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ABSTRACT
Modulation of aryl hydrocarbon receptor (AHR) activity by a class of ligands
termed selective AHR modulators (SAhRMs) has been demonstrated to attenuate proinflammatory gene expression and signaling, including repression of cytokine-mediated
induction of acute phase genes (e.g, Saa1) . These effects are observed to occur through
an AHR-dependent mechanism that does not require canonical signaling through dioxin
response elements (DREs). Previously, we have demonstrated that the SAhRM, 3´,4´dimethoxy-α-napthoflavone (DiMNF) can repress the cytokine-mediated induction of
complement factor genes. Here, we report that activation of the AHR with DiMNF can
suppress the cytokine-mediated induction of the membrane complement regulatory
protein (mCRP) CD55, which, when expressed on host cells, facilitates the decay of the
complement component 3 (C3) convertase, thereby protecting the cell from complement
mediated lysis. Furthermore, we also demonstrate that the cytokine-mediated expression
of the mCRP, CD46, is also repressed by DiMNF. Tumor cells often exhibit elevated
CD55 and CD46 expression on the cell surface in the inflammatory microenvironment of
the tumor and it is thought that such enhanced expression represents a means of escaping
immune surveillance. DiMNF can repress the cytokine-mediated induction of CD55
mRNA and protein. Luciferase reporter analysis have identified possible response
elements on the CD55 promoter, which may be targets for this repression. CD97 is the
receptor for CD55 and this binding has been shown to play a role in the development of
inflammation and leukocyte trafficking, as well as stimulate tumor cell migration and
angiogenesis. We report here that DiMNF is capable of repressing cytokine-mediated
induction of CD97 expression in addition to CD46 and CD55. A C3 deposition assay

ii

with [125I]-C3 revealed that repression of cytokine-mediated CD55 expression by DiMNF
led to an increase of C3 deposition on the surface of Huh7 cells, which would likely
stimulate the formation of the membrane attack complex (MAC) and lead to
complement-mediated lysis. We thereby suggest that SAhRMs such as DiMNF have
therapeutic potential in regulating the immune response to tumor formation.
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Introduction

The Aryl Hydrocarbon Receptor

The aryl hydrocarbon receptor (AHR) is a cytosolic, ligand activated transcription
factor belonging to the basic-helix-loop-helix/PER-ARNT-SIM (bHLH/PAS) family of
transcription factors (Burbach et al 1992). The PAS family of proteins is often involved
in the biological response to external stimuli, such as exogenous contaminants or as an
adaptive response to environmental changes (Gu et al, 2000).

Activation of the AHR

can be stimulated by a diverse array of endogenous and exogenous compounds, including
2, 3, 7, 8-tetrachlorodibenzo-p-dioxin (TCDD), its prototypical ligand, and this results in
altered gene regulation, including the transcription of Phase I and Phase II metabolism
enzymes (Denison and Nagy 2003). Studies utilizing AHR knockout models in rodents
and other species have conclusively demonstrated that the role of the AHR as the primary
mediator of toxicity associated with exposure to TCDD, including dysregulation of gene
expression, disruption of downstream signaling pathways and the production of toxic
metabolites which can cause DNA and tissue damage (Denison and Heath-Pagliuso,
1998). AHR has been shown to play a physiological role in a number of cell processes,
including, but not limited to: cell-cycle control (Puga et al, 2002), development of liver
and vascular systems (Walisser et al, 2005) and evidence that most immune cells express
AHR protein (Lawrence and Kerkvilet, 2007). Moreover, the AHR is highly conserved
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across species, especially with regards to sequence homology within the PAS domain of
the AHR throughout vertebrate evolution (Hahn and Karchner, 1995). Further studies
examining AHR sequences in lower and higher vertebrates have shown that AHR has
existed in the earliest primitive vertebrae, lamprey, and AHR sequences are highly
conserved across evolution, with 67% sequence homology between human and lamprey
AHR and 88% sequence homology between human and mouse AHR, which indicates a
physiological function for the AHR (Hahn et al, 1997). Thus, it is clear that the AHR
plays a physiological role beyond that of a xenobiotic sensor.

The classical pathway of AHR activation
When not bound to ligand, the AHR resides in the cytosol as a multiprotein complex
bound to a dimer of heat shock protein 90 (hsp90), the hepatitis B virus X-associated
protein 2 (XAP2) and a 23-kDa Hsp90 associated co-chaperone (p23) (Perdew 1988.,
Meyer et al, 1998., Kazlauskas et al, 1999) (Figure 1-1) Early chemical crosslinking
studies and SDS-PAGE analysis performed on the cytosolic and nuclear forms of the
AHR in murine Hepa1 cells indicated that the AHR exists in the cytosol as a tetrameric
complex, but is part of a dimeric DNA-bound complex in the nucleus (Perdew, 1992)
AHR association with hsp90 was demonstrated through co-immunoprecipitation studies
of AHR using a photoaffinity labeled dioxin and it was shown that AHR associates with
hsp90 in several mammalian species cell lines, including human HeLa cells, murine
Hepa1 cytosolic extract and rat liver cytosolic extract (Perdew, 1988). Hsp90 has been
demonstrated to complex with other ligand activated transcription factors, including the
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glucocorticoid receptor (GR) and therefore, early studies on AHR:Hsp90 interactions
were based on the known interactions of GR and Hsp90 (Denis et al, 1988). Interaction
of the AHR with Hsp90 results in maximal ligand binding capability for the AHR,
therefore, it is clear that Hsp90 is necessary for ligand binding and subsequent activation
of the AHR (Whitelaw et al, 1995). The binding site for both Hsp90 and ARNT interact
on the same PAS domain, therefore, the AHR cannot heterodimerize with ARNT when
bound to Hsp90 (Antonsson et al, 1995).
Further crosslinking studies elucidated more information on the tetrameric
cysolic complex; that in addition to hsp90, AHR was also bound to an immunophilin-like
protein, hepatitis B virus X-associated protein 2 (XAP2), identified in murine, simian and
human cell lines (Carver and Bradfield, 1997; Meyer et al, 1998; Ma and Whitlock
1997). Studies performed on the mouse AHR have shown that when XAP2 is coexpressed with AHR, the AHR can be recirculated to the cytoplasm from the nucleus and
XAP2 is thought to prevent the shuttling of the AHR from the nucleus to the cytosol
(Petrulis et al, 2003., Pollenz et al, 2006). Mutagenesis on the functional domains of
XAP2 demonstrated that the N-terminal region of XAP2 was responsible for stabilizing
AHR:hsp90 protein interactions and the C-terminal domain interacts directly with hsp90
(Kazlauskas et al, 2002). Furthermore, XAP2 binding to AHR was shown to protect
ubiquitin-mediated degradation of the AHR and promotes cytoplasmic retention of the
AHR, thereby regulating transcriptional activity of the AHR (Kazlauskas et al, 2000).
Overexpression of XAP2 has been demonstrated to enhance transcriptional activity of the
AHR in and this enhancement is thought to be due, in part, to the increased amount of
AHR present in the cytosol, therefore, an increased potential for ligand binding.
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However, it has been demonstrated that coexpression of XAP2 with the AHR can result
in a repression of human and mouse AHR activation (Meyer et al, 2000)
The cytosolic AHR complex was also shown to include a phosphoprotein, p23,
which binds to and stabilizes hsp90, and has been shown to bind many steroid receptor
complexes, including the glucocorticoid receptor (Felts and Toft, 2003). p23 was first
identified as a member of the AHR complex upon purification of individual complex
components and reconstitution of the AHR complex in vitro and these studies showed
that p23 regulated the responsiveness of AHR upon activation by ligand (Kazlauskas et
al, 1999).

Yeast model systems expressing human AHR and ARNT proteins

demonstrated that p23 interactions with the AHR enhanced AHR signaling (Cox and
Miller, 2001). However, recent studies using a p23 null mouse model have indicated that
the presence of p23 is not necessary for the stability of AHR protein and effective ligand
binding in the liver and TCDD-mediated activation of CYP1A1 (Flaveny et al, 2009).
Upon binding of the AHR to its ligand, such as TCDD, the AHR undergoes a
conformational change, exposing a nuclear localization sequence (NLS) in its N-terminal
region and the complex then translocates into the nucleus (Ikuta et al, 1998; Ikuta et al,
2000).

The ligand bound AHR dissociates from its chaperones and subsequently

heterodimerizes with the aryl hydrocarbon receptor nuclear translocator (ARNT) (Reyes
et al, 1992). The AHR:ARNT complex binds a specific response element, termed a
xenobiotic or dioxin response element (XRE, DRE), which is often, but not always,
upstream of the promoter of AHR target genes, activating transcription of AHR-target
genes (Denison et al, 1988) by recruitment of RNA polymerase II to the target gene
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promoters. Following activation of transcription, the AHR is shuttled to the cytoplasm
and is rapidly degraded by the 26S proteasome (Davarinos et al, 1999).
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Figure 1: The classical pathway of AHR activation.
When not bound to ligand, the AHR resides in the cytosol in a complex also comprising
XAP2, a dimer of Hsp90, and p23. Upon ligand binding, the AHR complex translocates
into the nucleus and its cochaperones dissociate. The AHR then binds ARNT and the
AHR:ARNT complex bind DREs on the promoter of AHR target genes, thereby
activating their transcription. Following transcription, the AHR is shuttled to the cytosol
and is rapidly degraded by the 26S proteasome
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Exogenous and Endogenous AHR ligands
The AHR is known to bind and be activated by a diverse array of exogenous and
exogenous compounds (Denison and Nagy, 2003) (Figure 2).

Structure-activity

relationship studies have been performed to elucidate classes of agonists that would likely
bind the AHR. The AHR is typically activated by two structural classes of hydrophobic,
mostly planar, compounds: polycyclic aromatic hydrocarbons (PAH) and halogenated
aromatic hydrocarbons (HAH) (Poland and Glover, 1973, Poland and Knudson, 1982).
Studies performed using comparative molecular field analysis (CoMFA) revealed that the
AHR binding pocket can bind derivatives of dibenzo-p-dioxins, dibenzofurans,
napthalenes and indolo[3,2b]carbazoles, indicating likely AHR ligands are between 12
and 14 Ǻngstroms long, about 12 Ǻngstroms wide and about 5 Ǻngstroms thick (Waller
and McKinney, 1995).
The prototypical xenobiotic AHR agonist is TCDD. TCDD is an HAH which is a
by-product in the synthesis of 2,4,5-trichlorophenoxyacetic acid and chlorophenol and
has been released in the environment as a contaminant of Agent Orange during the
Vietnam War (Muranyi-Kovacs et al, 1976). More recently, TCDD was used to poison
the Ukrainian Prime Minister candidate-Victor Yushchenko (Sorg et al, 2009). TCDD is
the most potent of the HAHs, and induces expression of CYP1A1 at very low
concentrations (Poland et al, 1976). Moreover, TCDD is also extremely stable; in
humans, the half-life is estimate to be seven years (Geseau et al, 2002). Exposure to
HAHs such as TCDD can cause a number of species-specific effects; in humans, TCDD
exposure has been demonstrated to cause chloracne, abnormalities in development,
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immunosuppression, hepatotoxicity and can cause tumor promotion in the skin of hairless
mice (Caramaschi et al, 1981; Peters et al, 1999; Hindsill et al, 1980; Brooks et al, 1988;
Pitot et al, 1980).
In addition to HAHs, PAHs also activate the AHR and can cause a number of
deleterious effects, including skin and liver cancer and tissue inflammation (Skupinska et
al, 2004). One PAH, benzo-a-pyrene (B[a]P), causes toxicity by its metabolism by the
AHR target genes to genotoxic intermediates, including B[a]P diol epoxide, which can
form DNA adducts and promote tumor formation (Teel et al, 1986). The AHR can also
be activated by exogenous compounds which are structurally distinct from HAHs and
PAHs. There are compounds that do not competitively bind the AHR, rather inducing
AHR-dependent gene expression upon activation of the AHR. These compounds include
several benzimidazoles (omeprazole, albendazole), as well as carbaryl, an organo
insecticide, and caffeine. (Daujat et al, 1996; Kalthoff et al, 2010, Denison, 1998).
Though it was at first speculated that such compounds were completely unable to bind
the AHR, recent evidence has shown that they could possibly bind the AHR, albeit at a
very low affinity compared to the high affinity of TCDD binding-therefore, they may
instead be classified as very weak AHR ligands.
Indole-3-carbinol (I3C) is a compound found in vegetables such as cabbage,
brussel sprouts, and cauliflower and undergoes condensation in the stomach to form
indolo-[3, 2b]-carbazole (ICZ), however ICZ can only transiently activate the AHR as it
is rapidly metabolized (Bjeldanes et al, 1991). A compound structurally similar to ICZ,
6-formylindolo[3,2b]cabazole (FICZ), was identified as a high affinity AHR ligand
(Rannug et al, 1987). FICZ is a photoproduct of tryptophan, formed upon exposure to
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UV irradiation and can induce the expression of CYP1A1, which then metabolize FICZ
very rapidly to compounds which are potential substrates for sulfotransferase enzymes,
which are critical in Phase II transformation of xenobiotics, indicating a potential
physiological role for the AHR (Begander et al, 2004; Wincent et al, 2009). Activation
of AHR with FICZ has been demonstrated to promote the differentiation of Th17 cells
and production of IL-22, suggesting a role for AHR in responding to infection (Veldhoen
et al, 2008).
Examination of the indolamine dioxygenase pathway (IDO), which stimulates the
breakdown of tryptophan, ultimately affecting the generation of regulatory T cells,
suggested that tryptophan metabolites from this pathway were potential AHR ligands.
The first breakdown product of the IDO pathway, kynurenine, was identified to bind and
activate the AHR, and it was shown that this interaction could stimulate the formation of
regulatory T cells (Mezrich et al, 2010). Kynurenic acid was shown to exhibit agonist
activity and induced CYP1A1 mRNA expression and CYP1A1-mediated metabolism in
hepatocytes.

Furthermore, kynurenic acid was shown to increase the production of

interleukin-6 in MCF-7 cells in the presence of IL1B, indicating that activation of the
AHR by kynurenine could induce inflammatory signaling (DiNatale et al, 2010). The
identification of tryptophan derivatives such as FICZ and kynurenine which can activate
the AHR and thereby modulate the development of T cells indicates a physiological role
for the AHR in the control of T cell development.
Other potential, non-tryptophan derived, endogenous AHR ligands have been
proposed, including arachidonic acid metabolites, the production of which is stimulated
by TCDD (Lee et al, 1998). Such metabolites, including Lipoxin A4 and prostaglandins,

10

including prostaglandin G2 have both been reported to bind and activate AHR-dependent
gene expression (Schaldach et al, 1999; Seidel et al, 2001). DRE-driven luciferase
reporter assays in stably transfected mouse, human, rat and guinea pig cells have shown
that the heme degradation products bilirubin and biliverdin are AHR ligands, and it is
thought that these compounds are further metabolized to higher-affinity AHR activators
in vivo (Phelan et al, 1998). Members of the prostaglandin family of compounds have
also been shown to bind to and activate the receptor, albeit at very high concentrations.
Studies performed in AHR based bioassay systems revealed that the prostaglandins
PGB3, PGF3alpha, PGD3 and PGG2 were able to stimulate DRE-driven reporter activity
in mouse hepatoma cells. Furthermore, PGG2 was shown to induce AHR-dependent
reporter activity 3 or 4-fold greather than TCDD and that PGG2 could competitively
inhibit TCDD binding the AHR, indicating that these prostaglandins are weak agonists
for the AHR (Seidel et al, 2001). It was also reported that 7-ketocholesterol, also an
endogenous compound, had the potential to bind and inhibit the actions of the AHR,
suggesting that an endogenous AHR ligand might not necessarily be an agonist (Savouret
et al, 2001). For example, resveratrol (3,5,4′-trihydroxystilbene), a major component of
red wine, was shown to exhibit antagonistic activity against the AHR. Activation of the
AHR by resveratrol caused an inhibition of TCDD-mediated induction of CYP1A1 gene
expression, and inhibited the TCDD-mediated overexpression of pre-IL1B, suggesting
that resveratrol-mediated antagonism of the AHR could stimulate anti-inflammatory
effects (Casper et al, 1999). Further studies on resveratrol showed that resveratrol was
antagonizing TCDD-mediated Cyp1a1 expression by blocking the recruitment of the
AHR complex and RNA Polymerase II to the CYP1A1 promoter (Beedanagari et al,
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2009). Resveratrol is an estrogen receptor agonist and it was shown that resveratrol
could activate estrogen receptor alpha and repress TCDD-mediated CYP1A1 expression
and activity (Hollingshead et al, 2010). Though an endogenous ligand for the AHR has
not yet been identified, it is clear that there is a diverse array of potential endogenous
compounds which can stimulate physiological functions of the receptor.
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Figure 1-2: AHR ligands
Exogenous and Endogenous AHR agonists, AHR antagonists, and selective AHR
modulators (SAhRMs)
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Physiological Roles of the AHR
The AHR is expressed in a wide range of host tissues, evidence which suggests
the AHR plays a physiological role independent of its role as a xenobiotic-sensing
receptor (Dolwick et al 1993). Early studies to elucidate the physiological function of the
AHR revealed a role for the receptor in modulating development by examining the
phenotype associated with AHR-knockout mice. Mice deficient in AHR have been
demonstrated to exhibit severe defects in organ development, including skin and cardiac
fibrosis, along with hyperplasia in the gastric tissue. The AHR is highly expressed in the
liver and has been shown to play a role in liver development. AHR-null mice, or mice
expressing a form of the AHR that could not undergo nuclear translocation, exhibited
delayed closure of the ductus venosus, a vascular shunt necessary during fetal
development, but not after birth (Lahvis et al, 2005).
Cardiovascular development has also been shown to be dependent on the AHR.
AHR-deficient mice have been shown to exhibit cardiac hypertrophy and fibrosis
(Thackaberry et al, 2002). Moreover, the enhanced hypertrophy is thought to be due to
an increase in the production of vascular endothelial growth factor (VEGF), indicating
that the AHR plays a role in controlling levels of VEGF, which could have an impact on
tumor angiogenesis (Vasquez et al, 2003). A deficiency of AHR in mice has also been
shown to correlate with enhanced levels of angiotensin II, endothelian 1, and an increase
in mean arterial blood pressure (Lund et al, 2003). AHR-null mice have also been shown
to express hypoxia inducible genes, such as HIF1α, a binding partner of ARNT, in the
absence of hypoxic conditions (Lund et al, 2005). The elevated secretion of growth
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factors and hypoxic conditions resulting from a deficiency in AHR indicate that defects
in AHR signaling could result in increased stress on the cell and ultimately promote
tumor formation and angiogenesis. Taken together, these data indicate a role for the AHR
in the control of normal cardiac physiology and the control of vascular growth and
development.
The AHR has also been shown to play a critical role in modulating reproductive
organ development. The AHR is known to engage in cross-talk with the glucocorticoid
receptor and estrogen receptor, both of which are known to modulate hormone-mediated
developmental processes. AHR-null female mice exhibit hypertrophy in the uterine
vasculature and reduced fertility with disruptions in follicle maturation and ovulation
(Petersen et al, 2006). Activation of AHR with TCDD caused an inhibition in the
secretion of progesterone by luteal cells (Gregorazcusek et al, 2001).

