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EVALUATING THE ROLE OF NF-kB SUPPRESSION IN AMELIORATING
MAMMALIAN DISEASE: AN EXAMINATION OF INFLAMMATORY BOWEL
DISEASE AND DISEASES ASSOCIATED WITH AGING

Jeremy Tilstra PhD

NF-kB is a family of transcription factors that play a pivotal role in inflammation, cell
proliferation, cell survival, and apoptosis in response to endogenous and exogenous stress
stimuli. NF-«xB is implicated in numerous chronic inflammatory and degenerative diseases. In
this thesis, the consequences of NF-kB suppression on pathologies associated with inflammatory
bowel disease (IBD) and age-associated degeneration are explored. To test the hypothesis that
NF-«B plays a causal role in driving the degenerative changes associated with the diseases we
evaluated the efficacy of a pharmacologic peptide IKK/NF-kB activation inhibitor in the JL-10"
model of colitis and genetic depletion and pharmacologic inhibition of NF-xB in a mouse model
of accelerated aging (Erccl A mice).

Pathologic and immunologic markers of IBD were reduced in the presence of systemic
pharmacologic NF-kB suppression. Furthermore, this study provides evidence of the efficacy of
the NBD inhibitory peptide in vitro and in vivo experiments, and importantly provided possible
therapeutic avenues for the treatment of IBD. Like naturally aged mice, NF-kB is activated in
Ercel™ mice compared to wild type littermates. Erccl A mice haploinsufficient for the
p65/RelA subunit of NF-kB had a modest delay in the onset of age-related symptoms. This was
recapitulated in mice chronically treated with the peptide inhibitor of NF-kB, which exhibited a

significant delay in overall aging score and improved histopathological alterations. These
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implicate NF-kB as a major driver of degenerative changes associated with aging and set a
precedent for therapeutic intervention.

As activated macrophages are mediators of inflammatory and age-associated
degenerative changes, we futher evaluated the role of NF-kB suppression in this cell type.
Macropahges and monocyte derived DC cells underwent programmed cell death (PCD) in the
presence of pharmacologic NF-kB inhibition. Unlike previous studies which implicated TNFa
signaling in this pathway, the mechanisms behind this PCD is induction is induction of ROS
formation. This observed macrophage NF-«B induced PCD may be one of the mechanisms by
which inflammatory and age-associated disease pathologies are reduced in response to NF-kB

suppression.
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1.0 INTRODUCTION

1.1 NF-KB/IKK SIGNALING

1.1.1 Introduction to NF-xB

The NF-kB transcription factor (TF) was discovered nearly 23 years ago as
proinflammatory regulatory element which signals downstream of LPS" 2. Since its discovery,
vast amounts of research has been undertaken to evaluated NF-«kB signaling, function, and
relevance resulting in nearly 35,000 publications. NF-«xB has traditionally been viewed as an
immunologic TF, involved in the activation of inflammatory cells, and transcription of cytokines
and chemokines. Over time scientists realized the vast implications of dysregulated NF-xB
signaling because of the plethora of pathologic conditions associated with this®. Furthermore,
the number of biologic processes known to be controlled by NF-kB continues to increase®. Thus,
the understanding of dysregulated NF-«B signaling is critically important to the treatment of

many pathologic disease states.

1.1.2 NF-kB Subunits

The NF-kB TF is a dimer which can be formed by combinations of five distinct family

members: p65(relA), relB, c-rel, pl05/p50, and pl100/p52 (for the latter NF-xB subunits the

1



larger form is the non-cleaved component). These NF-kB subunits act either as homo- or
heterodimers and are defined by a short rel-homology domain (RHD), which is responsible for
dimerization as well as DNA binding. Three of the subunits, p65, relB, and c-rel, also contain
transcription activation domains (TAD), which are regions that promote the transcription of
DNA into RNA. The other two subunits do not have TADs and thus act as transcriptional
suppressors (Figure 1)°. For example, the p65/p50 heterodimer is the traditional inflammatory
NF-«B dimer and activates the transcription of a variety of genes, while the p50/p50 homodimer
can bind also bind to the NF-kB consensus sequence (GGGRNNY YCC) and has a higher affinity

than a p65 homodimer®, but results in blocked transcription.

1.1.3 NF-kB stimulatory molecules

As stated previously, there are a wide variety of NF-kB activators (Figure 2), which
include numerous inflammatory stimulating factors. The toll like receptor (TLR) ligands, which
are part of a larger group of pattern recognition receptors (which recognize conserved attributes
found in bacterial, viral and parasitic pathogens), are potent NF-kB activators. TLR ligands
signal through several PRR exemplified by: lipopolysaccaride (LPS) via TLR4’, CPG via
TLR9®, Flagellin via TLR2’, and muramyl dipeptides (MDP) via NOD2'’. Additionally, tumor
necrosis factors (TNF) and interleukin-1 (IL-1), two major proinflammatory cytokines, are both
activators as well as transcriptional targets of NF-kB. Other NF-kB activators also include the
antigen receptors found on the adaptive immune cells, specifically the T-cell receptor and B-cell
receptor (TCR and BCR), as well as varying receptors found on antigen presenting cells
including the already mentioned TLRs and CD40R. Additionally growth factors such as:
hepatocyte growth factor (HGF), follicle stimulating hormone (FSH), granulocyte macrophage-

2
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Figure 1: NF-kB, IkB, and IKK family members. Postranslational modifications are indicated with P, U, Ac,
for phosphorylation, ubiquitination, and acetylation respectively. These modifications in white indicate
activators while those in red describe either inhibitory or proteosmal degredation mediators. Amino acid in
human proteins are shown at the right, and NF-kB1 and NF-kB2 are shown in their uncleaved (inhibitory)
form. Other abbreviations include; GRR, glycine-rich region; HLH, helix-loop-helix domain; Z, zinc
fingerdomain; CC1/2, coiled-coil domains; NBD, NEMO-binding domain; MOD/UBD, minimal
oligomerization domain and ubiquitin-binding domain; and DD, death domain. (Reprinted from Cell press,

Vol 132, Hayden MS and Ghosh S., Shared Principles in NF-kB Signaling, 344-362, 20085)



colony stimulating factor (GM-CSF), and nerve growth factor (NGF) can also activate NF-xB
vai their associated receptors®

Interestingly, the NF-kB signaling pathway can be activated secondary to DNA damage
via the DNA response protein ataxia telangiectasia mutated (ATM), which acts directly at the

11,12 .
> °2. There is also abundant amounts of

level of the Inhibitor of Kappa B Kinase (IKK) complex
data which suggest that ROS can activate and/or suppress NF-kB as reviewed in'’, and these
variations may depend on cell types and specific conditions. Thus, the NF-xB response is a
ubiquitous signaling pathway which is activated in response to stimuli, the majority of which are
mediators or markers of stress.

There are hundreds of genes defined as NF-kB transcriptionally regulated genes;
however, they are preferentially activated in response to certain stimuli but not others likely due
to the role of other signaling pathways and transcription factors activated by NF-kB activating
receptors. Therefore, it is likely that other pathways activated in concert with NF-«kB are integral
in determining the exact cellular response to any one stimuli. Exploration of these differential

responses is beyond the scope of this manuscript, but is important to take into account when

evaluating the effects of specific NF-kB suppression in models of disease.

1.14 Activation of NF-kB through the IKK complex

The canonical or activated NF-kB signaling cascade is initiated by numerous membrane
and intracellular receptors as described above®. Of the numerous signaling cascade which
activate NF-kB, many share a small number of signaling molecules upstream of the IKK
complex. For example LPS activates the Tollip which activates MyD88 and IRAK, these
components the signaling through TRAF6, which leads to subsequent activation of the IKK
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complex. Other common signaling proteins involved in TLR, IL-1, TNF, and TCR signaling
pathways include MyD88, RIP, NIK and TRAF proteins which act upstream of the IKK
complex’. The IKK complex lies at the confluence of the many different NF-kB signaling
cascades, whether activated by TLRs, TCR, or ATM. It is composed of two catalytic subunits,
IKKa and IKKp, as well as a regulatory subunit IKKy also known as the NF-kB essential
modulator (NEMO)".

IKKYy interacts with the upstream RIP, NIK, or TRAF proteins which results in the
oligomerization of NEMO. IKKy then induces phosphorylation or possible auto-
phosphorylation of the IKKa and B subunits. After phosphorylation, the catalytic subunits are
released from the IKKy; the free catalytic subunits can then act to phosphorylate IxB at Ser32
and Ser36. After phosphorylation, IkBa is then poly-ubiquitinated at Lys22 and degraded by the
26S proteosome. This degradation leads to the loss of the nuclear export signal provided by IkB
as well as the revealing of a nuclear localization signal on the NF-kB subunits. This cascade
results in the migration of NF-kB to the nucleas'>. Once in the nucleus NF-kB acts to promote

gene expression or suppress various pro-inflammatory, cell growth, and other regulated genes

(Figure 2).

1.1.5 Non-canonical NF-kB signaling

The non-canonical NF-xB signaling pathway is largely involved in lymphoid organ

development, which is required for B and T-cell development via activation of the p52/RelB



NF-kB
P65 ( pEO

Figure 2: Signaling via the IKK/NF-kB Classical Pathway. The IKK complex (NEMO, IKK1 (IKKa), and
IKK2 (IKKP) can be activated by numerous stimuli and via shared signaling components. Extracellular
receptors bind to their ligands and signaling via TRAF/RIP/NIK molecules leading to phosphorylation of
IKK subunits, which subsequently phosphorylate IkBo and lead to its ubiquitination and proteosomal
degredation. This then releases NF-kB into the nucleus where it acts as a transcription factor. In addition,

ATM responds to DNA damage and can also activate the IKK complex. (Figure adapted from >'®'7)



homodimer. This signaling pathway is activated by a limited number of receptors (Lymphotoxin
B, B-cell activating factor, and CD40), which subsequently stimulate an IKKa homodimer. This
complex then phosphorylates pl00 and leads to processing of pl00 to p52, allowing for
translocation of the p52/RelB complex to the nucleus where it acts as a transcription factor'®. In
addition to lymphoid organ development, studies evaluating IKKa”™ mice suggest a role of the
non-canonical pathway in epidermal and skeletal development'’. While the role of the non-
canonical pathway seems most important during development, it is the canonical pathway that
seems to be the most relevant in the treatments of mammalian disease described in this

manuscript.

1.1.6 IKK and IxB signaling components

The IxB and IKK proteins are the central regulators of activated NF-kB signaling. It is
thought that the IKK complex is solely a trimerization of IKKa/B/y and in fact in vivo may be
found as a higher order complex with numerous IKK trimers interacting. However, some studies
suggest that IKKa is less important than IKKf with regards to canonical signaling; and within
certain cell types the IKK complex may be composed of IKKP/B/y trimer rather than the
traditional IKKa/p/y*’. The IKK kinases o and B share a 52% sequence homology”' with a
greater homology in their catalytic or kinase domains, however, genetic knockout (ko) studies
suggest differential and non-redundant roles for these two proteins. While IKKa is more
important in non-canonical signaling, IKKB ko mice show a high level of similarity to p65”
cells. Interestingly there is some evidence that IKKa contributes to canonical signaling™. As
the IKKB”" mouse does not have all of the defects seen in the IKKy” mouse®, there is likely
some differential roles for a and B in the canonical signaling pathways.
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The major ligands of the IKK proteins are the IkB cytoplasmic inhibitors. The common
component of the IkB-like proteins is the ankyrin repeats which are found on IkBa,p,y,,¢, bcl-3
and the uncleaved p50 and p52 subunits p100 and p105 proteins. These ankyrin repeats act to
bind to the Rel portion of NF-kB blocking the NLS. Of the typical IkBs (0/p/€), the most studied
IkB protein is IkBa, the main inhibitor of the canonically activated p65/p50 NF-kB heterodimer,
which act as described above. The non-typical IkBs, bcl-3 and IkB6 are thought to inhibit NF-
kB transcription by binding to NF-«B in the nucleus. For instance, Bcl-3 stabilizes p50
homodimers on DNA, blocking the NF-kB promoter regions from other NF-kB subunits and
preventing transactivation domain (TAD) positive NF-kB subunits from binding the consensus

24
sequence” .

1.1.7 Genes under NF-kB transcriptional control

Since the discovery of NF-kB', hundreds of genes have been shown to be directly
transcriptionally regulated by NF-kB*. These genes fall under the following categories:
cytokines and chemokines, immunoreceptors, antigen presentation, cell adhesion, acute phase
response, stress response, cell surface receptors, growth factors and ligands, early response
genes, and other transcription factors as defined by Gilmore (nf-kb.org)* and summarized below
and in Figure 3.

It is clear that the vast numbers of these categories transcriptionally controlled by NF-xB

are involved in immune signaling and inflammatory responses. NF-kB transcriptional control of



cytokines is likely one of the most important factors when evaluating the role of NF-«kB in

Cytokines Growth Factors
Oxidative Stress \ / DNA damage

\ Viruses Physical Stress

\\ /

Cell Cycle Control
Apoptosis

Regulation
Antioxidants & Stress Immune Receptors
Growth Factors

Response Genes

Figure 3: NF-kB is a central regulator in stress response. The NF-kB signaling pathway can be
activated by numerous stimuli as listed in the blue boxes. In response to these different stimuli NF-kB
transcriptionally regulate hundereds of genes which are listed in the red and purple circles. Of particular
importance to chapters 2 are the cytokine and bacterial activators which alter cytokine, chemokine and
immune receptor reponse. In chapter 3 of importance are again the cytokine and bacterial activators, but
NF-kB regulation of apoptosis and antioxidant production is of note. While in Chapter 4 cell stressors such
as DNA damage, oxidative stress, and physical stress are the important inducers of NF-kB while cell cycle,

growth factor and immune gene regulation is of interest.



pathologic states. Some of these cytokines include but are not limited to TNFa, IL-1o/pB, IL-
2,3,6,12, GM-CSF, M-CSF, and G-CSF. NF-kB also regulates chemokines (MCP-1, KC, MIP-1
and several CCLs) and adhesion molecules (ICAM-1, E-selectin, and VCAM-1) which allow for
the recruitment and attachment of immune cells to sites of inflammation. In addition to
recruitment and activation of immune cells NF-«B also upregulates receptors (CD80/81, IL-2Ra
chain, TLR-2) and antigen presenting architecture (MHC class I and 2 microglobulin) on
immune cells to allow for the proper innate and adaptive immune responses.

In addition to immune response genes, which are integral to the control of pathogen
induced inflammatory response and likely a major contributor to pathology in human diseases
there are several other processes which are controlled by NF-kB. Interestingly, NF-xkB
transcriptionally regulates both pro-apoptotic (Bim, Bax, Fas and Fas-ligand, and caspase 11)
and anti-apoptotic genes (XIAP, bcl-2, Al/bfl-1, and c-Flip). It has been shown that NF-xB
blocks apoptosis in a number of inflammatory cells including macrophages, dendritic cells, T-
cells, B-cells, and neutrophils, as well as being a pro-survival factor in several types of
malignancies especially lymphomas (as described below). On the other hand, the inflammatory
response often induces apoptotic cell death in infected cells. This inflammatory cell death
response is initiated by the production of cell death receptors ie. Fas/FasL and intracellular
apoptosis inducing proteins. This apoptotic death is further assisted by activated immune cells
which secrete granzyme, perforirin and nitric oxide, all apoptosis inducing factors.

The other major NF-«xB transcriptionally regulated genes include growth factors such as:
nerve growth factor (NGF), vascular endothelial growth factor (VEGF), insulin-like growth
factor binding protein (IGFBP), bone morphogenic protein (BMP), fibroblast growth factor

(FGF) and numerous others. Many of these receptors are involved in the expansion and
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maturation of immune cells. Thus, the majority NF-xB controlled genes are considered cell
stress responders to create inflammation, block apoptosis, and increase cellular growth.
Unfortunately many of these processes can be co-opted by cancerous cells to promote their

survival and growth.

1.1.8 Other substrates of IKK complex:

While it is likely that the actions of the IKK inhibitors used in these studies exert the
majority of their effects due to suppression of the NF-«B canonical signaling pathway, there are
also a number of other IKK substrates and interacting proteins separate from this pathway which
may also be altered by inhibiting the IKK complex. Proteins known to be phosphorylated by
IKK include Bcl-10, B-catenin, cyclinD1, FOXO3a , and ERa. Interestingly, these genes are
known to control cell growth and proliferation and many of these have been implicated in
cancers”?’. NEMO has also been shown to interact with HIFla and HIF20 to promote
transcriptional activity of these two factors, which are known to play a role in anti-oxidant

. 25,2
function>> 2

. Thus, while the majority of the effects observed after IKK inhibition are likely
mediated by NF-kB suppression, there may be other pathways affected by IKK suppression,

specifically those regarding cell growth and proliferation.

1.1.9 NF-kB in human disease

Dysregulation of NF-kB is implicated in a vast number of human diseases, through
inherited genetic mutations, somatic mutations, indirect mutations, or non-epigenetic

dysregulation of NF-kB signaling (described below). Only a few diseases, however, result from
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genetic mutations in specific NF-kB signaling components, including Incontinentia pigmenti
(ID), anhidrotic ectodermal dysplasia with immunodeficiency (EDA-ID), osteopetrosis and
lymphedema (OL)-EDA-ID, Immunodeficiency without EDA, EDA-ID(with impaired T-cell
proliferation) most of which are due to mutations in NEMO or IkBa®. Each of these diseases is
defined by severe skin inflammation, but this can progress with ocular and hair defects and in
severe cases even central nervous system disfunction®.

REL, or human c-rel, amplification is seen mainly in cancers and is more common than
inherited mutations of NF-«kB components. Interestingly, REL amplification is likely due to the
pro-survival (growth factor, proliferation induction, and anti-apoptotic regulation) transcriptional
activity of NF-kB. Rel amplification has been reported in Hodgkins lymphoma, and a variety of
non-Hodgkin’s lymphoma including diffuse large B-cell lymphoma, follicular, primary
mediastinal, natural killer T-cell and others. In these lymphomas REL amplification was present
in varying percentages of patients: specifically amplification of REL was observed in upwards of
54% in Hodgkin’s, 75% in Cutaneous CD30+ anaplastic large cell, but only 5% in aggressive B-
cell lymphoma. Additionally there is a retroviral oncoprotein homologue to REL, v-Rel of the
avian Rev-T retrovirus. Recent studies demonstrate efficacy of treating cancers with

30-32

chemotherapeutics containing adjunct NF-kB inhibitory compounds™ ™, suggesting that the

over-active NF-kB is not a marker but rather a contributing factor to tumorgenesis and/or tumor
cell survival® .

The vast majority of diseases in which NF-kB has been implicated are those with single
nucleotide polymorphisms (SNPs), alterations in enhancer or promoter regions of NF-xB

regulated genes or mutations in genes implicated in the NF-kB signaling pathways. These

mutations and associated diseases are described in detail by Courtois et al.* Not suprisingly,
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many of the diseases associated with increased NF-«B signaling are inflammatory diseases
including familial mediterranean fever, Blau’s disease, inflammatory bowel disease, cold
induced autoinflammatory syndrome, or conditions wich incresase susceptibility to asthma and
sepsis.

In addition to the diseases with known genetic alteration dysregulating NF-«kB signaling,
a vast number of diseases states exhibit upregulated NF-xB signaling despite having no
mutations in the NF-«kB sigaling pathway. Suggesting that NF-xB may be upregulated in
response to altered proteins or stress responses generated by these disease states. This list of
indirect NF-kB implicated diseases includes an ever growing number of diseases from
Parkinson’s to Padget’s, glaucoma, cystic fibrosis, systemic lupus erytematous, COPD, pain
disorders, osteoporosis, and metobolic disorders®. Thus, the implications of NF-kB dysregulation
in human disease are vast and a greater understanding of its physiologic role and the effects of
altering this signaling pathway is of criticial importance in understanding and treating human
pathology. The use of animal models is an important tool to allow for us to complete these

goals.

1.1.10 NF-kB inhibition/Nemo Binding Domain (NBD) Peptide:

Many methods to inhibit NF-kB signaling in vitro and in vivo have been evaluated. Some
mechanisms previously used in inflammatory diseases include NF-kB decoy oligoneuclodides®,
proteosome or ubiquitin inhibitors which block the degradation of IkBo, or systemic anti-
inflammatory agents which block NF-kB non-specifically (PTDC?®, dexamethasone®, aspirin®’
and others). However, the problems associated with these therapeutics results from their lack of

specificity, or in the case of the NF-kB decoy peptides or p65 translocation inhibitors, they block
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both activated and basal NF-kB signaling, thereby increases potential side effects. A more
appropriate therapeutically target to suppress NF-kB activation is the IKK complex. While many
of the major pharmaceutical companies and various laboratories are generating compounds
which have great in vitro potential, many of these compounds have less than optimal efficacy in
vivo. One exception to this low in vivo bioavailability is the NEMO binding domain (NBD)
peptide. NBD is an 11 amino acid sequence within IKKS that binds to IKKy'*. The addition of
exogenous NBD peptide blocks the interaction of both IKKa and  with the regulatory subunit
IKKy. While there are numerous small molecule inhibitors of NF-kB, there are some distinct
advantages of the NBD peptide. The site of action is highly defined, and due to this specific IKK
targeting, only activated, but not basal levels of NF-«B is inhibited. Also, because of the high
specificity of the NBD peptide sequence it is unlikely to affect other essential kinases, which is
not the case for other more general NF-kB inhibitors®. Furthermore, the in vivo bioavailability

of peptides linked to protein transduction domains is very high®”.

1.1.11 Protein Transduction as method of delivering therapeutics

Protein transduction domains (PTDs) are small peptides which are able to transport much
larger molecules such as oligonucleotides, peptides, full-length proteins, 40nm iron
nanoparticles, bacteriophages, and even 200 nm liposomes across cellular membranes****. They
have proven useful in delivering biologically active cargoes in vivo, and, remarkably, they have
the ability to transduce nearly all tissues, including the brain, following intraperitoneal
administration of fusion proteins'* ***.

There are at least three classes of PTDs, which include positively charged (cationic),

protein leader sequence derived domains (hydrophobic) and peptides identified by phage display
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able to transduce cells in a cell type specific manner (tissue specific) (Table 1). I will focus on
the positively charged, cationic transduction domains since they are the most efficient and the
best characterized and will be used in the studies outlined in this manuscript.

In 1988 and 1994 respectively, two proteins were observed to cross biologic
membranes, TAT (derived from HIV, RQIKIWFQNRRMKWKK)*" ** and Antp (derived from
within the Drosophila antenepedia protein, YGRKKRRQRRR)®. Both Antp and TAT
transduction domains are comprised of numerous cationic amino acids, or basic residues, which
play a crucial role in their transduction properties. These positively charged residues interact
with the negatively charged cell membrane which mediates uptake. Studies have suggested that
the transduction potential of these peptides is due to their amphipathic helical 3 dimensional
structure™. However, the fact that peptides containing a minimum number of arginine or lysine
residues works as efficiently as TAT PTD suggests that the charge of the peptide is the most
important feature of transduction domains.

Initial binding of the cationic PTDs to cells is mediated through glycosaminoglycans.’”. It
is generally accepted that PTDs bind glycosaminoglycans, specifically heparin sulfate, and then
transduce cells through a mechanism of receptor-independent, but possibly energy dependent
endocytosis. Several mechanisms have been suggested to explain the second phase of
transduction of PTDs, and it is still unknown whether all peptides transduce cells via the same
mechanism. The fact that transduction can occur in an energy independent manner, albeit at a
reduced level suggests that there may be at least two independent mechanisms.

Studies evaluating TAT protein transduction suggest a mechanism of receptor
independent macropinocytosis associated with lipid rafts®>. However, other studies suggest a

caveolae-dependent mechanism of PTD uptake since two caveolae endocytosis inhibitors
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Table 1: Protein Transduction domains or Cell Penetrating Peptides

Cationic Peptides

Name Peptide Sequence Reference
Antp RQIKIWFQNRRMKW 9

TAT YGRKKRRQRRR 47,48

8K KKKKKKKK >

6R RRRRRR >

PTD-5 RRQRRTSKLMKR 4
Amphipathic Peptides

Name Peptide Sequence Reference
MAP KLALKLALKALKAALKLA >

KALA WEAKLAKALAKALAKHLAKALAKALKACEA 36

ppTG20 GLFRALLRLLRSLWRLLLRA 37

Trimer (VRLPPP)3 ¥

Pl MGLGLHLLVLAAALQGAWSQPKKKRKV >

K-FGF AAVALLPAVLLALLAP 60

Cell Targeting Peptides:

Peptide Sequence | Target Tissue Cellular Target Reference
TSPLNIHNGQKL Human head and neck solid tumors Unknown o1

CGKRK Tumour neovasculature Heparan sulfate 62

RGD Integrin receptor aVp3 6
VHSPNKK Endothelial VCAM-1 expressing cells | VCAM-1 64
LTVSPWY Breast carcinoma erbB2 63
ATWLPPR Tumour neovasculature VEGF receptor >

Modified from Vivés et al.®®, Tilstra et al.®’, and Deshayes et a
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nystatin, and fillipin reduced transduction®. Thus, the exact mechanism of uptake may not only

be dependent on the PTD itself but also its cargo’’.

1.1.12 Characterization of Transduction Efficiency

Previosuly, our lab characterized a panel of positively charged PTDs for ability to
transduce different cell types in culture. Peptides containing 6-8 arginines, lysines or ornithines
are highly effective for delivery of fluorescent markers or a B-gal fusion protein through a
receptor independent mechanism®. Lysine (8K) was the most effective for transduction of
fibroblasts and epithelial cell lines in culture. However, these studies as well as the majority of
other studies evaluating PTD sequences examine cellular uptake, bio-distribution, and endosomal
escape have used PTDs carrying fluorescent cargos. While this approach offers insight into the
mechanism of PTD action and allows for examination of transduction efficiency, it provides very
little information about the potential for therapeutic application of this technology. Therefore,
we recently chose to evaluate various PTD sequences linked to a biologically relevant peptide
cargo which, when present intracellularly, can inhibit the NF-kB signaling pathway (Figure 4).

We initially tested a panel of PTD-NBD fusion peptides for their ability to inhibit IL-18
induced NF-kB transcriptional activity, measured using an NF-kB luciferase reporter in HELA
cells. In culture, delivery of NBD with TAT, Antp and PTD-5 resulted in the most effective
inhibition of IL-18 induced NF-kB activity. This result is in contrast to in vivo analysis in a
murine footpad delayed-type hypersensitivity (DTH) model where 8K, and six arginine (6R),
worked far more efficiently in blocking footpad swelling following local injection. In the DTH
model, injection of TAT-NBD and Antp-NBD were significantly less effective in
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Nucleus mﬁm expression

Figure 4: NBD inhibits NF-kB (A) PTD-NBD enters the cell due to its positive charge interacting with the
negative charge on the cell surface mediating receptor independent endocytosis (B) NBD escapes the
endosome via retrograde transport or Golgi/ER (endoplasmic reticulum) endosome fusion. (C) NBD interacts
by binding to IKKy and preventing the association with the a and f subunits. (D) This prevents the activation
of NF-kB stimulated by the pro-inflammatory signals (E) which leads to the phosphorylation of IxB and its
subsequent degradation. (F) Finally NF-«B dimer p65p50 is released and then translocates to the nucleus
whereby it transcribes pro-inflammatory genes. Reproduced with permission, J. Tilstra, K.K. Rehman, T.
Hennon, S.E. Plevy, P. Clemens, and P.D. Robbins, 2007, Biochemical Society Transactions, Vol 35, 811-

815(http://www.biochemsoctrans.org/)
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inhibiting footpad swelling (paper in preparation). Although the reasons for the difference in
activity observed in cell culture and in vivo is unclear, we speculate it is due to the ability of 8K
and 6R PTDs to persist in vivo or to efficiently transduce the appropriate target cells, most likely

antigen presenting cells in vivo.

