 2003). Activation of MAPK pathways by 

stimuli such as LPS results in phosphorylation of ERK1/2 (Rescigno et al., 1999). We 

therefore investigated whether loss of Nrf2 in DCs affected ERK1/2 signalling. In 

order to test that we examined the phosphorylation levels of ERK1/2 via Western 

blot. Results revealed that the level of phosphorylated ERK1/2 was slightly higher in 

Nrf2-/- iDCs in comparison with Nrf2+/+ iDCs both basally and upon LPS stimulation 

(Figure 3.10A panel (i)). Furthermore, Nrf2-/- iDCs exhibited enhanced 

phosphorylation kinetics of ERK1/2 in response to LPS in comparison with their wild 

type counterpart. The onset of LPS-induced phosphorylation of ERK1/2 was 

observed at 10 min in Nrf2-/- iDCs when compared with 15 min for Nrf2+/+ iDCs. 

These changes were more obvious when observed in densitometry analysis of 

phosphorylated ERK1 normalised to total ERK1 protein expression (3.10A panel (ii)) 

and phosphorylated ERK2 normalised to total ERK2 protein expression (3.10A panel 

(iii)). 

To assess whether this change in basal ERK1/2 phosphorylation contributes to the 

enhanced co-stimulatory molecule expression in Nrf2-/- iDCs, we treated Nrf2-/- and 

Nrf2+/+ iDCs with the ERK inhibitor, PD98059 (Yanagawa et al., 2002), and assessed 

its effect on iDC co-stimulatory molecule expression. ERK inhibition did not reverse 

the enhanced expression of MHC class II and CD86 in Nrf2-/- iDCs but rather caused 

a slight but insignificant increase (MHC class II 43.8 ± 1.8% versus 48.9 ± 3.2%, p > 

0.05; CD86 37.7 ± 2.3% versus 43.5 ± 3.5%, p > 0.05) (Figure 3.10B panel (i) and (ii)). 

As reported previously for human DCs (Aiba et al., 2003), similar findings were 

found in Nrf2+/+ iDCs (MHC class II 19.3 ± 1.2% versus 21.1 ± 1.0%, p > 0.05; CD86 

13.3 ± 0.2% versus 14.8 ± 0.9%, p > 0.05). 
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Consistent with the lack in the changes in co-stimulatory molecule expression, 

inhibition of ERK1/2 MAPK did not result in reduced DC-mediated antigen-specific 

CD8 T cell proliferation in Nrf2-/- iDCs as shown in Figure 3.10C panel (i) and (ii).  

From these findings we conclude that enhanced co-stimulatory molecule 

expression in Nrf2-/- iDCs is not dependent on ERK1/2 activity. 

A (i) 

A (ii) A (iii) 

B (i) B (ii) 
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3.2.11 c-Jun N-terminal kinase (JNK) is not involved in mediating Nrf2-dependent 

modulation of DC function 

JNK signalling pathway play a vital role in the process of DCs maturation that is 

distinct from those of the p38MAPK and ERK cascades (Nakahara et al., 2004). It is 

known to be phosphorylated during the DC maturation process induced by LPS 

(Arrighi et al., 2001). 

In order to examine the contribution of JNK pathway to the altered phenotype and 

function in Nrf2-deficient DC, we assessed the level of phosphorylated JNK by 

Western blotting. JNK was found to be basally hyperphosphorylated in Nrf2-/- iDCs 

compared to Nrf2+/+ iDCs Figure 3.11A panel (i), and JNK inhibitor SP600125 

inhibited the phosphorylation of JNK in Nrf2-/- iDCs as shown in Figure 3.11A panel 

(ii). 

To verify whether this difference in basal phosphorylation of JNK contributed to the 

enhanced co-stimulatory molecule expression in Nrf2-/- iDCs, we treated Nrf2-/- and 

Nrf2+/+ iDCs with the JNK inhibitor, SP600125 (Bennett et al., 2001), and assessed its 

effect on iDCs co-stimulatory molecule expression. JNK inhibition did not reverse 

the enhanced co-stimulatory molecule expression in Nrf2-/- iDCs to that of the wild 

type levels (MHC class II 42.8 ± 2.3% versus 47.0 ± 7.6%, p > 0.05; CD86 44.0 ± 0.6% 

versus 51.8 ± 8.1%, p > 0.05 in Nrf2-/- iDCs; and MHC class II 21.3 ± 1.8% versus 20.5 

± 1.5%, p > 0.05; CD86 20.0 ± 2.1% versus 21.0 ± 0.6%, p > 0.05 in Nrf2+/+ iDCs) as 

indicated in Figure 3.11B panel (i) and panel (ii). 

Moreover, the iDC-mediated antigen specific CD8 T cell proliferation also remained 

unaltered following JNK inhibition in Nrf2+/+ and Nrf2-/- iDCs (Figure 3.11C panel (i) 

and panel (ii)). 

These findings indicate that JNK is not the main MAPK that is involved in Nrf2-

mediated regulation of DC function. 
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3.2.12 Contribution of p38MAPK activity to Nrf2-dependent regulation of DC 

immune function 

The p38MAPK pathway coordinates DC co-stimulatory molecule expression and DC-

mediated T cell activation (Arrighi et al., 2001). As the activity of p38MAPK is 

regulated by phosphorylation, we assessed the phosphorylation status of 

p38MAPK. Western blotting analysis revealed marginal differences in p38MAPK 

phosphorylation between Nrf2-/- and Nrf2+/+ iDCs (Figure 3.12A). 