Furthermore,

activation of the AHR during pregnancy of mice directly altered mammary tissue
development, indicating that defects in pregnancy related mammary gland development
require AHR binding to a target DRE (Lew et al, 2011). Mouse ovary development also
appears to be dependent on the AHR, as AHR-deficient mice exhibited significantly more
fully formed primordial follicles, but had fewer anthral follicles than wild-type mice
(Benedict et al, 2000). Taken together, these data indicate that the AHR plays an
important role in the female reproductive cycle and decreased or sustained AHR
activation can lead to aberrations in development of reproductive organs.
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AHR and the Immune system
The AHR been shown to play a role in modulation of the innate and adaptive
immunity and much of the toxic effects associated with AHR activation arise as a result
of dysreguation of immune function. However, there is evidence for a physiological role
for the AHR in immune development.

AHR-knockout mice were characterized by

deficiencies in lymphocyte production in the spleen, with lymphocyte infiltration
observed in the lung and uterine tissues (Schmidt et al, 1996). The AHR has been shown
to play a role in normal hematopoiesis and it is thought that inhibition of AHR activity is
necessary in order for hematopoietic stem cells to escape quiescence and proliferate.
Therefore, the AHR may play a role in inhibiting aberrant hematopoietic stem cell
differentiation and proliferation (Singh et al, 2009). Mouse Langerhans cells deficient in
AHR demonstrated a reduced capacity to mature, did not express their normal
costimulatory markers (CD40 and CD80) when they did mature, and exhibited weaker
contact hypersensitivity. These cells also expressed reduced levels of indolamine 2,3dioxygenase, an enzyme known to be regulated by the AHR in the development of
immune cells, suggesting that the unliganded AHR is required for Langerhans cell
maturation and subsequent activation (Jux et al, 2009). Immune resistance to pathogens
is also dependent on expression of the AHR, as AHR deficient mice were more
susceptible to infection and disease by the bacteria Listeria monocytogenes, however, it
was shown that AHR only appears to be required for optimal resistance, perhaps due to
the role of the AHR in modulating T cell development (Shi et al, 2007). Furthermore,
AHR was shown to cross-talk with Stat1 in repressing LPS-induced inflammation,
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indicating that the AHR-mediated alterations in gene expression play a role in mediating
the response to pathogenic infection. (Kimura et al, 2009)
A major role for the AHR has been in the context of regulating T cell
differentiation. AHR-mediated differentiation of T cells appears to be context-specific.
Activation of AHR with TCDD promoted the differentiation of immunosuppressive
Foxp3+ regulatory T cells, while exposure to FICZ, a tryptophan photoproduct,
stimulated the differentiation of inflammatory Th17 cells (Quintana et al, 2008).
Moreover, the AHR has been shown to be vital in regulating the Th1/Th2 balance. A
synthetic antiallergenic agent, M50354, was shown to suppress naïve T cell
differentiation into Th2 cells by inhibiting the expression of GATA-3. Expression of
AHR in naïve T cells was significantly increased upon costimulation of T cells with
CD28 and TCR and sustained activation of the AHR resulted in impaired differentiation
of naïve T cells into Th2 cells (Negishi et al, 2005).
The AHR has also been shown to modulate activation of Stat1, a transcription
factor involved in T cell development, and this modulation has been shown to play a role
in stimulating the development of Th17 cells and their stimulation of IL-22. Activation
of the AHR by FICZ has also been shown to promote the development of γδ T cells and
increased secretion of IL-22 (Martin et al, 2009). Further studies have shown that the
ligand-activated AHR is essential for the development of IL-22 secreting CD4+ T cells, a
subset of T cells distinct from Th17 cells, indicating that the role of the AHR in
modulating T cell development is extremely complex (Ramierez et al, 2010). Mice
treated with FICZ were shown to exhibit increased resistance to induced colitis, with an
increase in the levels of IL-22 and decrease in IFN-Y secretion (Montefore et al, 2011).
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A major component of toxicity associated with AHR activation is the
immunosuppression mediated by exposure to TCDD, which might be due, in part, to the
fact that most cells of the immune system express AHR (Kerkvliet, 2009). Exposure of
mice to TCDD has been shown to enhance toxicity mediated by administration to
lipopolysacchride (LPS), which was linked to enhanced production of TNF-α (Clark et al,
1991).

TCDD exposure also has demonstrated to exhibit increased production in

neutrophils following administration of LPS or injection with influenza virus (Birnbaum
et al, 1990; Teske et al, 2005). TCDD-mediated activation of the AHR has been shown
to suppress the cytotoxic T lymphocyte response (Vorderstrasse et al, 2001).
Furthermore, TCDD has been shown to stimulate the formation of regulatory T cells and
it is thought that this might occur upon TCDD-mediated regulation of IL-2 expression
(Jeon and Esser, 2000). Taken together, these data indicate that differential activation of
the AHR plays a crucial role in regulating immune cell proliferation and activation.

AHR and cancer development
TCDD has been classified as a tumor promoter (Boffeta et al, 2011) and activation
of the AHR by TCDD has been shown to dysregulate a number of cell cycle pathways
which lead to tumor progression. TCDD has been shown to activate proteins in the
Mitogen Activated Protein Kinase (MAPK) pathway, Extracellular signal-regulated
kinases (ERK) and c-jun N-Terminal kinases (JNK). In cultured murine hepatoma cells,
TCDD was shown to enhance the expression of the proto-oncogenes c-fos and c-jun, and
simulate the activity of the transcription factor AP-1 (Puga et al, 2009). Furthermore,
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TCDD has been shown to induce the expression of matrix metalloproteinase 9 (MMP9),
predisposing them to invasion in melanoma cells (Villano et al, 2006). TCDD-mediated
expression of MMP 9 has also been shown to induce disease progression in gastric and
urinary tract cancer and is a marker of poor prognosis in the latter (Peng et al, 2009;
Ishida et al, 2010). Moreover, overexpression of AHR was shown to enhance expression
of fibroblast growth factor-9 in human lung adenocarcinomas (Wang et al, 2009).
There is evidence that the AHR plays a role in protecting against tumor growth
and development. Intestinal tumor mouse models revealed that activation of the AHR by
endogenous ligands were shown to suppress intestinal carcinogenesis by proteosomemediated degradation of β-catenin (Kawajiri et al, 2009).

The role of the AHR in

enhancing tumor growth and progression has further been substantiated by studies
utilizing AHR antagonists.

Antagonism of the AHR was shown to attenuate the

expression of IL6 in head and neck tumor lines, indicating a possible therapeutic role for
AHR antagonists in the treatment of cancers (DiNatale et al, 2011). Selective activation
of the AHR, in which the AHR is activated by the partial agonist 6-methyl-1,3,8trichlorodibenzofuran (6-MCDF), in a model of prostate cancer TRAMP mice,
demonstrated reduced metastasis to the pelvic lymph nodes and reduced serum VEGF
concentrations, indicating that 6-MCDF is activating the AHR to inhibit angiogenesis
(Fritz et al, 2009).

Thus, modulation of AHR activation, either through receptor

antagonism or the utilization of partial agonists represents a possible therapeutic
mechanism for the treatment of cancer development and progression.
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Cell cycle regulation
The AHR is known to play a role in controlling cell-cycle progression, however,
the precise mechanism is not well-defined as the consequences of AHR activation on the
cell cycle have been observed to be ligand-specific. Studies performed in mouse
embryonic fibroblasts lacking AHR suggest that AHR played a role in p300-mediated Sphase progression (Tokin et al, 2000). AHR-null mouse embryonic fibroblast cells were
also shown to accumulate in the G2/M phase of the cell cycle as a result of altered
expression of G2/M kinases, notably, Cdc2 (Elizondo et al, 2000). Moreover, in the
absence of ligand, constitutively active AHR leads to increased proliferation, including
promotion of hepatocarcinogenesis (Moennikes et al, 2004). This evidence strongly
indicates a role for the AHR independent of activation by an exogenous ligand in
promotion of cell cycle and cell proliferation, but does suggest that activation of AHR
has a role in tumor promotion.
Exposure of cells to TCDD, however, indicated that TCDD inhibits cell
proliferation, with decreased DNA synthesis in murine epithelial cells and rat primary
hepatocytes (Gierthy and Crane, 1984; Hushka and Greenlee, 1995). A role for AHR in
inhibiting cell cycle progression was then studied and analysis revealed that AHR
interacts with retinoblastoma (RB) protein, preventing its phosphorylation and thereby
inducing G1 arrest (Ge and Elfernik, 1998). Interaction of AHR with RB repressed the
transcription of S-phase genes, by blocking the release and subsequent transcription of
cell cycle progression genes by E2F, as well as increasing the expression of CDK
inhibitors, including p27Kip1 (Huang and Elferink, 2005). It was also shown that AHR
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could inhibit the transcription of genes activated by E2F by displacing a histone
acetyltransferase, p300, from the E2F-dependent promoters of target genes (Marlowe et
al, 2004).
However, activation of the AHR does not universally arrest the cell cycle in all
cell types. Treatment of rat liver progenitor cells with TCDD and B(a)P showed an
AHR-mediated increase of the expression of cyclin A, thereby stimulating cell-cycle
progression (Kalmes et al, 2011). Knockdown of AHR in human HepG2 hepatoma cells
caused slower progression through the cell cycle, indicating that in these cells, an
endogenous function of the AHR is to promote cell cycle progression (Abdelrahim et al,
2003).

Interactions with other transcription factors
The AHR has been shown to cross-talk with other signaling pathways, including
hormone receptor pathways, such as the glucocorticoid receptor and estrogen receptor.
TCDD has been shown to exhibit antiestrogenic properties as a result of alterations in
both ER and AHR gene activation. The AHR/ARNT heterodimer has been shown to bind
estrogen response elements and inhibit estrogen receptor binding to its response elements,
thereby preventing the transcription of ER target genes (Klinge et al, 1999). However,
activation of the AHR has been shown to increase the transcription of genes induced by
estrogen, further lending support for the idea of crosstalk between AHR and ER (Safe
and Wormke, 2003). Furthermore, activation of AHR with TCDD has resulted in an
increase in interactions between the AHR and ER at DREs, including those activating the
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expression of the cytochrome P450 family of metabolic enzymes, indicating that the
AHR might play a role in recruiting ER to AHR-dependent promoters (Ahmed et al,
2009). ER, moreover, has also been shown to play a role in modulating AHR activity.
The ER was shown to be required for low-dose resveratrol-mediated antagonism of
TCDD-mediated induction of CYP1A1 expression in ER-positive human breast and colon
cancer cell lines (Perdew et al, 2010).

Estrogen-receptor ligands have been shown to

repress the transcriptional activity of the TCDD-activated AHR in MCF-7 cells
(Beischlag and Perdew, 2005). Moreover, a selective ligand of the estrogen receptor,
Way-169916, was shown to act as a selective AHR modulator and repress the expression
of acute phase genes (Murray et al, 2010).
In the context of inflammation, the AHR has been shown to interact with nuclear
factor kB (NFkB) family of transcription factors. Studies performed in mouse hepatoma
cells have shown that RelA/p50 heterodimers interact with the AHR, which altered the
luciferase reporter activity of an NFkB response element (Tian et al, 2002). Activation of
the AHR with TCDD showed that during thymic T cell apoptosis, the AHR and NFkB
were engaged in cross talk in order to modulate FasL-mediated apoptosis (Camacho et al,
2005). A role for AHR and NFkB interactions has also been studied in the context of
cancer, as AHR has been shown to cooperate with RelA, an NFkB subunit to
transactivate the c-myc promoter in mammary cells, suggesting that this interaction may
play a role in tumor formation (Kim et al, 2000). Furthermore, the interactions between
the unliganded AHR and the RelA subunit of NFkB was shown to significantly increase
the expression of IL-6 in lung tissue, representing a possible new mechanism for cigarette
smoke induced lung carcinogenesis (Chen et al, 2011). AHR-deficient mice were more
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susceptible to lung inflammation upon exposure to cigarette smoke, suggesting that AHR
might be interacting with the NFkB subunit RelB and attenuating the immune response
(Thatcher et al, 2007). Recently, AHR was shown to suppress NFkB-stimulated gene
expression by repressing the IL1B-mediated expression of acute phase response genes,
most notably Saa1, indicating that the AHR plays a role in modulating NFkB stimulated
transcription, either by recruiting or inhibiting NFkB at the promoter of target genes
(Patel et al, 2009).

Development of Selective AHR ligands

Activation of the AHR with an agonist has normally been associated with
toxicity; however, it is clear that the receptor plays a critical physiological function in the
absence of the deleterious effects seen upon exposure to potent AHR agonists (e.g.
TCDD). Therefore, the development of AHR ligands which stimulate physiological
effects without DRE-mediated toxicity is a desirable mechanism which could have
potential therapeutic benefits.

The development of selective hormone receptor

modulators has been established, with some success, with regards to the glucocorticoid
receptor and estrogen receptor.
Selective hormone receptor modulation was first examined in the context of the
glucocorticoid receptor (GR). GR agonists, such as dexamethasone, activate the receptor,
which then exerts its effects by altering gene expression. The activated GR engages in
both

transactivation

of

immunosuppressive

mediators

and

transrepression

of

inflammatory gene signaling, by preventing NFkB and AP1 mediated transcription of
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target genes. However, the usage of GR agonists can cause deleterious effects; while
therapeutic GR agonists, such as prednisone, do activate the receptor and suppress
chronic inflammation, they also lead to unwanted side effects, such as elevated blood
sugar levels, leading to weight gain and insulin resistance (Stahn et al, 2007). These side
effects were observed to occur through the actions of the GR in transactivation of
metabolic enzymes while the anti-inflammatory effects were mediated through
transrepression of inflammation-mediated signaling pathways.

It was shown that

selective glucocorticoid receptor modulators possessed anti-inflammatory effects without
the toxicity associated with an agonist, such as prednisone (Schacke et al, 2007).
Selective estrogen receptor modulators (SERMs) were shown to exhibit the same
properties as selective modulators of the glucocorticoid receptor. One identified SERM,
WAY-169916 was shown to inhibit NF-kB-mediated activation of inflammatory gene
transcription almost as efficiently as estrogen and antagonized estrogen binding to both
ERα and ERβ, indicating a role for SERMs such as WAY-166916 in the treatment of
inflammatory conditions without inducing conventional estrogenic activity (Chadwick et
al, 2005).
Based on the principles of selective glucocorticoid and selective estrogen receptor
modulators (SGRM and SERM), selective AHR modulators (SAhRMs) were identified
as modulators of AHR activity, most notably, anti-estrogenic activity, without stimulating
toxicity associated with AHR activation, such as changes in hepatic morphology,
immunotoxicity and porphyria (Safe et al, 2000).