1.1.13 Treatment of murine disease models with SK-NBD

Prior to and during the preparation of this dissertation numerous groups have evaluated
the use of the NBD peptide. Chronic administration of PTD-NBD is efficacious in the treatment
of numerous murine models of degenerative disease including arthritis’', diabetes®’, Parkinson’s
disease’*, muscular dystrophy (MD)”*, pancreatitis’*, and multiple sclerosis’ (Table 2). Many
groups have used either the TAT or Antp PTDs linked to NEMO while we have consistently
used 8K-NBD. However, in each case the peptides have had efficacious results in ameliorating
disease states. The syndromes evaluated by our laboratory or in collaboration with others
include type I diabetes, collagen-induced arthritis (CIA)®’, and Duchene muscular dystrophy

(DMD) 73,

1.1.14 Use of PTD-NBD in this manuscript:

As NBD has proven to have efficacy in numerous models of inflammatory disease, as
well as, improved bioavailability over other NF-«kB inhibitors, this peptide was used to evaluate
the effects of NF-xB suppression in two murine models of disease in this manuscript. Not only
will NBD have the potential to be a possible therapeutic, but it is also an appropriate tool to

evaluate contribution of NF-kB to disease pathogenesis. Here I will assess the effects of NF-kB
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Table 2: Use of NBD peptide in mammalian models of human disease

Disease PTD Length of Trt Result of NBD treatment | Pub.
Acute Inflammation Antp 100uM Single dose Reduced ear thickness, 1
(PMA ear edema, and decreased exudate
Zymosan -induced
peritonitis)
Multiple Sclerosis Antp 1.0mg/kg q24 hrs for | Reduced clinical score, S
(EAE model) 31 days Th2 phenotype skewing,
Decreased inflammatory
cytokines
Inflammatory Arthritis | TAT 3.0 & 6.0 mg/kg at d0 | Reduced osteoclast &
(arthritogenic serum and d3 of 7 day formation and bone
addition) experiment destruction
Arthritis (Collagen Antp Daily injections for 30 | Reduced inflammation 70
induced arthritis) day and bone destruction,
reduced inflammatory
cytokine,
Colitis (DSS and Antp DSS 0.1mg/kg for 10 | Improved histology and 7
TNBS) day, 1.0mg/kg 3 doses | decreased cytokine
over 48 hrs production
Parkinson’s (MPTP) Antp 0.75 mg/kg given at 1d | Increased dopaminergic 7
prior to or 2d after neurons, reduced CD11b
MPTP daily until 7d infiltration
after MPTP injection
Duchene Muscular ? Prevention: daily Decreased macrophage &
Dystrophy (MDX injection 10mg/kg and inflammatory
mice) from d6 to d22 infiltrate, improved
Treatment: 200pg q3d | muscle regeneration and
from d23 to d50 function
Acute Pancreatitis ? 600ug injection prior | Reduced inflammation, 74
(cerulein-induced) (Antp) | to cerulein injection and MPO activation
Colitis (IL-10-/- mice) | 8K 2 and 10mg/kg 10 of | Reduced macroscopic 78
14 days and microscopic
histologic inflammatory
changes, reduced
cytokine secretion
Pancreatitis (Sodium | TAT 13mg/kg Significant reduction in ”
taurocholate (5%) tissue necrosis and
(RAT) improved histology
Acute respiratory Antp 1.25 mg per piglet improved gas exchange, | ™

distress syndrome
(surfactant induced)
(PIG)

lung function and reduced
pulmonary inflammation
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signaling in both a model of inflammatory bowel disease (IBD) and a model of accelerated

aging.

1.2 INFLAMMATORY BOWEL DISEASE (IBD)

Inflammatory Bowel Disease (IBD) affects nearly 1 million people in the United States
and includes two diseases, ulcerative colitis and Crohn’s disease. The patho-physiology of
ulcerative colitis and Crohn’s disease are similar in that both are inflammatory in nature and
involve dysregulation of cytokines and inflammatory cell infiltrates.  Genetic factors,
immunological factors, and environmental triggers all play a role in the pathogenesis®'. There is
continuing research on understanding of the pathogenesis of IBD and evaluating new treatment
possibilities. Unfortunately, current therapies often do not control symptoms and are associated
with significant side effects. A recent study evaluated IBD disease outcome comparing 1998-
1999 with 2004-2005%. From 2004-2005, one in every 12.5 patients with Crohn’s disease and
one in every 20 patients with ulcerative colitis were hospitalized secondary to complications
from their disease. In addition, 1 in 28.5 patients with Crohn’s disease required surgery a ration
not significantly decreased from 1998-1999%2. A much lower number of patients with ulcerative
colitis underwent surgery® however, often times these surgeries are more invasive and result in
colonic resection (colectomy). Nearly 8% of patients with ulcerative colitis will undergo
colectomy within five years of diagnosis and 28% by 10 years.*> The most successful current
treatment for Crohn’s disease is infliximab, an artificial/chimeric antibody that blocks TNFa.
Infliximab is successful in reducing disease severity and fistula formation, but approximately one

third of patients do not respond to this therapy®. In addition to nonresponders, some patients
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develop anti-chimeric antibodies which block the infliximab®.  Furthermore, infliximab
treatment has been linked with increased susceptibility to infections, most importantly
tuberculosis, as well as a small, but increased risk of lymphoma. Thus, there is still a great need
for improved understanding of IBD physiology and other targeted therapeutics which can reduce

symptoms associated with disease.

1.2.1 Pathology of IBD

The two IBD variants are differentiated and distinguished by their localization in the
bowel as well as their pathophysiology. Crohn’s disease is usually defined as a transmural
disease affecting all the layers of the colon including epithelium, mucosa, submucosa, muscle,
and serosal layers. Crohn’s disease is also defined by skip lesions, small regions of
inflammation affecting various areas of the intestine from the esophagus to the anus; however, is
most common focused at the ileo-colic junction (Figure 5). Microscopically Crohn’s disease is
defined by crypt abscesses, villus atrophy, mononuclear infiltrate, which contributes to mucosal
thickening and non-caseating granuloma formation. Ulceration, fissures, and thickening of all
layers of the intestine (Figure 6) are macroscopic components of Crohn’s disease, as well as
secondary formation of fistulas and abscesses.

In contrast, in ulcerative colitis occurs only in the colon and is limited to the epithelial,
mucosal and occasionally submuscosal layers. Inflammation in ulcerative colitis leads to a loss
of the mucosal layer and formation of pseudopolys (intact tissue amongst loss of mucosal tissue)
(Figure 5). Microscopically, ulcerative colitis is defined by numerous inflammatory cellular
infiltrates associated with abnormal crypt and villus formation, ulceration, and mucosal
thickening (Figure 6)*™.
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Figure 5: The distribution patterns of the two variants of IBD. The top panels describe the location and
generalized pattern of disease within the small intestine and colon of both Crohn’s disease and ulcerative
colitis. The bottom two panels describe the macropathologic changes in the two variants.

(Courtesy of

Elsevier originally published in Kumar: Robbins and Cotran: Pathologic Basis of Disease, 7th ed.*)
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Figure 6: Histopathology of IBD. (A) Normal small intestine/colon with crypt and villus formation. (B)
Crohn’s disease micrographs, Left image, intestine is exhibiting inflammatory (mononuclear cell) infiltrate
with non-caseating granuloma formation and loss of normal villus structure. Right image, transmural fissure
(center) which extends through epithelium, submucosa, mucosa and into the muscle layer, with large
inflammatory infiltrate exhibited between the mucosa and submucosa (blue patches), and shallow ulcer
(right). (C) Ulcerative colitis micrographs. Left image, crypt abcess formation Right image, loss of villus
structure inflammatory infiltrate into mucosal layer (Courtesy of Elsevier originally published in Kumar:

Robbins and Cotran: Pathologic Basis of Disease, 7th ed.*)

24



1.2.2 Extra-intestinal Manifestation of IBD

IBD pathology is normally localized to the intestine, but is in fact a systemic disease
which has numerous extraintestinal manifestations that can affect several organ systems as

88,90, 91 and summarized below. Arthritis is the most common extaintestinal

reviewed in
manifestation of IBD. Manifestations of arthritis are varied, but three major forms include
ankylosing spondilitis, sacroilitis, and migratory monoarthritis. Ankylosing spondilitis is a
chronic inflammatory arthritis which effects the spine and sacroilium causing severe back pain
and stiffness. The spine eventually fuses and causes rigidity and debilitation. Sacroiliitis is
inflammation localized to the sacroiliac joint and causes low back pain. Patients with IBD can
also experience migratory monoarthritis which affects large joints usually one at a time and runs
a course unrelated to that of the intestinal disease. Other extraintestinal manifestations include:
dermatologic changes including erythema nodosum (inflammation of the fatty layer of the skin
also seen in sarcoidosis and infectious mononucleosis), pyoderma gangrenosum (a cutaneous
ulcerative lesion thought to do with neutrophil dysregulation, and is also seen in seropostive
arthritis and less commonly systemic lupus erythema (SLE) and Sjogren’s syndrome)’”, and
aphthous ulcers (well circumscribed ulcers of the buccal mucosa in the mouth also seen in

SLE)”. Interestingly, these signs and symptoms are characteristics of other inflammatory

disorders as well, underlying the systemic inflammatory nature of IBD.

1.2.3 Inflammation and role in IBD:

It is likely that an exaggerated immune response to enteric bacteria plays a significant

role in the development of disease. The intestine is normally considered a suppressive
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environment from an immunologic perspective, and dysregulation of this suppressive
environment is thought to be a major contributor to the pathogenesis of IBD. In numerous
mouse models of IBD, mice do not generate disease under germ free conditions®, and further
both ulcerative colitis and Crohn’s disease are localized to the ileal-colic junction and colon, the
two areas of intestine with the highest bacteria burden®’.

Features of the intestine closely resemble other lymphoid organs. Macrophages,
dendritic cells, monocytes, and lymphocytes reside in the lamina propria and submucosal layers
of the gut. In addition, the intestine has intrinsic lymph tissue known as gut-associated-
lymphoid tissue (GALT) also described as Peyer’s patches (in the small intestine) and follicles
(in the colon). GALT contains a high percentage of T and B-cells. In contrast to other lymph
organs, GALT has many suppressive elements.

The gut secretes numerous molecules to prevent invasion of bacteria, however these
molecules do not activate a gross inflammatory response. For example, the major antibody
secreted by the intestine is immunoglobulin A (IgA), which acts as a dimers and is linked
together by the J-chain, allowing for its secretion into the intestinal lumen. Importantly, IgA is
unable to activate complement or bind Fc receptors. Thus IgA acting as a neutralizing agent
binding to bacteria and preventing invasion, but not as an inflammatory activator’> *°. The
intestinal epithelial layer includes the villus or surface epithelium (intestinal epithelial cells
(IECs), goblet cells, neuroendocrine cells, and paneth cells. Each of these cells in the epithelial
layer provides microbial protection without overt stimulation of the immune system®’. Goblet
cells secrete mucin and glycoproteins, creating the glycocalyx. which overlays the epithelium
and helps prevent bacterial invasion. Paneth cells are responsible for secreting defensins and

anti-microbial peptides. Deficiencies in the defensins secreted by the paneth cells can exacerbate
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or increase the risk of IBD development’’. Further, IECs express CD1d which leades to T
regulatory cells (T-reg) or suppressive T-cells, and the IECs are one of the few non-professional
antigen presenting cells (APC) to express MHC class 11 molecules”™. APC from the intestine
have suppressive qualities. Mucosal macrophages in the intestine are also more suppressive than
there general counterparts. These mucosal macrophages do not express CD14, a co-receptor for
TLR4”, and produce less inflammatory cytokines (TNFo and IL-1pB) than other macrophages.
There is also a special population of intestinal dendritic cells which sample apoptotic IECs and
tolerize naive T-cells against self antigens'®. In addition to DC tolerization of T-cells, lamina
propria T-cells do not proliferate due to TCR engagement, but seem to activate alternative
pathways via CD2 and CD28. These findings exemplify the role of intestinal immune response
as a protective yet suppressive environment.

Unfortunately, in IBD the normally suppressive environment in the intestine becomes an
activated environment. Immune dysregulation and activation appears to be a common factor in
both ulcerative colitis and Crohn’s disease although the immune activation differs between them.
While ulcerative colitis and Crohn’s disease are distinctive diseases, the clinical picture can vary
from patient to patient even with the same pathology and often colonic Crohn’s disease is
confused with ulcerative colitis. It is traditionally thought that ulcerative colitis is a T-helper 2
(Th2) skewed disease marked by increased IL-5, IL-6 and IL-13 secretion whereas Crohn’s
disease i1s a Thl skewed disease which is associated with increased 1L-12, I1-23, and tumor
necrosis factor alpha (TNFa) secretion'”’. There are numerous reports of an over active NF-xB
pathway in patients with Crohn’s disease'*. In ulcerative colitis it is thought that the relative
deficiency of interleukin 10 (IL-10), which has anti-inflammatory and NF-kB inhibitory effects,

may contribute to persistent inflammatory changes'* '
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1.2.4 NF-kB and IBD

Evidence suggests that the pathophysiology of IBD is secondary to intestinal immune
dysregulation. It is thought that NF-kB is a master switch for inflammatory gene expression
including cytokines, chemokines, adhesion molecules, and cellular defense molecules™ ',
Furthermore, activation of NF-«B has been shown to be important in a wide variety of
inflammatory and non-inflammatory diseases'’. The role of NF-kB in IBD disease pathology
has been defined by studies of patients with IBD and examination of numerous mouse models of
intestinal inflammation. Activated NF-«xB is found Interestingly, numerous studies have shown
that IL-10”" mice develop colitis only in the presence of bacteria'®®. in inflamed mucosa and

macrophages of patients with IBD '** 1%,

RelA/p65 was shown to be overexpressed in the
intestines of patients with ulcerative colitis and Crohn’s disease. Further analysis of lamina
propria macrophages derived from the IBD patients showed increase DNA binding of NF-«kB
subunits, which were responsible for inflammatory cytokine production, IL-1B, IL-6, and
TNF'®.

Initial studies focusing on the role of NF-xB in development of IBD was completed in
animal models of colitis. The most commonly used genetic model of colisi is the /L-1 0”" mouse.
This mouse developes normally in utero, however, at approximately 4 weeks of age these mice
exhibit weight loss and anemia, which coincides with the colonization of their intestines with
bacteria, which is necessary for the development of colitis in this model'®”. Interestingly, when
either IL-10"" or wild-type mice were exposed to intestinal bacteria, they exhibited increased NF-
kB signaling in the enterocytes of the intestine, however, as the JL-/0”" mice alone develop

intestinal inflammation by seven weeks of age, which is defined by inflammatory infiltrations,

villus atrophy, and ulceration. It was origiannly observed that /L-10”" mice exhibit increased
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NF-kB signal in the lamina propria as well as inflammatory cell populations including
macrophages, dendritic cells, T-cells, and B-cells'”’. Thus, NF-xB inhibitors were evaluated in
this model, specifically after it was observed that NF-kxB DNA binding was increased in lamina

08

propria macrophages derived from IL-10"" mice' In vivo administration of the NF-xB

antisense oligonucleotide successfully treated established colitis in both chemical-induced and

09

. .. wa .1 . . .
spontaneous occurring colitis of JL-70”" mice'®, as shown by reduction in macroscopic and

histological pathology of colitis '** "% '!!,

NF-kB is clearly implicated in the pathogenesis of IBD, but NF-kB activation is not
entirely detrimental. NF-«xB is necessary to block invasion of pathogens; conditional deletion of
NEMO or IKKa and B to the intestinal epithelium led to massive intestinal inflammation
subsequent a loss of the eptheliums protective function ''* suggesting that NF-kB is protective
and can prevent the onset of intestinal inflammation. However, NF-kB activation in
inflammatory cells can have a negative role by propagating inflammation once initiation of
disease occurs.

In addition to these murine studies, numerous IBD therapeutics used to treat human
disease have been shown to inhibit NF-kB signaling. Sulfasalazine, which is frequently used for
treatment of Crohn’s disease and is currently used for ulcerative colitis. Sulfasalazine inhibits

NF-kB by blocking IkBa degradation and inhibiting RelA phosphorylationm.

The former
mainstay of IBD therapy, corticosteroids, have inhibitory effects on NF-kB by suppressing
transcription through activation of histone deacetlyases''*. Even the most notable current IBD
therapy, the TNFa antibodies, infliximab and adalimumab, referred to as disease modifying

biologic therapies, target the NF-kB pathway by blocking one of its activating factors TNFa'',
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It appears that increased NF-kB signaling, specifically in the immune compartment,
myeloid and lymphoid cells, is a major component of the pathophysiology of IBD. Furthermore,
the majority of therapeutics used to treat IBD suppress NF-«B signaling. Interestingly, genetic
studies (discussed below) evaluating common gene variants associated with IBD, implicate
genes involved in inflammatory signaling and specifically with NF-xB. Overall, while NF-xB
may have differential roles in disease development depending on cell type it appears that

suppression of NF-kB may have beneficial effects in treating IBD.

1.2.5 Genetics of IBD

Crohn’s disease has been shown to have a higher concordance of disease in monozygotic
twins than ulcerative colitis, suggesting a greater genetic component'>. Interestingly, in familial
studies 80% of patients have the same disease type (Crohn’s disease or ulcerative colitis).
However, in 20% of cases disease affecting multiple family members is mixed, suggesting that
there is a combined genetic susceptibility for all IBD diseases''>. There are three major gene
SNPs which are associated with Crohn’s disease including NOD2 (CARD15), TNFSF15, and
IL23R."° Tt has been shown that while NOD2 SNPs are associated with Crohn’s disease alone,
SNPs of IL23R, IL12B, and STAT3 are associated with both ulcerative colitis and Crohn’s
disease. Importantly, the above genes are all involved in immune regulation suggesting a genetic
component contributing to the dysregulation of the immune system. There are also other genetic
components associated with IBD that are not specifically inflammatory related genes including
ATGI16L1, IRGM, NKX2-3. However, each has been shown to play a role in immunologic

control of bacterial invasion or inflammatory signaling®’. These genes that are associated with

30



immune signaling are not only genetic predisposing factors, but may also contribute to
pathology.

NOD?2 is a pattern recognition protein which leads to NF-kB activation. A loss of
function mutation in NOD2 appears to lead to overactive NF-kB signaling over time''®. IL-23
and IL-12 are inflammatory cytokines from the same family, both of which lead to the activation
of lymphocytes. Using specific genetic models, IL-12 and IL-23 have been shown to contribute
to IBD pathogenesis. More recent evidence suggests IL-23 signaling is highly important in IBD,
both in its role as a innate immune signaling factor as well as its role in differentiation and

activation of the pro-inflammatory Th17 population''’.

Furthermore, Stat3 is a downstream
signaling component of the IL-23 pathway thus suggesting another important role for this
inflammatory signaling pathway in pathogenesis of Crohn’s disease. Interestingly, 1L-23/I1-12
production is transcriptionally regulated by NF-xB, specifically RelA, C-rel, and p50''®. IL-23
signaling can also activate NF-«kB transcription via degradation of IkBa and allowing for IL-1
production''”. Each component of genetic susceptibility, with regards to IBD, implicates the NF-

kB signaling pathway, further confirming that the NF-kB pathway is an appropriate target for

therapeutic intervention.

1.2.6 Evaluation of NF-xB in IBD

The above data suggests that overactive NF-«B signaling has a causal role in IBD
pathology, whether it is through initiation and or progression. Current therapies for IBD are
improving with the advent of biologics. Other therapies need to be developed due to the lack of
efficacy of current therapies in a large fraction of patients as well their significant side effects. It
will be imperative to further address the specific roles of NF-kB signaling in this disease to help
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with the development of new therapies. Additionally, the evaluation of NF-kB suppression in
IBD will have potential therapeutic and mechanistic consequences to help tailor a more direct,

targeted treatment for IBD patients.

1.3 INFLAMMATION AND AGING

Aging is usually defined as the advancement in chronologic age; however, aging is often
characterized by the presence of aging-associated diseases, such as kyphosis, cachexia,
sarcopenia, frailty and neurodegeneration. Interestingly, the greatest risk factor for a wide
variety of diseases is an increase in chronologic age. The risk of cancer increases 10 fold for

20 In fact the trend for many age-associated

patients over 65 compared to those under 65
diseases including cardiovascular disease, neurodegeneration, diabetes, arthritis and osteoporosis
is similar'?'. Furthermore, there is to be an exponential increase in disease with a linear increase
in chronologic age'”’ suggesting specific mechanisms are contributing to this change. By
determining what these mechanisms are and how they contribute to aging; in the future scientists
and clinicians may be able to use systemic therapies to reduce several age-associated pathologies
simultaneously. The number of individuals over the age of 65 will double over the next 25
years'*%, and the average age of our population is increasing. In fact 27% of the 327 billion

123 This reveals

dollar Medicare budget in 2008 was spent on care in a patients last year of life
the tremendous burden that age-related diseases can have on our health care system and our

national economy. Therefore, understanding the mechanisms of aging and defining therapies to

reduce this burden is of critical importance.
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1.3.1 Stochastic Theory of Aging

There are two predominant theories to explain why aging occurs, either through genetic
contributions and/or time dependent damage events which lead to altered cellular function. The
theory of programmed genetic aging has recently fallen out of favor, but may have potential
implications with regards to the aging process. While aging is not likely the result of genetic
programming, it may be in part attributed to a evolved trait that leads to a reduction in somatic
maintenance after an animal reaches sexual maturation'',

There may be some evolutionarily based gene and protein functions which contribute to
the aging process. For instance, the maximum age of mice bred in captivity is approximately
three years of age; while in the wild, mice live an average of one year. Thus an investment in
gene expression that would block age-related changes at three years would not be selected for in
the wild as compared to a gene that would allow mice to survive a cold harsh winter (the most

common cause of death in wild-type mice)'*'.

For example, mice likely have evolved gene
expression which allows for increased storage of fat deposits to allow them to surivive a cold
winter, however, this same evolved fat storage trait may lead to an increase in fat storage which
leads to increased cytokine secretion, reduced insulin. Furthmore, if energy is diverted to energy
and fat storage, then maintence of other cellular material and organelles such as mitochondira
and DNA may suffer, thus leading to increased cellular damage and age-associated changes. In
whole this suggests that genes which promote young mouse survival but not aged survival are
selected for during the evolutionary process. Therefore it is likely that aging is not an evolved

trait but possibly a byproduct the shortened lifespan and the perils of survival for animals in the

wild.
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The stochastic theory of aging, the foremost accepted theory of aging, states that
endogenous and exogenous damage lead to breakdown of macromolecules and organelles,
ultimately resulting in cellular and organismal senescence and aging'**. There are numerous
hypotheses regarding the source of damage events which contribute to aging including, somatic
mutations, mitochondrial/ROS, telomere shortening, and accumulation of waste, all of which
likely contribute to stochastic aging as described by Kirkwood'?!, and are discussed in greater

detail below.

1.3.1.1 Somatic Theory of Aging

The somatic theory of aging centers on damage to DNA. Several lines of evidence
support the hypothesis that DNA damage is the most important type of molecular damage that
contributes to aging. First, DNA lesions and genetic mutations caused by DNA damage
accumulate in tissues of aged organisms '>> '*°. Second, mice harboring germ-line mutations that
confer resistance to genotoxic stress are long-lived'*”'**. Third, the majority of human progerias
(or syndromes of accelerated aging) are caused by inherited mutations in genes required for
genome maintenance (described in 1.3.5)'®. For example, deficiency of the DNA repair
endonuclease ERCC1-XPF causes progeria"’. Additionally, members within mammalian species
with increased Poly(ADP-Ribose) polymerase levels, an integral member in stress response to
DNA damage, have increased lifespans'>'. Comparison of the transcriptome of DNA repair
deficient mice and old wt mice revealed a highly significant correlation that was recapitulated in
young wt mice exposed to genotoxic stress'>". Also mice exposed to long term low doses of
irradiation develop phenotypes and gene expression profiles similar to that of normative aging
animals. These data suggest that accumulation of DNA damage is a major contributing factor to

mammalian aging.
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1.3.1.2 Mitochondrial Damage/ Reactive Oxygen Species (ROS) contribuation to Aging
Mitochondrial damage and subsequent ROS production is thought to be the other major
contributing factor to stochastic aging along with DNA damage. Mitochondria, often defined as
the energy center of the cell, are responsible for producing ATP wusing oxidative
phosphorylation'*”.  Aged mitochondria in old and postmitotic cells, showed uncoupling
demonstrated by a loss in mitochondrial membrane potential and accumulated damage of
mitochondrial DNA (mtDNA)'*. Damage to mitochondria results in increased ROS
production. This increased ROS in the cytoplam negatively impacts the cellular environment by
causing further damage mitochondria, other organelles, and resulting in DNA damage. Depite
numerous sources of ROS within the cell, nearly 90% of these can be traced to the
mitochondria'?>.  Additionally, transgenic mouse with increased susceptibility to mtDNA

damage, developed a shortened lifespan and symptoms of premature aging'>*.

In addition to
mtDNA damage, loss of mitochondrial function induced aging is in part carried out by increased
ROS production. A murine model with reduced capability to degrade of H,O, resuled in disease
mimicing age-associated neural degeneration'”>. Furthermore, cells with p21 and Ras mutations
resulting in premature senescence, exhibited increased ROS production'*®, and mouse embryonic
fibroblast (MEF) replicative senesecnce can be induced using 20% oxygen compared to 3% O,

growth conditions'*® ¥’

. Thus, damaged mitochondrial due to mtDNA damage and increased
oxidative stress can advance the onset cellular senescence, and likely contribute to pathologies

associated with aging.

1.3.1.3 Shortening Telomeres Contribution to Aging
Telomeres are evolutionarily conserved repeating DNA sequences meant to protect the

ends of linear chromosomes from DNA damage responses'*®. There is a loss of nearly 100-200

35



- ST 139, 140
base pairs per replication cycle

, and this shortening may result in recognition of telomere
ends as sites of damage by DNA repair machinery. This DNA repair response to the
chromosome ends can result in cell death or senescence.””® Additionally, exogenous expression
of the catalytic subunit of telomerase in primary human cells led to their immortalization'*;
suggesting that telomerase plays an integral part in cellular senescence and aging. However,
there is no evidence that increased telomere length leads to reduced aging in vivo, in fact,
nematodes with altered telomere length had no change in lifespans'**. Additionally, animals
with significantly increased telomere length still undergo the aging process. One prime example
is mice which have longer telomeres than humans but live only for a maximum of 3 years.
Therefore the length of telomers alone does not confer resistance to aging, but perhaps the
maintenance is integral to reduce cellular senesense. In support of this theory, recent studies
suggest that oxidative and damage events may have a greater role in telomere shortening than

: : 121, 14
replication'>" '*?

. Von Zglinicki et al. observed that fibroblasts have significantly increased rates
of telomere shortening under conditions of oxidative stress and suggests that alkylation, UV
exposure, and irradiation induced damage has the same effects'®. Thus, shortened telomeres,

which may be responsible for replicative senescence, may contribute to aging secondary to

stochastic damage.

1.3.1.4 Altered Protiens and Waste Accumulation Theory of Aging

The final contributer to the stochastic theory of aging is the accumulated waste and
altered protein hypothesis. Numerous diseases of aging are associated with accumulation of
damaged proteins namely Parkinson’s, cataracts, and Alzheimer’s. With aging there is a decline
in the function of proteosomes and chaperones which alters waste removal and causes a build-up

121

of proteins within cells'“. Related findings suggest that numerous deficiencies in cellular waste
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disposal including proteases, DNA repair enzymes, autophagy, and lysosome activity increase
with age'**, likely secondary to damage events. Therefore, as damaged macromolecules
accumulate within a cell, a loss of cellular homeostasis can occur. For example, an accumulation
of mutated proteins or altered proteins such as amyloid in Alzheimer’s can contribute to cellular
dysfunction or generating immune response leading to associated pathology. Furthermore, when
mitochondria age they become dysfunctional losing their membrane potential and increasing
ROS production. Due to decreased autophagy within the cells, these mitochondria persist and
contribute to the increased intracellular damage'®, leading to an increased loss of cellular

homeostasis.

1.3.1.5 Accumulated Damage and Composite Stochastic Theory of Aging

While evidence supports each of the components of the stochastic theory of aging
described above (somatic mutations, mitochondrial damage, telomere shortening, and altered
waste disposal), it is likely they are inter-related components in the aging process. Each
stochastic event reinforces and contributes to the changes described by each of the damage
hypotheses. For example, damage to the mitochondria causes an increase in ROS production.
As ROS levels increases inside the cell, this leads to a loss of homeostasis with increased
damage to mitochondria other cellular components including DNA as well as contributing to
more rapid telomere shortening. Because the aging cell has reduced autophagic response these
defective mitochondria cannot be degraded, and continue to produce the ROS. Simultaneously,
damaged mitochondria produce less ATP contributing to reduced protein production (possibly
less proteosome, autophagic proteins, or DNA repair proteins), which subsequently results in

reduced cellular repair and promotes further dysfunction within the cell.
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A second example is endogenous DNA damage which passes to the daughter cells
following cell division. Dysfunctional proteins are created as a byproduct of this damage leading
to an increased need for degradative processing. This results in reduced capacity to repair
additional cellular damage resulting in loss of homeostasis. In each case, damage to individual
cellular compartments triggers a cascade event contributing to the aging-cell phenotype. The
stochastic theory of aging encompasses several theories of aging, each of which likely
contributes to the overall aging phenotype. In each case, damage is the root cause of aging seen
at the cellular and organismal level. In addition to the damage itself, it appears that the way the

cell manages this damage response is integral to the aging process as a whole.