Next we further dissected the role of p38MAPK in the altered phenotype and 

function observed in Nrf2-/- iDCs using pharmacological approaches. Inhibition of 

p38MAPK activity with SB203580 (English and Cobb, 2002) caused a significant 

reduction in co-stimulatory molecule expression in Nrf2-/- iDCs (Figure 3.12B panel 

(i) and panel (ii) ) (MHC class II 41.0 ± 2.5% versus 32.3 ± 3.8%, p < 0.05; CD86 38.6 

± 3.9% versus 27.8 ± 1.2%, p < 0.05). Inhibition of p38MAPK in Nrf2+/+ iDCs resulted 

in only a slight, statistically insignificant reduction in co-stimulatory molecule 

expression (MHC class II 17.2 ± 3.5% versus 13.0 ± 2.0%, p > 0.05; CD86 17.2 ± 3.2% 

versus 14.0 ± 4.6%, p > 0.05). 

Consistent with the changes in co-stimulatory molecule expression, inhibition of 

p38MAPK resulted in significant reductions in DC-mediated antigen-specific CD8 T 

cell proliferation in Nrf2-/- iDCs with less pronounced effects on Nrf2+/+ iDCs (Figure 

3.12C panel (i) and panel (ii)). 

These observations suggest that p38MAPK plays a role in the Nrf2-dependent 

modulation of DC immune functions. 
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3.2.13 Contribution of the p38MAPK-CREB/ATF1 signalling pathway to Nrf2-

dependent regulation of DC immune function 

Major downstream effectors of p38MAPK are the transcription factors, CREB and 

ATF1 (Ardeshna et al., 2000). Serine phosphorylation of CREB and ATF1 by 

upstream MAPKs is required for their activation. As p38MAPK was found to be 

hyperphosphorylated in Nrf2-/- iDCs (Figure 3.13A), we measured the 

phosphorylation state of CREB and ATF1. Results revealed that CREB and ATF1 were 

hyperphosphorylated under basal conditions in Nrf2-/- iDCs (Figure 3.13B). A 

significant reduction in the phosphorylation of CREB and ATF1 was observed upon 

inhibiting p38MAPK activity using a pharmacological inhibitor (SB203580) as seen in 

Figure 3.13C. This suggests that CREB and ATF1 phosphorylation in DCs are 

dependent on p38MAPK activity. There is evidence in other cell types that in 

addition to p38MAPK, ERK1/2 can also mediate CREB/ATF1 phosphorylation. We 

tested the requirement of ERK1/2 for phosphorylation of CREB and ATF1 in the DCs 

under basal and LPS-stimulated conditions using ERK1/2 inhibitor (PD98059) 

(Yanagawa et al., 2002). As seen in Figure 3.13D, inhibition of ERK1/2 did not 

reduce the level of phosphorylated-CREB/ATF1 under basal conditions. LPS 

stimulation markedly increased the phosphorylation of CREB/ATF1 in Nrf2+/+ and 

Nrf2-/- iDCs (Figure 3.13D) and inhibition of ERK1/2 did not reduce the 

phosphorylation of CREB/ATF1 under LPS-stimulated conditions in both Nrf2+/+ and 

Nrf2-/- iDCs (Figure 3.13D). Consistent with the previous result (Figure 3.13C), 

p38MAPK inhibition reduced CREB/ ATF1 phosphorylation levels both basally and 

upon LPS stimulation. To test whether the basal hyperphosphorylation of 

CREB/ATF1 in Nrf2-/- iDCs could be the result of elevated ROS (Kim et al., 2012), we 

treated the DCs with vitamins and showed that decreasing elevated ROS did not 

reverse the increased CREB/ATF1 phosphorylation (Figure 3.13E). 

These results indicate that Nrf2 is required for controlling the activity of the 

p38MAPK-CREB/ ATF1 signalling axis in DCs. 



103 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13. Loss of Nrf2 perturbs p38MAPK-CREB/ATF1 signalling in DCs. Whole 
cell lysates from Nrf2+/+ and Nrf2-/- iDCs were subjected to SDS-PAGE. Western 
immunoblotting was used to determine the levels of A, Phospho-p38 (p-p38) and 
total p38 (p38); B, Phospho-CREB (p-CREB), phospho-ATF1 (p-ATF1) and total CREB 
(CREB). C, Whole cell lysates from Nrf2+/+ and Nrf2-/- iDCs treated with or without  
20 µM of p38 activity inhibitor SB203580 (SB) for 1 h were subjected to SDS-PAGE. 
Phosphorylation of CREB and ATF1 (p-CREB and p-ATF1) and total CREB (CREB) were 
assessed. D, Whole cell lysates from Nrf2+/+ and Nrf2-/- iDCs treated with or without 
50 µM of ERK1/2 inhibitor, PD98059 (PD) or 20 µM of SB203580 (SB) for 1 h in the 
presence or absence of LPS (1 µg/ml) for the last 30 min were subjected to SDS-
PAGE. Phosphorylation of CREB and ATF1 (p-CREB and p-ATF1) and tubulin were 
assessed. E, Whole cell lysates from Nrf2+/+ and Nrf2-/- iDCs treated with or without 
vitamins C (1 mM) and E (100 µM) for 48 h were subjected to SDS-PAGE. 
Phosphorylation of CREB (p-CREB) and ATF1 (p-ATF1) and total CREB (CREB) were 
assessed. Data are representative of three independent experiments.  