One class of SAhRMs includes

substituted derivatives of indole-3-carbinol, and were shown to exhibit anti tumor,
specifically anti-mammary tumor formation (Chen et al, 1998). A metabolite of indole-3-
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carbinol, diindoylmethane (DIM), was shown, along with indole-3-carbinonl, to exhibit
partial AHR antagonist activity for the induction of CYP1A1 gene expression in T47D
human breast cancer cell lines (Chen et al, 1996). Studies performed in MCF-7 cells
indicated that DIM-medated effects were shown to occur through AHR-ER cross talk, as
low concentrations of DIM were shown to inhibit the estradiol-mediated proliferation of
MCF-7 cells, as well as stimulate estrogen receptor degradation and inhibit mammary
tumor growth (Chen et al, 1998).
A second structural class of SAhRMs consisted of substituted alkyl
polychlorinated dibenzofurans. Like the indole-3-carbinol derivative class of SAhRMs,
these compounds showed the capacity to bind the AHR and induce AHR-ER inhibitory
cross-talk without TCDD-associated toxicity (Safe et al, 1999), representing a mechanism
for the treatment of hormone dependent cancers. One member of this class, 6-MCDF
was shown to inhibit DMBA-induced mammary tumors without inducing CYP1A1
expression (McDougal et al, 1997). Moreover, 6-MCDF was shown to work effectively
when administered with a SERM, tamoxifen, in the treatment of mammary tumors, as
treatment with 6-MCDF with tamoxifen inhibited mammary tumor growth, as well as
tamoxifen-induced peroxidase activity and progesterone receptor activity (McDougal et
al, 2001). 6-MCDF was also shown to inhibit the frequency of prostate cancer metastasis
in TRAMP mice, possibility through altering the expression of vascular endothelial
growth factor (Fritz et al, 2009). However, it is not certain whether the effects of 6MCDF are mediated solely through the AHR or if they are exerted as a result of
stimulation of ER activation, as 6-MCDF was shown to increase ERα binding to estrogen
response elements and still mediate ER-dependent transcription, even with si-RNA
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mediated knockdown of AHR, challenging the view that 6-MCDF is AHR specific
(Pearse et al, 2004). This indicates significant overlap in the activity of SAhRMs in
modulating AHR mediated and ER mediated gene expression, highlighting the complex
cross talk between the two signaling pathways.
Further evidence for cross-talk between AHR and ER ligands is indicated by the
evidence that AHR has the capcity to bind ER ligands and modulate gene expression.
This effect has been observed with the ER antagonist, resveratrol, which was found to act
as a competitive antagonist of the AHR, stimulating AHR translocation to the nucleus
while blocking TCDD-mediated induction of CYP1A1, as well as antagonizing the
activity of the AHR agonists benzo[a]pyrene and EMBA (Casper et al, 1999).
The suggestion of SAhRMs-mediated AHR activity exhibiting cross-talk with the
estrogen receptor and evidence that a DNA-binding mutant of the AHR had the capacity
to regulate inflammatory gene expression without DRE-binding (Patel et al, 2009),
indicated that the potential exists for selective modulation of the AHR using estrogen
receptor ligands in controlling AHR gene expression. The SERM, WAY-169916, was
shown to induce the dimerization of AHR with ARNT and attenuate the cytokine-induced
expression of acute phase response genes, independent of the estrogen receptor,
indicating that WAY-166916 can be classified as a SAhRM (Murray et al, 2010).
SAhRMs such as WAY-169916 can exhibit anti-inflammatory properties and repress the
expression APR genes, such as Saa1, without stimulating DRE-mediated gene
expression.

A

related

compound,

1-allyl-7-trifluoromethyl-1H-indazol-3-yl]-4-

methoxyphenol (SGA 360), was also shown to repress the cytokine-mediated expression
of Saa1 and other genes of the acute phase response independent of DRE-mediated
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transcription in vivo, and exhibited almost no AHR agonist activity (Murray et al,
2010b). Moreover, SGA360 was not shown to activate the estrogen receptor, unlike
WAY-169916.
The partial AHR antagonist, α-napthoflavone, has been shown to suppress
cytokine-mediated inflammatory gene expression, much like WAY-169916 and SGA360
and was shown to weakly induce the expression of CYP1A1 and compete with TCDD for
the AHR binding pocket (Santostefano et al, 1993). Substituting the phenyl ring with a
variety of side chains was shown to have altered effects in enhancing the antiinflammatory activity of the AHR and repressing the induction of classical AHR target
genes (Murray et al, 2011). One particular derivative, 3׳4 ׳dimethoxy-α-napthoflavone
(DiMNF), in particular, was shown to suppress the IL1B-mediated expression of APR
genes, including Saa1, while failing to stimulate AHR-binding to DRE to mediate
transcription of CYP1A1. Moreover, DiMNF was able to nearly completely antagonize
TCDD-mediated reporter gene expression, an effect which was not observed with αNF or
other αNF derivatives. Examination of the orientation of DiMNF in the AHR binding
pocket revealed that DiMNF exhibited a higher binding energy (-5.44 kcal/mol) than αNF
(-4.06 kcal/mol) upon binding the AHR. It is thought that the addition of two methoxy (OCH3) increases the hydrogen bonding between DiMNF and specific AHR binding
pocket amino acid side chains, thereby stimulating higher affinity binding of DiMNF
with the AHR (Murray et al, 2011).
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Complement
The complement system was first described in the late 1890s and early 1900s as
a heat labile protein, which augmented or ‘complemented’ the host response to bacterial
pathogens (Walport et al., 2001).

Over 30 soluble and membrane bound proteins

comprise the complement system, which when activated, leads to a sequence of
proteolytic cleavages, ultimately resulting in formation of the Membrane Attack Complex
(MAC) on cell surfaces, leading to cell lysis. (Sarma et al., 2011).

Therefore, the

complement system is a key component in the innate immune response clearance of
pathogens and altered host cells, which makes the system an attractive target in
modulating the antitumor response. Though it is a crucial part of innate immunity, there
is recent evidence to show that the complement pathway is also essential for regulating
adaptive immunity and the generation of T and B cells (Dunkelberger and Song, 2010;
Molina et al, 1996).

Pathways of Complement Activation
Activation of the complement pathway can occur through three pathways: the
classical, alternative or mannose-binding lectin pathways (Figure 1-3). Though the three
pathways are triggered by distinct signals, all converge on the formation of complement
component 3 (C3) and ultimately, formation of the MAC and complement mediated lysis.
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The classical pathway (CP) is activated upon the binding of C1q, the first
component of the cascade, to the surface of the pathogen or altered cell, in one of three
different ways, either by binding surface components of bacteria, such as bacterial cell
wall components, binding to C-reactive protein (CRP), which is a protein involved in the
acute phase response, or by binding antigen-antibody complexes, where IgM or IgG
binds the antigen, allowing C1q to bind the Fc portion of the immunoglobulin (Cooper,
1985). Upon binding of C1q to a pathogen surface or antibody, the C1r:C1s complex
undergoes a conformational change.

This change activates C1r, which possesses

autocatalytic activity and then cleaves C1s, generating a serine protease (Ariaud et al,
2002). The active C1s cleaves C4 and C2, which generates the classical C3 convertase:
C4b2a (Gagnon, 1984). The C3 convertase then cleaves complement component 3 (C3)
into C3a and C3b. C3a is released as an anaphylotoxin, whilst C3b molecules then coat
the surface of the pathogen and acts as an opsin to amplify complement activation. C3b
also complexes with C4b2a to form the C5 convertase: C4b2a3b, which cleaves C5 into
C5a and C5b. C5b binds C6, C7, C8 and C9 to form the membrane attack complex
(MAC), which inserts itself into the membrane of the target cell, forms a pore and
initiates cell lysis (Sarma et al, 2011).
A variation of the classical pathway is the mannose binding lectin (MBL)
pathway which converges with the classical pathway upon the activation of C2b and C4a,
after which, formation of the C3 convertase and subsequent proteolytic cleavages are
virtually indistinguishable from the classical pathway (Thiel et al, 1997). Activation of
the lectin pathway occurs upon recognition by lectin proteins to pathogen-associated
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molecular patterns (PAMPs) (Fujita et al, 2004).

Molecules specific to the lectin

pathway include mannose binding lectin (MBL), ficolin H and ficolin L. MBL consists
of six globular heads, which along with the ficolins, bind N-acetyl glucosamine (NAG)
and mannose, which are common on the surface of microbes (Fujita et al, 2004). Upon
recognition of these carbohydrates, serine proteases associated with MBL and the ficolins
act analogously to the classical pathway C1q and C1s to cleave and activate C2 and C4 to
proceed through the classical complement cascade (Stahl and Ezekowitz, 1998).
Unlike the classical or mannose-binding lectin pathways, the alternative pathway
is capable of activation by spontaneous hydrolysis of C3, termed ‘tickover’ (Bexborn et
al, 2008). The activated C3H2O binds Factor B, a protein specific to the alternative
pathway, which is then cleaved by another AP specific protein, Factor D (Gagnon J,
1984). Factor D is a constitutively active serine protease which mediates the cleavage of
Factor B, which is associated with C3, into Ba and Bb (Volanakis and Narayana, 1996).
Ba dissociates and acts as an anaphylotoxin, and Bb associates with the C3b complex to
form C3bBb, which is the alternative pathway C3 convertase (Pangburn et al, 1981).
Like the classical pathway C3 convertase, C4b2a, C3bBb cleaves and activates C3,
thereby amplifying the cascade. Also unique to the AP is the protein properdin, which
stabilizes C3bBb and prevents its degradation and is also thought to activate complement
on its own (Kemper et al, 2010). The released C3b binds the C3 convertase to form
C3bBbBb-the alternative pathway C5 convertase.

At this point, activation of C5b

proceeds in the same mechanism as the classical pathway, with the deposition of
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C5b6789 on the surface of the target cell and ultimate formation of the MAC and lysis of
the pathogen or altered self cell.
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Figure 3: Pathways of Complement Activation
Complement is activated by 3 different pathways, the classical, mannose-binding
lectin, and alternative pathways, all of which converge on the formation of the C3 and C5
convertases, which deposit on the surface of targeted cells. Upon formation of the C5
convertase, C6, C7, C8 and C9 deposit on cell surfaces and form the Membrane Attack
Complex, and this leads to cell lysis. Complement is regulated at every stage of the
pathway by soluble and membrane bound complement regulators, including at the stage
of the C3 convertase and formation of the membrane attack complex.
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Complement Associated Inflammation
While the most studied effect of complement activation is the opsonization and
clearance of pathogens, activation of complement proteins leads to inflammation and
chemotaxis. Anaphylatoxins are complement protein fragments which bind specifically
to receptors, recruiting inflammatory cells to their release site and increasing fluid (Hugli,
1984).

Anaphylatoxins exert their effects by binding specific G-protein coupled

receptors (GPCR) and inducing downstream signaling cascades which lead to
inflammation (Fukuoka et al, 1989).

During the cleavage events of complement

activation, the anaphylatoxins C3a, C4a and C5a are produced by the C3 convertase,
active C1s and the C5 convertase (Sarma, 2011) and all of which induce smooth muscle
contraction and vascular permeability. C5a is the most potent of the 3 anaphylatoxins,
and, along with C3a, can induce adhesion molecules on endothelial cells of blood vessels
(Jagels et al, 2000) and stimulate mast cells to secrete the proinflammatory cytokines
histamine and TNF-α (Johnson et al, 1975; Monsinjon et al, 2003). C5a alone also can
stimulate neutrophils and monocytes to extraverse to the site of damage and clear
pathogens. Therefore, production of the anaphylatoxins by complement can help recruit
not only phagocytic cells and complement proteins to the site of infection, but also serves
as a bridge to initiate the adaptive immune response to hasten the clearance of pathogens.
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Regulation of Adaptive Immunity
Cell lysis, secretion of proinflammatory cytokines and recruitment of blood cells
to clear pathogens are all effects of the complement system which function under the
innate immune response. However, it was suggested by Nussenzweig et al. that C3 could
bind circulating lymphocytes, which raised the possibility that complement proteins
could play a role in regulating the adaptive immune response (Nussenzweig et al, 1971).
In the cascade, C3b deposits on the surface of the foreign or altered self antigen, which
not only amplifies the cascade but also is thought to enhance the localization of antigen
for recognition by lymphocytes (Pepys 1976).
B cell immunity is regulated by complement primarily by the complement
receptors CD21 and CD35, which are markedly expressed on B cells and follicular
dendritic cells, as well as all red cells and most lymphoid cells (Fearon and Wong, 1983).
CD21 and CD35 both bind C3 cleavage products including iC3b, an inactive form of C3b
and C3d, which is produced upon the cleavage of C3b by Factor I, and CD35 can also
bind C3b and C4b (Molina et al, 1994). When expressed on the surface of B cells, CD21
forms a complex with CD19, a B-lymphocyte antigen and CD81, a tetraspan protein
(Hovarth et al, 1998) and it is thought that this complex enhances the processing and
presentation of antigens targeted for destruction by complement (Cherukuri et al, 2001).
FDCs also express high levels of CD21 and CD35; therefore, therefore expression of
these receptors could enhance the localization of complement tagged antigen to be taken
up by FDCs and seems to be essential for a strong IgG response to antigen (Fang et al,
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1998). In addition, the CP seems to have a major function in the activation of naïve B
cells, as mice deficient in CD21 and CD35 have weakened antibody production in
response to antigen presentations (Molina et al, 1996).

Taken together, these data

provide convincing evidence that activation of the complement cascade is a component in
the regulation of B cell-mediated immunity.
While early studies indicated that complement played a larger role in mediating B
rather than T cell immunity, there is growing evidence that a major effect of complement
activation is to regulate the adaptive immune response at the level of the T cells. Kopf
and colleagues utilized an influenza virus mouse model deficient in C3, the priming and
subsequent migration to the lung of CD4+ and CD8+ T cells was hampered with an
increase in viral load and decreased viral clearance, indicating that complement is
necessary for the T cell response (Kopf et al, 2002).

Though it was originally

hypothesized that the complement-mediated regulation of B cells was responsible for the
activation of the T cell response, studies in C3-deficient mice infected with LCMV virus
showed that production of antigen-specific CD8+ T cells was lowered and that these
effects occurred independent of CD21 and CD35, suggesting that complement-mediated
regulation of T cells could occur independent of B cell regulation (Suresh et al, 2003).
Subsequent studies, performed in mice lacking either the alternative, classical or mannose
binding lectin pathways, revealed that, upon infection with West Nile Virus, defects in
the alternative pathway did not alter the B cell response, but did dampen T cell activation.
By contrast, mice deficient in the classical and mannose binding lectin pathways had
defects in both humoral and cell-mediated immunity, while mice deficient in only the
classical pathway of activation had a normal B and T cell response, but showed altered
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phenotype in the spleen (Mehlhop and Diamond, 2006). These differing results indicate
that complement mediated regulation of the adaptive immune response is complex and
proceeds through a multitude of differing pathways, depending on the pathogen and
mechanism of activation.
C3 was shown to play a role in a mouse model of asthma, where C3-/- mice had
lesser incidence of airway hyper-reactivity, infiltration by eosinophils and production of
IL-4 by antigen specific T cells, upon being challenged by Aspergillus fumigatus and
ovalbumin, indicating that C3 is involved in the CD4+ T cell response to asthma (Drouin
et al, 2001). Mice deficient in the C3a receptor (C3aR) also demonstrated the same
phenotype, suggesting that C3a release upon activation of complement, and subsequent
binding to the C3aR triggers release of cytokines which leads to asthma symptoms,
further lending credence to the hypothesis that C3 is involved in the linkage between
innate and adaptive immunity (Drouin et al, 2002).

Disorders of the Complement system
The complement system is comprised of a complex network of proteins and
associated factors; therefore, disorders of the complement system can lead to severe
immunological consequences. Dysregulation of the complement pathway can result in
one of two general consequences, either an overactivation of complement and
complement proteins or a deficiency in complement mediated lysis. As both innate and
adaptive immunity are affected by not only complement but also other components of the
immune response, complement deficiencies are very difficult to identify, with a recent
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estimate that only about 10% of complement deficiencies have been identified in patients
thus far (Sjoholm et al, 2005).

The major complication of complement defects is

hypocomplementemia, which is caused either through a deficiency in the production of
complement proteins or through sustained complement activation, which depletes the
available complement proteins. Complement defects usually are marked by an impaired
immune response and significant inflammation and common diseases associated with
complement dysregulation include, but are not limited to, hereditary angioedema (HAE),
susceptibility to bacterial infection, systemic lupus erythematosus (SLE) and related
rheumatic conditions and hemolytic uremic syndrome (HUS) (Pettigrew et al, 2009).
The earliest sign of defects in the complement pathway is usually an increased
susceptibility to bacterial infection, especially infections involving Neisseria meningitidis
(Densen, 1989). Increased incidence of meningitis has been associated with a deficiency
in Factor D (Hiemstra et al, 1989), however, recurring meningococcal infections have
also been observed in patients lacking the terminal complement components (Tedesco,
2008).

Defects in components of the mannose binding lectin pathway has been

associated with an increased incidence of bacterial infection in children (Sumiya et al,
1989), as well as a risk factor of respiratory tract infections, though the causes are not
fully understood (Jonsson et al, 2006). Deficiencies of the classical pathway proteins are
also associated with an increased risk of infection; however, the risk is associated with S.
pneumoniae and other encapsulated bacteria, which are most effectively cleared by the
classical pathway upon opsonization of the pathogen and subsequent clearance by
phagocytic cells (Yuste et al, 2008). Infections with encapsulated bacteria are also
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common in patients with deficiencies in C3, which is activated by all 3 activating
pathways of complement (Reis, et al, 2006).
Increased bacterial infection due to complement can lead to sepsis, a broad
category for the systemic host response to infection (van der Poll and Opal, 2004).
Sepsis is an state of sustained complement activation, which leads to the presence of C3a
and C5a, anaphylatoxins and soluble terminal complement components (C5b-9) (Ward,
2008). Studies in baboons demonstrated that inhibiting sustained C3 activation could
lower levels of systemic coagulation, shock and organ failure-all complications of sepsis
(Silasi-Mansat et al, 2010). Therefore, it is clear that though complement plays a key role
in the clearance of bacteria which can initiate sepsis, over activation of complement
ultimately leads to the systemic tissue damage and organ failure associated with sepsis.
A major complication of defects in the complement cascade is the development of
autoimmune conditions. The complement system is responsible for the production of
anaphylatoxins, cell lysis and recruitment of key components of the innate and adaptive
immune response, therefore, deficiencies in the complement cascade can cause severe
damage to host tissues.
Systemic lupus erythematosus (SLE) is a prototype autoimmune condition which
results upon defects in complement. SLE is a systemic condition, involving the joints,
central nervous system, heart and kidneys and is characterized by joint pain, but is often
mistaken for other illnesses, due to the nonspecificity of its early symptoms, which also
include fever, malaise and fatigue. A key hallmark of SLE is the development of the
‘butterfly rash’, or malar rash across the face, as well as rashes distributed throughout the
body and severe skin sensitivity. Sustained activation of complement is often associated
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in patients presenting with SLE, including decreased C3 and C4 levels and increased
levels of C3d, the C3 breakdown product, in the blood. Complement activation and
production of anaphylatoxins can also lead to a sustained inflammatory response and
recruitment of adaptive immunity, exacerbating the tissue damage associated with SLE.
Hypocomplementemia could result in impaired clearing of immune complexes in SLE,
which can then circulate in the blood and deposited in affected tissues. Complement
deficiencies might also lead to an increase in apoptotic cells, which could trigger the
production of autoantibodies, further exacerbating tissue damage. Finally, complement
has been reported to be involved in the development of tolerance, therefore, defects in the
complement pathway could lead to a lack of B-cell tolerance, leading to increased
production of autoantibodies and tissue damage. (Truedsson I, et al, 2007).
Complement deficiencies have been implicated in other autoimmune conditions,
including anti-phospholipid antibody syndrome, a disease marked by thrombosis in the
arteries and veins and associated with complications in pregnancy, including
preeclampsia, recurrent miscarriage and stillbirths, due to antibodies against
phospholipids (Ruiz-Irastorza et al, 2010) .