1.3.2 Damage Response and Aging

The most common cellular response to damage is repair, which results in normal cell
function. In the event that cellular damage remains unrepaired, cells either apoptose, senescence,
or in rare instances transform into tumor cells. The damage responses not including repair all
results in alterations which affect cellular function and interaction with the surrounding
environment. Recent evidence suggests that the apoptosis and senescence response to damage is
a mechanism by which cells reduce tumorigeneity; however these changes then contribute to the
aging process'*°. Replicative senescence is defined permanent cell growth arrest which results in
altered cellular function. Senescence is often described as aging at the cellular level and is
characterized by an altered morphology such as, increased nuclear to cytoplasmic ratio, altered

actin structure and a flattened sprawled appearance. Senescent cells are distinguished by

ink4a 7

increased p16™** and SA-B-galactosidase expression'*’. Cellular senescence cab be accelerated

9

1 14 . . 14 . .
by damage events such as DNA damage'™ '** or oxidative stress'®. Thus, previous studies on
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the pathogenesis of aging have focused on damage and its contribution to the aging process.
However, a growing area of interest is now examining not only these damage events but also the

damage response and their subsequent effects on aging and age-related diseases.

1.3.3 NF-kB as a component of stress response and aging

Stress response pathways implicated in aging include IGF-1, mTOR, SIRT1, p53, and
NF-kB'°. Of these, NF-kB, is of considerable interest, as it is a transcription factor has been
implicated in both oxidative stress and DNA damage response pathways. Additionally, Adler et
al. defined NF-«B as the transcription factor most associated with aging"”'. NF-xB is
traditionally thought of as a mediator of immune and inflammatory responses, but is also
activated in response to many stress stimuli including genotoxic, oxidative, mechanical and other
environmental insults that cause cell damage®. Specifically, DNA damaging resulting from UV
rays, y-irradiation, topoisomerase poisons and ROS activate NF-xB"* ', While NF-xB
signaling is activated in conditions associated with aging, senescence, and age-associated
changes, it is not known whether it plays a protectice or degenerative role.

Overexpression of two NF-kB subunits, c-rel and RelA/p65, induced a senescent
phenotype in cells"*'*°. In concert with these findings, evaluation of skin-derived human
fibroblasts from aged individuals (aged 72-93), and HGPS progeria patients (8-14) showed
increased levels of NF-«kB activation when compared with cells derived from young individuals

151, 157

(aged 22-33 and 8-14 respectively) These cellular findings are further supported by

studies that observed NF-«B upregulation with age in several tissues including skin, liver,

158163 Adler et al. first observed that

kidney, cerebellum, cardiac muscle and gastric mucosa
genetice depletion of NF-kB in aged mouse skin reversed age-related pathology and gene

39



expression changes, suggesting a beneficial role for NF-kB inhibition in reversing age-related
degeneration'”'. Kawahara et al. then evaluated NF-kB in aging using the sir#6” mouse, which
exhibits degenerative changes. Experiments using haploinsufficient p65 (NF-«B subunit)
background resulted in 40% of the sirt6” p65™ mice exhibit improved growth and longer

164 While this provides some evidence of the role of NF-xB

lifespan than their sirt6”" littermates
activation in aging, the sirf6” mouse model exhibits a severe colitis phenotype, suggesting that
these mice may have chronic colonic infection leading to NF-kB activation and more of a illness
induced degeration rather than a true aging phenotype'®. Thus, further exploratory studies are
necessary to elucidate the role of NF-kB inaging.

One compentent contributing to increased NF-«B activity which occurs with aging is the
altered transcriptional phenotype which occurs in senescent cells. A recent article by Coppé et
al. defined a specific senescent-associate secretory phenotype (SASP) in senescent cells. SASP
is a highly pro-inflammatory phenotype consisting of increased expression of IL-6, IL-8, IL-7,
MCP-2, MIP-3, ICAM, II-1a, and II-B, and was observed in numerous senescent cell types
induced by varying methods. While senescence is initially a tumor-suppressive mechanism'®
there is likely numerous deleterious side effects of this anti-growth, pro-inflammatory senescent
phenotype. It is important to note that the vast majority of these SASP profile cytokines and

167

chemokines are transcriptionally regulated by NF-kB"', again implicating this signaling

pathway in aging on a cellular level.

1.34 NF-kB in Age-Associated Disease

Aging i1s widely considered a physiologic condition; however the majority of aging
research focuses on age-associated diseases which are treated as pathologic conditions. These
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age-associated diseases include Alzheimer’s, Parkinson’s, type II diabetes, atherosclerosis,
sarcopenia, and osteoporosis. Therefore, aging which is defined by these diseases should be
considered a treatable condition. One features that these diseases share is an increased
inflammatory state; specifically NF-kB signaling and cytokine secretion are upregulated in

170

68 osteoarthritis'®, neurodegeneration (Alzheimer’s and Parkinson’s)'”’,

-1
atherosclerosis

- 171 . . 172 .
osteoporosis' "', and cardiovascular disease'"* as discussed below.

1.3.4.1 Alzheimer’s disease

Alzheimer’s disease (AD) is the most common cause of age-associated dementia, and is
characterized by fibrillary tangles and p-amyloid plaques.'” AD affects only 0.6% of patients
65-69 years of age, but increases with age to 8.4% of 85+ aged patients. While the causes of AD
remain poorly defined one common characteristic is the increased inflammatory state observed in
patients suffering from AD. While an overt inflammatory infiltration is not evident in AD, IL-18
and TNFa are present at increased levels in the brains of AD patients, both of which are NF-xB
transcriptionally regulated cytokines.'””  Murine studies have begun to confirm the role of
cytokines including IL-6 an IL-1p in AD'™*, for example mice which underwent brain injections
of IL-1a or B exhibited increased AD associated plaque formation'”.

A possible mechanism for this increase in cytokines seen in AD is via AP stimulation of

176

NF-«xB activity in microglia (brain monocytes) Suppression of NF-kB in these microglia

results in decreased neurotoxicity'’’, and evidence suggests that NF-kB regulatory elements lie

8

upstream of the APP protein, which is necessary for plaque formation'’®. The hypothesis that

inflammation and NF-xB activation is the underlying cause of AD is further supported by

observations that chronic LPS injections accelerate AD progression'”” and patients with systemic

180, 181

infection exhibit increased rates of cognitive decline . Additional studies evaluating links
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between inflammation and AD is reviewed in '” and '®. On the whole, the evidence suggesting

that NF-xB plays a role in plaque formation is strong, but likely more important is the role of

NF-«B, inflammation, and cytokine signaling in AD progression.

1.3.4.2 Parkinson’s Disease

Parkinson’s disease (PD) is a neurodegenerative disease that results in a movement
disorder that is observed in patients over the age of 55 years'®. As with neurodegeneration seen
in AD patients, there is a similar increase in inflammatory and cytokine signaling in Parkinson’s
patients. There is a 70 fold increase in p65 activation in dopaminergic neurons, the neurons
which are central to disease pathology, from PD patients compared with age-matched controls'™*.
TNFa a is increased in both brain tissue and CSF'® and further IL-1B, IL-2, IL-6 and other

186
. Furthermore,

cytokines were shown to be increased in the CSF of Parkinson’s patients
microglia, the innate immune cells of the brain are highly active in PD and suppression of these
cells in mouse models of PD result in reduced disease'®. Using MPP, a chemical compound
known to induce a Parkinson like disease, neurons show upregulation of NF-kB signaling, which
was necessary for cell death'®’. The true role of NF-kB in causing neuronal cell death is still
unknown, however it is likely that in both PD and AD, the chronic NF-xB activated
inflammatory state act through primary or secondary mechanisms to contribute to neuronal cell

. . 182, 1
death and progression of disease state'®* '**,

1.3.4.3 Type II Diabetes
Type II Diabetes (T2D) or non insulin-dependent diabetes results is defined by insulin
resistance, and is normally accompanied by numerous sequela or co-morbidities, dyslipidemia,

hypertension, atherosclerosis, and central obesity, blindness, end-stage renal disease, and non-
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traumatic loss of limb'*’. NF-kB/IKK has been implicated in obesity-induced insulin resistance
and glucose metabolism via pharmacologic and genetic suppression'”’. Upregulation of NF-kB
signaling in hepatocytes results in a type II diabetes phenotype'®'. It is further thought that
innate immune activation and inflammatory response underlie Type II Diabetes (T2D) and its

. 1
associated features'®’.

Macrophages or dendritic cells (DC) that reside in adipose tissue and
secrete cytokines can contribute to insulin resistance and mediate disases progression'®”. Novel
data suggests that mice deficient in DC have reduced body mass and are not susceptible to Type
IT diabetes when placed on a high fat diet (private communication). As with AD, systemic
inflammation and cytokine secretion likely play a significant role in the onset and progression of
T2D. IL-1B can induce B-cell cytotoxicity and inhibit B-cell function'”. Mice deficient in TNFo
signaling have been shown to be resistant to obesity induced insulin resistance*. Additionally,
IL-6 as well as MCP-1, IL-1B and TNFa levels are found to be increased in T2D patients,

however, the role of IL6 remains ill-defined'®. Thus abherent NF-kB activation in numerous

tissues including adipose, pancreas, and liver contribute to disease pathology observed in patients

with T2D.

1.3.4.4 Atherosclerosis

Atherosclerosis is a disease of arterial wall thickening and plaque formation associated
with increased age and is the leading cause of coronary artery disease. Atherosclerosis is a
disease resulting from a combination of endothelial, hematopoietic, T-cell and macrophage
dysfunction. Atherosclerotic lesions have increased levels of NF-kB activity, specifically in
unstable coronary plaques'®. In an LPS induced model of atherosclerosis, using apoE”" mice,
genetic suppression of NF-kB signaling led to a reduction in the size of atherosclerotic lesions'*°.

As with other diseases associated with aging, this NF-kB upregulation is accompanied by an
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increase in cytokine release and inflammatory signaling. A comprehensive review on the subject
by Kleeman et al characterizes both the pro-atherogenic cytokines, IL-1, IL-12, IL-18, IFN-
gamma, TNF-alpha, and M-CSF as well as the anti-atherogenic cytokine, IL-10"”’. TNFa, both
an inducer and target of NF-kB, was shown to increase ROS formation, increase apoptosis, and
subsequently increase endothelial dysfunction in rat carotid arteries, mimicking changes seen in

% TNF blockade was further shown to have vasculoprotective effects'”®; thus

aging arteries'
adding addition support for the role of NF-kB activation as a negative regulator of aging

associated atherosclerosis.

1.3.4.5 Sarcopenia

Sarcopenia, defined as the loss of skeletal muscle mass and strength, is highly correlated
with advancing age'”. In hospitalized geriatric patients, those patients with increased
inflammation, indicated by elevated CRP and IL-6, had a correlative decreased in grip strength,
shoulder extension strength, and exhibited increased muscle fatigue®”’. Furthermore, TNFa and
IL-6 are inversely related to muscle mass and strength in elderly patients®'. While there is little
research evaluating NF-xB activation in sarcopenia, numerous studies show a significant causal
role for NF-kB activation in muscle atrophy. Mice transgenic for active IKK[, exhibit a muscle
wasting phenotype®**. Muscle unloading, or loss of muscle innervation, led to an 8-fold increase
in NF-kB signaling suggesting an integral role of NF-kB in muscle atrophy®”> ***. Additionally
NF-kB was implicated in the pathology associated with muscular dystrophy (MDX model), a
disease of muscle degeneration,  Specific suppression of NF-kB activity in macrophages
reduced muscle degeneration, and systemic treatment of NBD, an NF-kB inhibitor, reduced
pathologies associated with musclar dystrophy”. As with T2D and other aging pathologies, NF-

kB acts in numerous cell types to contribute to disease pathology.
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1.3.4.6 Osteoporosis
Osteoporosis another age-associated pathology is defined by decreased bone density and

205

increased fragility leading to bone breaks It is known that inflammatory cytokines IL-6,

TNFo, and IL-1** signaling via NF-kB are activators of osteoclastogenesis and osteoclast

function>*

. As ostoclasts are responsible for bone resorbtion, the role of NF-«B in these cells
cannot be underestimated. Additionally, IL-6 levels are shown to be a positive predictor for
decreased bone density, and TNFa levels were shown to be increased in patients with decreased
vertebral bone density. While it unknown whether these cytokines are markers or mediators of
osteoporosic changes they implicate NF-kB and inflammation in this disease process®’.
Interestingly, patients with overactive inflammatory and NF-kB signaling exhibit increased risk
of developing osteoporosis when suffering from diseases, including HIV infection, hyper-IgE

syndrome, rheumatoid arthritis, myeloma, and inflammatory bowel disease”.

Recent findings
also identified an important role for NF-kB in osteoblast function, mice transgenic for a DN-IKK
expressed in osetoblasts had reduced bone loss after ovariectomy (12%) compared with wild-
type mice which exhibited 40% bone loss. Thus it is likely, that as with many of these age-

associated disease, NF-kB acts through numerous mechanisms to promote osteoporotic

s 2
degeneration®”.

1.3.5 Progeria and evaluating NF-kB in Age-Associated disease

NF-xB is a main mediator or component in the majority of age-associated disease (as
discussed above). In each pathology described previously there are likely additional and
possibly more important mediators of disease; however, NF-kB is one of the few factors which
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have been implicated of the full spectrum of these age-associated diseases. In some pathologies,
NF-kB and inflammation may be the initiator of diseases, while in others NF-«kB activation may
promote disease progression secondary to events such as DNA damage, altered protein
production, or oxidative stress. While numerous groups have shown that specific NF-«kB
inhibition blocks disease pathology, what remains unknown is the effects of NF-kB suppression
on cumulative aging seen in mammalian species, which will be explore in this disseration.

While there are many studies which evaluate aging-related disease, aging in its own right
is difficult to study. Most of the current research in aging biology focuses on cellular aging by
way of primary mouse embryonic fibroblasts (MEFs) or lower organism model systems such as
C. elegans or Drosophilla which have lifespans of 2-3 weeks and 4-5 weeks respectively. While
these animals have an abundance of genes that have mammalian homologues, the systems have
vast differences. When evaluating mammalian models, the shortest lived, the mouse has a
maximum lifespan of nearly 3 years, with variation dependent on strain. However, scientifically,
this is still a lengthy period to evaluate specific gene involvement or therapeutic intervention
associated with aging. Using a natural phenomenon, known as progeria, or diseases of
accelerated aging, one can study aging pathology over a compressed period of time.

Progerias are often caused by single gene mutations, some of which will be discussed
here, but result in children who appear normal at birth, but in early childhood begin to develop
symptoms of accelerated aging. Symptoms associated with progeria, as well as normative aging,
include; visual and hearing impairment, liver and kidney dysfunction, impaired hematopoiesis,
neurodegenerative changes, osteoporosis, cachexia, and sarcopenia. There are numerous types
of progeriod diseases defined in human populations including Hutchinson-Gilford Progeria

syndrome (HGPS), Werner’s syndrome, Cockayne syndrome, Bloom syndrome, and Rothmund—
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Thomson syndrome. All of these diseases have defects in DNA-repair pathways or deficiency in
Lamin A/C*"°. Werner’s, Bloom, and Rothmund-Thomas syndrome patients all have defects in
the RecQ helicases which maintain genome stability*'’. Werner’s syndrome, the most studied of

these disorders, is developed secondary to a deficiency in RECQL?2, which is involved in several

211 212

DNA repair pathways including NER“ " and double strand breaks Patients with Werner’s
syndrome have a mean lifespan of 47 years and normally succumb to cancer or heart disease.
The only progerias thought to occur due to defects not specifically associated with DNA repair
are those induced secondary to defective lamin such as HGPS. Lamin A deficiency leads to
abnormalities in the integrity and shape of the nuclear envelope, regulation of transcription,
DNA replication, cell-cycle control and cellular differentiation®'>, However, recent studies
observed that Lamin deficiency induced progeria exhibit a defective DNA damage response
secondary to reduced recruitment of DNA-repair proteins®*. Accordingly, the majority of
progerias and progeroid like diseases support the role of somatic damage in contributing to the
aging process..

As one would expect, the vast majority of murine models of progeria are based on human
disease and thus have defects in DNA repair. Some examples of progeria models include
Werner’s like mice, HGPS like mice, and CS mice. Interestingly, the wrn”™ mice, which
recapitulate the human defect, do not have an aging phenotype unless crossed with a deletion in
the telomerase gene. These mice then develop numerous features associated with aging
including, loss of hair, osteoporosis, diabetes mellitus and cataracts®'®. Several murine models

mimics HGPS, most with mutations in the lamin A gene, and thus exhibit several aging-

associated features including alopecia, skin defects, growth retardation, and osteoporosis®'’.
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There are also several progeriod like models which result from direct defects in DNA repair,
indcluding the Erccl” and Erccl”™ mouse models.

ERCCI1 deficient mice have reduced expression of the DNA repair endonuclease,
excision repair cross-complementing rodent repair deficiency, complementation group 1
(ERCC1), which is the obligate binding partner of xeroderma pigmentosa group F (XPF). Erccl-
XPF is responsible for nucleotide excision repair of helix distorting lesions and is also
responsible for double strand break, and interstrand crosslink-repair’"> (Figure 7A). Erccl™”
mice, which have undetectable levels of ERCC1-XPF, have a maximum lifespan of 1 month and
pathologic and genome-wide transcriptional changes associated with natural or normative
aging"’. Erccl™ mice express 10% of the normal level of the ERCC1/XPF endonuclease and
live for approximately 7 months. These mice age rapidly as a consequence of their DNA repair
defect. Like the previously published Erccl”™ mice'™, Erccl™ mice prematurely develop
numerous signs and symptoms associated with old age, including trembling, ataxia, cerebral
atrophy, renal acidosis, decreased liver function, hypoalbuminemia, bone marrow degeneration,
osteoporosis, kyphosis, dystonia, muscle wasting, growth retardation, cachexia and loss of
vision. However, Erccl™ mice are asymptomatic until 8 weeks of age, offering a window of
opportunity for therapeutic intervention. The phenotype is remarkably homogenous with all mice
displaying an identical spectrum of symptoms in a highly predictable order. Ercel™ mice
presenting with progressive signs associated with aging are shown in Figure 7B. The Erccl A
strain is an accurate and rapid model system for studying mammalian aging and the debilitating

6

symptoms associated with human aging®'® and will be used to evaluate the role of NF-«kB

transcriptional activity in aging.
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Figure 7: Accelerated aging phenotype of the Ercc
ERCC1-XPF is an endonucleas responsible for intrastrand crosslink, double strand break, and bulky adduct
repair. (B) These mice have a normal phenotype during the first 8 weeks of age. At 14 weeks there is the
beginning of reduced subcutaneous fat and early stages of sacropenia and Kkyphosis. At 22 weeks these
symptoms become more pronounced, with the addition, of urinary incontinence and abnormal posturing,

indicative of ataxia. At 25 weeks this mouse is exhibiting worsening symptoms in addition to matted fur,

vision loss, and increasingly abnormal posturing.
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1.3.6 Therapies Associated with Aging Pathology

Recent studies have begun to evaluate the efficacy of novel pharmacologic or therapeutic
strategies to ameliorate pathologies and phenotypic changes associated with aging. Of these,
caloric restriction (CR) as well as three therapeutics, SIRT1 activators, p38 inhibitors, and NF-
kB inhibition that have been evaluated for their effects on aging, will be examined here. While
these compounds have varying and often multiple mechanisms of action, one common feature is
their regulation of inflammation and cytokine secretion. Furthermore, inhibition of this pro-
inflammatory phenotype, mediated by stochastic damage and the SASP phenotype, may result in

amelioration of age-associated degeneration.

1.3.6.1 Caloric Restriction

Caloric restriction (CR) is the most widely recognized and first reproducible mechanism
by which life extension was mediated®'” *'®. CR has been shown to not only extend longevity,
but also ameliorate age-associated pathology including diabetes, cardiovascular disease,
sarcopenia, as well as autoimmune diseases”®. While CR is efficacious in numerous mouse
models and more recently in primates”, the beneficial effects have be attributed to numerous
mechanisms, include activation of SIRT1 and PGC-lo, inhibition of Jnk,

218, 220

improvemedmmetabolism, alterationed IGF/GH axis , and suppression of the immune

response”>'. As stated previously, NF-kB is upregulated in aging, and CR inhibits this activity at
the level of the IKK complex, possibly through a ROS dependent manner®'. Additionally, CR

was shown to downregulate expression of 56 inflammatory genes many of which are

222

transcriptionally regulated by NF-kB“““. Even short term, 10 day CR, resulted in decreased NF-

3

kB activity in kidneys of aged mice*”. Therefore, CR a known mediator of improved life and
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healthspan acts, at least partially, via NF-xB and inflammatory suppression to impart its

beneficial effects.

1.3.6.2 SIRT Activators

SIRT1 activators, such as resveratrol are considered cutting edge therapies for treating
age-associated diseases. Resveratrol has been shown to increase healthspan (delay the onset of
age-associated diseases)*??, protect against neurodegeneration in models of AD and amyotrophic
lateral sclerosis (ALS)**, improve osteoporotic changes™*’, and reduce health defects occurring
secondary to high fat diets®®’. SIRTI potentially acts via numerous mechanisms to alter age-
associated changes including increased mitocondriogenesis via PGCla deacetylation, improved
oxidative stress survival response via FOXO1/4, altered apoptosis and proliferation via p53
deacetylation, and decreased inflammatory response via NF-kB suppression”®. Of specific
interest to this disseration, is the mechanism by which SIRT promotes its anti-aging effects via
inhibition of NF-kB. SIRT1 directly interacts with p65, leading to deacetylation at lysine 310,

. . . . ] 22
culminating in decreased NF-kB associated transcription””.

While it is difficult to distinguish
which beneficial effects of SIRT1 therapy are due to which specific mechanism of action, it is
interesting to note the SIRT1 activators and NF-kB inhibitory therapies have been efficacious in

the same disease pathologies as described above including diabetes, osteoporosis,

neurodegeneration, and inflammatory diseases.

1.3.6.3 p38/MAPK inhibitors

Another therapeutic alternative for preventing progeria currently being examined is a
p38/MAPK inhibitor. Using cells derived from Werner’s syndrome progeria patients, p38 was
observed to control activation of p21 and HSP27, two factors shown to be elevated in WS.
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Furthermore, treatment with the p38 inhibitor allowed for a increased doubling speed in WS
cells, which are inherently slow growing, as well as improved cellular morphology'*®. In
addition to NF-kB, p38 is a well known mediator of cytokine production, including IL-1, IL-6,
IL-8, and TNFa, at both the transcriptional and post-transcriptional level. Additionally, p38
inhibition blocks cytokine production in T-cells, monocytes, and macrophages™’. P38/MAPK

was shown to be up-regulated in a model of Alzheimer’s disease™'

, and inhibition of p38 in
endothelial cells led to improved insulin sensitivity suggesting a role for p38 in Type II diabetes
and cardiovascular disease™”. Thus, while the evidence of therapeutic relevance of p38
suppression in ameliorating age-associated disease is less compelling that SIRT1, it contributes
to the vast data which implicates inflammation and inflammatory signaling pathways in aging
and age-associated disease.

The overwhelming data suggests that there is a real and important link between
inflammatory signaling pathways and age-associated disease onset and progression. There are
numerous correlative links between up-regulated of NF-«xB signaling ing aged tissue and cells, as
well as and age-associated disease. Furthermore, evidence of the efficacy of anti-inflammatory
agents as viable therapies for treatment of age-associated disease, suggests that NF-xB may have
a causal role in overall aging. In chapter 3 of this document, I intend to further explore the role
of NF-«B signaling in a murine model of accelerated aging, to determine if this pathway has a

causative role in age-associated disease and to further provide evidence of a common pathway by

which age-associated diseases are manifested.
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14 ANTIGEN PRESENTING CELLS AS MEDIATORS AND THERAPEUTIC

TARGETS OF HUMAN DISEASE

1.4.1 Professional Antigen presenting cells (APC)

APC are central mediators of the innate and adaptive immune response. APC directly
recognize pathogens and generate a rapid immune response through the secretion of cytokines
and chemokines. They also act as the central communicators between the innate and adaptive
immune system, by presenting antigen via MHC class Il and co-stimulatory signals to T-cells,
allowing for specific antigen responses. Thus, APC, defined here as macrophages and dendritic
cells (DC), are vastly important mediators of the innate and adaptive immune response. B-cells
are also recognized as APC due to their primary function in generate antigen specific and
antibody responses will not be evaluated in this document.

Macrophages are generated from monocytes, while DC are generated from monocytes,
(Langerhans, dermal and inflammatory DC), as well as from specific pro-DC progenitor cells
(plasmacytoid DC, interstitial DC and Resident CD8" DC)**.  In general, monocytes arise from
myeloid precursor cells and after differentiation they circulate through the blood stream for
several days (constituting 5-10% of peripheral blood cells). Monocytes then enter tissues where
they further differentiate into DC or macrophage. This process can be accelerated by the
addition of pro-inflammatory or metabolic stimuli***. 1In this study, we focus on monocyte
derived macrophages and DC populations including: the FSDC cell line (which is a Langerhans

like cell line” and thus monocyte derived™”

), RAW264.7 (macrophage cell line), and primary
bone marrow derived macrophages and DC (BMDM, BMDC). As these cells are the focus of
this manuscript the DC described here will be the monocyte derived DC (MoDC) population.
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1.4.2 Characterization of APC populations (inflammatory, regulatory, repair)

Monocyte derived APC can be classified in many ways such as function. Three main
APC functional groups exist, the classically activated APC, regulatory APC, and the wound
healing macrophages. APC are primarily thought of in terms of the classically activated APC, in
macrophages these are referred to as M1 cells. These activated APC are highly immunogenic
and are induced by IFNy, TNFa, TLR or other endogenous or exogenous stimuli, After
activation these APC secrete TNFa, IL-1, IL-12/23, ROS **°, chemokines and upregulate MHC
class II presentation and costimulatory molecules, all of which are integral in infection control’.

The second APC subclass are may also be immunoregulatory or suppressive cells. Often
DC are regarded for their suppressive phenotypes, however, macrophages can also be induced to
have immunoregulatory phenotype®” ***. Regulatory APC are induced by a variety of stimuli

including apoptotic cells, prostaglandins, IL-10, and tumor cells*’- 2% 4

. In addition myeloid
DC and plasmacytoid DC have tolerogenic properties in their immature state® . Tt is likely that

these regulatory APC contribute to tolerance, such as oral tolerance®"', and also protect against

auto-immunity. However, this regulatory phenotype can be exploited by pathogens as well as

242

tumor cells™. Important mechanisms of suppressor APC include: induction of T-cell anergy or

Tee phenotype switches, expression of indolamine 2,3, dioxygenase and heme ogenase-1, or
secretion of the anti-inflammatory cytokines IL-10 and TGF-B*".

The third APC/macrophage type is the wound healing class, or alternatively activated
macrophages, which are activated by IL-4. These macrophages secrete numerous components of
the extracellular matrix and express chitenase, which likely contributes to their role in wound
healing®®. However, it is important to remember that due to the high degree of plasticity of APC,

a single macrophage can change classes depending on the exogenous and endogenous stimuli’®.
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MoDC and Macrophages act as innate immune phagocytes, secrete cytokines, and are the
major source of interaction between the innate and adaptive immune system. Macrophages are
defined by their phagocytic and cytokine secretion properties, and their ability to present antigen

to effector T cellg?3®: 244-246

. On the other hand, DC are the only antigen presenting cell capable
of priming native T cells as well as cross presenting antigen to CD8 T-cells®’. Like
macrophages, DC secrete cytokines such as TNFa, IL-1, IL-12 and IL-6 and generate
inflammatory responses®*®. Interestingly, recent studies observed that under specific conditions
macrophages can prime naive T-cells.”* *** Overall, there is a high degree of similarity in the
functions and signaling mechanisms of MoDC and macrophages.