104 

 

 3.2.14 Loss of Nrf2 leads to the dysregulated IL-10 production in DCs 

Transcription of the anti-inflammatory cytokine IL-10 is regulated by CREB/ATF1 

activity (Platzer et al., 1999). We therefore measured the levels of IL-10 secreted by 

the iDCs as readout of CREB/ATF1 transcriptional activity. As shown in Figure 3.14A, 

Nrf2-/- iDCs produced higher levels of IL-10 in comparison to Nrf2+/+ iDCs under 

basal conditions (40.1 pg/ml versus 25.7 pg/ml, p < 0.05). Furthermore, upon LPS 

stimulation, Nrf2-/- iDCs produced levels of IL-10, which was greater than that 

produced by LPS-stimulated Nrf2+/+ iDCs (96.3 pg/ml versus 73.3 pg/ml, p < 0.05). 

Although basal production of IL-10 was not sensitive to p38MAPK inhibition, a 

significant reduction in LPS-induced IL-10 production (Nrf2+/+ 73.3 pg/ml versus 31.3 

pg/ml, p < 0.05; Nrf2-/- 96.3 pg/ml versus 41.2 pg/ml, p < 0.05) was observed in both 

Nrf2+/+ and Nrf2-/- iDCs treated with SB203580 (Figure 3.14B). This result suggests 

that LPS-stimulated but not basal IL-10 production in iDCs is dependent on 

p38MAPK-CREB activity. 

Taken together, our findings suggest that the p38MAPK-CREB/ATF1 signalling axis 

contributes to the Nrf2-mediated regulation of DC immune function. 
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Figure 3.14. Loss of Nrf2 results in elevated IL-10 production by DCs. Nrf2+/+ and 
Nrf2-/- DCs were incubated with or without (A) LPS (1 µg/ml) and/or (B) 20 µM 
SB203580 (SB) for 48 h. Levels of IL-10 in supernatants were measured by ELISA. 
Data are derived from two independent experiments and presented as average 
pg/ml ± S.D. Statistical significance was tested by one-way ANOVA (*, p<0.05; NS-
Not Significant).  
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activity in the Nrf2-/- iDCs, our results suggest that the enhanced co-stimulatory 

molecule expression of Nrf2-/- iDCs is nevertheless dependent on HDAC activity. 
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3.3 DISCUSSION 

The work presented in this chapter investigated the role of the redox responsive 

transcription factor Nrf2 in DC immune function and intracellular signalling 

pathways. Dendritic cells are key antigen presenting cells that detect pathogens, 

process antigens and stimulate T cells to initiate and control a variety of immune 

outcomes. 

DC immune functions can be potentially influenced by a variety of mechanisms 

including alterations of intracellular redox, induction of cytokine genes and 

modulation of intracellular signalling molecules. Nrf2 is central to redox 

homeostasis and understanding its role in DC biology requires the definition of 

critical molecular pathways that are subject to modulation by Nrf2 activity. 

The lifespan of DCs can potentially influence immune responses by affecting the 

duration of lymphocytes stimulated by DCs (Chen et al., 2007; Izawa et al., 2007). 

After interacting with antigen-specific T cells, DCs may undergo accelerated 

clearance from the lymphoid organs. Failure to do so results in increase duration of 

T cells stimulation (Ingulli et al., 1997). Various DC subsets showed significant 

differences in their lifespan, however the molecular mechanisms that regulate such 

differences between DC subsets remain unclear (Chen et al., 2007). Increased 

susceptibility to infection was observed in conditions demonstrating reduced DC 

numbers (O'Shea et al., 2013) whilst on the other hand increased DC population 

was found in asthmatic and allergic respiratory diseases (Holt and Stumbles, 2000; 

Veres et al., 2013). This might contribute to Nrf2 related immune based diseases. 

Nrf2 serves as a master regulator of stem cell integrity and longevity in adult tissues 

(Tsai et al., 2013). Additionally, another study has demonstrated a negative 

regulatory role for Nrf2 in intestinal stem cell proliferation where Nrf2 maintains 

homeostatic quiescence of intestinal stem cells in Drosophila. High ROS levels due 
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to faulty antioxidant mechanisms were linked to increased cell proliferation rates 

(Fiorani et al., 1995; Klaunig et al., 2010). 

Our findings of increasing DC proliferation may highlight the role of Nrf2 in T cell 

tolerance and in preventing inappropriate adaptive immune response that could be 

responsible for developing autoimmune diseases. 

Studies have shown that the co-stimulatory molecules MHC class II and CD86 are 

elevated in Nrf2-/- iDCs and our results support these findings (Rangasamy et al., 

2010; Williams et al., 2008). We also found a marked increase in CD40 expression in 

the Nrf2-/- iDCs, which has not been documented previously. The difference in 

findings between the two studies could be due to some differences in DC culture 

methods and different strains of mice (C57BL6/SV129 versus CD1:ICR). 

Immature DCs silence T cells either by deleting them or by expanding regulatory T 

cells. This minimizes the development of autoimmunity that may be triggered after 

infection or by self antigens captured from dying infected cells and harmless 

environmental proteins. However, when immature DCs express high levels of co-

stimulatory molecules, this could lead to induction of autoimmunity and chronic 

immune-based diseases (Cools et al., 2007; Decker et al., 2006; Steinman and 

Nussenzweig, 2002). 

Generation of functional cytotoxic T lymphocytes from naive CD8 T cells requires 

co-stimulatory and T cell receptor signals (Celluzzi and Falo, 1998; Chai et al., 1999; 

Kemball et al., 2006). CD8 T cells cannot be fully stimulated by immature DCs that 

normally express low amounts of co-stimulatory molecules (Bachmann et al., 

1999b). 

The potential ability of Nrf2-/- iDCs to stimulate enhanced CD8 T cell activation 

suggests that these DCs may not be tolerogenic. This suggests that Nrf2 is a 

potential immunoregulatory molecule involved in preventing inappropriate CD8 T 

cell immune activation by iDCs. It would be interesting to examine the effector 
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Our observations suggest that the p38MAPK but not ERK1/2 or JNK is the main 

MAPK that is involved in Nrf2-mediated regulation of immature DC function. 