Studies performed on mice lacking

components of the alternative and classical pathway reported a decrease in pregnancy
complications induced by antiphospholipid antibodies, with activation of complement
component C3 of particular importance in the development of fetal injury (Holers et al,
2002).

Abnormal complement activation has also been observed in patients suffering

from systemic sclerosis and is thought to be a marker of severity in this disease (Senaldi
et al, 1989), as well as in patients affected with Sjogren’s syndrome (Hansen et al, 2003).
In Sjogren’s syndrome, it is thought that activation of the classical pathway depletes
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levels of C3 and C4 in the blood, which is associated with unfavorable consequences of
this disease, including lymphoma and premature death (Ramos-Casals et al, 2005).

Complement Regulation
Complement activation is vital in the clearance of pathogens, however, local
complement activation also damages host tissues and can lead to persistent inflammation
and more severe consequences. The propensity of disease related to either sustained or
deficient complement activation necessitates tight regulation of complement pathways at
each step. Host cells express a variety of proteins, membrane bound and soluble, which
act to inhibit complement mediated damage on self cells and maintain tissue integrity
(Zipfel and Skerka, 2009). Many complement regulatory proteins act not only to inhibit
unchecked complement activation but also perform other physiological functions,
including, but not limited to, development of T cells and B cells, cellular adhesion and
cell-cell recognition.

A list of complement regulators is summarized in Table 2.

Complement regulators are broadly grouped into two categories-soluble and membrane
bound, but some regulatory proteins are both expressed on the surface of the cell and also
released into the bloodstream.
Soluble classical (and lectin) pathway inhibitors include the C1 inhibitor, which is
a suicide substrate for C1r, C1s and C3b, along with coagulation factors (Davis et al,
2008), as well as C4BP, which stimulates the decay of the classical pathway C3
convertase (Blom et al, 2004). Soluble alternative pathway inhibitors also act at the level
of the C3 convertase, including FLH1 and Complement Factor H (CFH), both of which,
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like C4BP, are cofactors for Factor I, thereby aiding in the degradation of the C3
convertase (Zipfel and Skerka, 1999). Factor H related protein acts on all 3 pathways,
inhibiting the C5 convertase and preventing the formation of the MAC (Heinen et al,
2009).
Membrane complement regulatory proteins (mCRPs) are less specific the soluble
complement inhibitors, acting on multiple pathways, rather than just the alternative or the
classical pathways. These proteins include CD35 (CR1), membrane cofactor protein
(CD46), decay accelerating factor (CD55) and protectin (CD59). Of these proteins,
CD59 is unique in that it acts at the level of the MAC formation, preventing the
incorporation of C9 to form the terminal complex and ultimately blocking cell lysis
(Rollins and Sims, 1990; Davies et al, 1989). CD35, CD46 and CD55, however, are all
encoded on the long arm of chromosome 1q32, along with Complement Factor H, and
together, these genes are termed the regulators of complement activation (RCA) (ReyCampos et al, 1987, 1988). Like Factor H, these proteins act at the level of C3, however,
unlike the soluble complement regulators, membrane complement regulators can regulate
both the alternative and classical pathways (Kim and Song, 2006).

Each of the RCA

proteins acts through varying and distinct mechanisms to regulate complement activation.
CD35, a complement receptor, acts to aid in the clearance of immune complexes as well
as regulate the breakdown of C3 by acting as a cofactor for soluble complement factor I
(Khera and Das, 2009). CD46 is a cofactor for serum factor I and acts to aid in the
degradation of C3b and C4b, thereby preventing complement activation from proceeding
down the cascade (Lizewski et al, 1991).

Decay Accelerating Factor, CD55, acts on

both the alternate and classical pathway, stimulating the decay of the C3 convertases of
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both pathways, as well as the C5 convertase. The combination of soluble and membrane
bound complement inhibitors orchestrates a complex network of regulation to prevent
uncontrolled complement activation and disease states.

Decay Accelerating Factor (CD55)
CD55 was first identified as a complement inhibitor in 1969, when it was reported
that a protein purified from human erythrocytes was responsible for inhibiting the
complement mediated lysis of antibody sensitized sheep erythrocytes (Hoffmann 1969).
This protein was termed decay accelerating factor (DAF) upon purification from the
surface of human erythrocytes, by monitoring its ability to mediate the decay of the
classical C3 convertase, C4b2a and was determined to have a molecular weight of 70,000
kDa. (Nicholson-Weller, 1982)
CD55

is

anchored

to

the

cell

membrane

through

a

C-terminal

glycosylphosphatidylinositol (GPI) anchor (Medof, 1986). This anchor was shown to be
resistant to cleavage by Phospholipase C on human erythrocyte cells, however, however,
on nucleated blood cells, the GPI anchor showed an increased susceptibility to
Phospholipase C mediated cleavage. Upon cleavage by Phospholipase C, the released
CD55 was not able to inhibit the decay of C4b2a, nor was it able to reincorporate into the
membrane of human erythrocytes. The GPI anchor has been thought to play a role in
increasing the lateral mobility of CD55, allowing it to stimulate efficient decay of the C3
convertases (Davitz, 1986).
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The CD55 protein consists of four 60-61 amino acid repeats, termed complement
control protein (CCP) repeats (originally known as short consensus repeats), CCP1-CCP4
(Medof, 1987; Caras 1987). CCP2 and CCP3 are necessary for regulation of C4b2a
whilst CCP2, CCP3 and CCP4 regulate C3bBb (Brodbeck et al, 1996). Subsequent
structure/function analysis identified a L147F148 residue in the hydrophobic region of C3
which was critical for decay of both the classical and alternative C3 convertases and a
KKK125-127 in a pocket between CCP2 and CCP3 which regulates decay accelerating
activity of C3bBb, but not on C4b2a (Brodbeck, 2000). Subsequent analysis of C4b2a
interactions with CD55 showed that a α4/5 region of C2a was critical for decay
acceleration by CD55 and this region is necessary for interaction with the CCP2 and
CCP3 domains on CD55. Mutation analysis revealed that a Tyr327 residue on the α4/5
domain of C2a was necessary for binding and decay by CD55, with a Tyr328 residue on
the factor B component of the alternative C3 convertase which is thought to perform an
analogous function (Kuttner-Kondo et al., 2003).
Molecular modeling of CD55 yielded insights on the mechanism of action of
CD55 on C3bBb.

Each CCP domain was predicted to comprise of 5 β strands

comprising 3 axes with disulfide bonds. The 4 CCP domains are thought to be arranged
in a helical fashion. The model proposed that CD55 and Factor B both bind to the same
site on the inactive C3b.

The binding of Factor B to C3b forms the alternative

convertase: C3bBb, after which CD55 binds and destabilizes the complex. The Bb
fragment dissociates, inactivating the C3 convertase and CD55 is then released (KuttnerKondo, 1996).

Less is known about the mechanism of CD55 mediated decay of the
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classical pathway C3 convertase, but it is thought that this decay proceeds in an similar
fashion to the decay of C3bBb.

Physiological Functions of CD55

CD55 is expressed on the surface of nearly all nucleated cells and its main
function is to regulate complement at the convergence point of the classical, alternative
and lectin pathways (Lublin and Atkinson, 1989). However, there is evidence to suggest
that CD55 plays a role in the cell other than simply as a regulator of complement, with
suggested roles for CD55 in the regulation of T cell development, cell-cell adhesion and
cytokine signaling. These functions have been shown to occur though both complement
dependent and independent mechanisms, suggesting a greater physiological function for
CD55 in the cell than merely as a regulator of complement activation.
Early studies on the physiological role of CD55 were focused primarily on its role
in paroxysmal nocturnal hemoglobinuria (PNH), a disease marked by hemolytic anemia
caused by intravascular hemolysis. (Parker, 2005). A deficiency of CD55 on the surface
of erythrocytes increased susceptibility to complement mediated hemolysis of
erythrocytes. (Nicholson-Weller, 1983; Pangburn, 1983). Subsequent studies showed
that membrane bound CD55 acts intrinsically on cell surfaces to block the uptake of C2
and factor B by the deposited C4b and C3b fragments respectively and that reconstituting
PNH erythrocytes with CD55 reinstated the decay of the C3 convertases, both in the
classical and alternative pathways. (Medof, 1982). However, current studies indicate
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that deficiencies of CD55 can lead to other deleterious consequences not related to the
development of PNH.
The complement system functions as a bridge between innate and adaptive
immunity; therefore, it was thought that CD55 expression could play a role in regulating
the development of T cells. CD55 is expressed on the surface of T cells, perhaps as a
protector against complement activation (Tosello et al, 1998) . Upon antibody mediated
inactivation of CD55, T cell proliferation increased and it was reported that the GPI
anchor of CD55 was necessary for mitogen-activated proliferation of T cells. Therefore,
it was hypothesized that CD55 expression on the surface of T cells served two purposesthe first as a protector of complement-mediated lysis and secondly, to participate in signal
transduction regulating the proliferation of T cells (Davis et al, 1988)
Increased support for the role of CD55 in functioning in signal transduction
during T cell development showed that CD55, along with CD59 and other GPI-anchored
proteins, were located on lipid rafts on the surface of T cells (Cerny et al, 2005). Studies
performed on mice deficient in CD55 showed that a deficiency of CD55 enhanced the T
cell response to immunization through a complement-dependent mechanism and that Daf
-/- mice developed a more severe experimental autoimmune encephalomyelitis (EAE)
which was shown to be due to the activation of complement (Liu et al, 2005). While a
clear link between CD55 and the development of regulatory T cells has not been
established, studies have shown that CD46 can induce interleukin-10-secreting regulatory
T cells (Kemper et al, 2003), therefore, it can be thought that membrane complement
regulators, including CD55 play a role in the suppression of the adaptive immune
response in addition to blocking complement activation.
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CD97 is a 7-pass transmembrane receptor which has been implicated in cell
adhesion and migration and it was reported that CD97 also functioned as a receptor for
CD55, indicating a role for CD55-CD97 interactions in cell adhesion and migration
(Hamman et al, 2006). CD97 is widely expressed on the surface of leukocytes and other
immune cells and is a member of the EGF-TM7 family of class II 7 pass-transmembrane
receptors (Hamann et al, 1996; Jaspers et al, 2001). Though the physiological function
of CD97 is not known, early studies indicated a role for CD97 in signal transduction to
enhance inflammation (Gray et al, 1996) CD55 binding to CD97 was reported to occur
in the N-terminal region of both proteins, at the EGF receptor motif of CD97 and the
CCP domains of CD55 and this interaction is Ca2+ dependent (Lin et al, 2001). The
binding of CD55 to CD97 is hypothesized to play a role in cell adhesion and migration,
potentially stimulating inflammation and has been linked to the development of
rheumatoid arthritis and multiple sclerosis (Hamann et al, 2011; Visser et al, 2011).
Indeed, deletion of either CD55 or CD97 in a murine model of arthritis ameliorated the
progression of collagen-induced arthritis (Hoek et al, 2010).
Though CD55 still has the capacity to regulate complement while bound to CD97,
the binding of CD55 to CD97 allows it the capacity to exert complement-independent
effects on the immune system. Mice deficient in CD55 were reported to have increasing
levels of circulating granulocytes as a result of increased granulopoietic activity, an effect
which had been observed previously with mice lacking CD97 (Veninga et al, 2011).
A role for CD55 interactions with CD97 has been proposed with regards to T cell
development. It had been previously thought that CD55-mediated modulation of T cell
development was due to inhibition of complement, however, it was shown that direct
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engagement of CD55 with CD97 had the potential to costimulate and enhance the
activation and proliferation of CD4+ T cells and increase the secretion of interleukin-10,
which is produced by regulatory T cells (Capasso et al, 2006) . Therefore, it is clear that
CD55 exerts a physiological role in host immunity beyond that of a mediator of
complement activation.

The complement system and cancer

Tumors are characterized by their ability to evade immune surveillance by
employing a variety of mechanisms. The tumor microenvironment often has a high level
of Foxp3+ regulatory T cells (Treg), which act to suppress the adaptive immune response
by inhbiting cytotoxic T lymphocytes and the helper T cell response (Yang et al, 2009).
Treg cells carry enhanced levels of cytotoxic T lymphocyte associated antigen 4, which,
when it binds with CD80 on antigen presenting cells, can cause production of
indoeleamine 2,3-dioxygenase (IDO) (Levings et al, 2000). IDO has been shown to
impair the activation of T cells, stimulating an immunosuppression which is essential for
the

development

of

tumors.

Moreover,

regulatory

T

cells

also

secrete

immunosuppressive cytokines, such as interleukin-10 and TGF-β, which have been
shown to inhibit CD4+ helper T cell proliferation, representing yet another mechanism by
which tumors exploit the function of regulatory T cells to evade the adaptive immune
response. Therapies to reduce the level of regulatory T cells have often been designed as
antibodies to a regulatory T cell marker: CD25, with some success. The usage of antiCD25 antibodies has increased the life span of animals carrying pancreatic tumors and in
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a clinical trial, a humanized monoclonal antibody against CD25, Dalizumab, was used to
clear regulatory T cells from circulation in patients with metastatic breast cancer (Curtin
et al, 2008; Rech et al, 2009). However, the efficacy of targeting regulatory T cells
remains yet to be elucidated and further studies are underway.
The tumor microenvironment, in addition to containing high levels of circulating
regulatory T cells, tumor associated macrophages and myeloid derived suppressor cells,
is also characterized by the secretion of inflammatory cytokines, such as IL1β, TNF-α,
and IL-6. Moreover, chronic inflammation has been long been associated with the
progression of cancers. It has long been known, for example, that inflammation induced
by pathogenic (bacterial or viral) infection could increase gastric, lung and colon cancer
risk (de Martel and Franceschi, 2009). Moreover, obesity, which has been linked to liver
inflammation, has also been shown to promote the development of hepatocellular
carcinoma (Park et al, 2010). Exposure to environmental toxins, such as cigarette smoke,
a known tumor promoter, asbestos, or silica, have been shown to stimulate the secretion
of IL1B, a potent proinflammatory cytokine and it is thought that this leads to the
tumorigenic potential associate with such particulates (Dostert et al, 2008, Takahashi et
al, 2010).

Cell stress, including DNA damage or senescence, can also lead to the

progression of sustained inflammation and cancer (Rodier et al, 2009).
As inflammation has been shown to cause the formation of tumors, the tumor
microenvironment is characterized by sustained inflammation in order to promote tumor
growth and angiogenesis (Mantovani et al, 2008). The chronic inflammation is not only
due to the increasd production of inflammatory cytokines, but also to the dysregulation of
pathways, such as the Ras signaling pathway or Myc pathway which can lead to
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persistant expression of genes encoding for inflammatory and acute phase proteins
(Sparmann and Bar-Sagii, 2004).

Moreover, large tumors which are not fully

vascularized are nutrient and oxygen deprived, and therefore, undergo necrosis, thereby
stimulating the release of more pro-inflammatory cytokines, such as IL1B and IL-8
(Vakkila and Lotze, 2004). These cytokines promote the activation of proinflammatory
transcription factors, including nuclear factor kappa B, a transcription factor which has
been implicated in a number of malignancies in its ability to promote not only tumor
growth, but angiogenesis and metastasis (Karin, 2006).

Like NFkB, Stat3 is a

transcription factor which appears to be involved in a majority of solid and blood
malignancies and is often activated upon exposure to TNF-α, IL-8 and IL1B. The
transcription factors activated by inflammatory cytokines have been shown to activate the
expression of genes promoting tumor growth and angiogenesis, including vascular
endothelial growth factor, cell cycle regulatory genes and the transcription of FoxP3 for
the development of regulatory T cells.
The complement system is activated not only by the presence of pathogen, but
also upon sensing altered self cells and represent a mechanism by which to target tumor
cells. Therefore, tumors have evolved to escape detection and complement mediated
lysis, as part of evading immune surveillance. There does appear to be some sustained
activation of the complement cascade in the tumor microenvironment, pattern recognition
molecules and opsonins have been observed on the surface of tumor cells (Lin and Karin,
2007). Whether this results in increased complement mediated lysis is as yet unclear, as
tumors seem to escape complement-mediated lysis as a means of protection.