MoDC and macrophages can be further characterized by their tissue specificity, and
secondarily these APC have varying attributes which are dependent on the necessity of that
tissue. These APC are defined as follows: alveolar (lung macrophage), Langerhans and dermal
(epidermis/skin MoDC), osteoclasts (bone monocyte), microglial (central nervous system
macrophage), Kuppfer cells (Liver macrophage), splenic macrophage, and inflammatory-induced

234 .
3 As discussed

macrophages (derived from peripheral monocytes at the site of infection)
previously, intestinal macrophage and DC are highly immunosuppressive, with limited ability to
activate T-cells. Furthermore, they contribute to oral tolerance, whereby antigens consumed
orally will have a muted response when injected systemically”'. Osteoclasts are less
inflammatory in nature and are responsible for bone breakdown and turnover to maintain bone
strength and fidelity”>'. On the other hand, inflammatory-induced macrophages, which are

activated secondary to stimuli, quickly become central to the inflammatory process, secreting

cytokines and chemokines and presenting antigen to adaptive immune cells. Therefore while
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APC are highly heterogenous, these cells are highly plastic and thus each macrophage subclass

has the potential to prevent disease and infection or contribute to disease pathology.

143 Activation Receptors on APC

APC express numerous receptors which facilitate phagocytosis, and lead to activation,
and proliferation. Scavenger receptors, complement receptors, and Fc Receptors allow for
phagocytosis of pathogens, cellular debris, and apoptotic cells. In addition, macrophages express
pattern recognition receptors (PRR) such as Toll like receptors (TLR) which contribute to
phagocytosis as well as promote activation and cytokine signaling. APC also express cytokine
receptors such as TNF, IL-1pB, IFN, and IL-4 which can lead to activation, contribute to immune
deviation, as well as lead to the production of cytokines”. Many of these processes are regulated

by NF-kB and described in more detail in Sections 1.1.3 and 1.1.7.

1.4.4 Role of NF-kB Signaling in Macrophages

1.4.4.1 NF-kB and APC Differentiation:

Numerous transcription factors which play a significant role in APC activation and
differentiation. In vitro derivation of BMDM requires GM-CSF for differentiation, while BMDC
require GM-CSF with the addition of IL-4. GM-CSF activates Akt, Erk, and Jnk via the Ras
pathway”* downstream of the common B chain of the GM-CSF receptor, however, the a chain

253

activates the NF-xB pathway via direct interaction with IKKB*". IL-4 is thought to act mainly
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via Stat6 signaling but reports have shown IL-4 also activates via NF-kB“". When examining

the highly differentiated bone macrophage or osteoclasts; NF-«kB has a definitive role in terminal

56



differentiation of osteoclasts from monocyte precursors via activation by RANK, without which

251
1!

mice do not develop osteoclasts, and TNFSFI Thus, NF-kB plays an integral role in

differentiation.

1.4.4.2 Role of NF-kB in APC Function

There is vast evidence that NF-kB plays a role in activation and the functions of
inflammatory APC, in addition to its role in differentiation. The activation signals for
macrophages included IFNy, which signals via Stat, as well as TLR, IL-1, TNFa, and CD40>?
all of which signal via NF-kB (as described in section 1.1.3 -1.1.6). Furthermore, the two major
roles of APC are antigen presentation/co-stimulation and cytokine/chemokine secretion, both of
which are regulated by NF-«kB.

The antigen presentation functions of APC center on the MHC class II complex as is
described in Janeway”. Briefly, antigen is phagocytosed by the APC and processed in the
endosome, and after proteosomal degradation antigen is loaded onto the MHC class II molecule
which is then presented on the cell surface. For proper APC:T-cell interaction, the interaction
requires signal I (the MHCIL:TCR interaction), signal II (interaction of costimulatory molecules,
on the APC such as CD80/CD81, CD40, and 4-IBBL)”, and signal 3, (cytokine signaling).
Recent evidence suggests that MHC class II surface expression is NF-kB dependent, and NF-xB
transcriptionally regules the invariant chain, which has a role in MHC class II antigen loading™°.
Furthermore, NF-xB regulates the expression of CD80 and CD40, two costimulatory ligands
required for T-cell/B-cell activation. NF-kB transcription is necessary for the production of
many pro-inflammatory cytokines secreted by APC including TNF, IL-1, IL-12 (Thl promoting
cytokines), IL-1, IL-6, and IL-23 (Th17 promoting cytokines)” **’. Thus NF-kB controls

APC:T-cell interaction by regulating elements of signal 1, 2, and 3.
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Additionally, inflammatory APC secrete a multitude of chemokines to attract immune
cells. CCL15 attracts monocytes as well as lymphocytes and eosinophils, CCL20 attracts DC
and T-cells, and CXCL10 and 11 attracts NK and T-cells via CXCR3 signaling”*. Each of these
chemokines is transcriptionally regulated by NF-kB. Thus, NF-kB is a central mediator of APC
development, maturation, and function, that defines NF-kB as an important therapeutic target to

explore when evaluating diseases with dysregulated immune and APC responses.

1.4.5 APC role in Human Disease and Aging

Macrophage over-activation has been noted in number of diseases including rheumatoid

176, 183

... 251 .1 . . . .
arthritis™', atherosclerosis'”’, neurodegeneration (Alzheimer’s and Parkinson’s) , liver

2
> and

disease®®, metabolic syndrome (including obesity, hypercholesterolemia, and diabetes)
osteoporosis®®’. Many of these diseases have inflammatory and NF-kB components and are
associated with aging (described in detail in section 1.3.4). Each disease shares components of
APC activation, cytokine upregulation, and NF-xB dysregulation.

One specific example of APC involvement in disease pathogenesis is in the
manifestations associated with IBD. As expected, patients with untreated ulcerative colitis and
Crohn’s disease have increased number of activated CD40" macrophages isolated from their

: - 261,262
intesteines*®' 2%,

Intestinal macrophages derived from IBD patients differ from those derived
from control patients in that they express higher levels of CD14 (a component of LPS receptor
TLR4), and a portion of these macrophages are RFD9+ and are more likely to form
granulomas®®.  Further, macrophages and myeloid derived DC are integral in granuloma
formation®®. Interestingly, mice with macrophages and neutrophils deficient for Stat3, a

signlaing mechanism for IL-10, develop a colitis phenotype®®, suggesting an important role for
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APC in disease. IL-12 and 11-23, pro-inflammatory cytokines, have been shown to be an
important player in the development of IBD''”-2%¢. While IL-23 is often thought of as an inducer
of Th17 T-cells, IL-23 it has been shown to mediate IBD in the absence of T-cells''’.
Additionally, the most efficacious therapy for IBD is currently anti-TNF biologic therapy. Thus,
as the cytokines produced by APC, TNF, IL-12, and IL-23, are major mediators of IBD, this
suggests that APC are appropriate therapeutic targets for the treatment of IBD. Furthermore, it
is likely that the other diseases with implicated APC and NF-kB dysregulation would respond to

these targeted therapies as well.

1.5 HOW NF-KB SUPPRESSION TO CONTROL MAMMALIAN DISEASE WILL

BE EVALUATED IN THIS MANUSCRIPT

In the case of numerous human diseases the role of dysregulated NF-kB signaling is well
defined. In this work, I will evaluate the role of NF-kB signaling in two different pathologic
human conditions. The first disease investigated is IBD. While the role of NF-xB has been
defined in this disease over a number of years, there are still numerous questions to answer
regarding inhibition of NF-kB as a therapeutic strategy to ameliorate disease. In this study, we
will examine NF-kB regulation in /L-70”" murine model of colitis’®. Recently, there have been
reports that loss of NF-kB and specifically IKK in IEC results in a barrier dysfunction induced
colitis. Thus, it likely that IKK/NF-kB signaling plays both protective and facilitative role in the
pathology of IBD. Despite these possible differences in the role of IKK/NF-kB in colitis
pathogenesis, we have chosen to use the NBD peptide to evaluate its affects on disease in the /L-

107" model. In this study, the transduction and functional efficacy of the NBD peptide was
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examined in vitro as well as in vivo. Furthermore, the role of NF-«xB in potentiation of disease
was explored by suppressing this pathway after the onset of disease by treating diseased mice at
10-12 weeks of age. Mice were evaluated for histopathologic changes, as well as cytokine
secretion profiles of gut extracts. This study allows for testing the proof-of-concept, that NF-xB
inhibition secondary to NBD treatment is a viable in vivo mechanism for treating inflammatory
disease states.

In the second chapter of this thesis, I will explore the role of NF-kB signaling in diseases
associated with accelerated aging using the Ercc1”” and Ercc1™® progeroid like models (discussed
1.3.5). While NF-xB dysregulation is associated with many age-associated diseases, there has
been only one group to examine treatment with NF-«B inhibitors/suppressors with regards to
overall age-associated changes. Here we explore the role of NF-kB in overall aging as a possible
central mediator in the aging process which contributes to the pathology of a number of age-
associated diseases. Furthermore, the transcriptional changes associated with this NF-xB
suppression in this accelerated aging model were evaluated. Interestingly NF-kB suppression via
pharmacologic (NBD) and genetic means (p65 allelic deletion) slowed the progression of
numerous phenotypic changes; these alterations in phenotype were further supported by
amelioration of histologic degeneration and transcriptional changes associated with normative
and ERCC1 defcient aging.

It is likely that there are many mechanisms by which NF-kB dysregulation could
potentially play a role in inflammatory and age-related diseases. This includes alterations in
hormone responses, altered action and survival of stem and progenitor cells, as well as alterations
of immune responses such as T-cell suppression, reduced cytokine and anti-body production and

APC suppression. Due to the documented role of APC in inflammatory and age-associated
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diseases as described 1.4.5, as well as the fact that these diseases have increased levels of
inflammatory cytokines (TNFa, IL-1p, IL-6, IL-12, and IL-23) which are known to be produced
by APC, I wanted to explore the effects of NF-xB suppression in this cell type. We hypothesized
that suppression of NF-kB signaling in APC would lead to a reduced inflammatory state with a
decrease in inflammatory cytokines production, decreased co-stimulatory molecule presentation,
and lack of T-cell stimulation or possible T-regulatory cell differentiation. However, in vitro we
observed that in response to NF-kB suppression APC, both macrophage and DC underwent
apoptotic cell death. While a surprising finding, it is a possible mechanism which can explain
the amelioration of inflammatory and age-associated disease states and could further explain how
inhibitors which have limited half-lives in vivo can have such long-lasting effects in murine

models of disease.
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2.0 AMELIORATION OF CHRONIC MURINE COLITIS BY PEPTIDE MEDIATED
TRANSDUCTION OF THE IKB KINASE (IKK) INHIBITOR NEMO BINDING

DOMAIN (NBD) PEPTIDE

2.1 ABSTRACT

The NF-xB family of transcription factors is a central regulator of chronic inflammation.
The phosphorylation of kB proteins by the IkB kinase (IKK) complex (IKKa, IKKf, and NF-«xB
essential modulator, or NEMO) is a key step in NF-kB activation. Peptides corresponding to
IKK’s NEMO binding domain (NBD) block NF-kB activation without inhibiting basal NF-kB
activity. In this report, we determined the effects of the IKK inhibitor peptide (NBD) in a model
of spontaneously occurring, chronic murine colitis, the IL-10-deficient (IL-/0"") mouse.
Utilizing a novel cationic peptide transduction domain (PTD) consisting of eight lysine residues
(8K), we were able to transduce the NBD peptide into cells and tissues. In a NF-«B reporter
system, 8K-NBD dose-dependently inhibits TNF-induced NF-kB activation. Furthermore, 8K-
NBD inhibited nuclear translocation of NF-kB family members. In NF-kB*°"" knock-in mice,
8K-NBD inhibited LPS-activated NF-xB in the ileum, but did not inhibit basal NF-kB in Peyer’s
patches. IL-1 0”" mice treated systemically with 8K-NBD demonstrate amelioration of established
colitis, decreased NF-«B activation in the lamina propria, and a reduction in spontaneous

intestinal IL-12 p40, TNF, interferon-y, and IL-17 production. These results demonstrate that

62



inhibitors of IKK, in particular a PTD-NBD peptide, may be therapeutic in the treatment of

inflammatory bowel disease (IBD)

2.2 INTRODUCTION

While the etiology of the human chronic inflammatory bowel diseases (IBD), Crohn’s
disease (CD) and ulcerative colitis (UC), remains unknown, research has identified contributing
factors that include defects in the barrier mechanism of the lining intestinal epithelial cells
(IECs), and a poorly regulated immune response against the normal enteric microbial flora.

NF-«B represents a group of structurally related proteins that includes five members in
mammals (p65, c-Rel, Rel-B, p50, and p52). NF-xB is a central regulator of chronic
inflammation in IBD '**'%2¢7  Many of the standard agents used to treat human IBD, including
sulfasalazine, 5S-aminosalicylates, and corticosteroids, have been postulated to exert some of their

anti-inflammatory effects through NF-xB inhibition®**>".

In unstimulated cells, NF-xB
proteins are localized in the cytoplasm through their association with members of a family of
inhibitory proteins known as IkB proteins. Pro-inflammatory cytokines such as TNF and IL-1,
and bacterial products such as lipopolysaccharide (LPS) induce phosphorylation of IkB proteins
at specific N-terminal serine residues. Phosphorylation of IkB is mediated by the IxB kinase
(IKK) complex. IkB phosphorylation leads to IkB degradation, release of NF-kB subunits, and
their subsequent translocation to the nucleus. Nuclear NF-«B regulates transcription of

proinflammatory genes including cytokines (IL-18, TNF, IL-12/23), chemokines (IL-8, MIP-1a,

MCP-1), and adhesion molecules (ICAM-1, VCAM, E-selectin). Cytokines that are stimulated
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by NF-kB such as IL-1B and TNF, also directly activate NF-«kB, thus establishing an auto-
regulatory loop that may be essential in the perpetuation of chronic inflammation .

IKK is made up of two catalytic subunits, IKKa and IKKp, and a regulatory subunit
named “NF-kB essential modulator” (NEMO; also named IKKy) ?’'. An N-terminal region of
NEMO associates with a hexapeptide sequence within the C-terminus of both IKKa and IKK},
named the NEMO binding domain (NBD). A short peptide derived from the 735-745 amino acid
NBD region of IKKf disrupts the association of NEMO with IKKs in vitro and blocks TNF
induced NF-kB activation in vivo when delivered to cells using a cationic protein transduction
domain (PTD). Because of the importance of the IKK complex in inflammation, the
identification of such a selective IKK inhibitor as a potential therapeutic agent is of considerable
interest.

PTDs have been shown to deliver a wide variety of therapeutic agents into cells including
peptides, proteins, nucleic acids, antibodies and small drugs. The first protein reported with
transductional properties was the HIV transactivator protein, TAT, in which the 11 amino acid
PTD was identified by virtue of its cationic content **. Recently, PTDs have been characterized
that mediate efficient and rapid receptor-independent internalization of peptide-protein
conjugates >*. These cationic transduction peptides transduce a wide variety of cells similar to

the HIV TAT, mediating highly efficient transduction in vitro and in vivo *>>*

. Screening of a
panel of cationic peptides has demonstrated that peptides of 8 or 10 lysines are highly efficient
transduction domains, working as, or more, effectively than other cationic PTDs for delivery of
peptides to numerous cell types, including mucosal cells and antigen presenting cells >,

PTD-mediated NBD delivery is efficacious therapeutic in models of autoimmunity and

inflammation including models of multiple sclerosis ", islet transplantation®” and rheumatoid
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arthritis "', Accordingly, we postulated that a novel cell permeable peptide IKK inhibitor, 8K-
NBD may efficiently target cells involved in the intestinal inflammatory response. In this report,
we show that 8K-NBD dose-dependently inhibits TNF-induced NF-kB activation and
translocation in cells. Furthermore, in vivo, 8K-NBD inhibits activated but not basal NF-kB in
the intestine. Moreover, we demonstrate that treatment of IL-10-deficient (IL-10”") mice with

&K-NBD ameliorates chronic colitis in vivo.

2.3 MATERIALS AND METHODS

2.3.1 Peptide synthesis

Peptides 8K-NBD (acetyl-KKKKKKKKGGTALDWSWLQTE-amide), inactive mutant,
8K-mNBD (acetyl- KKKKKKKKGGTALDASALQTE-amide), random-NBD
(ARPLEHGSDKAT-GGTALDWSWLQTE), 8K-biotin (KKKKKKKK-biotin), and random
peptide-biotin (ARPLEHGSDKAT-biotin) were synthesized by the peptide synthesis facility at
the University of Pittsburgh. The random-NBD and 8K-NBD peptides N-terminal ends were
conjugated to 6-carboxyfluorescein (6CF, Molecular Probes) for localization experiments.
Peptides were purified and characterized by reversed-phase high performance liquid

chromatography and mass spectrometry.

65



2.3.2 Murine macrophages

The murine macrophage cell line, RAW264.7, was maintained in DMEM/10% FBS/1%
Pen/Strep. Bone marrow (BM)-derived murine macrophages were isolated from femurs of
C57BL/6 mice. BM was flushed with washing medium (RPMI1640 with 1% Pen/Strep), passed
through a 70 pm nylon cell strainer into a 50 ml conical tube, and spun down at 1500 rpm for 5
minutes. RBCs were lysed using sterile-filtered 0.8% ammonium chloride, washed twice with
washing medium, and resuspended in complete medium (washing medium with 10% FBS). BM
cells were seeded in complete medium in a 150 mm dish and differentiated using recombinant
murine GM-CSF (20 ng/ml) (R&D Systems). At day three, another 25 ml fresh culture medium
containing GM-CSF was added to the culture plates. At day seven, the cells, representing the

BM-derived macrophage population, were harvested for experiments.

2.3.3 NF-kB Luciferase assay

HEK?293 cells stably transfected with a multimerized NF-xB DNA binding element-
luciferase reporter (DMEM/10% FBS/1% Pen/Strep) were pretreated for one hour with 8K-NBD
dissolved in OptiMEM media (Invitrogen) and activated for two hours with 10 ng/ml TNF (R&D
Systems). The cells were lysed in reporter lysis buffer and luciferase activity was measured with

a luciferase assay system (Promega) using a Turner Designs Luminometer TD20/20.
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234 Nuclear extracts and Western blotting

HEK293 cells were pretreated for one hour with media, 8K-NBD, or 8K-mNBD
dissolved in OptiMEM media (Invitrogen) and activated for 15 minutes with 10 ng/ml TNF
(R&D Systems). Nuclear extracts from treated HEK293 cells were isolated following
manufacturer’s protocol (NE/PER Reagents, Pierce). Protein concentration was determined
using the Bradford assay (Pierce). Western blot analyses were performed on nuclear extracts as

described previously *'*.

Anti-p65 and anti-c-Rel antibodies were obtained from Santa Cruz
Biotechnology, Inc., and anti-PARP and anti-phospho-p65 (p-p65) antibodies were obtained

from Cell Signaling.

2.3.5 Mice

Male C57BL/6 (10-12 weeks old) and female BALB/c (12-13 weeks old) mice were
obtained from The Jackson Laboratory. An /L-1/ 0" colony on a C57BL/6 background (breeder
pairs from The Jackson Laboratory) was maintained in accordance with guidelines from the
American Association for Laboratory Animal Care and Research Protocols and was approved by
the Institutional Animal Care and Use Committee at the University of Pittsburgh School of
Medicine. The NF-kB"“*" knock-in mice (129/SVEv/C57BL6 background) were described
previously'®” " Expression of enhanced GFP (EGEP) is controlled by a chimeric promoter
containing three HIV NF-kB cis elements in these mice. Mice were maintained in specific
pathogen free conditions. Research Protocols were approved by the Institutional Animal Care

and Use Committee at the University of North Carolina School of Medicine.
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2.3.6 In vivo PTD transduction

C57BL/6 or BALB/c mice were grouped randomly and treated intraperitoneally with
biotinylated peptides (random or 8K) linked to streptavidin-Cy3. After 30 minutes of treatment,
organs were harvested, fixed in 2% paraformaldehyde, and then incubated in 30% sucrose in
PBS at 4°C overnight. Samples were snap-frozen in isopentane and cut into 6 pm-thick frozen

sections and placed on microscope slides.

2.3.7 Immunohistochemistry

After transduced macrophages or cut tissue sections were placed on coverslips, slides
were blocked in BSA and stained for nuclei with either Draq5 (Biostatus Limited, Leicestershire,
United Kingdom) or Propidium lodide (PI, Molecular Probes), for 30 min. Phalloidin was used
to visualize F-actin (Molecular Probes). After extensive washing, slides were mounted and
viewed on an Olympus Flowview 1000 confocal microscope (Olympus America, Melville, NY).

Colonic tissue was collected from control and treated animals, fixed overnight in
paraformaldehyde, embedded in paraffin and sectioned at 4 mm. Serial sections were stained for
phosphorylated NF-kxB p65 (phospho-p65). Following deparaffinization and rehydration,
antigen unmasking was performed using Citra Plus Antigen Retrieval (Biogenex Laboratories)
per manufacturer’s protocol. Slides were cooled, washed and endogenous peroxidase was
blocked using 0.3% hydrogen peroxide. Sections were next blocked with 1.5% goat serum
(Vector Laboratories, Burlingame, CA) in PBS for 1 hour, incubated with rabbit anti-phospho-
NF-kB p65 polycolonal antibody at a 1:50 dilution (Cell Signaling) in PBS at 4°C overnight in a

humidified chamber. Slides were washed with PBS, and incubated with biotinylated goat anti-
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rabbit secondary antibody (Vector laboratories) for 45 minutes, slides were washed with PBS
and Vectastain Elite ABC reagent was applied for 30 minutes. Slides were washed with PBS and
diaminobenzene (Vector Laboratories) was utilized as a substrate. Sections were counterstained
hematoxylin, dehydrated and mounted on coverslips. Stained sections were evaluated by an
observer blinded to treatment group for phospho-p65. Phospho-p65-positive cells were counted
from 20 randomly selected high power fields in coded colonic sections to that the observers were
blinded to treatment group. Cells were enumerated from 6 mice/group (mutant NBD, 2 mg/kg

NBD, 10 mg/kg NBD treated) and results are expressed as number of positive cells per field.

2.3.8 In vivo NBD peptide treatment

10-week old JL-10”" mice were grouped randomly and treated with either mutant (10
mg/kg) or wild-type (2 or 10 mg/kg) NBD peptide linked to 8K. Treatment was administered in
PBS in a total volume of 500 pl intraperitoneally for 10 out of 14 days. At the end of the study
period, animals were euthanized using excess CO, inhalation and intestinal tissue was harvested.
NF-«kB"“" knock-in mice were pretreated with 8K-NBD or 8K-mutant NBD peptide (10 mg/kg)
one hour prior to LPS injection. LPS (5 mg/kg) or PBS was administered intraperitoneally to the
mice (2 mice per treatment group). Sixteen hours later, the mice were sacrificed by excess CO;

inhalation and dissected.

2.3.9 Intestinal tissue explant cultures

Colons were isolated from individual mice, cut open longitudinally, and cleaned of fecal

matter. The intestinal tissue was washed with PBS to remove residual fecal content. Intestinal
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sections were cut in half longitudinally, and one half was shaken at 250 rpm at room temperature
for 30 min in RPMI 1640 supplemented with 1% antibiotic/antimycotic. Tissue fragments (0.05
g dry weight) were incubated in 1 ml RPMI supplemented with 1% antibiotic/antimycotic and
10% FBS. Supernatants were collected after 24 hours, assayed for spontaneous cytokine

production via sandwich ELISAs, and normalized to dry gut weight.

2.3.10 Histology

Colons were isolated from individual mice, cut open longitudinally, and cleaned of fecal
matter. Intestinal sections were cut in half longitudinally, and one half was fixed in 10%
buffered formalin and embedded in paraffin. 5 pm thick sections were stained with hematoxylin
and eosin. Colitis scores (0-4) were determined by a staff pathologist using the criteria reported
by Berg et al. ?’°. At least 20 separate microscopic fields (10x) were evaluated for each mouse
by a pathologist (Dr. Antonia R. Sepulveda, University of Pittsburgh) blinded to the treatment

groups.

2.3.11 EGFP imaging

Intestines removed from NF-kB"“™ knock-in mice were immediately imaged after
dissection using a charge-coupled device camera in a light-tight imaging box with a dual filtered
light source and emission filters specific for EGFP (LT-99D2 Illumatools; Lightools Research).
For confocal microscopy on intestinal tissue, terminal ileums were cut open longitudinally and
placed on the stage of a Leica SP2 Upright Laser Scanning Confocal Microscope (Leica) lumen

side facing the lens without further processing or fixation. EGFP was excited at 495 nm
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wavelength, and images were acquired using detection filters specific for the EGFP emission
spectrum. Images were analyzed with the Leica SP2 Laser Scanning Confocal Imaging Software

(Leica).

2.3.12 Cytokine ELISAs

Murine IL-12 p40, TNF, interferon (IFN-y) (BD Pharmingen), and IL-17 (R and D
Systems) immunoassay kits were used according to the manufacturer’s instructions. Values

were measured using a plate reader and the SOFTMax Pro v4.8 software (Molecular Devices).

2.3.13 Statistical Analysis

Statistical significance in cell based experiments (Figure 9) was assessed by the two-
tailed Student’s ¢ test. Statistical significance from in vivo intervention experiments (Figures 13,
14 and 15) was assessed by the Mann-Whitney U Test (SPSS). A p-value equal or less than 0.05

was considered to be statistically significant.

24  RESULTS

24.1 Transduction of 8K PTD peptide into macrophages

As previously reported >*, a panel of cationic protein transduction domains were screened
for their ability to efficiently transduce a variety of cell types. Eight to 10 amino acid polylysine

tracts have been shown to efficiently transduce a wide array of cell lines and primary cells,
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including islet B-cells, synovial cells, polarized airway epithelial cells, tumor cells, and dendritic
cells (DC) **. To assess transduction of the 8K PTD into a relevant immunologic target cell,
murine BM-derived macrophages were incubated with biotinylated 8K PTD linked to
streptavidin-Cy3 and the murine macrophage cell line RAW?264.7 was incubated with 8K PTD
conjugated to the fluorescent label 6-carboxyfluorescein (6CF). Murine macrophages were
efficiently transduced with the 8K PTD (>90% of cells demonstrate fluorescence) compared to a
negative control peptide containing a random peptide sequence in place of the PTD (Figure 8).

This result demonstrates that in vitro macrophages are efficiently transduced with the 8K PTD.

2.4.2 8K-NBD inhibits TNF-stimulated NF-kB activation and nuclear

translocation in cells

To evaluate the functionality of the transduced peptide, the 8K PTD linked to the NBD
peptide (8K-NBD) was preincubated with HEK293 cells expressing a stably transfected
multimerized NF-kB DNA binding element-luciferase reporter gene. Cells were subsequently
stimulated with TNF. Pretreatment with 8K-NBD demonstrated a dose-dependent inhibition in
TNF-stimulated NF-xB activity (Figure 9A). Moreover, 8K-NBD pretreatment without TNF
stimulation did not alter basal levels of NF-«xB activity, indicating that the peptide specifically
targets activated NF-xB. To verify the mechanism by which 8K-NBD inhibited activity, nuclear
translocation of NF-«xB family members in activated cells was assessed. Western immunoblot
analysis on nuclear extracts demonstrated decreased nuclear quantities of the NF-kB family
members p65 (and its phosphorylated form, p-p65), and c-Rel (Figure 9B) in 8K-NBD

pretreated, TNF-activated, HEK293 cells.
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Figure 8: 8K efficiently transduces murine macrophages. 4, Biotinylated random peptide linked to

8K-NBD-6CF ran-NBD-6CF (0

streptavidin-Cy3 or 8K PTD linked to streptavidin-Cy3 was added to BM-derived macrophages. B, The
fluorescently labeled random (ran) peptide-NBD-6CF or 8K-NBD-6CF was added to RAW264.7
macrophages. Following incubation for 1 h, cells were fixed, stained for nuclei (DraqS in A4, propidium iodide
(PI) in B), and placed on a microscope slide. Localization of peptide was visualized by a confocal microscope
system. Results were repeated three times and representative images are shown. (Reprinted with permission

from Journal of Immunolgy, vol 179, Dave et al., 200778)

73



—

Omedia
* ETNF

—

o N B O ® O M

Fold Induction of Luciferase

0 50 100 200 400
8K-NBD (in pM)

B media mNBD NBD
TNF: - + - + - +
—_— —_— “= p-p65

— - —— R —— === 55

- s c-rel
— — N — — PARP
nuclear fraction
Figure 9:TNF-induced NF-kB activation is inhibited by 8K-NBD transduction in cells. 4, HEK293 cells stably
transfected with a multimerized NF-kB DNA binding element-luciferase reporter were preincubated for 1 h
with an increasing dose of 8K-NBD peptide in medium. Cells were subsequently stimulated for 2 h with 10
ng/ml recombinant human TNF. Cells were harvested and lysates were analyzed for luciferase activity.
Results are expressed as fold induction of luciferase compared with unstimulated plus 0 pM peptide lysates (=
1). Experiments were performed in triplicate and repeated three times. A representative result is shown
(mean % SD). *, p < 0.05; **, p < 0.01; ***, p < 0.001 compared with unstimulated sample. B, Nuclear extracts
of HEK?293 cells stimulated with or without 10 ng/ml recombinant human TNF in the presence of medium,
8K-mNBD, or SK-NBD were isolated and run out for Western blotting. Blots were probed with phospho-p65
(p-p65), p65, and c-Rel. Blots were probed with poly(ADP-ribose) polymerase to assess equal loading.
Experiments were repeated three times and a representative blot is shown. (Reprinted with permission from

Journal of Immunolgy, vol 179, Dave et al., 2007"%)
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2.4.3 Transduction of SK-PTD in vive

8K PTD efficiently transduces and inhibits NF-«kB activity in cells. We next investigated
whether 8K PTD transduces cells in vivo in mice. Mice were injected with biotinylated peptides
(random sequence or 8K PTD) linked to streptavidin-Cy3. In vivo uptake of peptide is observed
as early as 30 minutes after administration. Intraperitoneal administration of 8K PTD revealed
uptake in the spleen (Figure 10A-B) and mesenteric lymph nodes (Figure 10C-D). These results
demonstrate that systemic and intestinal immune compartments are targeted by 8K peptide-

mediated transduction in vivo.