Consistent with our findings, enhanced Nrf2 activity through the use of 

sulforaphane has been shown to suppress p38MAPK pathway in endothelial cells 

(Zakkar et al., 2009). The inhibition of p38MAPK causes a significant but incomplete 

reversal of DC function in Nrf2-deficient DCs, indicating that other pathways or 

factors are also involved. Indeed, histone deacetylases have also been implicated in 

the Nrf2-associated changes in phenotype (Aw Yeang et al., 2012). Increased and/or 

prolonged stimulation of MAPKs signalling pathways is linked to autoimmune 

diseases such as rheumatoid arthritis and psoriasis, and inhibitors of these 

pathways represent new therapeutic strategies (Cohen, 2009; Huang et al., 2012). It 

will be interesting to examine the levels of Nrf2 in these conditions. 

The downstream target of p38MAPK, CREB, has been associated with the regulation 

of key DC immune functions, including the expression of co-stimulatory molecules 

(Ardeshna et al., 2000). Our findings of constitutive basal hyperphosphorylation of 

CREB and ATF1 in Nrf2-/- iDCs highlight the requirement of Nrf2 in maintaining the 

integrity of the p38MAPK-CREB/ATF1 pathway in iDCs. Using pharmacological 

inhibitors, we confirmed that CREB and ATF1 hyperphosphorylation was selectively 

mediated by p38MAPK and not ERK1/2. The other MAPK, JNK was not involved in 

CREB/ATF1 phosphorylation (Vaishnav et al., 2003) and hence was not further 

examined in this study. In keeping with the lack of involvement of ROS in altered co-

stimulatory molecule expression, reducing ROS did not alter CREB/ATF1 

phosphorylation levels. These observations confirm the selective involvement of 

p38MAPK-CREB/ATF1 axis in Nrf2-mediated regulation of DC function. 

We also discounted another major activator of CREB, PKA, in mediating the changes 

in co-stimulatory molecule expression that accompanies loss of Nrf2. The cAMP-

dependent protein kinase signalling transduction cascade is highly conserved 

among a wide variety of organisms. The major targets of PKA are the transcription 
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Our data, in conjunction with other studies, suggest that Nrf2 activity can affect cell 

signalling both at the level of p38MAPK-CREB/ATF1 and at the level of 

transcriptional cofactors. 

HDAC has been associated with modulating DC differentiation, co-stimulatory 

molecule expression, cytokine production, and immunogenicity (Nencioni et al., 

2007). Our finding that the Nrf2-deficient co-stimulatory molecule expression can 

be reversed by HDAC inhibition places HDACs as potential targets of Nrf2 function. 

Although the HDAC activity in Nrf2-/- iDCs tended to be higher than in the wild type 

DCs, this difference was not statistically significant. However, it is possible that such 

small differences could lead to significant biological outcomes. In particular, a 

marginally higher HDAC function can lead to cumulative effects over time and may 

drive epigenetic changes, thus altering co-stimulatory molecule expression on DCs. 

Interestingly, dysregulation of HDAC functions has been associated with diseases 

such as cancer, chronic obstructive pulmonary disease, and asthma in which the 

pathology is associated with redox disequilibrium, implicating the link between 

redox status and HDAC (Chung and Marwick, 2010; Minucci and Pelicci, 2006). 

Further investigation into the molecular pathways that lead from Nrf2 activity to 

ROS through to HDAC is merited. The availability of pharmaceuticals that target 

HDACs for therapeutic indications opens up the possibility of using such therapeutic 

strategies to modulate DC functions (Faraco et al., 2011; Reddy et al., 2008; 

Vojinovic and Damjanov, 2011) in diseases that are associated with altered Nrf2 

function. 

In summary, our findings indicate the importance of the transcription factor Nrf2 in 

maintaining the integrity of key intracellular signalling pathways important for 

normal DC function and implicates p38MAPK-CREB/ATF1 axis as a key signalling 

pathway that is regulated by Nrf2 in DCs. The molecules within this pathway could 

represent targets for pharmacological intervention in disease states that arise from 

dysregulated Nrf2 function. 
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For these reasons, shaping of the adaptive immune responses by manipulating DC 

biology has been gaining huge research interests for translational therapeutic 

purposes. 
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panel ii, 6.9 ± 1.7 versus 4.0 ± 0.5 -fold increase over baseline, p < 0.05) compared 

to their untreated control. Results also demonstrated that SnPP-IX-treated iDCs had 

a diminished capacity to endocytose dextran in comparison to their untreated 

controls (Figure 4.3C, 46.0 ± 1.0% versus 75.0 ± 2.6% at 15 min, 65.7 ± 1.5% versus 

84.0 ± 2.0% at 30 min, and 70.7 ± 2.1% versus 88.7 ± 1.2% at 60 min, p < 0.05). Low 

levels of co-stimulatory molecule expression in iDCs render them unable to 

stimulate a fully competent antigen-specific CD8 T cell response (Bachmann et al., 

1999b). However, up-regulation of these surface molecules in mature DCs enhances 

their ability to induce T cell activation (Lanzavecchia and Sallusto, 2001). As SnPP-IX-

treated iDCs exhibit a mature phenotype, we expected that this would be 

associated with an enhanced capacity to induce DC-mediated antigen-specific CD8 

T cell activation. To test this, we utilised a TCR transgenic mouse model, wherein 

the CD8 T cells exclusively express the F5 T cell receptor (F5 TCR) that specifically 

recognise the MHC class I (H2-Db) restricted antigenic peptide, NP68, when 

presented by DCs (Mamalaki et al., 1992). Functional consequences of altered DC 

co-stimulatory receptor expression were assessed by the ability of NP68 bearing 

DCs to stimulate antigen-specific F5 CD8 T cell proliferation. We observed that 

SnPP-IX-treated iDCs elicited enhanced DC-mediated antigen-specific F5 CD8 T cell 

proliferation in relation to the untreated control at all NP68 concentrations as 

shown in Figure 4.3D (2.5 fold at 1 and 10 nM to 1.4 fold at 100 nM, p < 0.05). 