The

inflammatory cytokines secreted by tumor cells, IL1B and TNF-α, among others,
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promote the expression of soluble and membrane bound inhibitors of complement,
including complement factor H (CFH), CD59, CD46 and CD55. These factors act to
inhibit complement activation at key steps, including preventing cleavage and activation
of the C3 convertase or preventing formation of the membrane attack complex. There is
intense interest in the development of antibodies that specifically recognize tumor
antigens as a means to utilize the immune system to kill tumor cells. In addition, new
adjuvant therapies for the treatment of cancer involve repressing the expression of these
proteins on tumor cell surfaces and thereby increasing the cell susceptibility to
complement mediated lysis need to be developed. Indeed, it was shown that antibodies
targeted against CD55 resulted in an attenuation of prostate tumor growth, indicating the
potential in targeting mCRPs as a means of cancer therapy (Lohberg et al, 2006).
Here, we demonstrate that selective activation of the aryl hydrocarbon receptor by
DiMNF, has the potential to repress the cytokine-mediated induction of membrane
complement regulatory proteins CD55 on the surface of tumor cells. We identify specific
response elements and transcription factors which appear to be responsible for the IL1Bmedaited induction of CD55 and show that in addition to CD55 repression, DiMNF can
also repress the gene expression of CD46, and that the repression of mCRPs can increase
the deposition of complement component 3 (C3) on the surface of human hepatoma cells.
Moreover, we show a role for the AHR in repressing the expression of a receptor for
CD55, CD97, indicating a role for SAhRM mediated activation of the AHR in preventing
tumor cell adhesion and migration. Taken together, our results indicate the potential of
SAhRMs as a viable therapeutic mechanism that could be used along with cancer
immunotherapy

approaches

in

the

treatment

of

tumors.
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Materials and Methods

Materials
The flavonoid compound 3′,4′-dimethoxy-α-napthoflavone (DiMNF) was
obtained commercially (Indofine Chemical Co., Hillsbourough, NJ). TCDD was a
generous gift from Dr. Stephen Safe (Texas A&M University, College Station, TX). N[2-(3H-indol-3-yl)ethyl]-9-isopropyl-2-(5-methyl-3-pyridyl)purin-6-amine

(GNF351)

was synthesized as previously described (Smith et al, 2011 ). 1-allyl-3-(3,4dimethoxyphenyl)-7-(trifluoromethyl)-1H-indazole
described previously (Murray et al, 2010).

(SGA360)

was

synthesized

as

Human recombinant interleukin-1β was

obtained commercially (PeproTech, Rocky Hill, NJ).

Forskolin was obtained

commercially from Sigma (Sigma-Aldrich, St Louis, MO). Prepared human serum was
obtained commercially (Innovative Research, Novi, MI).

Cell Culture
Huh7 and Hep3B human hepatoma cell lines were maintained in α-modified
essential media (Sigma-Aldrich, St. Louis, MO) supplemented with 8% fetal bovine
serum (HyClone Laboratories, Logan, UT), 100 units/ml penicillin and 100 g/ml
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streptomycin (Sigma-Aldrich). Cells were cultured at 37C in a humidified atmosphere
containing 95% air and 5% CO2.

Plasmids
The promoter region of CD55 was amplified from MCF-7 human genomic DNA
using the primer pair CD55FL (forward and reverse) (Integrated DNA technologies)
listed in Table 1. The 1008 base pair fragment was subcloned into the XhoI/HindIII site
of pGL3basic-Luc (Promega, Madison, WI) to generate the pGL3basic/CD55WT-Luc
construct. The construct was sequenced to confirm that the appropriate sequence was
cloned.

The -423/+71 deletion construct of the CD55 promoter was generated by

digestion of the full length CD55 promoter with the restriction enzymes PstI and HindIII
(New England Biolabs, Ipswich, MA) and the fragment was subcloned into the
pGL3basic-Luc vector using PstI and HindIII. The -209/+71 deletion mutant of the
CD55 promoter was generated by amplifying the desired fragment by PCR and specific
primers for the sequence which contained XhoI and HindIII restriction sites at the 5’ and
3’ end respectively (Table 1) and subcloning the resulting fragment into the pGL3basicLuc vector using XhoI and HindIII (New England Biolabs, Ipswich, MA). Generation of
point mutations in the CD55 promoter was performed using a QuikChange site-direct
mutagenesis kit (Stratagene) within the pGL3basic/CD55WT-Luc construct and primers
for the desired sequence (Table 1). The constructs were sequenced to verify that the
appropriate sequences had been cloned.
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Transient Transfection and Luciferase-based reporter assays
Huh7 cells were cultured in 6 well plates and transfected using Geneporter 3000
transfection reagent (Genlantis, San Diego, CA) following the manufacturers’ protocol.
Cells were pretreated with either vehicle (DMSO) or 10 µM DiMNF for 1 h and then
treated with either 10 ng/mL IL1B or 1 M forskolin for 24 h. Cells were lysed in 200
L of lysis buffer [25 mM Tris-phosphate, pH 7.8, 2 mM dithiothreitol, 2 mM EDTA,
10% (v/v) glycerol, and 1% (v/v) Triton X-100]. Lysate (20 l) was combined with 80 l
of Luciferase

Reporter Substrate (Promega, Madison, WI) and luciferase activity

measured with a TD-20e luminometer (Turner Systems,Sunnyvale, CA). Luciferase
activity was normalized with respect to β-galactosidase activity.

RNA isolation and reverse transcription:
Total RNA was isolated from cells cultured in six-well plates using TRIzol
(Invitrogen, Carlsbad, CA) and was reverse transcribed to cDNA using the HighCapacity cDNA Archive Kit (Applied Biosystems, Foster City, CA).

Quantitative real-time PCR
Expression levels of specific mRNA for all genes examined were measured by
quantitative real-time PCR with the Quanta SYBR Green kit (Quanta Biosciences,
Gaithersburg, MD) on an iCycler DNA engine equipped with the MyiQ single color realtime PCR detection system (Bio-Rad, Hercules, CA). Expressed quantities of mRNA
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were normalized to L13A mRNA levels. Oligonucleotide sequences are reported in Table
2.

siRNA mediated knockdown
siRNA-mediated knockdown of AHR expression in Hep3B cells was performed
using the Amaxa nucleofection system (Lonza Walkersville Inc., Walkersville, MD) with
either AHR-specific oligonucleotide sequence (GCACGAGAGGCUCAGGUUA) ONTARGET,

RelA/p65-specific

oligonucleotide

sequence

(CCCACGAGCUUGUAGGAAA) ON-TARGET, or scrambled siRNA (Dharmacon
RNA Technologies, Lafayette, CO). Cells were washed and suspended at a concentration
of 2.0 × 106 per 100 μL of nucleofection solution. Control or targeted siRNA was added
to the sample for a final concentration of 1.5 μmol/L. Samples were electroporated with
program T16 and plated into six-well dishes in complete media. Cells were allowed to
recover for 24 h following electroporation before further treatments.

Protein Expression Analysis and Immunoblotting
Huh7 cells were cultured to ~80% confluence in six-well plates and treated with
vehicle (DMSO) or 10 nM DiMNF for 1 h prior to treatment for 24 h with 10 ng/mL
IL1B. Cells were lysed with MENG (25 mM MOPS, 2 mM EDTA, 0.02% NaN3, 10%
glycerol, pH 7.5) /20 mM sodium molybdate/1% Nonidet P40/protease inhibitor cocktail
(Sigma). Lysates were centrifuged(13,000g, 30 min, 4°C) to remove insoluble material.
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Protein concentrations were determined by use of the bicinchoninic acid (BCA) kit
(Thermo Fisher Scientific, Waltham,MA). Fifty micrograms of protein were resolved on
8% SDS-PAGE gels and transferred to PVDF membrane (Millipore, Billerica, MA).
Where indicated, membranes were probed at recommended dilutions for 1 h with the
following primary antibodies: anti-CD55 rabbit IgG (sc-9156; Santa Cruz Biotechnology,
Santa Cruz, Ca) and anti-β-actin mouse IgG (sc-47778; Santa Cruz Biotechnology, Santa
Cruz, CA). Secondary antibody detection was achieved using species-appropriate biotinconjugated IgG (Jackson ImmunoResearch Laboratories Inc., West Grove, PA). Tertiary
detection was achieved through incubation with 0.03 μCi/ml [125I]-streptavidin. Blots
were exposed to BioMAX (Eastman Kodak, Rochester, NY) film and developed.

Iodination of C3 and streptavidin
Sodium [125I]iodide was obtained from Perkin Elmer, Boston, MA and iodobeads
were obtained from Pierce (Rockford, IL). C3 (EMD Chemical, San Diego, CA) and
streptavidin (Jackson Immunoresearch, West Grove, PA) were iodinated essentially by
the method of Markwell (Markwell, 1982). Iodination of C3 was verified through protein
immunoblotting (Supplementary Figure 3).

C3 deposition assay
Huh7 cells were cultured in 24 well plates in 500 L α-MEM containing reduced
serum (5% FBS) at a density of 5 X 104 cells/well for 24 h. Cells were treated with either
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vehicle (DMSO) or 10 µM DiMNF for 1 h, followed by treatment with 10 ng/mL IL1B
for 24 h. Cells were washed 3x with PBS and incubated for 30 min in 250 L α-MEM
supplement with either 5% Normal Human Serum (Innovative Research, Novi, MI), 5%
Normal Human Serum that had been heat inactivated for 20 min at 55C or 5% BSA.
Cells were then exposed to
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I-C3 (10 L) for 1 h. The media was collected and cells

were washed 3x with PBS. Cells were lysed with 150 L Lysis buffer [25 mM Trisphosphate, pH 7.8, 2 mM dithiothreitol, 2 mM EDTA, 10% (v/v) glycerol, and 1% (v/v)
Triton X-100] and protein was quantified using the BCA protein assay kit. Lysate was
measured for radioactivity using a gamma counter and counts were normalized to mg
protein.
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Results

DiMNF is capable of repressing the cytokine-mediated induction of CD55 in Huh7
and Hep3B cells
Previously, we have demonstrated that administration of DiMNF to human
hepatoma cells represses the cytokine-mediated induction of genes encoding acute phase
proteins, including but not limited to, serum amyloid A 1 (SAA1) and complement factor
3 (C3) (Patel et al, 2009; Murray et al, 2011).

Microarray analysis revealed that

cytokine-induced expression of genes encoding complement regulatory proteins was also
repressed upon administration of DiMNF (Murray et al, 2011). Therefore, we examined
the potential of DiMNF in repressing cytokine-induced mRNA and protein expression of
CD55 in Huh7 cells.
Inflammatory cytokines, such as TNF-α, IL-6 and IL1B have been shown to
induce CD55 expression to varying degrees on the surfaces of epithelial and blood cells.
Therefore, to identify the inflammatory cytokine and dosage which would most
effectively induce CD55 mRNA expression in Huh7 cells, Huh7 cells were treated with
either vehicle or IL1B, IL-6, TNF-α or LPS at a low and high dose of each for 24 h and
CD55 mRNA expression was measured by quantitative real-time PCR (qRT-PCR). Of
the cytokines administered, only IL1B significantly (p < 0.05) induced CD55 mRNA
expression 2-fold at both low (2 ng/ml) and high (10 ng/ml) doses, while IL-6, TNF-α
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and LPS did not induce CD55 gene expression significantly beyond control levels (Figure
3-1). Therefore, to induce CD55 expression in all subsequent studies, 10 ng/ml IL1B was
administered to cells.
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Figure 3-1: Effects of inflammatory cytokines on the expression of CD55 mRNA

Huh7 cells were seeded into six well plates and treated with either vehicle (DMSO) or
IL1B (2 ng/ml, 10 ng/mL), IL6 (2 ng/ml, 10 ng/ml), TNFα (2 ng/ml, 10 ng/ml) or LPS
(10 nM, 100 nM) for 24 h. Following 24 h incubation, total mRNA was isolated and
quantitative real-time PCR was performed to measure mRNA expression of CD55
normalized to L13a. Data represent mean ± SEM of experiments performed in triplicate.
Asterisks indicate statistical significance (*** p < 0.001, ** p < 0.01, * p < 0.05).
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DIMNF was previously characterized as a SAhRM which had the capacity to
attenuate cytokine-mediated induction of complement factor 3 (C3) and acute phase gene
expression without stimulating binding of AHR to its cognate DRE.

Moreover,

microarray analysis demonstrated that utilization of a non-DRE binding mutant of the
AHR caused a repression of cytokine-mediated expression of acute phase genes,
including but not limited to Saa1 and C3 (Murray et al, 2011).

In order to validate

SAhRM-mediated suppression of CD55, Huh7 cells were exposed to vehicle (DMSO) or
10 M DiMNF 1 h prior to administration of 10 ng/ml IL1B. Following incubation for
24 h, total RNA was isolated and CD55 expression assessed through quantitative PCR
(Figure 3-2A). Treatment with IL1B resulted in a 2-fold enhancement in the expression
of CD55 when compared to vehicle treated.

Pretreatment with DiMNF and IL1B

completely abolished IL1B-mediated induction of CD55 expression..

Exposure to

DiMNF in isolation failed to significantly influence basal CD55 expression. In an effort
to determine if the suppressive activity of DiMNF with regard to IL1B-induced CD55
expression is cell line dependent, Hep3B cells were exposed to the same treatment regime
as Huh7 cells. And indeed, results in Hep3B cells were similar to those obtained with
Huh7 cells. Exposure to IL1B caused in a significant 75 % increase in CD55 expression.
Co-treatment with DiMNF prompted a significant and complete attenuation of CD55
mRNA levels comparable to that observed with Huh7 cells (Figure 3-2B). In addition,
treatment of Hep3B with DiMNF alone did not significantly alter basal CD55 expression
in Hep3B cells, similar to that of Huh7 cells. This data indicates that CD55 is responsive
to IL1B-mediated induction and that the induction is sensitive to suppression mediated by
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the SAhRM DiMNF. Furthermore, this confirms that DiMNF-dependent attenuation is
not restricted to an isolated cell line.
Having established the responsiveness of human hepatoma cell lines to IL1B with
regard to CD55 mRNA and subsequent attenuation by DiMNF, we wished to determine if
these effects are restricted to the level of mRNA or are reflected at the protein level.
Therefore quantitative CD55 protein expression analyses were performed on Huh7 cells
treated as previously indicated (Figure 3-2C and 3-2D). Analyses of CD55 protein levels
identified a significant (p < 0.001) 1.5-fold increase following exposure to IL1B which
was then attenuated by co-exposure to DiMNF. The degree of CD55 protein induction
following IL1B treatment proved to be less marked when compared to that observed at
the level of mRNA.
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Figure 3-2: DiMNF represses the IL1B-mediated induction of CD55 expression in
Huh7 and Hep3B hepatoma cell lines.
Huh7 or Hep3B cells were treated for 1 h with vehicle (DMSO) or 10 µM DiMNF and
subsequently treated for 24 h with 10 ng/ml IL1B. CD55 mRNA expression in A) Huh7
cells and B) Hep3B cells was measured by quantitative real-time PCR (qRT-PCR). Data
represent mean mRNA expression level SEM fold induction normalized to constitutively
expressed ribosomal L13 mRNA and statistical significance is indicated by asterisks (***
p < 0.001, ** p < 0.01, * p < 0.05). C) Protein expression analysis of CD55 following
treatment of Huh7 cells with 10 µM DiMNF for 1 h followed by treatment with 10
ng/mL IL1B for 24 h. β-actin was utilized as a control. D) Protein was quantized using a
gamma counter and normalized to β-actin.
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Attenuation of IL1B-mediated CD55 expression is AHR dependent
To evaluate the effects of additional AHR ligands on the repression of CD55
gene expression in an inflammatory microenvironment, Huh7 cells were pretreated with
either 10 nM TCDD, an AHR agonist or 10 µM SGA360, a SAhRM, for 1 h prior to
exposure of cells to IL1B for 24 h.

Quantitative PCR analysis revealed that

administration of TCDD prior to treatment with IL1B resulted in a significant and
complete repression of CD55 mRNA levels induced by treatment with IL1B alone.
(Figure 3-3A) Treatment of Huh7 cells with TCDD alone resulted in a modest 25%
increase in CD55 mRNA. Activation of the AHR with TCDD is known to enhance the
expression of IL1B mRNA (Vogel et al, 1997); therefore treatment of cells with AHR
agonists such as TCDD may enhance the induction of CD55 mRNA through an indirect
mode of action involving an increase in cytokine expression.

Administration of the

SAhRM SGA360, which has been shown to repress the expression of pro-inflammatory
genes prior to treatment with IL1B, demonstrated a 50% repression of IL1B-induced
CD55 mRNA expression (Figure 3-3B), further lending credence to the hypothesis that
the DiMNF-mediated repression of CD55 expression is via the AHR.