2.4.4 S8K-NBD inhibits LPS-stimulated intestinal NF-kB but does not inhibit basal

NF-kB in vivo

To determine whether 8K-NBD inhibits activated, but not basal, NF-kB in the intestine in
vivo, we utilized NF-kB"°"" knock-in mice'"” *”> where expression of enhanced GFP (EGFP) is
controlled by a chimeric promoter containing three HIV NF-«B cis elements. Strong induction of
in vivo NF-kB activity has been described in jejunal and ileal lamina propria T cells and
monocytes following LPS injection’””. Furthermore, gross analysis of whole organs from cis-
NFE-kB*“** mice demonstrated basal levels of EGFP expression in Peyer’s patches, known to
exhibit high basal levels of NF-kB activation®”.

NF-kB*“"" knock-in mice were pretreated with 8K-NBD (10 mg/kg) or 8K-mNBD
peptide (10 mg/kg) one hour prior to intraperitoneal LPS (5 mg/kg) or PBS administration. After

16 hours, mice were sacrificed and intestines analyzed for GFP expression indicative of NF-xB
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Figure 10 The 8K PTD transduces lymphoid tissue in vivo. Biotinylated (4 and C) random (RAN) peptide
linked to streptavidin (SA)-Cy3 or(B and D) the 8K PTD linked to streptavidin-Cy3 was injected i.p. for 30
min. Paraformaldehyde-fixed (4 and B) spleens and (C and D) mesenteric lymph nodes (MLN) were stained
for actin (green) and nuclei (blue; Draq5) and viewed by confocal microscopy. Insets represent the threecolor
image for each sample. To specifically visualize the location of the peptide (Cy3; red), the signal from the red
channel was given a false white color while the other channels were turned off. This is represented in the
larger black and white image. Background threshold levels were adjusted to random peptide samples for

each organ. (Reprinted with permission from Journal of Immunolgy, vol 179, Dave et al., 20077*)
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activity. EGFP expression in lamina propria cells of the terminal ileum was visualized by
confocal microscopy (Figure 11A). Mice injected with PBS demonstrate few EGFP positive cells
in the lamina propria whether pretreated with 8K-NBD or 8K-mNBD (Figure 11A, left). In
contrast, mice injected with LPS pretreated with 8K-mNBD demonstrate strong NF-«xB
activation in the ileal lamina propria. Mice pretreated with 8K-NBD prior to LPS show markedly
fewer EGFP positive cells in the lamina propria, similar to the number observed in PBS treated
mice (Figure 11A, right). To study NF-kB"“*" transgene expression in whole organs, a specific
EGFP imaging camera was used to visualize EGFP expression in the intestine following
challenge with LPS. Strong basal NF-kB activity is observed in Peyer’s patches (visualized
macroscopically as nodules on the serosal surface of the small intestine) of PBS. This activity is
not inhibited by administration of 8K-NBD (Figure 11B, left). Taken together, these experiments
demonstrate that intraperitoneal administration of 8K-NBD inhibits activated but not basal NF-

kB in the intestinal immune compartment in vivo.

2.4.5 S8K-NBD treatment ameliorates colitis in 7L-10”" mice

Next, we tested the hypothesis that 8K-NBD may ameliorate active chronic colitis in vivo
in JL-10"" mice. IL-10"" mice were treated from 10 to 12 weeks of age with either SK-NBD at 2
or 10 mg/kg or 8K-mutant NBD (mNBD) at 10 mg/kg by intraperitoneal injection for 10 of 14
days. Gross inspection of the intestines revealed increased colonic lengths, decreased colonic
wall thickening, and formed fecal pellets in the 8K-NBD treatment groups (Figure 12B-C)
compared to the mNBD controls (Figure 12A). Histologic severity of colitis was graded over the

entire length of the colon for each mouse by a single pathologist blinded to treatment groups.
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Figure 11: 8K-NBD inhibits LPS-stimulated NF-xB but not basal NF-kB in vivo. NF-kB*“** knock-in mice
were pretreated with SK-NBD (10 mg/kg) or SK-mNBD (mutNBD) (10 mg/kg) 1 h before LPS injection. LPS
(25 mg/kg) or PBS was administered i.p to the mice (two mice per treatment group). After 16 h, mice were
sacrificed and the guts were collected. A, EGFP expression in the ileal lamina propria was visualized by
confocal microscopy. B, EGFP fluorescence of whole intestines was macroscopically assessed using the
Lightools Research macroimaging system. Fluorescent (right) and white light imaging (/eft) are

depicted.(Reprinted with permission from Journal of Immunolgy, vol 179, Dave et al., 2007"*)
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Figure 12: 8K-NBD-treated mice demonstrate improvement in gross colonic appearance. Representative
photographs of colons from the control group 10 mg/kg 8K-mNBD (A4) and the treatment groups 2 mg/kg 8K-
NBD (B) and 10 mg/kg SK-NBD (C). Colons from mice treated with 8K-NBD peptide demonstrated increased
length, decreased tissue thickening, and formed stool pellets compared with the control group. (Reprinted

with permission from Journal of Immunolgy, vol 179, Dave et al., 2007 78)
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Due to the incomplete penetrance and the segmental, patchy pattern of colitis in /L-10""
mice, colitis scores are depicted in two different ways. First, composite scores are represented
using a modified standard scoring system described by Berg et al. *’® (Figure 13A). Mice treated
with 8K-NBD at 2 mg/kg and 10 mg/kg demonstrated a 50% reduction in colitis scores
compared to the control treated group (mNBD). To illustrate the spectrum of disease
encountered over the entire length of the colon, scores are presented as the percentage of fields
that demonstrate no histological inflammation (colitis score of 0), mild to moderate
inflammatory changes (colitis score of 1 and 2), and severe inflammation (colitis score of 3 and
4). Compared to the 8K-mNBD group (Figure 13B, red bars), 2 mg/kg and 10 mg/kg 8K-NBD
treated mice (Figure 13B, blue and green bars, respectively) displayed more fields demonstrating
no evidence of histologic inflammation and consequently fewer fields with significant
inflammatory changes.

Activated NF-kB was determined by immunohistochemistry for phosphorylated NF-xB
p65 in colonic sections from 8K-mNBD and 8K-NBD (2 mg/kg) treated IL-10"" mice (n=6 per
group). Significantly fewer phospho-p65 positive cells were found in the lamina propria from
8K-NBD compared to 8K-mNBD treated mice (Figure 14), suggesting that 8K-NBD inhibits
activated NF-kB in the colon of JL-10"" mice, correlating with histological improvement.

Finally, the effect of 8K-NBD treatment on mucosal inflammatory cytokine production in
IL-10"" mice was investigated. Spontaneous release of the NF-kB regulated proinflammatory
cytokines IL-12(p40) (Figure 15A) and TNF (Figure 15B) were determined in cell free
supernatants from colonic mucosal tissue explants. Explants from 8K-NBD-treated mice

secreted significantly less IL-12(p40) and TNF compared to 8K-mNBD-treated control mice.
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The IL-12 p40 subunit is a component of the bioactive cytokines IL-12 and IL-23. To assess
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Figure 13: 8K-NBD treatment ameliorates histologic colitis. Colons were isolated from individual mice (black,
10 mg/kg mNBD; gray, 2 mg/kg NBD; white, 10 mg/kg NBD), cleaned, fixed in formalin, and embedded in
paraffin. Sections were stained with H&E and colitis scores were determined using a modified scoring system
(0—4) as described in Materials and Methods. At least 20 separate microscopic fields (magnification x10) were
evaluated for each mouse by a pathologist blinded to the treatment groups. Colitis scores were significantly
lower in the SK-NBD-treated mice. Histologic improvement in colitis is presented as a composite score (the
average colitis score sum of five fields) (4) and as the percentage of histologic fields that demonstrate scores
of 0 (no inflammation), 1 and 2 (mild inflammation), or 3 and 4 (severe inflammation) (B). (Reprinted with

permission from Journal of Immunolgy, vol 179, Dave et al., 2007"%)
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Figure 14: 8K-NBD inhibits the phosphorylation of intestinal NF-kB p65 in IL-10"" mice. IL-10"" mice were
treated with 8K-NBD (2 mg/kg; n = 6) or SK-mNBD (10 mg/kg; n = 6) for 14 days. Colonic sections were
immunohistochemically stained for phospho-p65. (A) Phospho-p65-positive lamina propria cells were
quantitated in stained colon sections of treated mice. Twenty high power fields were counted from each
mouse and the results are expressed as the mean number of positive cells per high power field. (Reprinted

with permission from Journal of Immunolgy, vol 179, Dave et al., 200778)

downstream consequences of attenuated mucosal IL-12 p40 production, the prominent T cell
targets of IL-12 and IL-23 signaling, IFN-y and IL-17, respectively, were measured. Intestinal
explants from 8K-NBD-treated mice secreted less spontaneous IFN-y (Figure 15C) and IL-17
(Figure 15D) compared to 8K-mNBD-treated control mice. Therefore, decreased mucosal innate
and T cell inflammatory cytokine expression correlates with the histological findings, suggesting
that specific targeting of the IKK complex with cell permeable NBD peptides may be effective in

treating chronic IBD.
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Figure 15: 8K-NBD inhibits NF-kB-dependent cytokine production in intestinal explants. Colons were
isolated from individual mice (black, 10 mg/kg mNBD; gray, 2 mg/kg NBD; white, 10 mg/kg NBD), cleaned,
and processed for intestinal tissue explant cultures as described in Materials and Methods. Tissue fragments
(0.05 g dry weight) were incubated in 1 ml of RPMI 1640 supplemented with 1% antibiotic/antimycotic and
10% FBS. Supernatants were collected after 24 h and spontaneous secretion of IL-12 p40 (A4), TNF (B), IFN-y
(0), and IL-17 (D) were measured by ELISA. Values were normalized to dry weight of the intestinal explant.
Asterisk (*) denotes comparisons where p < 0.05 compared with the mNBD control group. (Reprinted with

permission from Journal of Immunolgy, vol 179, Dave et al., 2007"%)
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2.5  DISCUSSION

In this study, effects of the IKK inhibitor peptide, NBD, employing a novel PTD (8K)
was investigated in vitro and in vivo. This peptide efficiently transduces cells in culture, and
transduces intestinal lymphoid tissue following intraperitoneal administration in vivo. In cells,
8K-NBD inhibits TNF-induced NF-kB transcriptional activity and nuclear translocation. In vivo,
8K-NBD inhibited LPS-activated NF-«xB in the lamina propria, but did not affect basal NF-kB in
Peyer’s patches. Moreover, we demonstrate that 8K-NBD ameliorates chronic colitis in JL-107
mice, and histological improvement correlated with reduction in mucosal levels of the
inflammatory cytokines IL-12(p40) and TNF.

The critical role of NF-«xB in chronic intestinal inflammation is best illustrated the effects
of NF-kB blockade in animal models of IBD '%* "' " In spontaneously occurring colitis in /L-
107" mice, increased NF-kB DNA binding activity and p65 protein expression were found in
lamina propria macrophages. The essential role of p65 in maintaining chronic intestinal
inflammation was demonstrated by successful treatment of established colitis in these mice with
p65 antisense oligonucleotides '''. Other therapeutic interventions targeting NF-kB, including a
dominant negative IkB mutant and NF-kB decoy oligonucleotides *’’, demonstrated reduced
inflammation in models of colitis.

Furthermore, activated NF-kB is found in human IBD. A significant increase in p65
protein in lamina propria macrophages and IECs from CD patients was correlated with increased
production of the inflammatory cytokines IL-1pB, IL-6, and TNF '°°. In vitro treatment of lamina
propria macrophages from CD patients with p65 antisense oligonucleotides was effective in
down-regulating inflammatory cytokine production, suggesting a key role for NF-kB p65 in

106

inflammatory cytokine expression in CD Activated NF-«B has been reported in
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macrophages and IECs from inflamed mucosa of patients with IBD in situ using a specific p65

267

antibody that exclusively detects the activated form of NF-xB No significant differences

were found between sections of inflamed mucosa from patients with CD, UC, or diverticulitis
7 This study indicated that activation of NF-xB is not necessarily specific for the
pathophysiology of IBD: NF-kB activation could represent an important step in mucosal
inflammation regardless of the etiology.

Accordingly, selective IKK inhibition represents a potential therapeutic strategy in IBD.
A concern about the use of inhibitors that completely suppress IKK activity is that they may also
inhibit the ability of basally active NF-«B to act as a physiologic survival factor, thereby raising
the possibility of toxicity. Activation of the IKK complex in response to inflammatory mediators
depends critically on the presence of the NEMO subunit of the IKK complex. For example,
NEMO-deficient cells lack detectable NF-kB binding activity in response to TNF, IL-1p, and
LPS ?”®. Furthermore, recent studies have shown that continuous administration of the NBD
peptide effectively ameliorates inflammatory responses in animal models of inflammation
without overt side effects such as liver or kidney toxicity ' *””. Additionally, the NBD peptide
preserves the alternative pathway of NF-«B activation, necessary for B cell development and
lymphoid organogenesis, again minimizing potential toxicity concerns. In our studies, while
there was an inhibition of activated NF-kB the levels of basal NF-xB translocation stayed
constant (Figure 9&11). Significantly, in vivo, SK-NBD inhibited activated NF-xB in the ileal
lamina propria, but basal NF-«xB appeared to be preserved in the Peyer’s patches. This feature

theoretically allows for dampened inflammatory responses, without altering other roles of NF-xB

within the cell.
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Specific inhibition of IKK activity by NBD peptides may have pleiotropic mechanistic
and durable immunologic effects in inflammatory diseases. In mouse models of chronic

inflammation, including collagen induced arthritis (CIA) 7" 7°

and experimental allergic
encephalomyelitis (EAE) 7, in vivo treatment with NBD peptides blocked disease activity, pro-
inflammatory cytokine expression, and homing of cells to inflammatory sites due to inhibition of
expression of cellular adhesion molecules. In EAE, clinical recovery was correlated with a
durable alteration of the T cell phenotype, as NBD-treated mice demonstrated Th2 cytokine
production rather than disease-associated Thl cytokine production . Furthermore, mice treated
systemically with an NBD peptide for five days after induction of CIA maintained clinical and
histological improvement for nearly three weeks following termination of peptide administration
7% In our study, the 8K PTD was detected in important immune inductive sites (spleen and
mesenteric lymph nodes) following intraperitoneal administration; however we could not
identify the peptide in the intestinal lamina propria or epithelia (data not shown). This finding
suggests that the mechanism of action of 8K-NBD in IBD is likely to be more complicated than
can be explained by direct inhibition of activated NF-kB in the inflamed intestine. Future
mechanistic studies in IBD models will be necessary to characterize functional and phenotypic
alterations in immune cell populations and durability of clinical responses with the 8K-NBD.
While PTD-NBD has demonstrated efficacy in other inflammatory models, important and
distinguishing features of colitis in /L-/ 0" mice compared to these other experimental systems
are that it is a chronic, “spontaneously” occurring model of inflammation, and 8K-NBD was an
effective therapeutic intervention when administered affer the onset of disease '*”. Furthermore,

CIA and EAE induced inflammatory models are specifically T cell mediated diseases, however,

IL-10"" mice have pathologic innate and adaptive immune responses .
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To further characterize the effects of inhibition of NF-xB in IBD, it will be critical to
dissect protective from detrimental properties of NF-kB activation in mucosal inflammation.
Although increased activation of NF-kB is implicated in the pathogenesis of numerous chronic
disorders, NF-kB activation pathways may be protective and serve to maintain homeostasis in

the intestine 2% 28!,

For example, the toll-like receptor (TLR) family recognizes extracellular
microbial constituents resulting in the downstream activation of NF-kB. TLR-deficient mice or
strains with deletions in signaling intermediates such as MyD88 demonstrate a decrease in
survival compared to wild-type mice when colitis is induced with dextran sodium sulfate (DSS)
8! Intestinal epithelial proliferation was shown to be markedly decreased in TLR/MyD88”
animals. This study suggested that TLRs, expressed on IECs, may recognize luminal microbial
constituents and mediate a protective response through NF-«kB activation. Furthermore, mice
with a targeted deletion of IKKP in intestinal epithelial cells demonstrate increased epithelial
apoptosis *** and are susceptible to radiation induced injury ***. Most relevant to this study, mice
with a targeted deletion of NEMO i1n intestinal epithelial cells (IEC) develop severe spontaneous
intestinal inflammation through TNF and MyD88 dependent pathways, further suggesting that
IKK activation in intestinal epithelium mediates homeostatic pathways''. Interestingly, a slight
increase in TNFa levels were observed in the 10mg/kg NBD-treated /L-1 0" mice compared to
those treated with 2mg/kg NBD. This could be potential due more cell types being tranduced by
the NBD peptide secondary to higher dose. Thus, if IEC were affected at higher rather than
lower doses of this could lead to barrier breakdown similar to the NEMO deletion in IEC, and a
slight increase in TNFa. While still much lower than mNBD-treated miceln summary, NF-xB
inhibition, particularly in the intestinal epithelium, may lead to abrogation of mucosal protective

effects.
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Conversely, the preponderance of evidence suggests that inhibiting NF-xB in lamina
propria macrophages and DC may be of therapeutic benefit in IBD. A recent study demonstrated
that the development of colitis in /L-10”" mice is completely dependent on TLR signaling
pathways™*. In IL-10"" x MyD88" mice, colitis is abrogated and intestinal IL-12 p40 levels are
markedly decreased. Furthermore, bone marrow chimera experiments reveal that bone marrow
derived cells are responsible for recognition of commensal microbial signals and mucosal innate
immune activation.

Taken as a whole, the spectrum of NF-«kB biology in the gut is complex. Our results and
those of others suggest that inhibition of activated NF-«B in mucosal macrophages and DC may
ameliorate innate immune responses that underlie chronic IBD; however, NF-kB may play a
protective role in the epithelium. Thus, in contemplating therapeutic strategies that target NF-kB,
many interrelated factors may be important to determine ultimate clinical applicability, including
inhibition of activated versus basal NF-kB, targeting specific cell types (macrophages versus gut
epithelium), and route of delivery (systemic versus local).

This study supports the concept that selective inhibition of IKK by 8K-NBD is an
effective strategy for suppressing intestinal inflammatory responses. Compared to other NF-xB
inhibitors tested in chronic inflammatory diseases, 8K-NBD has the theoretic advantages of
inhibiting activation of NF-kB, a hallmark of chronic inflammation, while not inhibiting basal

NF-«B activity, which may be involved in fundamental cellular homeostatic processes.
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3.0 EVALUATION THE ROLE OF NF-KB ACTIVITY IN AGING

3.1 ABSTRACT

NF-«B is a family of transcription factors that play a pivotal role in determining cell fate
in response to stress, including inflammatory, oxidative and genotoxic stress. NF-kB is
implicated in numerous chronic inflammatory and degenerative diseases, many of which are
associated with aging. To test the hypothesis that NF-kB plays a causal role in driving the
degenerative changes associated with aging, we tested whether genetic depletion or
pharmacologic inhibition of NF-kB delays the onset of degenerative diseases in a mouse model
of accelerated aging (Erccl™ mice). Like naturally aged mice, Ercel” mice exhibit increased
NF-kB activity as they reach their maximum lifespan. Erccl™ mice haploinsufficient for the
p65/RelA subunit of NF-kB had a modest delay in the onset of age-related symptoms. This was
recapitulated in mice chronically treated with a peptide inhibitor of NF-kB activation, which
exhibited a significant delay in overall aging score and improved histopathological alterations.
These findings implicate NF-kB as a major driver of degenerative changes associated with aging

and set a precedent for therapeutic intervention.
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3.2 INTRODUCTION

Aging is characterized by the progressive erosion of the ability of a tissue to maintain
homeostasis, resulting in increased risk of morbidity and mortalitym. Increasing chronologic age
is the top predictive risk factor for a variety of diseases including cancer, heart disease, arthritis,
and dementia is increased chronologic age®™.  There is an exponential increase in the ag-at-
onset of these disease compared with a linear increase in chronologic age'*’ suggesting specific
mechanisms are contributing to this change. With the US population over the age of 65
increasing'?, and the fact that 27% of the 327 billion dollar Medicare budget in 2008 was spent
on care for patients in their last year of life'®, society has begun to realize the burden that
treating age related diseases can have on our healthcare system and our national economy.
Therefore, identifying strategies to reduce this burden and understand the mechanisms of aging is
of critical importance.

One such mechanism may be the gene expression changes mediated by NF-kB, which
acts as a dimer and promotes transcription of immune, anti-apoptotic, and cell cycle regulating
genes.” Transcription by NF-kB is mediated by cell stress stimuli, including inflammatory
cytokines and pathogens but also endogenous stressors such as DNA damage'?, hyperglycemia®®
and reactive oxygen species (ROS) formation'’. Stress stimuli signal via the Inhibitor of kB
Kinase (IKK) complex, which is is composed of two catalytic subunits, IKKa and IKKf and a
regulatory subunit, IKKy or NEMO. Once activated by IKKy, IKKa and B phosphorylate the

cytoplasmic inhibitor of NF-kB, IkBa, which is subsiquently poly-ubiquitinated and undergoes
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proteosomal degradation®®’.

This allows NF-kB to trasnlocate to the nucleus and activate target
genes.

Upregulation of NF-kB has been observed in numerous studies associated with aging.
Tissues derived from aged rodents including skin, liver, kidney, cerebellum, cardiac muscle and

gastric mucosa exhibit increase in DNA binding of NF-xB subunits'®®"%

. Analysis using motif
mapping of gene expression data from both human and murine tissues suggest that NF-«B is the
transcription factor most associated with normative mammalian aging'”'. Furthermore, human
cells derived from aged patients (age 72-93) and those with Hutchinson-Gilford progeria, also

151, 1 oo
SLIST 1 addition, numerous

exhibited increased NF-«kB signaling compared to controls
pathologies associated with aging including, atherosclerosis'®®, osteoarthritis'®®, dementia'”,
osteoporosism, diabetes, cancer’™ and cardiovascular disease'’” all have reported increases in
NF-kB activity. These previous studies have elucidated a novel pathway by which age-
associated diseases and overall aging may be propagated. Two recent studies by Adler et al and
Kawahara et al. observed that age-associated pathology was reversed via suppression of NF-xB

signaling"> '**

. Thus, we hypothesize that by inhibiting the NF-kB signaling pathway, age-
related degenerative phenotypes and histologic changes associated with mammalian aging will
be limited.

Various mechanisms are used to block NF-kB transcriptional activation, including both
genetic and pharmacologic suppression. In this study we will evaluate mice heterozygous
p65/RelA, as in Kawahara et al.'® as this NF-xB subunit is a documented transcriptional
activator’ and is known to play a role in age-related changes and cellular senesence’" ', Due

to the embryonic lethality of germ-line homozygous deletion of this gene only mice

haploinsufficient for p65 can be used®®’. There are vast number of NF-kB inhibitory
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compounds®, the majority of which have off-target effects or poor in vivo bioavailability.
Therefore, the NEMO binding domain (NBD), an 11 amino acid peptide derived from the
domain of IKKJ that is critical for its interaction with IKKy was used in this study14. NBD is
linked to a protein transduction domain (PTD) consisting of eight lysine residues (8K) that
promotes internalization of the inhibitor into cells. It has been shown that chronic administration
of NBD is efficacious in the treatment of numerous murine models of degenerative disease
including arthritis”', diabetes®’, and Parkinson’s disease’”, and the efficacy of 8K-NBD was
shown in Dave et al’®.

We hypothesize that suppression of NF-kB trascriptional activation will delay or
ameliorate age-related phenotypic changes in mammalian aging. To study aging-related changes
we have chosen a progeroid-like or accelerated aging model, the ERCC1 deficient mouse. This
model allows for the assement of age-related changes in a model which recapitulates the
transcriptional changes associated with the accumulation of DNA damage and oxidative stress

. . . 125. 126. 21 . . . .
known to occur in normative agings '*> '** 2!, ERCCI1 progeria is described previously in

1 2
L. 30 | 90

Niedernhofer et a and Robinson et al”", and develops secondary to a defect in DNA repair.
Ercel” and Ercel™ mice have 0% and 10% ERCC1-XPF expression respectively, and age over
a period of 28 days and 28 weeks respectively, with phenotypic changes similar to those
observed in normative aging mice.

In Kawahara et al., Sirt6”" mice haploinsufficient for p65/RelA, an NF-kB subunit, had
improved lifespan and reduced degenerative changes'®. However, it was observed that these
mice have a colitis like phenotype and associated with gross inflammation which may have

contributed to this effect'®. The ERCC1 deficient mous model is an accurate predictor of aging

on the transcriptional level with the exception of innate and complement responses that are only
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upregulated in normative aging mice level* #°!. Therefore, the ERCC1 deficient mice will
allow for evaluation of the role of NF-kB signaling independent of inflammation. Due to the
predictable order of symptom development, healthspan of these animals can be evaluated by
determining delay in age-at-onset of symptoms and examining degenerative histologic changes,

thus allowing for a proper analysis of the effects of NF-kB suppression on age-associated decline

3.3 MATERIALS AND METHODS:

3.3.1 Mice:

Both Erccl” and Erccl™ mice were generated in an fl hybrid background by
intercrossing Erccl™ and Erccl™ mice in a C57B1/6J or FVB/n inbred background. Genomic
DNA was isolated from an ear punch using a Machery-Nagel vacuum manifold according to
instructions. PCR amplification of the null allele was achieved with primers specific for exon 7
and intron 7 of Erccl and neo” (5’GAAAAGCTGGAGCAGAACTT, 5’-
AGATTTCACGGTGGTCAGAC, and 5-GAAGAGCTTGGCGGCGAATG, respectively),
while 3'-UTR reverse 5'-CTAGGTGGCAGCAGGTCATC is needed in addition to the other
primers to detect the deletion mutation in exon 10.

Ercel” eGFPN® mice were generated by crossing Erccl - C57BI/6) mice with eGFPN™

107

“® mice, a generous gift from Christian Jobin (UNC Chapel Hill)'”’. These mice were then bred

with Ercel™ FVB/n to create Erccl” eGFPN B, Genotyping procedure used as described in '’
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3.3.2 Fluorescent Microscopy:

Ercel” eGFPN™® mice and a wild type eGFP™ *® littermate were sacrificed at 21 days of
age. Tissues were placed in 10% formalin for 6 hr, then transferred to 30% sucrose in phosphate
buffered saline (PBS) overnight at 4°C. The tissues were then frozen in 2-methylbutane and
embedded in optimal temperature cutting at -30°C. Six micron sections were cut using cryostat.
Tissues were stained using HOESCT stain (Sigma) and coverslipped using gelvatol, as desribed
in *2. Samples were allowed to sit overnight at 4°C and were subsequently analyzed using
Axiovert200 Microscope and Axiovision software (Zeiss). To quantify eGFP expression in
tissues Metamorph software (MDC) was used. Five 20x images were taken for each tissue
analyzed in each mouse (n=6 per group), the percent eGFP expression was quantified based on
tissue area. The amount of eGFP was normalized within litters to (normative aging littermate) to

determine baseline levels of eGFP within the litter. These normalized eGFP expression levels

were then analyzed between groups using Wilcoxon rank methods using SPSS (SPSS Inc).