Taken together, these findings indicate that inhibition of HO-1 activity affects DC 

phenotypic maturation, antigen acquisition ability, and antigen-specific CD8 T cell 

stimulatory capacity. 
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cells was determined by scintillation counting of incorporated 3H-Thy. Data are 
presented as average scintillation counts ± S.D. Statistical significance was assessed 
using one-way ANOVA. Data are representative of three independent experiments 
(*, p <0.05).  

 

 

4.2.4 HO-1 inhibition in DCs results in elevated intracellular ROS levels 

Dendritic cell maturation and function is influenced by intracellular ROS levels 

(Kantengwa et al., 2003). Heme, substrate for HO-1 activity, can enhance ROS 

generation (Figueiredo et al., 2007). In order to test whether HO-1 activity is 

required for regulation of ROS levels in DCs, we treated iDCs with SnPP-IX and 

measured the ROS levels by flow cytometry. We found that HO-1 inhibition for 14 

hours resulted in a significant increase in intracellular ROS levels in iDCs as shown in 

Figure 4.4A (mean fluorescence intensity (MFI) 449.6 ± 16.2 versus 178.2 ± 2.9, p < 

0.05). However, this increment in ROS levels was less than that observed in the LPS-

treated DCs (MFI 615.2 ± 24.2). Intracellular ROS can be lowered by the ROS 

scavengers vitamins C and E (Al-Huseini et al., 2013; Cachia et al., 1998; Tan et al., 

2005) and indeed co-treatment with vitamins C and E resulted in significant 

reduction in ROS levels in SnPP-IX-treated iDCs (Figure 4.4B, MFI 254.2 ± 2.9 versus 

449.6 ± 16.2, p < 0.05). These findings implicate HO-1 activity in preventing 

elevation of intracellular ROS levels in iDCs. 
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Figure 4.4. Inhibiting HO-1 activity increases ROS levels in DCs that can be 
restored by vitamin treatment. A, Immature DCs untreated or treated with tin 
protoporphyrin IX dichloride (SnPP-IX, 5 µM), or LPS (1 µg/ml) for indicated time 
points. Cells were incubated with the ROS indicator dihydroethidium and analysed 
by flow cytometry. Data are presented as average mean fluorescence intensity ± 
S.D and derived from three independent experiments (*, p <0.05; NS, not 
significant). B, Immature DCs untreated or treated with SnPP-IX (5 µM) for 14 h or 
with a combination of vitamins C (1 mM) and E (100 µM) for 48 h and SnPP-IX (5 
µM) for 14 h, or with LPS (1 µg/ml) for 2 h. DCs were incubated with the fluorescent 
ROS indicator, dihydroethidium and analysed by flow cytometry. Data derived from 
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three independent experiments are presented as average mean fluorescence 
intensity ± S.D (*, p <0.05).  

 

4.2.5 Altered immature DC function by HO-1 inhibition is not dependent on 

elevated ROS 

To test whether DC maturation induced by HO-1 inhibition was a result of increased 

intracellular ROS levels, we treated HO-1 inhibited iDCs with vitamins C and E and 

examined MHC class II and CD86 expression. Our results revealed that there were 

no significant differences between SnPP-IX treatment alone or in combination with 

vitamins C and E in iDC expression of MHC class II (Figure 4.5A panel i, 43.6 ± 0.8 

versus 40.7 ± 1.3, p > 0.05) and CD86 (Figure 4.5A panel ii, 44.5 ± 1.4 versus 45.7 ± 

4.1, p > 0.05). Similarly, there were no differences observed in iDC-mediated 

antigen-specific F5 CD8 T cell proliferation upon SnPP-IX treatment alone or in 

combination with vitamins C and E (Figure 4.5B). These observations demonstrate 

that the altered iDC phenotype and function induced by HO-1 inhibition is not a 

result of elevated ROS in these iDCs. 
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Figure 4.5. Altered immature DC function by HO-1 inhibition is not dependent on 

elevated ROS. A, Immature DCs untreated or treated with SnPP-IX (5 µM) for 14 h 

alone, or with a combination of vitamins C (1 mM) and E (100 µM) for 48 h plus 

SnPP-IX (5 µM) for 14 h. MHC class II (i) and CD86 (ii) expression were determined 

by flow cytometry and presented as percentage of cells expressing high MHC class II 

or CD86. Data derived from three independent experiments are presented as 

average percentage ±S.D. (*, p <0.05; NS, not significant). B, Immature DCs 

untreated or treated with SnPP-IX (5 µM) for 14 h alone, or treated with vitamins C 

(1 mM) and E (100 µM) for 48 h along with SnPP-IX (5 µM) for the last 14 h. Cells 

were pulsed with increasing concentrations of NP68 antigenic peptide, and co-

cultured with F5 CD8 T cells for 72 h. [3H]-Thymidine (3H-Thy) was added for the last 

16 h. Proliferation of T cells was determined by scintillation counting of 

incorporated 3H-Thy. Data are presented as average scintillation counts ± S.D. 