To further

substantiate the requirement for SAhRM activity and not generalized AHR ligand
binding as a prerequisite to facilitate attenuation of CD55 expression, we utilized
GNF351, a complete agonist of AHR which inhibits both DRE-dependent and
independent AHR activity (Smith et al 2010). Huh7 cells were treated with 500 nM
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GNF351 for 1 h and cells were then exposed to IL1B for 24 h. Quantitative PCR
demonstrated that treatment of cells with GNF and IL1B yielded no repression in IL1B
mediated CD55 mRNA levels (Figure 3-3C).
To establish the dependency of AHR in the context of DiMNF-mediated
attenuation of cytokine-induced CD55 expression, Hep3B cells were electroporated with
small interfering RNA targeted against the AHR. Hep3B cells were selected because
Huh7 cells yielded modest levels of siRNA knockdown. Knockdown of AHR was
verified by protein immunoblotting (Figure 3-3E) and functional knockdown of AHR
was confirmed by measuring CYP1A1 mRNA induction upon treatment with 10 nM
TCDD (Figure 3-3F). 48 h post electroporation cells were treated with 10 µM DiMNF
for 1 hour prior to treatment with IL1B for 24 hours. Quantitative real time PCR of CD55
mRNA revealed that in cells electroporated with AHR siRNA, IL1B induced a 2-fold
increase in CD55 mRNA. Co-exposure of cells electroporated with AHR to DiMNF and
IL1B yielded no repression of IL1B-mediated induction of CD55 mRNA (Figure 3-3D).
These data suggest an absolute requirement for AHR in DiMNF-mediated suppression of
cytokine-inducible CD55 expression.
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Figure 3-3: DiMNF-mediated repression of CD55 mRNA expression occurs through
an AHR-dependent pathway
Huh7 cells were pretreated with vehicle (DMSO) and either A) 10 nM TCDD, B) 10 M
SGA360 or C) 500 nM GNF351 for 1 h, followed by treatment with 10 ng/ml IL1B and
quantitative real-time PCR was performed to measure expression of CD55 mRNA. D)
Hep3B cells targeted with either control or AHR-specific siRNA were incubated with
vehicle (DMSO) or 10 µM DiMNF for 1 h prior to treatment with IL1B for 24 h and
CD55 mRNA expression was measured by quantitative real-time PCR. Verification of
AHR knockdown by E) Protein Immunoblotting or F) CYP1A1 mRNA Data represent
mean mRNA expression level ± SEM normalized to constitutively expressed ribosomal
L13 mRNA and statistical significance is indicated by asterisks (*** p < 0.001, ** p <
0.01, * p < 0.05)
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Characterization of the CD55 promoter.
To attempt to identify the response elements involved in the AHR mediated
repression of CD55 gene expression, truncation mutants were generated in the CD55
promoter based on the previously described transcription start site (Ewulonu et al, 1991).
Transfection of the full length CD55 promoter into Huh7 cells resulted in a 2.5-fold
induction of promoter activity upon 24 h treatment with 10 ng/ml IL1B and repression of
this induction to control levels upon 1 h treatment with 10 µM DiMNF prior to
administration of IL1B, as measured by luciferase expression normalized to βgalactosidase activity. Transfection of the CD55 -423/+71 construct into these cells
resulted in a 2-fold induction of CD55 promoter activity upon treatment with IL1B,
however, pretreatment with DiMNF demonstrated no repression of IL1B-mediated
induction. Transfection of the CD55 -209/+71 construct resulted in complete ablation of
CD55 promoter activity upon treatment with IL1B; therefore, the repressive effects of
DiMNF on the CD55 promoter were also eliminated (Figure 3-4). These results indicate
that the AHR is likely mediating repression of CD55 expression through response
elements located between -858 and -423 nucleotides from the transcription start site.
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Figure 3-4: DiMNF mediates a repression of IL1B mediated induction of CD55
promoter activity in Huh7 cells
Huh7 cells were transfected with pgl3basic reporter plasmids containing either the 858/+71 CD55 promoter, the deletion mutants -423/+71, or -209/+71 using the
GenePorter3000 transfection reagent. 24 h post transfection, cells were pretreated with
either Vehicle (DMSO) or 10 µM DiMNF for 1 h followed by treatment for 24 h with 10
ng/mL IL1B. Luciferase reporter activity was measured and normalized to βgalactosidase activity. Data is reported as mean relative luciferase units ± SEM
normalized to vehicle treated. Asterisks indicate statistical significance (*** p < 0.001,
** p < 0.01, * p < 0.05).

67

CD55 expression has been demonstrated to be induced by activation of the NF-B
pathway (Andoh et al, 2001) in intestinal epithelial cells. To study whether the IL1B
mediated induction of CD55 expression occurs though NF-B, point mutations were
individually created in the CD55 promoter for three NFB response elements, at -605, 480, and -395 relative to the transcription start site (termed CD55-452, CD55-327,
CD55-242) (Figure 3-5A). These constructs were transfected into Huh7 cells and cells
were pretreated with 10 µM DiMNF for 1 hr prior to challenging with 10 ng/ml IL1B for
24 hours. Transfection of CD55-242 lead to a significant 4-fold induction of reporter
activity upon treatment with IL1B and a significant and complete repression of IL1B
mediated induction upon co-exposure with DiMNF and IL1B (Figure 3-5B), indicating
that this response element is not critical for IL1B mediated expression of CD55.
Treatment with IL1B following transfection of CD55-327 demonstrated no induction of
reporter activity and no repression of cytokine mediated induction was observed upon
pretreatment with DiMNF. (Figure 3-5C) Transfection of the CD55-452 construct
followed by treatment with IL1B showed no induction in reporter activity and no
repression of IL1B-mediated induction upon treatment with DiMNF prior to treatment
with IL1B (Figure 3-5D).
To confirm whether CD55 promoter activity requires the NF-B dependent
pathway, Hep3B cells were electroporated with small interfering RNA targeted either for
control or RelA/p65 and knockdown of RelA was verified by protein immunoblotting
(Supplementary Figure 3). 48 h post-electroporation, cells were pretreated for 1 h with
10 µM DiMNF and subsequently treated with 10 ng/ml IL1B for 24 h. Quantitative PCR
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revealed that IL1B failed to induce CD55 mRNA in cells treated with RelA/p65 siRNA,
and no repression was observed upon pretreatment with DiMNF. (Figure 3-5E)
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Figure 5: Identification of response elements involved in IL1B-mediated induction of CD55
expression

A)Schematic showing the position of point mutations created in NFkB binding sites (605, -480, -395) and a CRE binding site (-71),. on the CD55 promoter
Huh7 cells were transfected with either B) CD55-395, C) CD55-480 or D) CD55605 using the GenePorter3000 transfection reagent.. 24 h post transfection, cells were
treated with either vehicle (DMSO) or 10 µM DiMNF for 1 h followed by 24 h treatment
with 10 ng/mL IL1B. Luciferase activity was measured and normalized to βgalactosidase activity. Data represents mean relative luciferase units ± SEM fold
induction relative to control. E) Hep3B cells targeted with either control or RelA/p65specific siRNA were incubated with vehicle (DMSO) or 10 µM DiMNF for 1 h prior to
treatment with 10 ng/mL IL1B for 24 h and CD55 mRNA expression was measured by
quantitative real-time PCR. Data represent mean mRNA expression level ± SEM
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normalized to constitutively expressed ribosomal L13 mRNA and statistical significance
is indicated by asterisks (*** p < 0.001, ** p < 0.01, * p < 0.05).

A cyclic AMP response element (CRE) was identified in the CD55 promoter
region proximal to the transcription start site (Ewulonu et al, 1991). Therefore, it was
hypothesized that induction of CD55 expression could involve the cAMP/CRE pathway.
To evaluate this possibility, Huh7 cells were transfected with the CD55 promoter and
treated with 10 µM DiMNF for 1 h prior to treatment with 1µM forskolin, thereby raising
levels of cAMP. Forskolin treatment alone caused a 3-fold induction of reporter activity
and pretreatment with DiMNF prior to exposure to forskolin treatment significantly
repressed the forskolin-mediated induction of reporter activity. (Figure 3-6A) To explore
this further, a point mutation was made in the CRE-binding site (termed CD55-71) and
this construct was transfected into Huh7 cells, followed by pretreatment with 10 µM
DiMNF for 1 h and subsequent treatment with 1µM forskolin for 24 h. Mutation of this
element caused no induction of reporter activity upon treatment with forskolin,
suggesting that this element is necessary for cAMP mediated induction of CD55 activity.
(Figure 3-6B) To assess the effect of siRNA mediated knockdown of RelA/p65 upon
forskolin mediated induction of CD55 expression, Hep3B cells which had been
electroporated with small-interfering RNA targeted to RelA were treated with 10 µM
DiMNF for 1 h followed by treatment with 1 µM forskolin. Verification of RelA
knockdown was achieved through protein immunoblotting (Figure 3-6D)

Upon

knockdown of RelA/p65, treatment with forskolin still induced mRNA levels of CD55 3fold and co-exposure with DiMNF and forskolin completely repressed forskolin-
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mediated induction of CD55 mRNA to basal levels (Figure 3-6C). These results indicate
that induction of CD55 expression is mediated through multiple pathways, both NFkB
and CRE/cAMP, and in the absence of NFkB signaling, the cAMP pathways is sufficient
to mediate induction of CD55 expression and repression by DiMNF.

72

Figure 3-6: Effect of DiMNF on forskolin-mediated induction of CD55 expression
Huh7 cells were transfected with either A) the -858/+71 CD55 promoter or B) the CD55
promoter with a point mutation in a CRE binding site (-71) in the pGL3 basic reporter vector
using the GenePorter 3000 transfection reagent. 24 h post-transfection, cells were treated with
either vehicle (DMSO) or 10 µM DiMNF followed by 24 h treatment with 1 M forskolin.
Luciferase reporter activity was measured and normalized to β-galactosidase activity. Data
represetnts mean ± SEM fold induction relative to control. C) Hep3B cells targeted with either
control or RelA/p65-specific siRNA were incubated with vehicle (DMSO) or 10 µM DiMNF for
1 h prior to treatment with 1 M forskolin for 24 h and CD55 mRNA expression was measured
by quantitative real-time PCR. D) Verification of RelA/p65 knockdown by protein
immunoblotting. Data represent mean mRNA expression level ± SEM normalized to
constitutively expressed ribosomal L13 mRNA and statistical significance is indicated by
asterisks (*** p < 0.001, ** p < 0.01, * p < 0.05).
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Effects of DiMNF on cytokine-mediated expression of complement regulatory
proteins CD46 and CD59
We then explored the potential of DiMNF to alter the expression of other mCRPs
which are often highly expressed on the surface of tumor cells. CD46 (membrane
cofactor protein, MCP), like CD55, acts at the level of the C3 convertase. Unlike CD55,
CD46 does not possess decay accelerating activity; instead, it is a cofactor for a serine
protease which then binds to and inhibits the C3 convertase (Riley-Vargas et al, 2004).
CD59 (protectin), is distinct from CD46 and CD55 in that it inhibits the formation of the
membrane attack complex, however, its expression is highly enhanced on the surface of
tumor cells. Moreover, CD59 and CD55 deficicienies have often been studied together in
the context of paroxysmal nocturnal hemoglobinurea (PNH) (Nicholson-Weller et al
1987).

Therefore, we were interested in the possibility that DiMNF could repress

cytokine-mediated expression of both CD46 and CD59, further potentially sensitizing
tumor cells to complement-mediated attack.
Huh7 cells were pretreated for 1h with either vehicle (DMSO) or 10 µM DiMNF
and then treated with 10 ng/ml IL1B for 24 h. CD46 mRNA levels were then measured
in total mRNA by quantitative RT-PCR.

Treatment of Huh7 cells with IL1B alone

resulted in a significant (p < 0.001) 7-fold increase in CD46 mRNA which was
completely repressed upon pretreatment of cells with DiMNF and IL1B (Figure 3-7A).
Furthermore, treatment with DiMNF alone did not significantly alter basal expression of
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CD46 mRNA, indicating that, like CD55 mRNA expression, DiMNF is acting to repress
cytokine-induced CD46 gene expression.
However, different results were obtained when CD59 gene expression was
measured. Huh7 cells were subjected to the same treatment regime as above and total
mRNA was isolated. Quantitative real-time PCR was performed to measure CD59 gene
expression. Exposure of cells to IL1B alone provoked a modest, but not significant,
increase in CD59 mRNA expression, as compared to vehicle treated (Figure 3-7B).
However, treatment with DiMNF alone resulted in a much stronger increase of CD59
mRNA than treatment with IL1B, indicating that DiMNF is inducing the expression of
CD59 (Figure 3-7B). Cotreatment of Huh7 cells with both DiMNF and IL1B resulted,
however, in a repression of elevated CD59 mRNA expression back to basal levels.
Taken together, these results indicate that the repression of CD59 gene expression cannot
be attributed to exposure of cells to either IL1B or DiMNF.
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Figure 3-7: DiMNF represses cytokine induced levels of CD46 mRNA but not CD59
mRNA
Huh7 cells were treated with either vehicle (DMSO) or 10 M DiMNF for 1 h and
subsequently treated for 24 h with 10 ng/ml IL1B. Quantitative real-time PCR was
performed to measure the mRNA expression of A) CD46 and B) CD59. Data represent
mean ± SEM. Asterisks represent statistical significance (*** p < 0.001, ** p < 0.01, * p
< 0.05)
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To evaluate whether DiMNF is mediating repression of IL1B-induced CD46
mRNA through the AHR, Hep3B cells were electroporated with small interfering RNA
targeted against control or AHR. 24 h post electroporation, cells were treated for 1 h with
either vehicle (DMSO) or 10 µM DiMNF and subsequently challenged with 10 ng/mL
IL1B for 24 h. Knockdown of AHR was verified by measuring mRNA expression of
CYP1A1 following exposure of cells to TCDD and by immunoblotting () Total mRNA
was isolated and quantitative real-time PCR was performed to measure expression of
CD46 mRNA (Figure 3-8).
Upon knockdown of AHR, Hep3B cells treated with IL1B alone still
demonstrated a significant increase in CD46 mRNA, indicating that knockdown of AHR
is not interfering with IL1B-mediated induction of CD46 gene expression. DiMNF was
unable to repress IL1B-mediated induction of CD46 mRNA in Hep3B cells
electroporated with AHR siRNA, indicating that DiMNF-mediated repression of CD46
mRNA is AHR-dependent. These results suggest that DiMNF is capable of repressing
both

CD55

and

CD46

gene

expression

in

an

AHR-dependent

fashion.
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AHR

Figure 3-8: Repression of IL1B-mediated CD46 expression is AHR dependent
Hep3B cells were electroporated with siRNA targeted against either control or AHR. 48
hour post electroporation, cells were treated with either vehicle (DMSO) or 10 M
DiMNF for 1 h and subsequently exposed to 10 ng/ml IL1B for 24 h. mRNA expression
of CD46 was measured by quantitative real time PCR. Data represent mean ± SEM of
CD46 mRNA normalized to L13 mRNA. Asterisks represent statistical significance (***
p < 0.001, ** p < 0.01, * p < 0.05)
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DiMNF-mediated AHR activation represses the cytokine-mediated induction of
CD97
In addition to regulating complement activation, CD55 is thought to be involved
in regulating cell-adhesion and migration upon binding to its receptor, CD97 (Hai and
Hammann, 2004).

CD97 is highly expressed on the surface of leukocytes and its

expression is enhanced upon exposure to inflammatory cytokines, presumably in order to
facilitate leukocyte adhesion and migration to affected tissues, though the mechanism is
unclear.

Therefore, it was thought that DiMNF had the potential to repress IL1B-

mediated expression of CD97.
To explore this possibility, Huh7 cells were treated with either vehicle (DMSO)
or 10 µM DiMNF for 1 h and subsequently treated for 24 h with 10 ng/mL IL1B. 24 h
following exposure to cytokine, mRNA was isolated and quantitative real-time PCR was
performed to measure expression of CD97 mRNA (Figure 3-9A). The results were
similar to those obtained for CD55 gene expression.

CD97

gene expression was

significantly increased upon exposure to IL1B alone and this enhanced expression was
significantly repressed to basal levels following pretreatment of Huh7 cells with DiMNF
prior to treatment with IL1B. Treatment of cells with DiMNF alone did not significantly
alter basal levels of CD97 mRNA, indicating that as with CD55 expression, DiMNF is
acting to repress cytokine-induced CD97 gene expression and not basal expression.
We then wished to establish whether the effects of DiMNF on CD97 mRNA are
restricted to the level of mRNA or also occur at the protein level. Huh7 cells were treated
as described above and quantitative protein expression analysis was performed to
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examine expression of CD97 protein. The results reflected those observed upon mRNA
expression analysis of CD97. Treatment of Huh7 cells with IL1B resulted in a slight
increase of CD97 protein, which was repressed upon combinatorial treatment with
DiMNF and IL1B. (Figure 3-9B, 3-9C). It should be noted that treatment of cells with
IL1B alone did not significantly induce CD97 protein levels, however, pretreatment with
DiMNF and IL1B repressed CD97 protein beyond basal levels. Therefore, these results
indicate that DiMNF is mediating repression of CD97 mRNA and protein induced by
cytokine exposure.
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Figure 3-9: DiMNF is capable of repressing CD97 mRNA and protein induced by
IL1B
Huh7 cells were treated for 1 h with vehicle (DMSO) or 10 µM DiMNF and subsequently
treated for 24 h with 10 ng/ml IL1B. A) CD97 mRNA expression in Huh7 cells was
measured by quantitative real-time PCR (qRT-PCR). Data represent mean mRNA
expression level SEM fold induction normalized to constitutively expressed ribosomal
L13 mRNA and statistical significance is indicated by asterisks (*** p < 0.001, ** p <
0.01, * p < 0.05). B) Protein expression analysis of CD55 following treatment of Huh7
cells with 10 µM DiMNF for 1 h followed by treatment with 10 ng/mL IL1B for 24 h. βactin was utilized as a control. C) Protein was quantized using a gamma counter and
normalized to β-actin.
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Regulation of transcription factors involved in mCRP gene expression
AHR activation is known to cross-talk with a number of signaling pathways,
many of which are involved in the development of the tumor microenvironment,
including NFkB, cAMP/Cre and STAT pathways, amongst others. Having identified
NFkB response elements which appeared crucial for IL1B-mediated induction and AHRmediated repression of CD55 gene expression, we wished to identify other possible
transcription factors known to be involved in mCRP and acute phase gene expression
which might exhibit altered expression upon exposure to DiMNF and IL1B in order to
understand the means by which AHR is mediating repression of CD55 mRNA
expression. We examined the effects of DiMNF on the transcription of Stat3, C/EBPδ,
and ATF3, as these proteins are known to regulate genes involved in the acute phase
response and therefore represent potential targets in controlling CD55 gene expression.
Huh7 cells were exposed to either vehicle (DMSO) or 10 µM DiMNF for 1 h and
subsequently treated with 10 ng/mL IL1B for 24 h. Total mRNA was isolated and
quantitative real-time PCR was performed to measure mRNA expression levels of the
transcription factors: Stat3, CEBP/δ, and ATF3. Treatment of Huh7 cells with 10 ng/mL
IL1B resulted in a 3.5 fold induction in Stat3 mRNA which was repressed 50% upon
coexposure to DiMNF, indicating that DiMNF mediated repression of IL1B-induced
Stat3 expression is not complete (Figure 3-10A).

Treatment with IL1B alone

demonstrated a 4-fold increase in C/EBP mRNA, however, treatment with DiMNF prior
to the administration of IL1B demonstrated only a slight repression in C/EBP gene
expression (Figure 3-10B). However, treatment with DiMNF alone did demonstrate a
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marked repression of constitutive C/EBP gene expression.