3.3.3 Isolation and Treatment of Mouse Embryonic Fibroblasts:

Pregnant mice were bred to produce WT, Erccl 7~ and Erccl” ‘p65‘/ " pups were prepared

0 Briefly, mice were sacrificed at E13.5 by CO, inhalation. Individual embryos were

as in
dissected and plated on 10 cm cell culture dishes. Cells were genotyped as described above. The
cells were then grown at 3% O,, which is considered physiologic'* and grown in MEF media
(DMEM 44% ml Ham’s F10 44%, 10% FBS, 1%, P/S, 1% NEAA).

To stress the cells with oxidative insult, MEFs were grown at 20% O,'*. Proliferation

rates were determined as in >"°. Briefly, cells were passaged in 10 cm plates, and counted at each
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passage (determined by the first plate to reach confluency) to evaluate their proliferation rates.

Cells were then reseeded at 25,000 cells per plate and returned to either 3% or 20% O,.

3.34 NF-kB Luciferase assay

HEK293 cells stably transfected with a multimerized NF-kB DNA binding element-
luciferase reporter (DMEM/10% FBS/1% Pen/Strep) were left untreated or pretreated for one
hour with 10uM NF-kB inhibitor Compound A (Calbiochem), 10uM ATM inhibitor (2-
Morpholin-4-yl-6-thianthren-1-yl-pyran-4-one (KU-55933, Calbiochem) or 25uM p53 inhibitor
(pifithrin-o, Calbiochem). Cells were then y-irradiated from a '*’Cs source. The cells were lysed
in reporter lysis buffer and luciferase activity was measured with a luciferase assay system

(Promega) using a AutoLumat Luminometer (Berthold Technologies).

3.3.5 Nuclear extracts and Western blotting

Nuclear extracts from treated MEFs were isolated following manufacturer’s protocol
(NE/PER Reagents, Pierce). Protein concentration was determined using the Bradford assay
(Pierce). Western blot analyses were performed on nuclear and cytoplasmic extracts as

described previously *'*.

Anti-p-p65, p-IkBa, and IkBa antibodies were purchased from (Cell
Signaling, Danvers MA) Lamin A/C (Santa Cruz Biotechnology) and B-actin (Abcam). All
primary antibodies were used at 1:1000 antibody dilutions and allowed to incubate overnight at

4°C. Secondary antibodies goat a-rabbit, and rabbit-a-mouse (Cell Signal) were used at 1:1000

dilutions.
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3.3.6 Peptides:

The peptides 8K-NBD (NBD) (acetyl-KKKKKKKKGGTALDWSWLQTE-amide), and
inactive 8K-mutant NBD (mNBD) (acetyl-KKKKKKKKGGTALDASALQTE-amide, where the
underlined amino acids represent tryptophan to alanine mutations), were synthesized by the

peptide synthesis facility at the University of Pittsburgh, Pittsburgh, PA.

3.3.7 Treatment of Animals:

Sibling pairs of Erccl”™ mice housed in a single cage were evaluated in this study.
Treatments were given in a blinded fashion, mice were identified by ear clips prior to initiation
of the study, and these mice were denoted as 1 or 2 for each group. Mice were then assigned a
treatment for 1 or 2 by a third party. One syringe was then filled with NBD while the other with
mNBD. These were then labeled by the third party with a 1 or 2 label. Paired mice were
injected with NBD or mNBD three times per week. Treatments with the peptides were initiated
at 5 weeks of age. The peptide were given intraperitoneally (i.p.) at a dose of 10 mg/kg in 100ul
of phosphate buffered saline (PBS). Treatment was administered 3 times per week through the
entire lifespan of the animal. Mice were euthanized via CO, inhalation at points 18-20 weeks of

age or until end of life and tissues were collected for analysis.

3.3.8 Phenotype and Weighing:

Weight and the age-at-onset of spontaneous age-related symptoms (dystonia, trembling,

kyphosis, ataxia, sarcopenia, priapism, urinary incontinence, and lethargy) were assessed bi-
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weekly by an investigator blinded to the treatment of the mutant animals. The onset of each
symptom was recorded, averaged within a treatment group and reported in tabular form. The
difference in the age at onset of symptoms between groups was analyzed using a paired
Student’s t-test. This cumulative aging score is calculated by assigning animals within each
littermate pair a + if a symptom is delayed or a — if the onset is earlier or equivalent in both
groups. The + scores are then added and normalized to the total number of symptoms evaluated
within that group and analyzed using a Student’s t-test. The aging score provides an overall

evaluation of quality of life.

3.3.9 Tissue Sections/ IHC:

Dissected tissues were fixed in 10% formalin overnight, embedded in paraffin and
sectioned using a microtome. pl6 staining was completed as follows anti-pl6
(CDKN2A/p16INK4a Abcam) according to standard immunohistochemical protocols. Insulin
staining was completed as follows, anti-insulin (Biogenex) with secondary biotin-horse-a-mouse
(Vector). Staining was resolved using ABC-Elite (Vector) and AEC substrate (Scytek). Percent
insulin positive cells were quantified using Metamorph software (Molecular Devices) and data

was evaluated using Student’s t-test

3.3.10 MicroCT:

Micro-computed tomography of the spines isolated from 20 wk-old Erccl™ mice and wt
littermates mice were acquired_using a VivaCT 40 (Scanco Medical) using 15-pm isotropic

voxel size resolution, 55 kVp of energy, and 145 pA of current. After the acquisition of
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transverse two-dimensional image slices, three-dimensional reconstruction of the lumbar
vertebrae was performed using a constant threshold value of 235 which was selected manually
for the bone voxels by visually matching the threshold areas to the gray-scale images. NBD

treated and control treated Erccl”® mouse data were compared using Student’s t-test.

3.3.11 Microarray:

To measure genome-wide changes in transcription in mice treated with NBD or mNBD,
microarray analysis was performed as described'*’. Briefly, RNA was isolated from the liver of
Ercel™ mice (n=3 treated with NBD and mNBD at 12 weeks of age and 18 weeks of age, each)
using an RNA isolation kit (Qiagen) according to the manufacturer’s instructions. Synthesis of
double-stranded cDNA and biotin-labeled cRNA, hybridization to Affymetrix GeneChip®
Mouse Genome 430 2.0 Arrays were completed using Affymetrix protocols Microarray
(Affymetrix). Analysis was completed using GeneGo (GeneGo bioinformatics software) and
IPA (Ingenuity Systems). GeneGo was used to analyze both gene ontology categories as well as
transcriptional regulation analysis (via its network building tool). IPA was used to analyze gene

ontology categories.
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3.4 RESULTS:

3.4.1 Ercel™ cell lines have over-active NF-kB signaling which contributes to

proliferation defects:

To evaluate NF-kB activity, levels of activated or phosphorylated-p65 (p-p65)
translocation to the nucleus in Ercel” and WT mouse embryonic fibroblasts (MEFs) generated
from littermates were defined by immunodection (Figure 16A). Quantification shows
approximately 2.5+0.5 fold increase in p-p65 levels in the nuclei of Erccl” cells compared with
control cells (Figure 18A). Previous data suggests that Erccl”” MEFs have proliferation defects
and senesce more rapidly than WT cells'*®. This is confirmed in Figure 16B, Erccl”” MEFs
exhibit proliferation defects which are exacerbated in high oxygen or stress environment (20%
0,)'. After 3 passages at 20% oxygen, Erccl”” MEFs show increased NF-kB translocation to
the nucleus compared with identical cell lines grown at 3% oxygen over the same period of time
(Figure 16C). This suggests that the Erccl”” MEFs experiencing growth or proliferation defects
secondary to DNA damage or oxidative stress exhibit concomitant increases in NF-kB signaling.

To evaluate whether NF-«kB suppression had a positive impact on cell growth,
proliferation profiles were completed for WT, Erccl” and Erccl”” MEFs with a homozygous
deletion of p65 (Erccl 7 'p65’/ ) (Figure 16D). Erccl 7 ’p65'/' MEFs proliferated at a rate between
the Erccl” and WT MEFs at 3% oxygen conditions; however, in oxidative conditions of 20%
oxygen the Erccl”p65” MEFs grew similar to WT MEFs for the initial passages and then
exhibited a reduction in cell growth, while the Erccl” cells had far slower cell proliferation.
Thus, p65 homozygous deletion in Erccl” MEFs partially restored early stage proliferation
rates, when compared with WT MEFs
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Figure 16: NF-kB is activated in Erccl” cells and limits proliferation under conditions of oxidative stress.
(A)Immuodetection of markers of NF-kB activation in fractionated MEFs: nuclear phosphor-p65 and
cytoplasmic IkB and phosphor-IkB. Lamin A/C and actin were used as loading controls for nuclear and
cytoplasmic fractions, respectively. (B) Proliferation of WT and Ercel” cells grown at 3 or 20% oxygen
(normative or oxidative environment) (C) Immunodetection of p-p65 subunits of NF-kB in WCEs from
primary Erccl”” mouse embryonic fibroblasts, grown for 4 passages at 3% or 20% O,, to induce oxidative
stress . (D)Proliferation of WT, Erccl”, and Erccl” p65” primary MEFs grown 3% oxygen (Top panel) and

at 20% O, to induce oxidative stress (Bottom Panel).
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3.4.2 NF-kB is activated by gamma irradiation in an ATM dependent manner and

NF—xB suppression promotes cellular survival.

Genetic suppression of NF-kB improved the growth profile for Ercel”” MEFs, suggesting
that reduced NF-«kB signaling improves growth and/or survival under stress conditions such as
DNA damage and oxidative stress, both of which are increased in the Erccl” cells. ERCCI
deficient mice by their nature have an abnormal accumulation of bulky adducts, interstrand
crosslinks and double strand breaks. This DNA damage mediates the accelerated aging
phenotype in these mice. To evaluate the effects of DNA damage on NF-kB activation, HEK293
cells stably expressing a mutimerized NF-kB DNA binding element-luficerase reporter (293"
B) were exposed to 0, 10 and 20Gy of irradiation and NF-kB transcriptional activity was
analyzed at varying time points (Figure 17A). NF-«xB activity was shown to increase by 6 hours
and began to dissipate at 12 hours. When cells were pretreated with a potent IKKP specific
inhibitor, Compound A*”, NF-kB induced luciferase activity secondary to y-irradiation was
reduced to basal levels (Figure 17B). NF-xB luciferase activity was reduced equally with
pretreatment of 10uM of KUS55933, an ATM specific inhibitor, suggesting that NF-kB is
activated in an ATM dependent manner after y-irradiation. This further promotes the idea that
NF-«B is activated by DNA damage alone after y-irradiation. Protein analysis evaluating p-p65
shows increased NF-kB translocation to the nucleus of MEFs three hours after exposure to 10G
of y-irradiation (Figure 17C). Further analysis in a 5 day survival time course revealed that

transient inhibition of NF-kB using Compound A, prior to y-irradiation, increased cellular
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survival of y-irradiated MEFs p=0.009(Figure 17D). This effect was likely due to increased
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Figure 17: NF-kB is activated by y-irradiation in an ATM dependent manner: (A) Luciferase levels were
quantified from HEK293 cells stably transfected with a mulimerized NF-kB DNA binding element luciferase
reporter (293" ") were treated with 0, 10, or 20Gy of y-irradiation and evaluated at 6, 9, and 12 hours post
irradiation. (B) Luciferase levels were determined from 293" cells pretreated with 10uM Compound A
(NF-kB inhibitor), 10pM KU55933 (ATM inhibitor), 25uM pifithrin-a (p53 inhibitor) or left untreated. After
1 hour cells underwent 10G of irradiation. (C) Immunodetection of p-p65 from Erccl””MEFs treated with 0

or 10Gy of y-irradiation. (D) MTT assay was used to determine five day survival levels for MEF undergoing

0 or 10Gy of irradiation with or without the treatment of 10pM Compound A.
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survival, as non-irradiated control MEFs treated with Compound A exhibited reduced

proliferation compared to those left untreated.

343 Progeroid-like ERCC1-deficient mice exhibit overactive NF-kB signaling:

As NF-kB activity was increased in vivo in ERCCI1 deficiency, it was pertinent to
determine if progeroid-like ERCC1-deficient mouse model exhibits increased NF-kB signaling
as well. Erccl” were bred with mice expressed eGFP under an NF-kB regulatory element (NF-

kB®“™")?”* " Mice were analyzed at 21 days of age, or 75% of maximum lifespan. Figure 18

NF-xB . :
** and their normative

compares the eGFP expression in both progeroid-like Erccl”eGFP
aging (Erccl” "NF-xB***" or Erccl” NF-«B®“*") littermates. ¢GFP mRNA isolated from the
kidney is increased in the accelerated aging Erccl”™ mice compared to their littermate controls
(Figure 18A). This upregulation is confirmed using fluorescent microscopy, examining eGFP
fluorescence in numerous tissues including kidney, muscle, pancreas, and liver with the
exception of the spleen (Figure 18B/C). Fluorescent intensity was quantified and differences
between the two groups were found to be statistically upregulated in the kidney, liver, pancreas
and muscle of Erccl”NF-kB*“** (Figure 18D). The liver exhibited a 3.58 fold increase
(p<0.012) in NF-xB activity, while the kidney and pancreas had approximately a 2.5 fold
increase (p<0.001 and p<0.021 respectively) and the muscle had a 1.7 fold increase (p<0.032).
Interestingly, this over-expression in the tissues examined is nearly equivalent to the over-
activation of NF-kB determined using Erccl " MEFs analyzed in Figure 16A/19A. These data
confirm that, as with normative aging mice, ERCCI-deficient mice have increased NF-xB

signaling as the animals near their maximum lifespan.
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Figure 18: NF-kB is activated in progeroid Erccl” mice. Erccl”” mice were bred to express an NF-KB -eGFP

reporter transgene. (A) mRNA was isolated from the kidney of ErccI”NF-kB*“** mice and littermate

eGFP"™® controls and NF-kB activity measured by RT-PCR of eGFP mRNA using p-actin as a control.

(B/C) Kidney and additional tissue sections from Erccl”NF-kB“** and NF-kB‘“*" mice. Imaged by

fluorescent microscopy to detect eGFP expression (green); Dapi (blue). (D) eGFP levels were quantified as

relative to tissue are. Five random fields (20X) were analyzed per mouse (n=6 per group). Green dots

represent individual NF-kB°“*" control mice and yellow indicate Erccl”NF-kB°“** mice Each mouse is

correlated to eGFP expression in the tissues of NF-kB°“"" littermates within that group. The black bar

indicates the average eGFP levels within for each genotype.
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3.4.4 Erccl”* mice with genetically suppressed IKK/NF-kB signaling have delayed

onset of phenotypic changes:

Despite increased NF-«B activity in ERCC1-deficient accelerated aging mouse tissues as
well as in normative aged tissues, it is unknown whether NF-kB has a protective or detrimental

effect. Complete deficiency in p65 results in embryonic lethality®®

, thus Erccl™ mice were
bred to have a heterozygous deletion of p65 (Erccl™p65™"). Mice were assessed biweekly for
onset of symptoms listed in Figure 19A including dystonia, kyphosis, ataxia, sarcopenia,
lethargy, incontinence, and priapism. Interestingly, the Erccl™p65"" mice experienced a delay
in the time of onset for the majority of symptoms compared to Erccl”™ controls. For dystonia,
trembling, ataxia, and sarcopenia the changes were negligible (< 0.3 weeks), However, for
kyphosis and priapism, and incontinence the delay in onset was 1.2, 2.5 and 6.0 weeks
respectively, or 4%, 8%, and 20% of lifespan.

Interestingly, the visual appearance of these mice was even more dramatically improved
than this delay in age-at-onset of symptoms would suggest. The differences between the Erccl
/Ap65+/' and ErccI™ mice can be appreciated in Figure 19C/D, where Erccel™ mice exhibit
earlier and more severe phenotype changes than Erccl g Ap65 * littermates, such as incontinence,
blindness, and priapism, as well as greater severity of disease/degeneration, exhibited by extreme
kyphosis, sarcopenia and cachexia observed in representative images taken at 15 and 19 weeks
(Figure 19C and 19D). One explanation for the disparity between minimal change in time of
onset of symptoms and vast differences in overall appearance, is while age-at-onset of many
symptoms only improved slightly, perhaps the progression of these symptoms was slowed and
thus the severity of disease was diminished, which can be observed visually but is difficult to

quantitate. Erccl / Ap65 ** had increased weight gain compared to their Erccl /A controls (Figure
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Figure 19: Haploinsufficiency of p65 NF-kB subunit delays the onset of aging symptoms. (A) Ercel™ and
Erccl™p65" were evauated biweekly spontaneous symptoms associated with aging. Reported are the average
age at onset of each symptom for each group and the difference between the averages between groups. (B)
Ercel™ and Ercel”p65™ weights were measured biweekly, and change from initial weight recorded at 5
weeks of age was recorded (C) Representative images of Erccl” and Erccl”p65" sex-matched littermates at
15.5 weeks of age. The Erccl-/A mouse has ocular changes, signs of neurodegeneration (broad-based stance,
urinary incontinence, dystonia) muscle wasting, kyphosis and aged appearance. (D) Representative images of
Ercel™ and Erccl™p65" sex-matched littermates at 19 weeks of age. The ErccI™p65* exhibits some

changes such as dystonia, kyphosis, and mild sacropenia. The Ercel™

mouse has signs of neurodegeneration
(abnormal stance, priapism, dystonia) muscle wasting, kyphosis and worsened/aged appearance.
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19B). However, this was due primarily to a reduced starting weight of nearly 2g. This may be
indicative of suppressed developmental process in the presence of reduced NF-xB signaling
before sexual maturity. Therefore, we chose to further explore NF-kB suppression using
pharmacologic inhibition of the NF-kB pathway, using the NBD peptide inhibitor starting at 5

weeks of age, when gross developmental processes are less likely to be affected.

3.4.5 NBD peptide inhibitor suppresses upregulation of NF-kB signaling:

Ercel™ cells were treated with the NBD peptide to determine if increased translocation of
p-p65 could be reversed. NBD peptide (200uM) reduced levels of p-p65 in the nucleus to 51%
of Erccl” levels three hours after treatment, which is nearly equivalent to WT MEF p-p65 levels
(Figure 20A). Thus, we determined that the NF-kB activity seen in the Erccl” mice can be
inhibited by NBD at the level of the IKK complex.

Based on this finding NBD was evaluated in vivo in the Erccl”™ mice . The NBD peptide
provides numerous advantages over the genetic manipulation of p65. First, due to the embryonic
lethality of p65 deletion, heterozygous deletion of p65 was used and Erccl 7 Ap65 ** mice have a
maximum of 50% suppression of p65. Furthermore, other NF-kB subunits remain intact and
may compensate for the loss of p65, for example other studies have shown a role for c-rel in the
aging process'>*. Second, the NBD peptide has therapeutic potential to treat age-associated
disease while genetic deletion is not a feasible approach, but can confirm the importance of
biologic pathways. Third, NBD inhibits at the level of the IKK complex and in Chapter 2 of this
thesis we show that activated but not basal NF-«B is inhibited. Finally, because p65 is integral
in embryonic development, the reduction of this transcriptional subunit in embryonic and early
life development may have detrimental effects on the animals.
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3.4.6 Ercel” mice with suppressed IKK/NF-kB signaling have delayed onset of

phenotypic changes:

To evaluate whether NF-kB suppression using the NBD peptide was as or more effective
than genetic suppression of p65, a similar phenotypic study to assess the age-at-onset of
numerous age-associated symptoms was conducted. It is of relevance to note that this study was
completed as a blinded, sex matched, twin study, where mice were treated triweekly with NBD
peptide or the inactive mutant form mNBD as described in the Materials and Methods.

Mice treated with NBD experienced a delay in the age-at-onset of all symptoms
evaluated with the exception of trembling (Figure 20B); however, the only symptom exhibiting a
significant delay in age-at-onset was sarcopenia (p=0.024). When analyzing the impact of the
delay in age-at-onset of the symptoms it is important to take into account the animal’s limited
lifespan. For two of the symptoms associated with aging, sarcopenia and incontinence, the time
to onset was delayed on average 3 and 3.3 weeks respectively which is 10.7 and 11.7% of
maximum lifespan. When correlated to a human lifespan of 80 years this equals a delay of 8.6
and 9.3 years respectively. The cumulative aging score, an optimal method for analyzing quality
of life, showed significant improvement in the NF-kB suppressed animal compared with their
littermate controls with a p-value of 0.005 (Figure 20B). Images of mice treated with either
NBD or their littermate controls, offer visual confirmation of the phenotypic changes, striking
differences seen between NF-kB suppressed and littermate controls can be appreciated in these
images (Figure 20C/D), which were evaluated in Fig. 20B. Additionally, female but not male
mice treated with NBD exhibited increased weight gain compared to littermate controls, which is
of relevance because both sarcopenia and cachexia correlate with a loss of body mass (data not

shown).
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Figure 20: NBD peptide suppression of the IKK/NF-kB activation delays the onset of aging symptoms.
(A)Immunodetection of phosphor-p65 in nuclear extracts of Erccl” primary MEFs grown at 20% O, and
treated with 200 pM NBD peptide for 3 hours. (B) Quantitation of nuclear p-p65 in blot (A) relative to WT
MEFs derived from littermate controls. Values obtained are averages and standard deviation from three
independent experiments. (C) Sibling pairs of Erccl”™ mice were treated with NBD peptide or an inactive
mutant control peptide, 10 mg/kg, i.p., 3X per week, beginning at 5 wks of age and continuing throughout
their lifespan. The mice were evaluated biweekly for spontaneous symptoms associated with aging by an
investigator blinded to treatment. Reported are the average age at onset of each symptom for the two
treatment groups and the difference between the group averages. Those symptoms marked with an asterisk
were significantly delayed in mice treated with NBD relative to mice treated with the mutant peptide. The
Aging Score reflects the overall quality of life (see Materials and Methods). (D) Representative images of
Ercel” littermates treated with NBD or mutNBD peptide, at 15 weeks of age. The mouse treated with the
inactive peptide shows premature onset of signs associated with neurodegeneration (dystonia, broad-based
stance) early stages of kyphosis and muscle wasting. (E) Representative images of Erccl “Alittermates treated
with NBD or mutNBD peptide, at 19 weeks of age. The mouse treated with the inactive peptide shows
premature onset of signs associated with neurodegeneration (dystonia, broad-based stance, urinary
incontinence), visual impairment, cachexia, and muscle wasting, While the NBD treated littermate shows

dystonia and early stages of kyphosis and muscle wasting.

Recent examination of NBD and mNBD peptides, as well as, vehicle control in a murine
model of arthritis and cell culture experiments has raised concerns that the mNBD peptide may
not be completely inactive. Thus, using ANOVA analysis the age-at-onset for the various
symptoms were analyzed compareing NBD-treated mice, mNBD-treated mice, and vehicle

control treated mice. Interestingly using this analysis we found that three symptoms, trembling,
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A

control
Ercc 14 NBD number of
Symptoms | time at onset | time at onset | Change of mice (Control,
(wks) (wks) Onset (wk) | P-value NBD)

Dystonia 79 10.0 21 0.097 n=12,11
Trembling 78 14 26 0.002 n=13,11
Kyphosis 1.7 13.7 20 0.091 n=13,9
Ataxia 14.0 16.5 25 0.052 n=13,8
Sarcopenia 14 4 179 35 0.014 n=12,6
Priapism 20.2 17.0 -3.2 0.543 n=4,2
Lethargy 17.9 18.2 0.3 0.984 n=6,3
Incontinence 116 20.3 8.7 ND n=3,1

Figure 21: NBD peptide improves symptoms of ErccI”™ compared with untreated Erccl”™ controls: Erccl™
mice were treated with NBD peptide 10 mg/kg, i.p., 3X per week, beginning at 5 wks of age and continuing
throughout their lifespan. The mice were evaluated biweekly for spontaneous symptoms associated with aging
by an investigator blinded to treatment. Reported are the average age at onset of each symptom for the NBD
treated mice were compared with ErceI”™ untreated mice. Cell marked in yellow are those with delayed age-

at-onset in NBD treated mice

ataxia, and sarcopenia, were significantly delayed p < 0.05 in the NBD treated mice compared
with the vehicle control mice; and further both dystonia and kyphosis showed trends p < 0.10 of
being delayed (supplementary Fig 21). Thus, the efficacy of NBD may be greater than

littermate-controlled data suggested.
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3.4.7 IKK/NF-kB suppression attenuates histologic changes associated with aging:

Due to the significant alterations in phenotypic findings observed in NBD-treated mice,
even greater than those observed in the genetic suppression of p65, histologic changes in NBD
and control-treated animals were evaluated. ErccI”™ mice eventually die from severe liver
dysfunction. When analyzing liver histology it is apparent that these mice have an increasing
number of senescent cells defined by expression of p16, recently defined as the first biomarker of
aging”*. As expected, pl6 protein levels were reduced in Erccl™ mice treated with NBD
(Figure 22A). These reduced levels of pl6 correlated with a 1.7 fold decrease in pl6 gene
expression as determined by qRT-PCR (data not shown).

Numerous tissues exhibit age-associated changes. Bone marrow develops fatty
deposits™®, vertebral bone becomes osteoporotic*”, and pancreatic islet cells have reduced
insulin secretion®”®. As with the reduction in senescent changes in the liver, there was a similar
delay in fatty replacement of the bone marrow in Erccl™ mice receiving NBD peptide,
compared with those receiving mNBD peptide (Figure 22A). Vertebral degeneration evaluated
by uCT, was reduced by NBD-treatment as represented by fewer osteoporotic holes and
improved trabecular structure when compared to control Ercel™ control mice (Figure 22A).
Bone densities were compared using control WT, control Erccl oA (injected with vehicle, n=5)
and NBD treated Ercc™ mice (n=3). Control Erccl A mice had reduced bone density of 31.5 +
2.5 % while the reduction in bone density in NBD-treated mice was limited to 21.6 £ 5 %
compared to normative aging controls (p=0.003) (Figure 22B). As expected, porosity, a marker
of bone degeneration, was increased in the Erccl™ control mice by 25.1 + 2%; however

treatment with NBD reduced this increase to 16.7 + 3% (p = 0.0009) (Figure 22C). Erccl™
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Figure 22: NBD peptide suppression of the IKK/NF-kB activation delays histolopathological changes

17 mice treated with

associated with aging. (A) Immunodetection of senescence marker p16 in liver of Ercc
NBD peptide or an inactive mutant peptide as described in Fig. 4 and Material and Methods. Nuclear p16
staining is more frequent and intense in hepatocytes of mice treated with the mutant peptide. (Red arrows
indicate p16 positive nuclei, while green arrows indicate p16 negative nuclei) Cross-section of the femur

stained with haematoxylin and eosin. Mice treated with the mutant peptide have early onset of fatty

replacement (yellow arrows) of the bone marrow. MicroCT of the vertebra of Erccl 7 mice. Mice treated with

113



NBD have improved appearance of bone density. Immunodetection of insulin in pancreatic sections from
treated Erccl”™ mice. NBD peptide delayed the loss of insulin-producing islet cells. Islets are indicated by
yellow islets and brown stain indicates insulin positivity. (B) Analysis of microCT images in percent bone
density (normalized to WT littermate controls) (top panel) as well as quantification of bone porosity, 1-
BV(bone volume) /TV (total volume) (bottom panel). Values for the treated Ercel™ mice were compared to
normal littermates. (C) The percent of insulin producing cells in Erccl”™ mice treated with NBD or the

inactive mNBD compared to normal littermate controls.

mice demonstrate degeneration of pancreatic islets between 12 and 18 weeks of age (unpublished
data). While NBD treated Erccl”’® mice had nearly the same number of insulin producing cells
in their islets (72.8 + 4.5%) as WT control mice at 18-19 weeks of age, mNBD treated mice had
lost greater than 50% of their insulin positive islet mass (28.8 + 25.7%) (Figure 22C). This
improvement in islets can be appreciated in the bottom panels of Figure 22A. This data suggests,
NBD treatment either blocks or allows for regeneration resulting in improved pathologies in

numerous tissues undergoing age-related changes observed in this model of accelerated aging.