Statistical significance was assessed using one-way ANOVA. Data are representative 

of three independent experiments (*, p <0.05; NS, not significant).  
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4.2.6 HO-1 regulates DC phenotype and function through the p38MAPK-

CREB/ATF1 pathway 

Activation of the p38MAPK-CREB/ATF1 signalling pathway has been shown to be 

involved in DC maturation (Arrighi et al., 2001). Activation of this pathway is 

accompanied by an increase in the serine phosphorylation status of p38MAPK 

(Ardeshna et al., 2000; Shanware et al., 2010). In order to investigate whether 

p38MAPK is involved in the HO-1 mediated regulation of DC function, we first 

examined the phosphorylation status of p38MAPK upon SnPP-IX treatment. As 

demonstrated in Figure 4.6A, HO-1 inhibition resulted in a marked increase in 

p38MAPK phosphorylation. We then assessed the requirement of the p38MAK 

pathway for the induction of DC maturation elicited by HO-1 inhibition using the 

pharmacological inhibitor of p38MAPK (SB203580) (English and Cobb, 2002) and 

examined its effects on SnPP-IX-treated iDC phenotype and function. As shown in 

Figure 4.6B, inhibition of p38MAPK activity prevented the increase in co-

stimulatory molecule expression induced by SnPP-IX treatment of iDCs (MHC class II 

43.5 ± 1.0 versus 15.9 ± 0.6%, p <0.05, panel i; CD86 40.4 ± 0.9% versus 14.8 ± 2.3%, 

p <0.05, panel ii). Furthermore, p38MAPK inhibition also prevented the enhanced 

antigen-specific F5 CD8 T cell proliferation mediated by SnPP-IX-treated iDCs 

(Figure 4.6C, reduction of 2.5-fold at 1 nM NP68, p <0.05; 2-fold at 10 nM NP68, p 

<0.05; and 1.4-fold at 100 nM, p <0.05, which are comparable to iDCs). To test 

whether inhibition of p38MAPK activity in SnPP-IX-treated iDCs which resulted in 

reduced DC maturation phenotype is manifested through altered CREB/ATF1 

signalling, DCs were treated with SnPP-IX and SB203580. Western immunoblotting 

revealed that SnPP-IX treatment resulted in increased CREB/ATF1 phosphorylation 

(Figure 4.6D). Furthermore, the enhanced CREB/ATF1 phosphorylation was 

markedly reduced by p38MAPK inhibition. Collectively, these results suggest that 

HO-1 regulates DC phenotype and function through modulation of the p38MAPK-

CREB/ATF1 signalling axis. 
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Figure 4.6. Modulation of dendritic cell phenotype and function by HO-1 is 
mediated through the p38MAPK-CREB/ATF1 pathway. A, Cell lysates generated 
from iDCs untreated or treated with SnPP-IX (5µM) for 2 h. or with LPS (1 µg/ml) for 
30 min, were subjected to SDS-PAGE and levels of phosphorylated p38MAPK (p-
p38) and tubulin assessed by Western blotting. B, Immature DCs untreated or 
treated with SnPP-IX (5 µM) for 14 h alone, or treated with p38MAPK activity 
inhibitor SB203580 (SB, 20 µM) for 48 h along with SnPP-IX (5 µM) for the last 14 h. 
MHC class II (i) and CD86 (ii) expression were determined by flow cytometry and 
presented as percentage of cells expressing high MHC class II or CD86. Data derived 
from three independent experiments are presented as average percentage ±S.D. (*, 
p <0.05). C, Immature DCs were untreated or treated with SnPP-IX (5 µM) for 14 h, 
or treated with SB (20 µM) for 48 h along with SnPP-IX (5 µM) for the last 14 h. DCs 
were then pulsed with increasing concentrations of NP68 antigenic peptide, and co-
cultured with F5 CD8 T cells for 72 h. [3H]-Thymidine (3H-Thy) was added for the last 
16 h. Proliferation of T cells was determined by scintillation counting of 
incorporated (3H-Thy). Data are presented as average scintillation counts ± S.D. 
Statistical significance was assessed using one-way ANOVA. Data are representative 
of three independent experiments (*, p <0.05). D, Cell lysates were generated from 
iDCs untreated or treated with SnPP-IX (5µM) for 2 h in the presence or absence of 
SB (20 µM) for 1 h prior to SnPP-IX treatment. These iDCs were subjected to SDS-
PAGE and phosphorylation status of CREB and ATF1 (p-CREB and p-ATF1) assessed 
by Western blotting. Lysates from iDCs treated with SB (20 µM) for 1 h in the 
presence or absence of LPS (1 µg/ml) for the last 30 min were also included. Tubulin 
was assessed for equal loading of lanes.  
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4.2.7 Up-regulation of HO-1 renders DCs refractory to LPS-induced DC signalling 

and maturation 

In order to further test the involvement of HO-1 in the regulation of DC phenotype 

and function through p38MAPK-CREB/ATF1, we investigated the effect of HO-1 up-

regulation on LPS-triggered DC maturation and CREB/ATF1 phosphorylation. Cobalt 

protoporphyrin (CoPP) can be used to up- regulate the expression of HO-1 (Rosa et 

al., 2008) and we used it to treat iDCs (at concentrations of 10 µM and 20 µM). We 

demonstrated that both basal and LPS-induced up-regulation of MHC class II 

molecules expression was significantly reduced (Figure 4.7A panel i). HO-1 

induction also causes significant reduction in LPS-induced up-regulation of CD86 

(Figure 4.7A panel ii). Furthermore, CoPP treatment resulted in a significant 

reduction in LPS-treated DC-mediated antigen-specific F5 CD8 T cell proliferation 