ATF3 mRNA was

demonstrated to be induced 2-fold upon exposure to IL1B alone, however, induction was
also observed upon exposure to DiMNF alone and coexposure to DiMNF and IL1B
revealed no decrease in the induced ATF3 mRNA (Figure 3-10C).
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Figure 3-10: Effects of DiMNF on the expression of Stat3, C/EBP, and ATF3
Huh7 cells were split into six well plates and treated with 10 M DiMNF for 1 h
followed by treatment with 10 ng/ml IL1B for 24 h. Total mRNA was isolated and
quantitiatve real time PCR was performed to measure mRNA expression levels of A)
Stat3 B) C/EBP and C) ATF3. Data represent mean mRNA expression level ± SEM.
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AHR mediated repression of CD55 expression leads to an increased deposition of
the C3 convertase on cells.
CD55 expression on the surface of cells promotes the decay of the C3
convertases, which normally serve to cleave complement component 3 (C3) into C3a and
C3b, which deposits on the surface of cells and leads to formation of the MAC and
complement-mediated cytotoxicity. Inactivation of the C3 convertase inhibits deposition
of C3b and therefore, complement-mediated lysis cannot occur. To assess the functional
significance of AHR-mediated repression on CD55, CD46 expression and deposition of
C3 on the surfaces of cells, Huh7 cells were treated with 10 µM DiMNF for 1 h, followed
by treatment with 10 ng/ml IL1B for 24 h. Cells were incubated in media containing
either 5% normal human serum, which contains the components of the complement
pathway, 5% heat-inactivated normal human serum or 5% BSA for 30 min. Cells were
then exposed to [125I]-C3 for 1 h, followed by cell lysis. Deposition of [ 125I]-C3b was
determined by measuring radioactivity in a gamma counter and cpm were normalized to
mg protein. Upon treatment of Huh7 cells with DiMNF prior to the administration of
IL1B, there was a 1.5 fold increase in C3 deposition, which was statistically significant
compared to cells treated with IL1B alone on the surfaces of cells incubated with normal
human serum. (Figure 3-11B) This difference was not observed in cells incubated in
heat-inactivated normal human serum or BSA prior to the addition of

125

I-C3, both of

which do not have active complement components and therefore cannot cleave C3 into its
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fragments. Therefore, activation of the AHR with DiMNF functionally alters deposition
of complement component proteins on the surfaces of cells.

Figure 3-11:

125

I-C3b deposition on the surface of Huh 7 cells

A) Verification of radiolabeled C3 cleavage by protein immunoblotting B)Huh7 cells
were cultured in 24 well places and pretreated for 1 h with either vehicle (DMSO) or 10
µM DiMNF prior to treatment with 10 ng/mL IL1B for 24 h. Cells were then incubated
in media containing either 5% BSA, 5% Normal Human Serum (NHS) or 5% HeatInactivated Normal Human Serum (HI-NHS) for 30 minutes followed by administration
of 125I labeled Complement component 3 (125 I-C3). 125I-C3b deposition was measured
on the surface of cells by gamma counter and normalized to mg protein. Data represent
mean ± SEM with statistical significance indicated by asterisks (*** p < 0.001, ** p <
0.01, * p < 0.05).
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Discussion

Current radio-, immuno-, and chemo- based therapies to inhibit tumor growth and
progression are hindered greatly by the ability of tumors to create an optimal
microenvironment in which to sustain their growth (Vasievich and Huang, 2011).
Tumors have evolved to escape detection by the immune system, generating a
microenvironment characterized by the presence of stromal cells, such as tumorassociated macrophages (TAMs) and myeloid derived suppressor cells (MDSCs), which
increase production of immunosuppressive factors, including transforming growth factorbeta2 (TGF-β2) (Oft et al, 1998) and cyclooxygenase-2 derived PGE2 (Soslow et al,
2000). Tumor cells also promote the secretion of proinflammatory cytokines, including
interleukin-6 and IL1B which increase the production of APP, such as Serum Amyloid A
1 (SAA1) and C-reactive protein (CRP), leading to an enhancement of tumor growth,
angiogenesis, anti-apoptotic phenotype and evasion of the immune response (Spiller et al,
2000). Inflammatory cytokines secreted by tumors, such as IL1B, TNF-α, and IL6, also
serve to promote the enhanced expression of complement inhibitory proteins, CD55,
CD46, and CD59 on the surfaces of tumor cells, thereby protecting the tumor cells from
complement-mediated cytotoxicity and enabling escape from immune detection
(Loveland and Cebon, 2008).

Therefore, modulation of the inflammatory tumor
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microenvironment is a mechanism by which tumor growth and development can be
targeted and it is thought that inhibiting the expression of mCRPs on the surfaces of
tumor cells could have therapeutic effects in the treatment of cancer.
Nuclear receptors have long been viewed as an attractive target against sustained
inflammation and it is possible that modulation of nuclear receptor activation could
represent a means by which to prevent the development of the inflammatory tumor
microenvironment.

This effect has also been observed upon activation of the AHR by

an agonist, where the anti-inflammatory physiological response is counteracted by the
toxicity associated by ligand-dependent transcription of AHR target genes such as
CYP1A1 (Mimura and Fujii-Kuriyama, 2003). Therefore, the development of selective
modulators of receptors such as the AHR represents an attractive therapeutic mechanism
to repress inflammation induced by tumor formation.
The AHR is activated by a diverse array of ligands, exogenous and endogenous,
most notably, TCDD, tryptophan derivatives, such as kynurenine and FICZ, and B[a]P
(Denison and Nagy, 2003).

However, the classical pathway of AHR activation is

characterized by binding of the AHR to its dioxin response element on the promoters of
AHR target genes, ultimately stimulating their transcription. Transcription of genes
involved in Phase I and Phase II metabolism, such as CYP1A1 or CYP1B2, can lead to
deleterious effects, as sustained expression of these genes is often implicated in
metabolism of exogenous compounds to tumor-promoters (Beischlag et al, 2008).
TCDD, an AHR agonist, has been classified as a carcinogen (Boffeta et al, 2011).
Activation of AHR with TCDD could lead to tumor promoting activities by a number of
mechanisms, including, but not limited to, decreased expression of tumor suppressor
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proteins, such as p53 and p16INK4A (Ray and Swanson, 2003). Mice exposed to TCDD
dermally initially displayed AHR-mediated hyperplasia and an increased rate of cell
proliferation and was shown to induce the development of squamous cell carcinomas
(Wyde et al, 2004). Moreover, TCDD-mediated activation of the AHR has been shown
to dysregulate cell cycle signaling, by altering cell cycle proteins including but not
limited to ERK, Maf and Ras (Ramakrishna et al, 2002).
In combination with its ability to induce tumor promotion by altered expression of
cell cycle genes, TCDD also stimulates immunosuppression upon exposure which could
potentially enhance tumor growth and progression (Hindsill et al, 1980). Activation of
the AHR with TCDD has been shown to promote the development of regulatory T cells,
which function to dampen the adaptive immune response against tumor cells (Gandhi et
al, 2010). Moreover, in irradiated mice, TCDD has been shown to inhibit the ability of
hematopoietic stem cells to reconstitute in bone marrow (Sakai et al, 2003).

Further

studies have hypothesized that TCDD-mediated activation of the AHR and subsequent
alterations of genes expressed by HSCs causes a dysregulation in the ability of HSCs to
respond to external stimuli and reconstitute in bone marrow (Singh et al, 2008).

This

TCDD-mediated immunosuppression could ultimately favor the growth of tumor cells in
the absence of a sustained immune response.
Though AHR activation is often studied in the context of its ligands, there is
evidence to show that the unliganded AHR has critical physiological functions
independent of its role as a sensor of xenobiotic exposure (Macmillan and Bradfield,
2007). AHR knockout mice have been shown to exhibit cardiac hypertrophy and are at
increased risk for hypertension (Vasquez et al, 2003), alterations in reproductive potential
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(Abbott et al, 1999), and a markedly reduced liver size (Schmidt et al., 1996), which was
shown to be as a sreult of defects in fetal heart development (Lahvis et al 2005).
Furthermore, AHR-null mice exhibit hepatic fibrosis, which is thought to be due to
dysregulation in the TGF-B signaling pathway, which is a mediator of fibrotic deposits
(Border and Noble, 1994). Therefore, merely inhibiting AHR function in order to protect
against toxicity mediated by the ligand-activated AHR is not a viable option, as there
remains the possibility of severe physiological consequences.
As the AHR has a clear role in cell signaling, growth and development and T cell
development but also exhibits toxicity upon activation by TCDD and exogenous agonists,
it was thought that there existed potential to exploit the activation of the AHR while
bypassing the adverse effects observed upon ligand-activated AHR binding to DRE
elements and altering gene transcription. In the context of the tumor microenvironment,
activation of the AHR was shown to repress acute phase gene expression in the absence
of DRE-mediaetd transcription (Patel et al, 2009)

Therefore, the identification of

selective AHR modulators (SAhRMs) represent a novel mechanism by which AHR
activation can be controlled in the absence of DRE-associated toxicity (Murray et al,
2011).
The SAhRM DiMNF was demonstrated to repress the cytokine-mediated
induction of CD55 and CD46 gene expression in Huh7 and Hep3B cell lines, suggesting
a potential mechanism to counteract the effects of sustained inflammation in the tumor
microenvironment. The usage of a complete antagonist of the AHR, GNF351, did not
ablate IL1B-mediated induction of CD55 gene expression, indicating that the mechanism
of SAhRM mediated activiation is distinct from that of a complete antagonist of the AHR
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(Smith et al, 2011). Repression of IL1B-mediated mCRP protein expression was shown
to cause an increase of complement factor 3 (C3) deposition on the surface of human
hepatoma cells, which could potentially increase tumor cell susceptibility to complementdependent cytotoxicity. The inflammatory tumor microenvironment is characterized by
the secretion of cytokines and growth factors which not only enable tumor cell growth,
but also evasion of the immune response, therefore, repression of CD55 protein
expression could increase tumor susceptibility to complement mediated attack.
CD55 expression on the surfaces of cells is enhanced by a number of
inflammatory cytokines; however, induction is tissue-specific and not universal amongst
cell types (Varsano et al, 1998). In Huh7 and Hep3B human hepatocyte cell lines, CD55
mRNA expression was increased upon exposure to IL1B, but not upon exposure to other
inflammatory cytokines, such as interleukin-6, TNFα or LPS. However, it is likely that a
more significant enhancement of CD55 gene and protein expression is likely to occur
upon combinatorial exposure of inflammatory cytokines, as the combination of IL1B,
Interleukin-6 and TNF-α was shown to induce CD55 expression in human hepatoma cells
more significantly than each of the three cytokines alone (Spiller et al, 2000).

As the

tumor microenvironment is characterized by a variety of inflammatory cytokines, the
enhanced expression of CD55 on the surfaces of tumor cells is more likely a consequence
of exposure to combinations of inflammatory mediators rather than through exposure of
one cytokine in isolation. Furthermore, the effects of inflammatory cytokines are not
consistent amongst all cell and tissue types, indicating that the enhanced expression of
complement regulatory proteins on tumor cell surfaces is context specific.
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CD55 is a membrane complement regulatory protein (mCRP), along with CD46
and CD59 (Kim and Song, 2006). All three proteins act to inhibit complement activation,
however, each protein has a different mechanism of action. Both CD46 and CD55 inhibit
the C3 convertase, while CD59 prevents formation of the terminal complement attack
complex on the surface of the target cell (Spendlove et al, 2006). However, all three are
highly expressed on the surfaces of tumor cells, likely in aiding tumor evasion of immune
surveillance. Moreover, a deficiency of CD59 and CD55 has been reported to be a cause
for paroxysmal nocturnal hemoglobinuria (Ruiz-Arguelles and Llorente, 2007).
Therefore, we examined the potential of DiMNF to attenuate cytokine-mediated
expression of CD59 and CD46. Both IL1B and DiMNF alone demonstrated an increase
in CD59 mRNA expression, and coexposure of cells to IL1B and DiMNF led to an
attenuation of this induction; however it cannot be distinguished whether exposure to
IL1B or DiMNF is responsible for mediating the repression of CD59 mRNA. Expression
of CD46 mRNA was increased significantly upon exposure to IL1B alone and repressed
completely upon coexposure of cells to DiMNF and IL1B, which was shown to be AHR
dependent. As DiMNF did not alter basal levels of CD46 mRNA alone, it is thought that
DiMNF-mediated activation of the AHR is capable of repressing not only CD55
expression, but also CD46 gene expression.
The gene for CD55 is located on the long arm of chromosome 1q32, near genes
encoding other complement factors, including CD46, CFH, C3b/C4b binding receptor
(CR1), and CR2, in a locus termed “Regulators of Complement Activation” (RCA) The
gene for CD59 is not located on the RCA locus, which could be a possible explanation
why AHR did not clearly repress IL1B-mediated CD59 expression ((Rey-Campos et al,
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1988). Prior microarray analysis had revealed a possible role for the AHR in regulating
cytokine-mediated expression of the soluble complement inhibitor, complement factor H,
also expressed on the RCA locus, indicating that the activated AHR could be playing a
role in the recruitment of transcriptional activators, such as p300/CBP or other histone
acetyltransferases to the RCA locus for transcription of multiple complement regulatory
proteins, including CD55, CD46 and CFH (Patel et al, 2009).
The response elements critical for induction of IL1B-mediated induction of CD55
expression have been identified to be located in the proximal region of the promoter.
Mutagenesis analysis of three identified NFB response elements revealed two elements
which are critical for IL1B mediated induction; however, conclusions cannot be drawn
about whether DiMNF mediated repression occurring at those elements. Prior studies had
indicated that induction of CD55 expression can also occur through a cAMP/Cre
dependent pathway (Holla et al. 2005). Indeed, DiMNF was demonstrated to repress
forskolin induced CD55 expression. Upon siRNA mediated knockdown of RelA/p65,
IL1B failed to induce CD55 gene expression, however, induction was observed with the
administration of forskolin. This induction was repressed by pretreatment with DiMNF in
the absence of RelA, suggesting that the transcriptional regulation of complement control
proteins is complex and proceeds through multiple pathways, yet DiMNF is capable of
repressing independent of the transcriptional stimulus provided. This suggests that
SAhRM mediated repression may occur at the level of coactivators or corepressors and
their presence at the promoter. Clearly, further studies are needed to determine the
precise mechanism(s) of repression.
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Having established the responsiveness of complement factor gene expression to
IL1β and subsequent repression by DiMNF, we examined the role of AHR in regulating
transcription factors which are known to be involved in tumor progression. STAT3,
C/EBP and activating transcription factor3 (ATF3), have been demonstrated to alter the
expression of acute phase response genes and inflammatory genes (Yu et al, 2009; Ray
and Ray, 1994; Chen BP et al, 1996). These transcription factors can also modulate
tumor promotion, likely by dysregulating the transcription of genes involved in the
immune response or cell cycle, therefore, these transcription targets represent a potential
mechanism by which AHR is regulating mCRP gene expression.
Activation of the AHR by DiMNF partially repressed the cytokine mediated
induction of Stat3 mRNA, but did not completely ablate induction. Signal transducter
and activator of transcription 3 (STAT3) has been shown to be essential in the activation
of acute phase response genes (Alonzi et al, 2001) and constitutive activation of STAT3
has been implicated in a variety of cancers, particulary in cross-talk with NF-kB in
promoting tumorigenesis (Lee et al, 2009). STAT3 has been shown to enhance CD46
gene expression and this enhancement protects tumor cells from complement-dependent
cytotoxicity (Buettner et al, 2007). Activation of STAT3 has not been studied in the
context of CD55 gene expression; however, it remains a viable possibility that STAT3
can stimulate the expression of CD55, further bolstering tumor cell resistance to
complement-mediated cytotoxicity.

It should be noted that cytokine-stimulated

expression of mCRPs is context-specific; therefore, STAT3 might not induce the
expression of CD46 and CD55 universally across tumor cell types. The partial repression
of Stat3 expression by DiMNF indicates that the AHR is involved in regulating Stat3
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expression; however, there is likely complex cross talk across other signaling pathways
which are likely inhibiting complete repression of Stat3 expression by the AHR.
CCAAT enhancer binding protein delta (C/EBPδ) is a transcription factor which
has been shown to inhibit tumor growth and proliferation (Nerlov, 2007). Importantly,
C/EBP delta was demonstrated to play a key role in the acute phase induction of C3
expression upon exposure to IL1B (Juan et al, 1993).

Though its effects on the

expression of CD55 has not been studied, it was thought that there remained potential for
AHR cross-talk with C/EBPδ which may be involved in regulating mCRP gene
expression and increasing cell susceptibility to complement mediated lysis. However,
though IL1B was shown to induce C/EBPδ mRNA 4 fold, coexposure of Huh7 cells to
DiMNF and IL1B demonstrated only a slight repression in C/EBPδ mRNA expression,
indicating that DiMNF is not capable of repressing IL1B-induced C/EBPδ mRNA.
However, treatemtn with DiMNF alone resulted in a decrease in constitutive C/EBPδ
mRNA expression, suggesting a putative role for the AHR in regulating basal expression
of this transcription factor.
Activating Transcription Factor 3 (ATF3) is a member of the mammalian
ATF/CREB family of transcription factors (Hai and Hartman, 2001) which is known to
be induced by physiological stress and subsequently can interact with other transcription
factors in mediating its effects, including Activator Protein 1 (AP1) and p53 (Buganim et
al, 2011). ATF3 is overexpressed in breast cancers and maliganant prostate cancers, and
its enhanced expression in the latter represents yet another marker of poor prognosis for
prostate cancers (Thompson et al, 2009). Recent studies have focused on the cross-talk
between ATF3 signaling pathways with NFκB.

NFkB is known to activate the
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transcription of a number of pro-inflammatory genes and often leads to the activation of
signaling pathways which contribute to the inflammatory tumor microenvironment and
promote tumor growth.