3.4.8 NBD treatment led to global as well as NF-kB specific gene expression

changes:

As NBD-treatment improved phenotypic and histologic changes associated aging, micro-
array analysis was completed to determine if these changes were mediated by a limited number
of gene expression changes. In the liver (n=3 per group), expression of approximately 5% of all

genes showed significant changes in expression levels between the NBD and mNBD-treated
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groups, demonstrating that NBD had a functional effect in vivo. Grouping genes to their known
or predicted biologic function using gene ontology (GO), allowed for characterization of
pathways which were preferentially altered by NBD treatment.

The most significantly affected processes altered between NBD and mNBD treated
animals were those listed in Figure 23A. Two different analysis programs defined processes
involving cell and tissue development, cell signaling and proliferation, cell death and regulation
of apoptosis, as well as regulation of infectious diseases and metabolic pathways as those that
were most significantly altered. This further confirms our findings in Figure 16, that p65
expression can alter cell growth and proliferation in Erccl” MEFs.

To further assess whether the NF-kB pathway was a factor in the gene expression
changes, a transcriptional regulation analysis was completed. This analysis determined that NF-
kB subunits accounted for the 7", 14", 24™ and 25™ most effected transcription factors (Figure
23B). However, taken as one transcriptional element, they account for 243 nodes, compared to
the most significant transcription factors which had 112 effected nodes. Further analysis shows
that NF-kB is one of the central factors involved in the top 5 networks as defined by Ingenuity,
which is denoted by the red circle in Figure 24. The other central mediator is HNF4a denoted by
the blue circle (a protein directly regulated by NF-xB). Additionally, of approximately 400 genes
examined with known NF-xB regulatory elements, 8% showed significant expression differences
between the two groups of mice (Figure 23C). Expression of 89% (27/30) of these genes was
significantly down-regulated in mice treated with NBD, as expected with chronic IKK inhibition.
A number of these NF-kB regulated genes are involved in cell cycle control, specifically,
Gadd45p, Cyclin D2 and D3, Bcl-2, and protein kinase C. Thus, it is likely that treatment with

NBD could act through several mediators to alter and delay age-associated changes.
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Top Networks (Defined by Ingenuity)
1 Cellular Development, Lipid Metabolism,
Molecular Transport
2 Cedll Signaling, Cell Death, Hematological Disease
3 Cellular Assembly and Organization, Post-
Translational Modification, Cancer
4 Cellular, Connective Tissue, Skeletal and
Muscular Development and Function,
5 Infectious Disease, Carbohydrate Metabolism,
Lipid Metabolism
Top Processes (Defined by GeneGo)
1 Regulation of apoptosis, regulation of PCD
2 Organforganismal and embryonic development,
3 Response to extemal stimulus, hormone stimulus,
and endogenous stimulus
4 Paositive regulation of cellular process, negulation
of developmental process
5 Regulation of cedl proliferation, positive regulation
of cellular and biologic process,
No Network p-Value Total
nodes
1 | ESR1 (nuclear) 5 58E-185 112
2 | CREB1 9 01E-148 a9
3 | NF-Y 5.60E-136 83
4 | HNF1-alpha 1.30E-132 81
5 | Androgen receptor 3.00E-129 79
6 | AP-1 T-56E-121 74
e | seem] n
8| PU1 569E-116 69
9 | p63 3.90E-114 70
10 | AP-2A 3 90E-114 70
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Gene Fold
Symbol Change P
Csf3 18 0.0014
Agt 12 0.023
Sod1 11 0.036
Cisb -1.1 0.020
Eng -12 0.050
#i15ra -12 0.0014
Scarb -12 0.024
Pricd -12 0.010
fcamt -13 0.014
NfxBia -13 0.023
Cend3 -13 0.034
Ccl19 -14 0.043
Terg -14 0.013
App -15 0.033
Bci2 -15 0.0067
Plcdt -16 0.031
Ccnd2 -17 0.015
Cd48 -17 0.035
Sde4 15 0.0060
Abcb1a -18 0.041
Cd8o -19 0.031
Upkib -19 0.030
Oas3 20 0.028
Penkt 21 0.0088
igh-4 24 0.026
Pix3 24 0.010
Lamb2 25 0.0094
Gadd45b -35 0.021
Apod 44 0.011




Figure 23: NBD peptide suppresses expression of NF-kB regulated genes. Erccel™ mice were treated
chronically with NBD peptide or inactive mutant peptide as described in Fig. 4 and Materials and Methods.
At 18-19 weeks mice were euthanized, tissues isolated, mRNA purified and analyzed by Affymetrix
microarray. (A) Top networks and Top Processes affected in NBD treated Erccl”™ mice relative to those
treated with mutant peptide defined by Ingenuity and Metacorps GeneGo, respectively. (B) Ranking of the
transcription factor networks most affected by NBD treatment as defined by GeneGo Network Builder
Transcription Regulation. NF-kB family members are highlighted in dark grey. (C) Genes with significantly
altered expression in Erccl™ mice treated with NBD relative to Erccl” mice treated with inactive peptide
that have a known NF-kB regulatory element. Eighty-nine percent of these were down-regulated as expected
if NBD is inhibiting activation of NF-kB . Genes highlighted in grey are known to have a role in cell survival

and cell cycle control.
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Figure 24: NF-kB is a central mediator of top affected networks (A) Network map of the top affected
networks defined by Ingenuity in Figure 23A. Central mediators are NF-kB (red circle) and HNF4A (blue

circle)
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3.5  DISCUSSION:

In this study, we evaluated the effects of NF-kB suppression on age-associated
degeneration in a mammalian model of accelerated aging. Figures 16 and 17 suggest that as with
normative aging animals, the ERCC1-deficient mouse model of accelerated aging has elevated
levels of NF-kB activity. As hypothesized, chronic inhibition of the NF-kB pathway using both
genetic suppression and the NF-kB inhibitory peptide led to delays in age-at-onset of phenotypic
changes associated with aging. The overall aging score, which takes into account the age at
onset of numerous symptoms and is an overall measurement of quality of life, showed a
significant improvement (p<0.005) in NBD treated mice compared to those treated with mNBD
peptide. While these changes were recorded in a blinded fashion, their true significance can be
seen by the images included in figure 18C/D & 19C/D, which portray the vivid differences
between Erccl™p65"" and Ercel™ and between NBD and mNBD treated Erccl” mice.

Furthermore, when comparing age-at-onset of phenotypic changes in NBD-treated mice
compared with mice treated with vehicle alone, rather than mNBD-treated mice (a potentially
partially active control) there are significant (p<0.05) and trending (p<0.1) delays in five of the
phenotypic symptoms assessed (Figure 20). Importantly, these phenotypic delays are
accompanied by amelioration of degenerative pathologic changes associated with aging in
general. NBD-treated Erccl™ mice exhibited reduced markers of cellular senescence in the
liver, a delay in fatty replacement of bone marrow, and reduced osteoporotic changes. Further,
NBD treatment resulted in reduced degeneration of pancreatic islet cells. These data suggest that
NF-xB up-regulation is not an organ or cell specific event, but rather NF-kB signaling has an

impact on the aging process as a whole.
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Additionally, mice treated with NBD peptide differ dramatically in gene expression
compared to their ErccI™ control littermates. When evaluating top networks and processes
altered by NBD as compared to mNBD-treated mice, cell death/apoptosis, cell and organ
development, organism survival, and stress response were the processes that were most highly
altered. It is not surprising, that an improvement in these pathways would be altered with
treatments that prolong healthspan and delay age-associated changes. Furthermore, these affected
pathways confirm findings that alterations in p53 signaling, a major controller of cell cycle
regulation and apoptosis, and leads to extended lifespan in progeroid-like models of aging®® .

Our analysis of gene expression changes revealed a 5% genomic shift (nearly 2000
genes) between NBD and mNBD treated animals. These changes in gene expression may be
highly relevant in determining which, if any, genes are specifically relevant to the aging process.
A recent study by Schumacher et al. suggests that rapidly aging, long-lived, and normative aging
mice have similar alterations in gene expression when compared with young wt mice®'®.
However, evaluating gene expression data in our NBD treated mice with previously examined
aging cohorts may elucidate genes that are biomarkers of aging. The goal of identifying these
biomarkers can be completed by comparing gene expression data from numerous anti-aging
compounds/genetic manipulations including SIRT1, p53, p38, and caloric restrinction to find
overlapping or commonly altered genes.

Gene expression analysis also confirms the efficacy of NBD, by showing decreased
expression of numerous genes with known NF-kB promoter sequences. Further analysis of
transcriptional regulation confirms that NF-kB subunits are integral in the expression changes

observed with NBD treatment. Independently, NF-kB transcriptional elements account for 4 of
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the top 25 altered transcription factors, however, as a group they become the single most
important transcription factored altered by NBD treatment.

Figure 17, shows decreased NF-kB activity in the spleen despite overall increases in NF-
kB activity in other organs. These data, along with the observation of no major inflammatory
cell infiltrate into the organs examined, leads us to believe that the role of overactive NF-«xB
signaling is not secondary to a gross inflammatory response as was speculated in Kawahara et al.
evaluation of Sirt6”" mice and NF-xB. Further support of this lack of inflammation is that Erccl”
" gene expression was highly correlative with that of natural aging mice with the exception that
Ercel” mice did not exhibit an increase in inflammatory and immune related gene'*’. Thus it is
likely that the alteration in NF-xB activity and the positive affects of NF-«kB inhibition via the
NBD peptide most likely results from an involvement in cell cycle and survival transcriptional
regulation. From our analysis, altered genes with known NF-kB promoter sequences involved in
cell cycle/cell survival include Gadd458, Cyclin D2 and D3, Bcl-2, apolipoprotein D, and protein
kinase C*. Interestingly the two most highly suppressed NF-«B regulated genes, apolipoprotein

D and Gadd45B have been shown to have roles in cellular senescence®™ *°

and age-related
disease™™.

Our in vitro data further support a role for NF-xB in cell cycle regulation and
proliferation. In agreement with previously published data, the Erccl” MEFs exhibit reduced
proliferation rates compared with wild type MEFs. These slow rates of proliferation are further

149. 215 1n each of these cases NF-xB

exacerbated by oxidative stress and gamma irradiation
activity is increased. However, when evaluating Erccl 7 ‘p65‘/ " MEFs there was a rescue of cell

proliferation rate compared with Erccl”. Thus, confirming that NF-xB is acts in an non-

inflammatory role to contribute to the aging process and that NBD blocks this change.
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It is important to note that existing progeroid models are not identical to normative aging,
although recent gene expression and characterization studies suggest that these mice mimic
normative aging to a high degree. The previous study, which evaluated NF-kB inhibition on
aged skin pathology, hypothesized that aging is an active process whereby genes must be

continually expressed at altered levels to sustain the aged phenotype'”".

Therefore, inhibition of
pathways controlling gene expression could reverse the aging phenotype. In this study, with
chronic inhibition of NF-kB was observed to delay the age-at-onset of numerous aging
parameters, but no reversal or complete block of aging changes, either histologic or phenotypic,
were observed. This lack of disease state reversal can be explained in at least two different
ways. First, age-related pathology development may not necessitate constant gene expression
changes, and once initial gene alterations occur they may be irreversible. However, an alternate
explanation is possible. The accumulation of DNA and cellular damage in the ERCC1 deficient
models is far greater and more rapid than that observed in normative aging. Thus, even with
chronic treatment of NBD, the cells are continually bombarded with damage that they cannot
repair. Therefore, NF-kB suppression may result in only a delay in the age-at-onset of age-
associated changes; however, if damage and repair cycles were to occur as in normative aging
animals, the NBD therapeutic intervention has even greater potential. This theory can only be
confirmed by long term studies in normative aging mice.

This compilation of phenotypic, histologic, and gene expression data demonstrates that
therapeutic intervention via inhibition of the NF-xB signaling pathway alters numerous aspects
of the aging process in the Erccl “A mice. While it is premature to suggest that global NF-xB
suppression is a viable method to treat aging, this study gives new insight to the treatment of

many age-assocaited disease. Specifically, targeted NF-kB suppression may be efficacious for
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treating osteoporosis, diabetes, Alzheimer’s, Parkinson’s or other age-related diseases. This
approach could avoid potential side effects, which are a concern when inhibiting inflammatory
pathways. It is important to note that no adverse side effects were observed in this 20 week
study of NBD treatment, a finding consistent with previous NBD studies. However, additional
studies will have to be completed to determine the efficacy of other NF-«kB inhibitors.
Furthermore, additional studies using IKK or p65 tissue conditional knockouts as well as other
genetic knockdown modles are necessary to evaluate to determine the mechanism, or likely
multiple mechanisms, by which NF-kB contributes to the overall aging process. Additionally, as
natural aging has even greater up-regulation of immune and inflammatory responses at the gene
expression level than the ERCC1 deficient models'’, NF-kB suppression may have more

beneficial effects in controlling the normative aging process.
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4.0 PHARMACOLOGIC NF-KB INHIBITION CAUSES ANTIGEN PRESENTING

CELLS TO UNDERGO ROS-DEPENDENT PROGRAMMED CELL DEATH .

4.1 ABSTRACT:

Monocyte derived professional antigen presenting cells (APC) are innate immune
mediators of inflammatory and age-associated degenerative changes. Differentiation, activation,
and functional processes of APC are regulated in different degrees by the NF-kB family of
transcription factors. In this study, we evaluated the role of pharmacologic inhibition of NF-«xB
APC. Macrophages and monocyte derived DC cells underwent programmed cell death (PCD) in
the presence of pharmacologic NF-kB inhibition. Unlike previous studies which implicated the
TNFo/JNK/Caspase8 signaling in this cell death pathway, the mechanism initiating PCD in our
hands is induction of ROS formation, which subsequently causes a loss of mitochondrial
membrane potential and activation of caspase signaling. This observed macrophage NF-kB-
inhibition-induced PCD may be one of the mechanisms by which inflammatory and age-

associated disease pathologies are reduced in response to NF-kB suppressive treatment.
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4.2 INTRODUCTION

NF-«B/IKK suppression is a therapeutic approach currently being examined in models of

human disease including, muscular dystrophy73 , diabetes mellitus®” , Parkinson’s72,

. . 8 . 71 . . 151 1
inflammatory bowel disease’®, rheumatoid arthritis’', heart disease, aging 1 and cancer’".

It is
commonly assumed that the beneficial effects of NF-kB suppression in mammalian diseases are
due to reduced cytokine signaling in innate immune cells, as well as a reduction in subsequent T-
cell activation and signaling. Specifically in diseases with known inflammatory components,
researchers have consistently evaluated cytokine profiles, including innate immune cytokines,
TNFa, IL-1B, and IL-12, as well as secondary T-cell cytokines IFNy, IL-2, and IL-17.

Study of these cytokines and T-cell activation is appropriate due to the role of NF-kB as a
central mediator of immune activation. NF-xB transcriptionally regulates numerous cytokines
(IL-2, IL-12, IL-23, IL-17, IFN-y, TNFa), chemokines (MIP-1, KC, RANTES) and adhesion
molecules (I-CAM, VCAM, p-selectin)®. Furthermore, NF-kB plays an important role in cellular

. . . . . . . . 301
survival specifically in cases of infection and increased inflammation’ .

NF-«kB transcriptional
regulation is mediated through a series of cellular signaling pathways, including Toll-receptors,
IL-1R, TNF receptors, TCR and BCR signaling apparatus, as well as ATM and other damage
sensors. Each of these inflammatory signaling pathways coalesce at the IKK complex, which is
considered the central regulator in the canonical or activated NF-kB signaling cascade’. The
IKK complex consists of a regulatory subunit, IKKy (NEMO), and two catalytic subunits, IKKa
and IKKB. Once IKKa/p are activated they phosphorylate the cytoplasmic inhibitor of NF-kB,
IxBa, thus targeting it for ubiquitination and subsequent degradation. The degradation of IkBa

leads to the release of NF-kB subunits by revealing a nuclear localization sequence, thereby

allowing NF-«B to translocate to the nucleus where it can then act as a transcription factor’.
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Due to the importance of NF-«B signaling in the inflammatory response and the
reduction in innate immune cytokines observed after NF-«kB inhibitory treatment of disease, it
was pertinent to explore the role of NF-kB/IKK inhibition in innate immune cells, specifically
macrophages and dendritic cells (DC). We hypothesized that NF-kB suppression would result in
a reduction in cytokine signaling and antigen presentation, as well as a subsequent reduction in
T-cell activation, and reduced trafficking of innate immune cells to sites of inflammation in vivo.
However, what we observed was that antigen presenting cells (APC), which constitute both
macrophages and DC, underwent a programmed cell death phenomenon (PCD) in the presence
of NF-«kB inhibition.

There are numerous reports of NF-kB involvement in cell death. The vast majority of
which implicate TNFa induced JNK and caspase 8 apoptotic cell death. The role of NF-«B in
PCD was recognized early due to the embryonic lethality of p65(Reld)”” mice™, IKKy”™*"®, and
IKKf" mice, a condition which is reversed in all cases by TNFR"™ crossbreeding®”. The

304, 305 .
> 27 and 1s

TNFa-induced cell death phenomenon has been confirmed in numerous studies
thought to be due to NF-kB transcriptional control of several anti-apoptotic genes including
XIAP, Bel-xL, A1-bf12, c-FLIP, A20, and GADD45p. One theory suggests that both the pro-cell
death JNK and caspase 8 pathways and the anti-apoptotic NF-kB pathways are activated by TNF
as described in Papa et al’®®. By inhibiting only the NF-xB pathway, the PCD cascade prevails,
leading to apoptosis. Interestingly, two previous reports observed macrophage cell death using a
non-specific NF-kB inhibitor, PTDC, without exogenous stimulation. We suggest here that this

cell death response seen in primary APC is independent of the well documented

TNF/INK/Caspase 8 PCD signaling pathway.
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In this current study, numerous specific NF-xB inhibitors, which block either signaling at
the IKK complex, IKKp, proteosomal degradation of IkBa or translocation of the p65 subunit to
the nucleus were evaluated. This NF-kB-suppression-induced PCD was found to be dependent
on reactive oxygen species (ROS). This accumulation of ROS leads to subsequent loss of
mitochondrial membrane potential (MMP) and activation of the caspase 9/3 pathway, resulting
in apoptotic cell death. Overall, our data suggest that APC death, in of both macrophages and
monocyte derived DC, contributes to the anti-inflammatory phenotype seen in murine models

after treatment with NF-xB inhibitors.

4.3 MATERIAL AND METHODS:

4.3.1 Materials:

NF-xB inhibitors used include: Compound A (gift from Bayer), IKK inhibitor VII
(Calbiochem), IKK2 inhibitor IV (Calbiochem), JSH-23 (Calbiochem), Wedelolactone
(Calbiochem), MG-132 (Calbiochem), caspase activation was inhibited by zVAD-fmk
(Calbiochem), ROS production and apoptosis was inhibited by butylated hydroxyanisole (BHA)
(Sigma). Iron chelator and anti-oxidant, Desferrioxamine Mesylate (DFO) (Calbiochem). All
compounds were diluted as suggested by manufacturers in DMSO and then diluted in desired
media. MTT (Sigma) diluted to Smg/ml in optimem media. Etanercept from Wyeth

Pharmaceuticals.
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4.3.2 Peptides

The peptides TAT-NEMO Binding Domain (NBD; (YGRKKRRQRRRGGTALDWS
WLQTE-amide), inactive (mutant) TAT-NBD (mNBD; YGRKKRRQRRRGGTALDAS
ALQTE-amide), were synthesized by the peptide synthesis facility at the University of
Pittsburgh, Pittsburgh, PA. Underlined amino acids represent tryptophan to alanine mutations.
Peptides were purified and characterized by reversed-phase high performance liquid
chromatography and mass spectrometry. For in vitro experiments, TAT-NBD and TAT-mNBD
peptides were used, while in vivo 8K-NBD and 8K-mNBD peptides were used due to differing

transduction rates.

4.3.3 Murine macrophages, DC and other cell lines:

Bone marrow (BM)-derived macrophages were isolated from the femurs of mice. BM
was flushed with washing medium (RPMI 1640 with 1% penicillin/streptomycin), passed
through a 70-pm nylon cell strainer into a 50-ml conical tube, and spun down at 1500 rpm for 5
min. RBC were lysed using ACK lysis buffer for 15 min, and resuspended in complete medium
(washing medium with 10% FBS). BM cells were seeded in conditioned L-cell media (consisting
of 20% precondition L-cell media, 60% DMEM, 20% FBS) additional 1% L-glut, 1% sodium
pyruvate, and 1% penicillin/streptomycin (P/S) were then added to the media. Cells were
seeded in 10cm dishes and media was replaced after 3 days and cells were collected on day 7.

Cells were passaged every 3-4 days and were discarded after one month.
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Bone marrow derived dendritic cells (BMDC) were isolated from mice as were BMDM.
Bone marrow cells were seeded at 5e6 cells per well in 6 well plates in complete RPMI
supplemented with 10ng/ml of GM-CSF (Cell Sciences) and 20g/ml IL-4 (Cell Sciences). 2ml
of media was replaced on Day 3 (supplemented with GM-CSF and IL-4) and cells were collected
on Day 7. Cells were then isolated using MACs columns (Miltenyi Biotech) with positive
selection using CD11c beads. Isolated cell were then seeded and used for experiments seeded in

complete RPMI media.

Other cell lines used included Fetal Skin Dendritic Cells (FSDC) and immortalized
murine DC cell line (maintained in RPMI with 10% FBS and 1% P/S), RAW264.7, a murine
macrophage cell line (maintained in RPMI with 10% FBS and 1% P/S), a prostate tumor cell
line DU145 (maintained in maintained in DMEM 10%FBS, 1%P/S, 1% HEPES), an
immortalized T-cell line D10 (maintained in RPMI 10% FBS, 1% NEAA, 1% Pen/strep, 1%
Hepes, 1% Sodium Pyruvate 0.1% beta-ME supplemented with 1:2000 50,000U IL-2), and
primary mouse embryonic fibroblasts (MEFs) derived as described in Niedernhofer et al.'*

(maintained in DMEM 44% ml Ham’s F10 44%, 10% FBS, 1%, P/S, 1% NEAA).

4.3.4 NF-«B luciferase assay

HEK?293 cells stably transfected with a multimerized NF-xB DNA binding element-
luciferase reporter (DMEM with 10% FBS and 1% penicillin/streptomycin) were pretreated for 1
hour with varying NF-kB inhibitory compounds (in Materials) were activated for 3 h with 10
ng/ml TNF (R&D Systems). The cells were lysed in reporter lysis buffer and luciferase activity
was measured with a luciferase assay system (Promega) using AutoLumat Luminometer
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(Berthold Technologies,). Due to the high binding affinity of the PTD fragments of the peptides
(peptides were treated in Optimem prior to addition of TNF) all other NF-«B inhibitors were

treated in maintenance media.

4.3.5 MTT Assay:

Cells were seeded in 96 well plates at a concentration of 40,000 cells per well for FSDC,
30,000 cells/well DU145, 10,000 cells/well for MEFs, 30,000 for D10, 30,000cells per well for
BMDM and BMDC and 30,000cells/well for HEK293-NF-kBMif¢  Cells were treated with
listed doses of the NF-kB inhibitors and allowed to grow for 24 hours or as described. 10ul of
MTT working solution (5mg/ml) was added to each well and incubated for 2 hours. Excess
media was removed and crystals were dissolved in 20ul of DMSO and then diluted in dH,0.
Absorbance was measured at 530nm on MRX revelation microplate reader (Dynex

Technologies). Values were then normalized to untreated controls and blank wells.

4.3.6 Western blotting

Cells were treated over a reverse time course with varying NF-«B inhibitors as described
in the results. Cells were collected by scraping, then pelleted and lysed using Reporter Lysis
Solution (Promega). Protein concentration was determined using Bradford assay (Pierce).
Western blots were performed and analysis was performed with the following antibodies:
Caspase 3 (Cell Signal), Cleaved Caspase-9 (Cell Signal), Cleaved Caspase 8 (Cell Signal) B-

actin (Abcam), A1/bfl-1 (Cell Signal).
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4.3.7 Mitochondrial Membrane Potential and Cellular ROS production:

Cells were treated with desired compounds as listed in individual experiments. At
desired timepoints, cells were treated with 40nM DiOC6(3) (Invitrogen), which was made from a
40mM stock in DMSO, and 5SmM MitoSOX (Invitrogen) used according to manufacturers
instructions. Cells were incubated in these solutions diluted in complete IMDM media for 30min
at 37°C protected from light. Cells were then washed two times in complete IMDM media and
were subsequently imaged using fluorescent microscopy using Axiovert200 Microscope and
Axiovision software (Zeiss). To remove background fluorescence, all images had equally altered
red and green channel levels for imaging but not quantification. After 30min incubation with
fluorophores and washing, cells were then collected and evaluated by on LSR2 flow cytometer
(BD Bioscience). FACS analysis using cells stained with DiOC6(3) and MitoSox were
evaluated on Axiovert200 Microscope. Further FACs analysis was completed using FlowJo

(TreeStar Inc)

4.3.8 Immunofluorescence.

Cells were grown on poly-L-lysine-coated coverslips. Poly-L-lysine coverslips were
prepared as follows coverslips were washed for 10 minutes in boiling 1M HCI. Slides were
rinsed completely in dH,O. Coverlsips were then incubated in 0.1% poly-L-lysine hyrdro
bromide (Sigma) for 10 min. Coverlsips were then washed and dried in oven at 60°C.Cells were
fixed for 15 minutes using 2% paraformaldehyde (Sigma) and then washed with PBS. The cells

were then permeabilized with 0.1% Triton X (USB) in PBS and then washed and blocked with
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2%BSA for 45 minutes. Cells were treated with primary antibodies (as listed) for 1 hour and
then secondary antibodies conjugated to fluorophore either Cy3 (1:1000) or SA488 (1:500)
(Jackson) for 1 hour. DAPI stain was then added to cells for 30 seconds and cells were fixed to

glass slides using gelvatol solution. Confocal microscopy was completed using Olympus

Flowview 1000.

4.3.9 mRNA analysis:

FSDC and BMDM were collected from 6 well plates as defined in the experiments
below. mRNA was isolated from cell pellets using RNAqueous Kit (Ambion). mRNA was then
quantified using NanoDrop (Thermo Scientific). Samples were then were analyzed for Al/bfl-1
(Fwd:5’AATTCC AACAGC CTCCAG ATATG3’ Rev:5’GAACAA AATAT CTGCAA
CTCTGG3’) Bel2 (Fwd 5’TACCGT CGTGAC TTCGCA GAG3’ RevS’GGCAGG CTGAGC
AGGGT CTT3’) BelXL (Fwd 5°’AGGCA GGCGA TGAGT TTGAA C3’ Rev GAACC ACACC
AGCCA CAGTC A3’) FHC (Fwd5’AGACC GTGATG ACTGG GAGAG3’ Rev 5’AGCTT
AGCTCT CATCAC CGTG TC3’) and B-actin (Fwd S’TAAAA CGCAG CTCAG TAACA
GTCCG3’ Rev 5’TGGAA TCCTG TGGCA TCCAT GAAAC3’) Samples were run for 30

cycles using PCR machine Techgene (Techne).

4.3.10 Statistical analysis:

Experiments shown are representative of 3 independent experiments. P-values were

determined using the student T-test.
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44  RESULTS:

4.4.1 NF-kB suppression results in APC death:

Previously, our laboratory evaluated the efficacy of the Nemo Binding Domain peptide
(NBD), an inhibitor of the IKK complex, in a murine model of IBD'® where it ameliorated
disease with good in vivo efficacy. The efficacy of NBD is supported by numerous other in vivo
studies®” " . Tt was observed that levels of inflammatory cytokines derived from innate cells
including IL-12p40 and TNFa were reduced in the NBD treated animals compared with control
treated animals’®. Initially, a decrease in cytokine secretion was observed in macrophages
pretreated with NBD for one hour before stimulation with LPS or TNF (data not shown). Under
visual observation, however, the majority of the macrophages in culture exhibited characteristics
of apoptosis cell death, including fragmentation or blebbing, nuclear condensation, cell
shrinkage, and loss of symmetry (Figure 25A).