(Figure 4.7B). In order to evaluate the influence of CoPP treatment on LPS-induced 

phosphorylation of CREB and ATF1, iDCs were treated with CoPP and stimulated 

with LPS. Cobalt protoporphyrin treatment markedly reduced CREB/ATF1 

phosphorylation in LPS-treated DCs as shown in Figure 4.7C. These results 

strengthen the evidence for the regulation of DC function by HO-1.
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Figure 4.7. Upregulation of HO-1 activity inhibits LPS-induced signalling, 
phenotypic and functional changes in DCs. A, Immature DCs untreated or treated 
with HO-1 inducer CoPP (10 µM and 20 µM) for 24 h with or without LPS at 
indicated concentrations for 18 h. MHC class II (i) and CD86 (ii) expression were 
determined by flow cytometry and presented as percentage of cells expressing high 
MHC class II or CD86. Data derived from three independent experiments are 
presented as average percentage ±S.D (*, p <0.05; NS, not significant). B, Immature 
DCs were untreated or treated with CoPP (10 µM and 20 µM) for 24 h along with or 
without LPS (1 µg/ml) for the last 18 h. DCs were then pulsed with increasing 
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p-ATF1) assessed by Western blotting. Tubulin was assessed for equal loading of 
lanes.  

4.3 DISCUSSION 

Heme oxygenase-1 is an Nrf2-inducible gene product that mediates antioxidant and 

cytoprotective effects resulting in maintenance of cellular redox homeostasis and 

protects cells from oxidative stress (Abraham et al., 1995; Lee et al., 1996). 

In this chapter, we have shown the contribution of HO-1 in the regulation of DC 

phenotype and immune function. First, we showed that Nrf2-/- iDCs express less 

HO-1 levels in unstimulated cells. This confirms the requirement for Nrf2 

transcriptional activity in for the production of HO-1 protein. Of note, mature DCs 

express lower levels of HO-1 than immature DCs. Interestingly, Nrf2-/- iDCs which 

have a reduced expression of HO-1 exhibit a more mature phenotype (as shown in 

Chapter 3). It is tempting to speculate that reduction in HO-1 is a necessary 

accompaniment to DC maturation. Furthermore, the presence of significant HO-1 

activity may impede the DC maturation signals induced by agents such as LPS. 

Indeed, inhibition of HO-1 activity in iDCs caused an enhanced maturation 

phenotype in terms of increased levels of MHC class II and CD86 expression 

consistent with previous reports (Al-Huseini et al., 2013; Cheng et al., 2010; 

Figueiredo et al., 2007; Schumacher et al., 2012). 

 

To further delineate the precise role of HO-1 in iDC immune function, we examined 

the impact of HO-1 inhibition on antigen acquisition. HO-1 inhibition resulted in 

impaired phagocytic and endocytic function in iDCs. This is most likely to be a 

consequence of the enhanced maturation status of these DCs rather than direct 

regulation by HO-1 of these biological processes. A major function of iDCs is to take 

up antigens via phagocytic and endocytic processes, critical for initiation of T cell 

immune response and for induction of T cell tolerance (Albert et al., 1998; 

Steinman, 2003). DCs utilise phagocytic and endocytic mechanisms to acquire 
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To further explore the role of HO-1 in modulating DC functions, our next approach 

was to examine iDC-mediated antigen-specific CD8 T cell stimulatory capacity which 

reflects the DC maturation state. Effector cytotoxic T lymphocyte generation, from 

naive CD8 T cells, requires strong co-stimulatory signals in addition to TCR signals 

provided by mature DCs (Chai et al., 1999; Gett et al., 2003; Kemball et al., 2006). 

Consequently the mature phenotype exhibited by the SnPP-IX-treated iDCs was 

associated with increased CD8 T cell stimulation capacity. In addition to increased 

co-stimulation, it is possible that HO-1-inhibited DCs may secrete proinflammatory 

cytokines that would further influence the quality and magnitude of the CD8 T cell 

response. Cytokine analysis of the supernatants from HO-1-inhibited iDCs should 

provide data on this aspect. Immature DCs that have low levels of co-stimulatory 

molecule expression contribute to immune tolerance by engaging with self-reactive 

CD8 T cells and causes CD8 T cell anergy or deletion (Kurts et al., 1997a). This 

implicates HO-1, through its effect on DC co-stimulatory molecule expression, in the 

maintenance of immune tolerance mediated by iDCs. Interestingly, there is 

evidence for the requirement of HO-1 function for the expansion of a CD4 subset of 

immunosuppressive T cells, regulatory T cells (Tregs), the generation of which is 

dependent on iDCs (Schumacher et al., 2012). 

 

The induction of HO-1 is dependent on the activity of the transcription factor, Nrf2 

(Alam et al., 1999). We have previously shown that iDCs which lack Nrf2, display an 

enhanced maturation phenotype and increased T cell stimulatory capacity that is 

remarkably similar to DCs treated with SnPP-IX (Aw Yeang et al., 2012) and we 

showed earlier in this chapter that loss of Nrf2 causes reduction in HO-1 expression. 

This suggests that lowered HO-1 activity due to loss of Nrf2 underlies the 

phenotypic and functional changes observed in the Nrf2 deficient iDCs. Our results 

highlighted the effects of HO-1 induction on counteracting DC phenotypic 

maturation induced by LPS which is consistent with earlier publications (Listopad et 















155 

 

 

 

 

 

 

CHAPTER FIVE 

 

 

FINAL DISCUSSION 

 

 

 

 

 

 

 

 

 

 

 







158 

 

Nrf2 is correlated to differentiation, growth, proliferation, apoptosis and it is 

thought that Nrf2 has evolved from an original role in haematopoiesis with the 

regulation of cell differentiation from early lineages (Li et al., 2012). 