As ATF3 has been shown to inhibit the expression of

inflammatory genes (Kim et al, 2010), there is potential that ATF3 and NFkB engage in
cross-talk to counteract each other and thereby contribute to the control of inflammation
and innate immunity. A splice variant of ATF3 was shown to increase cell susceptibility
to TNF-α induced apoptosis by inhibiting NFkB-mediated transcription of anti-apoptotic
genes. It was shown that this inhibition was occurring by ATF3 interacting with a
p65/RelA coactivator complex which is also comprised of HDAC1 and CBP/p300 and
ATF3 was shown to displace CBP/p300 from this complex, thereby halting the NFkB
dependent transcription of anti-apoptotic genes (Hua et al, 2006,). Our results indicate
that activation of the AHR by DiMNF alone was able to induce ATF3 gene expression in
Huh7 cells to the same levels of induction as exposure to inflammatory cytokine. This
data suggest that SAhRM mediated activation of the AHR is playing a role in activating
the transcription of ATF3, not repress its expression. Furthermore, coexposure of cells to
IL1B and DiMNF was shown to increase the induction of ATF3 gene expression,
suggesting that the AHR and NFkB have a synergistic effect in modulating the
transcription of ATF3 gene expression.
Activation of AHR by TCDD was shown to also displace and prevent the
recruitment CBP/p300 from the E2F dependent promoters, thereby representing a
mechanism by which the AHR can block the expression of E2F-dependent genes and
inhibit cell cycle progression (Marlowe et al, 2004).

Though no studies have yet

established a link between ATF3 and AHR in halting cell cycle progression, the two
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transcription factors may function synergistically in cell cycle arrest in tumors, therefore,
ligand-dependent activation of the AHR could be a mechanism to stimulate ATF3mediated inhibition of cell cycle progression.
As TCDD has previously been shown to function as a tumor promoter in liver
carcinogenesis (Bock and Kohle, 2005), the development of SAhRMs represents a
desirable therapeutic target by which to specifically control the transcription factors such
as ATF3, C/EBPδ and STAT3 in regulating tumor development, either by controlling
cell-cycle progression, stimulating the tumor microenvironment, or potentially
modulating the immune response to tumors, including the expression of mCRPs on tumor
cell surfaces.
In the context of the tumor microenvironment, downregulating expression of
CD55 and CD46 represents a desired mechanism of targeting tumor growth. However,
the enhanced expression of complement regulatory proteins does yield therapeutic benefit
against autoimmunity. It has been shown, for example, that the transgenic expression of
human CD55 reduces the incidence of hyperactue rejection in a pig to primate model of
cardiac xenotransplanation by protecting against humoral immunity (McCurry et al,
1995). CD55 and CD59 have been also shown to work synergistically in inhibiting
complement-mediated renal ischemia-reperfusion-injury, which is a complication of graft
survival following kidney transplantation (Yamada et al, 2004). Therefore, there remains
potential in enhancing the expression of CD55 and membrane complement regulators in
patients undergoing transplantation as a mechanism to protect against graft rejection.
A lack of CD55 on cell surfaces can have negative consequences, particularly in
the context of increased complement activation. CD55 deficiency was first reported to be
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a cause of paroxysmal nocturnal hemoglobinuria, a disease characterized by hemolytic
anemia, the formation of microclots throughout the vasculature and bone marrow failure
and it was shown that these adverse effects are caused by increased complementmediated lysis on the surface of blood cells (Rachidi et al, 2010). Recent evidence has
implicated a deficiency of CD55 in the exacerbation of muscular dystrophy. A lack of
CD55 on the surface of muscle fibers leads to the deposition of the membrane attack
complex on the surface of non-necrotic muscle fibers, thereby increasing the severity of
muscular dystrophy diseases (Wenzel et al 2005).

The severity of experimental

autoimmune myasthenia gravis was significantly increased in mice lacking CD55, again,
though a complement-dependent mechanism (Soltis et al, 2012 ). Therefore, complete
ablation of CD55 expression is not a desirable mechanism by which to target tumor cells,
as negative autoimmune complications can arise as a result. It is important to note that
AHR-mediated modulation of CD55 expression was shown to only repress cytokineinduced levels of CD55, not global basal expression of CD55. Treatment with DiMNF
alone did not significantly lower constitutive expression of CD55, merely the expression
induced by inflammatory cytokines. Thus, the usage of a SAhRM such as DiMNF could
be used to repress overexpression of CD55 on cell surfaces without altering basal levels
and therefore reducing the risk of autoimmunity associated with CD55 deficiency.
CD55 has recently been studied in the context of pathogenic diseases. It has been
shown that early loss of CD55 on the surface of red blood cells plays a role in the
pathogenesis of malarial induced anemia, though the mechanism has not yet been
elucidated and could be likely due to increased complement activation (Gwamaka et al,
2011). CD55 deficient mice were demonstrated to have increased levels of circulating
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granulocytes in the vasculature, which was independent of increased complement activity
and therefore, CD55-/- mice demonstrated decreased susceptibility upon infection with the
bacterial pathogen Streptococcus pnumonieae and a slower disease progression (Veninga
et al, 2011 ). Therefore, the role of CD55 in the context of disease progression is clearly
context and pathogen specific and developing targeted therapies utilizing CD55 proves a
challenge in the context of developing autoimmunity.
CD97 is the receptor for CD55 (ref) and it is thought that the CD55:CD97
interaction plays a role in cellular adhesion and migration. CD97 is an adhesion receptor
on inflammatory cells and has been shown to promote angiogenesis in vivo and enhanced
vascularizaton of tumors exhibiting enhanced expression of CD97.

Therefore, it is

thought that tumor associated inflammation promotes cancer growth and migration by
increasing expression of CD97 (Wang et al, 2005). Indeed, enhanced expression of
CD97 is a marker for dedifferntiated oral squamous cell carcinoma and it is thought that
interactions between CD97 and CD55 could promote adhesion of tumor cells to the
surrounding vasculature and increase the potential for angiogenesis and metastasis
(Mustafa et al, 2005). Gastric carcinomas also exhibit increased levels of CD55 and
CD97 and here, it is thought that this is responsible for increased tumor invasion into the
surrounding epithelium in addition to protection from complement mediated lysis (Liu et
al, 2005). Therefore, decreasing expression of CD97 on the surfaces of tumors could
prevent tumor invasion and metastasis. We demonstrated that administration of DiMNF
could repress IL1B-mediated induction of CD97 mRNA and protein expression in Huh7
cells in an AHR-dependent mechanism. Therefore, DiMNF carries the potential of not
only increasing tumor cell susceptibility to complement-mediated attack by
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downregulating CD55 expression, but also inhibiting angiogenesis of tumors and cellular
adhesion by repressing the expression of CD97.
CD55 interactions with CD97 have also been shown to be involved in
non-cancer related inflammatory conditions. Mice deficient in either CD55 or CD97
have been demonstrated to exhibit reduced severity upon the development of collageninduced-arthritis (Hoek et al, 2010). Moreover, an antibody against CD97 which
prevented the binding of CD97 to CD55 was shown to mitigate the symptoms and
severity of arthritis in mice (Kop et al, 2006). These studies did not report an increased
incidence of complement mediated lysis, indicating that CD55 is exerting its effect on
CD97 through a complement-independent mechanism, but the absence of CD55 does not
exacerbate autoimmunity. Therefore, the usage of SAhRMs to repress CD55 and CD97
protein can not only sensitize tumor cells to the immune response and prevent tumor
growth and angiogenesis, but also have therapeutic benefit in ameliorating inflammatory
diseases such as rheumatoid arthritis.
In addition to the secretion of cytokines which promote the expression of CD55
and other complement regulators, the tumor microenvironment is also characterized by
CD4+CD25+FoxP3+ regulatory T cells (Treg).

Treg cells function to promote

immunological tolerance to self-antigens (Beissert et al, 2006). Decreased levels of
regulatory T cells leads to severe autoimmunity, which is characterized by experimental
autoimmune encaphylomyelitis and progression of systemic lupus erythematous and
dermatitis, amongst other complications (Beissert et al, 2006). Conversely, high levels of
regulatory T cells have been observed in a wide variety of solid and blood tumors, which
may play a role in preventing the adaptive immune response from targeting tumors
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Regulatory T cells have been shown to be highly abundant in non-small cell lung cancer,
ovarian cancer, as well as malignant melanoma, breast, and pancreatic cancers (Beyer
and Schultz, 2006). Recently, it has been shown that regulatory T cells are highly
expressed in hepatocellular carcinomas. (Ormandy et al, 2005). Regulatory T cells have
been shown to block CD8+ cytotoxic T lymphocyte mediated targeting of tumor cells
however; this repression appeared to be locally reversible, with increased killing of the
tumors observed (Beissert et al, 2006). Therefore, the suppression of regulatory T cells
development is a viable therapeutic target in the treatment of cancers. As increased
production of regulatory T cells is associated with a wide variety of human cancers, the
development of therapeutic agents which can suppress Treg proliferation could
potentially treat a wide range of cancers.
A second subset of T cells, Th17 cells, functions in opposition to
regulatory T cells and exacerbates the immune response by secreting inflammatory
cytokines, particularly Interleukin-17 and increased proliferation of Th17 cells is
associated with autoimmune disorders (Betteli et al, 2008). Th17 cells have been shown
to reject transplanted melanoma in mice; therefore, increased levels of Th17 cells could
potentially be a mechanism to target tumor cells. (Muranski et al, 2008).
It has been established that differential activation of the AHR can regulate
the balance between Treg and Th17 cells. Activation of the AHR with TCDD results in a
number of immunosuppressive effects, including increased proliferation of regulatory T
cells (Quintana et al, 2008). However, activation of the AHR with FICZ, an endogenous
tryptophan photoproduct resulted in decreased proliferation of regulatory T cells and an
increase in the production of Th17 cells, indicating that the AHR is involved in regulating
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the balance between regulatory T cells and Th17 cells (Quintana et al, 2008) and that this
modulation appears to be ligand-specific. SAhRM-mediated activation of the AHR could
theoretically be exploited to develop therapies which would promote the differentiation
of the desired T cell subset without the adverse effects associated with AHR binding its
cognate response element.
The differentiation and activation of T cells has also been reported to be
dependent on CD55 expression. Deficiency of CD55 in mice caused a marked increase
in T cell responses upon immunization, with increased secretion of Interferon-γ and
Interleukin-2, markers of T cell activation, but it was observed that these mice exhibited
exacerbated symptoms of experimental autoimmune encephalomyelitis (EAE) in a
complement-dependent mechanism (Liu et al 2005). Further studies indicated that CD55
mediated suppression of T cell immunity occurred in the context of inflammation (Fang
et al, 2011). This indicates another benefit of suppressing CD55 expression on the
surface of tumor cells, to not only increase susceptibility of tumor cells to complementmediated lysis, but also stimulate cytotoxicity by T cells. Paradoxically, the expression
of CD55 has also been shown to play a role in stimulating T cell activation, rather than
inhibit it. It was reported that binding on CD4+ T cells of CD55 with CD97 modulated T
cell activation, without altering regulation of complement activation (Capasso et al,
2006).
STAT3 transcription was shown to be altered upon activation of the AHR by
DiMNF. STAT3 not only plays a role in enhancing the expression of acute phase
response genes and CD46 expression, but it has also been shown to be essential for the
development of inflammatory Th17 cells upon stimulation by the cytokines IL1β, TNF-α,
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and IL-6, as STAT3 deficiency in CD4+ T cells resulted in an impairment of Th17 cell
differentiation (Yang et al, 2007). Moreover, deficiency of STAT3 and exposure to IL-6
was shown to increase the transcription of FoxP3, a marker for regulatory T cells,
indicating that in addition to AHR, STAT3 also functions in controlling the balance
between Treg and Th17 cells. These studies indicate that there remains potential for
developing selective modulators of the AHR which could participate in regulating the
balance between T cell subsets by stimulating cross-talk between AHR and transcription
factors such as STAT3 and NFkB, or by regulating the expression of those transcription
factors.
The dependency of T cell activation and differentiation upon the expression of
CD55, CD97 and CD46 could result in AHR mediated modulation of T cell activation by
regulating the expression of complement regulatory proteins. It is possible that activation
of the AHR with various SAhRMs could lead to distinct effects in T cell differentiation,
as is observed upon activation of the AHR with agonists; therefore, there is therapeutic
potential in identifying SAhRMs which specifically induce one pathway of T cell
activation versus another in the context of treating autoimmune disorders or stimulating
the immune response against tumor cell progression.
Activation of the AHR by DiMNF was shown to exhibit a functional effect on the
activation of complement components following repression of CD55 protein expression.
Upon repression of IL1B-induced CD55 protein, an increase in the deposition of
iodinated C3 protein was observed on human hepatoma cell surfaces. An increased
deposition of C3 protein could potentially stimulate continuation of the complement
cascade and ultimately, increase the susceptibility of the cells to complement-dependent
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lysis. Therefore, the usage of SAhRMs represents a mechanism by which to target the
tumor microenvironment and enhance the innate immune response to tumor cells. It
should be noted, however, that the increase in C3 deposition cannot merely be attributed
to a repression of CD55 expression, as CD46 gene expression was also attenuated in the
presence of DiMNF, it is possible that lower levels of multiple complement regulatory
proteins is contributing to the increase in C3 cleavage and deposition on cell surfaces. In
the context of the tumor microenvironment, this is plausible, as tumors exhibit enhanced
expression of numerous soluble and membrane bound complement inhibitors, all of
which block complement activation at multiple points in the cascade. A challenge in
targeting complement activation for cancer immunotherapy is the redundancy inherent in
complement regulation; there are multiple complement inhibitors acting on the same
target, therefore, repressing the expression of one might not lead to an observable effect
in tumor cell lysis.
The tumor microenvironment represents a challenge in the treatment of cancer, as
it is comprised of a complex network of inflammatory cells, cytokines and immune
proteins which serve to enhance cancer growth while simultaneously suppressing the
normal immune response against tumor growth, including activation of complement.
Tumor cells are characterized by an enhanced expression numerous membrane bound and
soluble complement inhibitory proteins, including CD55, CD46 and Complement Factor
H, which effectively ‘hide’ the tumor cells from targeted destruction by complement
(Loveland and Cebon, 2008). These proteins are normally constitutively expressed on all
cells, to prevent against autologus complement attack, however, the increased
inflammation associated with tumors enhances the expression of complement regulatory
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proteins, thereby protecting the tumor cells from formation of the membrane attack
complex and subsequent complement mediated lysis (Gorter and Meri, 1999). Thus,
inhibiting the cytokine-mediated induction of CD55 and CD46 on the surfaces of tumor
cells could sensitize tumor cells to complement activation. We demonstrate that the
selective modulation of the AHR with DiMNF can repress CD55 mRNA and protein
expression on the surface of human hepatoma cells and this repression leads to an
increased deposition of C3, a complement protein, on the surface of tumor cells, which
could potentially stimulate the deposition of the membrane attack complex. Moreover,
we show that activation of the AHR by DiMNF also represses the IL1B-mediated
induction of CD46 and CD97, proteins which are also highly expressed in the tumor
microenvironment and serve to enhance tumor growth and angiogenesis. These data
indicate a role for the AHR in complement signaling and the potential of SAhRMs such
as DiMNF as an adjuvant during cancer immunotherapy.
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Chapter 5
Supplemental Tables and Figures
Table 1: Oligonucleotide sequences for CD55 promoter constructs
Construct
CD55 -871/+71
CD55 -250/+71
CD55 KB1
CD55 KB2
CD55 RelA
CD55 Cre

Primer sequences
5’ ATCGAAGCTTCCGGGGGCCCTAGACTC 3’
5’ ATCGCTCGAGCATATACCCATCAATG 3’
5’ ATCCCTTGAGGCACTCAAGCGCGG 3’
5’ ATCGAAGCTTCCGGGGGCCCTAGACTC 3’
5’ CCGCTTAGCTACTCAAGCGCGGTTAT 3’
5’ ATAACCGCGCTTGAGTAGCTAAGCGG 3’
5’ CGCGGTGCTCTAAACGCGTCTTGGG 3’
5’ CCCAAGACGCGTTTAGAGCACCGCG 3’
5’ AGACCTGGGGAACCAGGTTGAATAAC 3’
5’ GTTATTCAACCTGGTTCCCCAGGTCT 3’
5’ CCCACCCTTGGCTACGCAGAGCCC 3’
5’ GGGCTCTGCGTAGCCAAGGGTGGG 3’

Table 2: Oligonucleotide sequences for qRT-PCR
Gene
hL13a
CYP1A1
CD55
CD59
CD46
CD97
ATF3
STAT3
C/EBPδ

Primer Sequence
5’CCTGGAGGAGAAGAGGAAAGAGA 3’
5’ GAGGACCTCTGTGTATTTGTCAA 3’
5’ TCTTCCTTCGTCCCCTTCAC 3’
5’ TGGTTGATCTGCCACTGGTT 3’
5’ CAGGACCACCACAAATTGAC 3’
5’ CTGAACTGTTGGTGGGACCT 3’
5’ TCACATGGAACGCTTTCATAAACT 3’
5’ ACCCACATATGGAACATTTGGC 3’
5’ AACCTCCAGCTTTGAGTTCATTC 3’
5’ GGCATATTCAGCTCCACCAT 3’
5’-AGCTATCAGTGTCGCTGCCG-3’
5’-CTATGAGGTGCCGGACAGGT-3’
5′-GCTGCCAAGTGTCGAAACAAG-3′
5′-CAGTTTTCCAATGGCTTCAGG-3′
5'-GCCGCCGTAGTGACAGAGAA-3'
5'-GGCAGCAACATCCCCAGAGT-3'
5′-GGTGCCCGCTGCAGTTT-3’
5′-CTCGCAGTTTAGTGGTGGTAAGTC-3′
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