Loss of Nrf2 was found to enhance lymphocyte proliferation as well as renal 

mesangial cell proliferation which showing acute and chronic glomerulonephritis is 

consistent with multiple inflammatory episodes similar to that seen in systemic 

lupus erythematosus (SLE) (Li et al., 2004; Ma et al., 2006). In the current study, the 

findings of increase DC proliferation and enhanced expression of anti-apoptotic 

protein Bcl-2 might also contribute to this pathology. Previous publications have 

shown that accelerated proliferation together with poor detoxification exacerbated 

tumor transformation susceptibility in Nrf2 deficient mice (Ma and He, 2012).  

Enhanced co-stimulatory receptor expression in iDCs has been shown to cause a 

break in peripheral T cell tolerance, through the prolongation of T cell activation 

and enhancement of adaptive immune responses (Hawiger et al., 2001). Therefore, 

in the absence of infection, it would be reasonable to propose that Nrf2 deficient 

iDCs (instead of instructing autoreactive T cell deletion or anergy) could present 

self-antigens to CD8 T cells in such a context that may result in the induction of 

inappropriate CD8 T cells activation, adaptive immune responses, and 

autoimmunity. Indeed results from our lab presented evidences that the CD8 T cells 

activated by the Nrf2-/- iDCs develop effector functions (Aw Yeang et al., 2012). The 

role of Nrf2 in the regulation of T cell tolerance and autoimmunity is further 

emphasised by the fact that aged Nrf2 deficient mice manifest enhanced 

lymphoproliferation and autoimmune-like symptoms (Ma et al., 2006). 

Results from our lab demonstrated that T cells from Nrf2-/- mice manifest signs of 

low level T cell activation with a small but consistent reduction in CD62L expression 

when compared with their Nrf2+/+ counterpart presumably through interaction with 

DCs in the lymph nodes (Aw Yeang et al., 2012). These findings raise the possibility 
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knockout mice showed reduced stress defence capacity and were hypersensitive to 

cytotoxicity caused by hemin and hydrogen peroxide (Poss and Tonegawa, 1997). 

Extensive randomized clinical trials have been done using HO-1 inhibitors to control 

serum bilirubin levels in patients with hereditary porphyria (Dover et al., 1991), liver 

disease (Berglund et al., 1990), Crigler-Najjar type I syndrome (Galbraith et al., 

1992), and in newborns with ABO incompatibility where SnPP-IX can, in appropriate 

doses, moderate the postnatal rate of increase of plasma bilirubin levels and 

diminish the intensity of hyperbilirubinemia in treated babies (Kappas et al., 1988) 

or in glucose 6-dehydrogenase deficiency where HO-1 inhibitor administration 

preventively or therapeutically entirely supplanted the need for phototherapy to 

control hyperbilirubinemia (Valaes et al., 1998). 

 

Cytoprotective effect of HO-1 can be attributed to the end product of its activity 

like CO and BV. It will be interesting to test the effect of CO and BV on Nrf2-/- iDC 

phenotype and function. These DCs may show low levels of CO and BV and their 

supplementation with these molecules might result in restore altered DC 

phenotype and function observed in Nrf2-/- iDCs. 

The release of heme from damaged cells and tissues is believed to be higher in 

trauma and haemorrhage or in diseases such as malaria and autoimmune 

haemolytic anaemia. Hence, heme can be involved in the Danger model concept 

which proposes that endogenous molecules from damaged tissues activate the 

immune system and cause inflammation (Mortensen et al., 2008). These danger 

signals would be able to initiate effective immune responses through DC 

maturation and enabling these DCs to activate naive T cells. Furthermore, heme 

catalyzes the formation of ROS, resulting in oxidative stress (Jeney et al., 2002; 

Vercellotti et al., 1994). 
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We demonstrated, upon hemin treatment, the DCs exhibited increased co-

stimulatory molecule expression with enhanced DC-mediated T cell stimulation.  

However, this effect induced by exogenouse hemin administration is potentially 

time-limited as prolonged exposure to heme will ultimately induce HO-1 activity 

and this will have anti-inflammatory effect by subsequently reducing co-stimulatory 

expression as shown in Figure 5.2. 

 

 

 

  

 

 

 

 

 

 

 

Figure 5.2. Regulation of immune response by the heme/HO-1 system. Initially 
free heme induces a pro-inflammatory response followed by induction of HO-1 
leading to anti-inflammatory response attributable to HO-1. (adopted from Soares 
et al 2009) . 

 Observations from this study are based on in vitro approach as DCs are generated 

from mice bone-marrow progenitors. Therefore DCs from an in vivo model may be 

required to exclude the contribution of the ex vivo culturing environment on DC 

biology. However, this approach is not without limitations, with the most important 

one being the difficulty in getting enough DC numbers (both from peripheral blood 

and spleens) for functional studies. 
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Additionally, it would be best to have a DC specific Nrf2 knockout alone without the 

involvement of other cells especially T cells. Pharmacological and gene silencing of 

Nrf2 or HO-1 through siRNA knockdown in DCs may be another approach that 

would reaffirm our findings. 

In summary, we have studied modulation of multiple aspects of DC phenotype and 

function by two important redox regulators, Nrf2 and HO-1. Figure 5.3 summarises 

the key results from our study and includes key findings from other studies. It 

highlights the contribution of intracellular signalling pathways and molecular 

disruption to altered DC phenotype and function in the absence of these redox 

regulators. From these studies we have identified several pathways that could be 

targeted in order to modulate DC function. However further studies are required to 

convert these discoveries into a viable therapeutic reality. 
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Figure 5.3. Schematic summary of thesis results 
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