TAT-NBD (NBD) but not TAT-mNBD (mNBD), an inactive control peptide, treatment
was shown to cause cell death in a dose-dependent manner (data not shown). Cells treated with
200uM of NBD peptide underwent rapid cell death, with 100% cell death occuring within 4
hours (Figure 25B). This cell death response was confirmed visually using trypan blue exclusion
analysis (Figure 25A), in which all NBD-treated cells, but not the mNBD-treated cells failed to
exclude the trypan blue stain. Annexin V and PI staining confirmed that the NBD induced

programmed cell death (PCD) was indeed apoptotic (Figure 25C). In the NBD treated sample
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71.5+£1.2% of cells were double positive for Annexin V and PI, while in the mNBD treaded
sample 11.845.4% were double positive.

While the data comparing NBD with mNBD suggest that the cell death was due to the
NF-«B inhibitory domain of the peptide, it was necessary to confirm whether this was a NF-kB
specific phenomenon or a by-product of this particular inhibitor. To evaluate this more closely,
seven NF-kB inhibitory compounds were used, each of which targeted different aspects of the

NF-«B inhibitory cascade (Table 3).
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Figure 25: NBD peptide induces apoptotic PCD in APC. (A) RAW264.7 cells were treated with NBD or

mNBD peptide for 12 hours, cells were then stained with trypan blue and then images were obtained. The
left image indicates a high number of trypan blue stained (dead) cells following NBD treatment. In the image
on the right, phase-contrast microscopy was utilized in order to visualize mNBD treated cells, which remain
alive and capable of excluding trypan blue. (B) RAW264.7 murine macrophages cell line was treated with
NBD or mNBD (200uM) for varying time-points and cell death was determined by trypan blue exclusion. (C)
RAW264.7 cells were treated for 4 hours with NBD or mNBD peptide and analyzed for expression of Annexin
V (apoptotic marker) and PI (cell death marker) NBD treated cells expressed an upregulation in both

Annexin V and PI compared with inactive control peptide.
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Table 3: Selected NF-kB inhibitory compounds

Inhibitor Chemical Composition Target Citation
NBD TALDWSWLQTE IKK complex TR
formation

Compound A 2-Amino-6-(2- IKK specific 93307
(cyclopropylmethoxy)-6- inhibitor

(Cmp A) hydroxyphenyl)-4-(4-
piperidinyl)-3-
pyridinecarbonitrile

MG-132 Carbobenzoxy-L-leucyl-L- | Proteosome 208, 509
leucyl-L-leucinal inhibitor: blocks

IxBa degradation

IKKiVII 2-benzamido-pyrimidine- IKKa and B inhibitor | 7>
derivative

Wedelolactone | 7-Methoxy-5,11,12- IKKa and B inhibitor oM
trihydroxy-coumestan

TPCA-1 5-(p-Fluorophenyl)-2- IKK specific 214 15
ureido]thiophene-3- inhibitor
carboxamide
I(KK?2 inhibitor IV)

JSH-23 4-Methyl-N'-(3- p65 nuclear o1
phenylpropyl)benzene-1,2- | translocation
diamine inhibitor

Each of these seven inhibitors were evaluated for induction of APC death using the fetal
skin dendritic cell line (FSDC), and for their NF-kB inhibitory properties using a stably
transfected NF-xB-luciferase reporter HEK293 cell line (293™®) (Figure 26). The cell death
profile FSDC was proportional to that of the NF-kB inhibition profile with each inhibitor used,
confirming that NF-kB suppression was indeed the inducer of PCD. JSH-23, which inhibits p65

nuclear translocation alone, did not induce complete PCD even at elevated doses, however, this

could be due to compensation by other NF-xB subunits.
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Figure 26: Decreased cell survival is directly correlated with decreased NF-kB activity following treatment
with a panel of NF-kB and IKK inhibitors. The 239""*® reporter cell line was utilized to measure relative
levels of NF-kB activation secondary to TNFa stimulation after 3 hour incubation at varying concentrations
of the respective inhibitors (black lines). The inhibitors were also evaluated in the FSDC APC cell line (grey
line) where the percent survival was determined by MTT assay after 24hr incubation with varying doses of

the inhibitors (FSDC cells, unlike the 293~ were not stimulated exogenously).
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Due to the high concentrations of NBD (200-400uM) that were needed to induce cell
death compared to the more controlled profile provided by Compound A (Cmp A), TPCA-1,
IKKiVII, and MG-132, these other NF-«kB inhibitory compound were used for the majority of in

vitro experiments in the remainder of this manuscript.

4.4.2 NF-kB induced cell death is specific to APC populations:

Two previous reports suggesting the phenomenon of NF-kB-inhibition-induced
macrophage cell death® *'"°, these reports did not evaluated DC nor other cell lines to determine
whether this was an APC specific response. Using four of the NF-kB inhibitors, cell death
profiles using an MTT assay were evaluated in HEK293, immortalized D10, and primary MEFs
cell lines compared with the FSDC cell line. Cell death induction in the FSDC cell line occurred
at far lower concentrations as compared with the other three non-APC cell lines. Compound A
and TPCA-1, two IKKp selective inhibitors, showed very little toxicity in non-APC cell lines
(Fig 25A/B), while the two IKK complex inhibitors, IKKiVII and Wedelolactone, had greater
affinity for producing PCD in the FSDC over other cell lines, but did exhibit some toxicity at
higher concentrations (Figure 27C/D). When analyzing the non-APC cells in culture, it was
apparent that the decrease in MTT activity observed at eleveated concentrations was secondary
to necrosis-like morphologic changes or reduced cell growth rather than apoptotic morphologic
changes (data not shown).

Using Compound A , the specificity of cell death to APC cell lines was further confirmed
by evaluating survival profiles for an increased number of cell lines including both primary bone
marrow derived DC (BMDC) and macrophages (BMDM), RAW264.7 macrophage cell line, as
well as DU145, along with the previous evaluated cell lines. Figure 27E indicates LDsy values
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for each cell line. Here the high level of specificity of NF-kB-inhibition-induced APC death is
apparent. The HEK?293 cells had LDsy+ SE of 199.5 £ 32.6, DU145 were 175 £+ 23.9, MEFs had
improved growth trends with NF-kB inhibition (so no calculable LDs(), while the APC had LDs
ranging from 2.7 = 0.2 for FSDC to 8.9 + 0.4 for RAW264.7, with wtBMDM, and wtBMDC at
3.2 £3.0 and 6.3 + 0.1 respectively. One can see that the four APC cell lines had significantly
lower LDsy compared with the other cell lines (p<0.002 for D10 to 0.000001 for MEFs). This

data confirms that this effect is a specific pan-monocyte derived APC phenomenon.

4.4.3 NF-kB activates caspases response in APC:

NBD treatment increased annexin V and PI positivity in APC by 4 hours, suggesting
apoptotic cell death (Figure 25C); however the exact mechanism of this PCD is unknown.
Several mechanisms have been hypothesized to explain similar PCD phenomenon. TNFa
induced PCD occurs via activation of JNK and caspase 8, which is described for varying cell
types in the literature. The more recently described mechanism is PCD secondary to increased
ROS production followed by capsase 9/3 activation. Each pathway individually or collectively
may play a role in this APC specific PCD pathway, and will be explored further herein.

Therefore, caspase activation was analyzed after treatment with the NF-xB inhibitors.
Time-courses performed using three NF-kB inhibitors, Compound A, IKKiVII and MG-132,
showed an increase in caspase 8, caspase 9 and caspase 3 cleavage over a 7 hour time-course
(Figure 28A). This caspase activation was confirmed using immunofluorescence for cleaved
caspase 3 (Figure 28B) and the specific caspase inhibitor zZVAD-fmk was able to inhibit NF-xB
induced PCD in FSDC after treatment with CmpA, IKKiVII and MG-312 (Figure 28A).
Interestingly, while primary BMDM also underwent caspase 3 and 9 cleavage, as determined by
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Figure 27: IKK induced cell death is APC specific. (A-D) Four cell lines, D10, wtMEF, HEK293, and
wtFSDC, were evaluated for percent survival in the presence of increasing doses of several IKK inhibitors.
Each point was determine by averaging at least 3 measurements at the indicated concentrations of IKKf
specific inhibitors, Compound A and TPCA-1 (A-B), or IKK complex inhibitors, Wedelolactone and IKKiVII
(B-D), respectively. (E) LDs, values were determined for 4 APC and 4 non-APC cell lines in the presence of
Compound A. Values were completed by regression analysis and determination of the 50% death point on a

minimum of 3 survival curves for each cell line. p-values were determined by comparing each non-APC cell

line with the most resistant APC cell line (RAW264.7)
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Figure 28: NF-kB suppression activates Caspases 8, 9 and 3 in a time-dependent manner. (A) Levels of

caspase-8, -9, and -3 activation were determined via Western blot analysis at the indicated time-points
following treatment with three different NF-kB inhibitors. p-actin was used as a positive control. (B)
Immunoflourencnce shows an increase in the levels of cleaved caspase 3 (red) after 5 hour treatment with

10pM Compound A.
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WB, zVAD pretreatment led to only minimal or no increase in cell survival, a feature also
observed in RAW264.7 cells (data not shown). However, there have been several reports of

macrophages undergoing cell death after treatment with zVAD?'® 3!

, thus preventing a clear
understanding of caspase dependency in these other cell lines.

The activation of caspase 9 suggests a mitochondrial induced apoptosis response, as was
described previously®>. In most instances, a loss in mitochondrial MMP induces cytochrome C
release, which then activates caspase 9 and then caspase 3. Two major mediators of capsase 9
cleavage and activation are upstream caspase 8 activation or ROS production, both of which may
result in loss of MMP?'®. However, there are reported cases of direct caspase 9 activation by
ROS prior to loss of MMP'**"?. Caspase 8 is known to be a downstream signaling component

of the death domain signaling pathways, and is often secondary to TNFR activation. Thus, the

roles of ROS and TNF signaling were explored.

4.4.4 APC NF-kB-inhibition-induced death is dependent on ROS production

To determine if NF-kB-inhibition-induced PCD is associated with increased ROS
production, DiOC6(3) and mitoSOX were used to evaluate mitochondrial membrane potential
(MMP) and ROS production, respectively. FSDC were treated with 10uM of Compound A and
stained for FACS analysis at 0, 3, 7, 15, and 24 hours. During this time-course, there was a
progressive increase in ROS and a concomitant loss in MMP (Figure 29A). These findings were
confirmed by immunofluoresence, which shows a vast increase in ROS production (red staining)

after incubation with Compound A. In addition, cells with apoptotic morphology (marked with
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arrows), specifically at 4 and 9 hours, are those cells which have increased ROS levels and
decreased MMP suggesting a role for this pathway in cell death (Figure 29B).

A ROS scavenger, BHA, which has been shown to reduce O, production3 2 was used to
evaluate the role of ROS. While there is an initial increase in ROS production in FSDC treated
with BHA and Compound A at 3 hours, the amount of ROS stabilizes and does not increase
during the 7 and 15 hour time-points. Furthermore, the treatment of CmpA with the addition of
BHA prevents the loss of mitochondrial membrane potential seen with CmpA alone (Figure 29C
and 27A respectively). This suggests that loss of MMP is secondary to ROS formation. The
ROS formation in Compound A in the presence or absence of BHA or in FSDC left untreated
was further examined at the 3 and 15 hour time-points (Figure 29D, left panels). The reduced
ROS production in BHA treated samples led to a maintenance of mitochondrial membrane
potential (Figure 29D, right panels). In addition to leading to reduced ROS and rescue of the
MMP, BHA treatment of cells results in rescue of cell death secondary to three NF-«B inhibitors,
CmpA, IKKiVII, and MG-132 (Figure 30B), as well as a rescue of PCD in BMDM, BMDC and
FSDC treated with Compound A (Figure 30C). Taken together, these data suggest that caspase 9
activation may be secondary to ROS formation or loss of MMP, but that ROS formation is likely

the initiating event.

4.4.5 NF-kB-inhibitor-induced cell death is stimulation dependent but independent

of the TNFo/JNK/Caspase pathway:

The activation of caspase 8 (Figure 28A) suggests a TNF dependent cell death pathway,
which is the most commonly observed NF-kB induced PCD pathway described in the

literature™' and will be abbreviated here as the TNF/JNK/Caspase 8 PCD pathway. NF-«B
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Figure 29: IKK suppression results in increased ROS production and secondary loss of MMP. (A) FSDC
were treated with 10pM compound At time-points listed, MitoSOX (red fluorescent marker which increases
with increased ROS formation) and DiOC6(3) (green fluorescence indicator of MMP, reduced fluorescence
indicates loss of MMP), markers for ROS and MMP, respectively, were analyzed via flow cytometry. (B
FSDCs were treated with 10uM Compound A and at the indicated time-points, MitoSOX (Red) and
DiOC6(3) (Green) were analyzed by fluorescent microscopy, apoptotic cells are marked with yellow arrows.
(C) FSDC were treated with 10uM CmpA and 200uM of BHA and analyzed for ROS production and MMP
using flow cytometry. (D) FSDC ROS and MMP were evaluated via flow cytometry after 3 and 15 hours

after 10uM CmpA = treatment with 200pM BHA.

induced PCD was observed initially with the embryonic lethality of p65” mice secondary to

. . 1 . . 1
liver apoptosis™ and has, subsequently, been observed in numerous cell lines®".

In each case,
the NF-kB induced cell death was dependent on TNF signaling, and acted through caspase 8, a
common mechanism for mitochondrial induced cell death. As caspase 8 is activated one hour
after caspase 3/9 in both the MG-132 and IKKiVII treated samples, this may not be the initiating
event. However, because this apparent delay in activation could be due to differences in
exporure, TNF o’ and WT primary macrophages were used to evaluate whether this APC death
was TNF/JINK/Caspase 8 dependent.

Primary macrophages, WT or TNF o ", were evaluated with Compound A, MG-132, and
IKKiVII. The TNFa” cells were highly resistant to IKKp inhibition-induced cell death,
evaluated using Compound A and TPCA-1 treatment (Figure 31A top two panels). In addition,
TNFo"~ macrophages were less susceptible to IKKiVII (pan-IKK) and MG-132-induced death
than WT macrophages. In the case of IKKiVII-treatment, the TNFa™” macrophages did undergo

PCD at higher concentrations (Figure 31A). Thus, it appears that NF-kB-suppression PCD

at higher concentrations (Figure 31A). Thus, it appears that NF-kB-suppression-induced PCD is
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Figure 30: APC death is dependent on Caspase and ROS signaling. (A) MTT assays were used to
measure survival of FSDC that were untreated or treated with the listed doses of CmpA, MG-132, or
IKKiVII (NF-kB inhibitors) in the presence of 75uM zVAD or 200pM BHA. (B) Cells were further analyzed
by microscopy to evaluate changes in morphology. Untreated cells show apoptotic morphologic changes
including reduced size, blebbing and the loss of reflected light. Treatment with zVAD prevented morphologic
changes induced by all NF-xB inhibitors, while treatment with BHA prevented apoptosis in CmpA and

IKKiVII treated samples. (C) FSDC, BMDM, and BMDC were treated with CmpA + 200pM BHA and

analyzed for survival via MTT assay.
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dependent on the activation state of macrophages, secondary to the inhibitors.

To evaluate if the TNFa”™ macrophage resistance to the IKKp inhibition-induced PCD
was truly a TNFa dependent phenomenon, TNFa”~ macrophages were treated with TNFa
(10ng/ml), LPS (100ng/ml), or left untreated in the presence of CmpA. Addition of exogenous
TNFo caused TNFa” BMDM to become more sensitive to CmpA-induced cell death than WT
cells treated with CmpA alone. However, this same sensitivity was achieved with the addition of
exogenous LPS (100ng/ml), suggesting that this is not a TNF/JNK/Caspase 8 dependent event
but rather a stimulation or activation dependent event (Figure 31A top panel). This same
phenomenon was observed with the other NF-kB inhibitors (TCPA-1, IKKiVII, and MG-132).

It is likely that the endogenous TNFa produced by WT macrophages led to the minimal
activation state required for the APC death response. Therefore, TNF was depleted from WT
macrophages 1 hour prior to CmpA treatment using 50 or 25ug of etanercept (anti-TNF
antibody) resulting in blocked cell. However, NF-kB-inhibitor induced PCD was induced upon
the addition of exogenous LPS in the presence of etanercept (Figure 31B). Further supporting
the claim that TNF is not necessary to induce cell death, and also suggesting that the level of
simtulation contributes to PCD induction in the presence of NF-kB inhibition.

As NF-kB-inhibitor induced PCD was observed after LPS stimulation in TNFa™
macrophages, the role of stimulation in primary APC death was further examined. Only very
low levels of exogenous stimuli were necessary for Compound A induced cell death to occur.
While TNFa and LPS are normally used at levels of 10ng/ml or 100ng/ml respectively in culture,
amounts as low as 0.05ng/ml of TNF and 0.01ng/ml of LPS were sufficient to induce significant
cell death in Compound A treated TNF o macrophages, suggesting that only minor activation of

these cells is necessary for induction of the NF-kB inhibition-induced PCD (Figure 31C).
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Figure 31: NF-kB-inhibition induced APC death is dependent upon stimulation. Cellular survival was
measured after 24 hours using MTT assays in the following experiments: (A) TNFa” (darker colors) and
WT (lighter colors) primary macrophages were evaluated for survival in the presence of NF-kB inhibitors, as
well as in the presence of 10ng/ml of TNFa (green) or 100ng/ml of LPS (red) or left untreated (blue). (B) WT
macrophages were either left untreated, or treated with CmpA (10pM), or CmpA (10pM) + Embrel
(50ng/ml) = 100ng/ml LPS and survival was measured by MTT assay. (D) WT macrophage survival in the

presence 10pM Compound A and decreasing concentrations of TNF (top) or LPS (bottom).

4.4.6 NF-kB-inhibitor-induced PCD is independent of Death Domain Signaling

through JNK and caspase 8

APC apoptotic response was induced without TNFa signaling suggesting a novel
mechanism of NF-kB induced cell death. However, it is possible that this cell death could be
secondary to another death domain receptor acting via JNK and caspase 8. Thus, SP600125 a
potent inhibitor of JNKI and JNKII signaling, was evaluated in FSDC and BMDM. In FSDC,
inhibition of Jnk reduces NO signaling (data not shown), but has no effect on NF-kB induced
FSDC death at doses of 10uM or 25uM (Figure 32A) or in BMDM (data not shown). Therefore
APC death in response to NF-kB inhibition is likely independent of JNK signaling. To further
confirm that this was a novel TNF/death domain independent pathway, caspase 8 activation was
evaluated. Caspase 8 is also activated secondary to death domain- and Jnk-induced cell death.
Caspase 8 activation was observed secondary to Compound A, MG-132, and IKKiVII (Figure
28A). However, caspase 8 cleavage can occur either before mitochondrial membrane disruption

or secondary to caspase 9/3 activation. Immunoblot analysis of FSDC pretreated with BHA or
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left untreated revealed that caspase 8 activation was seen only in Cmp A treated samples, but not
those treated with BHA and CmpA (Figure 32B), suggesting that caspase 8 activation, in this

system, is activated after ROS and mitochondrial membrane dysfunction and is not the proximal

mechanism of cell death
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Figure 32: NF-kB suppression-induced APC PCD is independent of Jnk and Death Domain receptors. (A)
FSDC were pretreated with either 10 or 25pM of specific Jnk inhibitor (SP600125) and varying
concentrations of NF-kB inhibitors, and cell survival was evaluated by MTT assays. (B) FSDC samples were
collected at 4, 5, 6, and 7 hours in the presence of CmpA (10pM) + BHA (200uM), and caspase 8 and caspase

3 activation were evaluated via immunoblot. B-actin used as a loading control.
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4.5  DISCUSSION:

This chapter describes a novel NF-kB-inhibtior-induced cell death response in APC. The
widely accepted and previously reported NF-kB-inhibitor-induced PCD response occurs via the
TNFa/JNK/caspase 8 signaling pathway. However, in APC we observe that NF-kB inhibition
results in increased ROS formation, which leads to a subsequent loss of MMP (Figure 29) and
activation of caspase9/3/8 (Figure 28). Using TNFo™ primary macrophages, it was observed
that a minimal level of NF-kB activation must be present for IKK inhibition induced cell death to
occur. However, these levels are similar to basal levels of TNFa (0.05ng/ml) produced by WT
macrophages in cell culture®'. Further evidence that this is a TNFa/JNK/Caspase 8 and death
receptor independent include, LPS signaling induces cell death equivalent to the addition of
TNFo in TNFo~ BMDM (Figure 31), lack of effects of JNK inhibition on the cell death
response, and caspase 8 is activated downstream of ROS production(Figure 32). Therefore, the
observed APC death is likely a novel NF-kB induced cell death pathway.

Our data reinforce and elaborate on the findings of two previous studies, which evaluated
the roles of NF-kB-inhibition-induced cell death in macrophages. Mannick et al, observed that a
non-specific NF-kB inhibitor, PTDC, caused RAW264.7 macrophages to undergo cell death in
culture’®.  This finding was expanded upon by Pagliari et al who also used PTDC, but
additionally examined NF-kB suppression using an adenovirus expressing IkBa DN. They
showed a clear collapse of MMP using the Ad-IkBa-DN. However, when using PTDC, it was
observed that the cells were not rescued from apoptosis using caspase inhibitors, possibly due to
zVAD toxicity in RAW264.7 cells. In addition, they did not observe caspase 3 degradation, and
in fact they suggested a caspase 3-independent pathway, and did not address the role of ROS

production in this apoptotic response™. Furthermore, as these studies used PTDC, which can
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322 some of the true mechanisms of the NF-kB cell death pathway may

also act an anti-oxidant
have been overlooked. In exploring this phenomenon, we noted that Al/bfl-1 was
downregulated at the mRNA level in the presence of CmpA although to a lesser extent than
shown by Pagliari et al (Figure 33A). However, an increase in A1/bfl-1 protein expression was
observed after NF-xB suppression (Figure 33B/C). As A1/bfl-1 acts to protect MMP, but does
not alter ROS production, it is likely that A1/bfl-1 transcriptional suppression is not a primary
mechanism controlling APC death after NF-kB inhibition.

That APC are not reliant on TNFa to undergo NF-kB induced PCD is not entirely
surprising, as macrophages and DC have higher basal levels of NF-kB activity compared to other
cell types®. Further, while TNFa is a danger marker for the majority of cell types and can often
lead to cell cycle arrest and stress responses, in APC TNFa acts as a pro-growth, activation
signal’®, thus the effects of this cytokine are likely different in APC compared with other cell
types.

We demonstrate here that ROS production is a proximal component of NF-kB inhibition-
induced PCD. ROS formation occurs upstream of both MMP loss (Figure 29) and caspase
activation (Figure 32). NF-kB is known to transcriptionally regulate several anti-oxidant proteins
within the cell, inclduing superoxide dismutases (SOD1°**, SOD2°*), and ferritin heavy chain
(FHC)*®.  Of these anti-oxidant proteins FHC has been previously implicated in
TNFa/JNK/Caspase 8 induced NF-kB cell death while the other anti-oxidant proteins appear to

13, 322

play a lesser role . However, mRNA analysis showed no downregulation of FHC, despite

the rescuing effect of DFO, a chelator of free iron, in
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Figure 33: A1/bfl-1 mRNA, but not protein, is reduced in NF-kB suppressed APC. (A) mRNA was isolated
and evaluated for expression at 0 and S hours post-treatment with Cmp A, as well as 3hr post treatment with
LPS. Expression of Bcl-2 family members A1/Bfl-1, Bcl-2, Bel-XL were analyzed via Western blot. B-actin
was used as the loading control. (B) IF of A1/bfl-1 was completed in control cells or at 5 hours post-CmpA

treatment. (C) Immunoblot of A1/bfl-1 expression during a timecourse of NF-kB suppression-induced PCD.

rescuing IKKP specific cell death (Figure 34). Thus, further studies must be completed to

determine the downstream effectors of increased ROS in our NF-kB inhibited macrophages.
Possibly more important than the exact mechanism of increased ROS production is the

likelihood that these findings may help to explain human physiologic and therapeutic responses

to NF-«xB inhibition. PCD secondary to NF-kB inhibition in APC may explain response observed
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in specific pathogen infections. There are a few well known pathogens that cause macrophage
and DC apoptosis, and in a number of these cases, it has been determined that these bacteria
produce NF-kB inhibitory compounds. Two specific examples are the Yersinia bacteria and
Vaccinia Virus. Numerous articles suggest that APC death is induced secondary to one of two
NF-«B inhibitors produced by Y. pestis, YopP and YoplJ, as a loss of these molecules leads to
improved survival 2’ **® Furthermore, this NF-kB inhibition-induced PCD is enhanced by LPS
signaling®®’. Vaccinia virus inhibits NF-kB signaling via two proteins, NIL*** and B14**°,
Furthermore, it has been reported that Vaccinia causes macrophage and DC apoptotic cell

death33l, 332

. Interestingly, one of the differences between attenuated Vaccinia, which does not
induce APC, and the non-attenuated apoptosis inducing Vaccinia is the expression of N1L**.
Therefore APC death induced by NF-kB inhibition may further explain macrophage cell death
responses secondary to other pathogen infections.

This NF-kB apoptic response is biologically important not only with regards to APC
response or protection against infection, but also in evaluating therapeutics for cancer and
inflammatory/auto-immune diseases. Recently, several groups have begun to examine the
efficacy of NF-xB inhibition in treating myeloid leukemias such as acute and chronic myeloid
leukemia (AML and CML). AML and CML derive from myeloid progenitors, which give rise to
non-lymphocyte white blood cells including macrophages and DC***. In Imatinib resistant CML

cell lines, NF-kB/IKK was activated®® " 3%

, and as expected these cells underwent caspase
dependent cell death in response to NF-kB/IKK suppression. Furthermore, mice injected with

CML cell lines showed reduced tumor burdens when treated with an IKKp inhibitor’.
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Figure 34: NF-kB suppression does not suppress FHC gene expression, but iron chelation reduces NF-kB

induced cell death in FSDC.

(A) mRNA expression of FHC is not altered after treatment with 10pM

Compound A over a timecourse of 12 horus. (B) MTT survival assay after treatment with NF-xB inhibitors in

BMDM pretreated with 500pM DFO, 50ng/ml of etanercept, or left untreated. (C) MTT survival assay in

BMDM treated with a combination of 100ng/ml LPS, 10pM Compound A, or 500pM DFO.

The NF-kB initiated inflammatory response is an obvious pharmacologic target for the

treatment of auto-immune and inflammatory diseases.

Not surprisingly, numerous NF-kB

inhibitory compounds have been evaluated in the treatment of inflammatory disease states, such
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as inflammatory bowel disease, rheumatoid arthritis, muscular dystrophy, diabetes, as well as
Parkinson’s and osteoporosis. In each case, APC play a potent role in disease initiation or
progression, therefore, activation induced APC death is a possible mechanism that could explain
the ameliorating effects of NF-«B inhibitor treatment. In two studies evaluating the NBD
peptide, NF-kB inhibition resulted in decreased APC number. CD11b microglial cells (central
nervous system APC), are reduced in number after such treatment in a model of Parkinson’s
disease’. In addition, this same phenomenon was observed when using NBD in a muscular
dystrophy model”. In this latter article the reduced APC number was attributed to decreased
infiltration; however, this decreased infiltration may be the result of increased APC death. Even
in mice with floxed IKKp promoters in macrophages showed that cells with partial deletion of
IKKPB were selected for and that cells with complete knockdown of IKKp were
counterselected®®®, suggesting that macrophages with complete loss of NF-kB/IKK after
differentiation are not viable.

The novel mechanism of NF-«B inhibitor-induced PCD in APC described here offers a
potential explanation for many of these observations. Furthermore, NF-«B inhibitors, which
have extremely short half-lives in vivo, can be injected only a few times per week while still
maintain their immunosuppressive qualities. Thus, we believe that this APC death may result in
a fundamental change in the immune system that prolongs the efficacy of NF-xB/IKK inhibition.
Furthermore, if there is a specific gene which leads to increased ROS production this may be a
potential therapeutic target for treating inflammatory and autoimmune disease. Our data and that
of others support the model that cells with high basal levels of NF-kB activity are most sensitive
to NF-xB induced PCD. In addition, our observations that minimal stimulation is required for

cell death to occur would potentially mean that only activated APC would undergo apoptosis
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with this therapy, further reducing side effects, and improving the therapeutic potential of NF-kB

inhibitors.
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5.0  DISCUSSION AND SIGNIFICANCE

NF-«kB is one of the most studied transcription factors, and has been implicated in a wide
variety of disease models and cellular processes. In this thesis, I have explored two very
different disease models and in each case observed that suppression of NF-kB transcriptional
activation ameliorates degenerative changes associated with these diseases. Furthermore, the
data suggest that NF-kB may regulate several different pathways that possibly act independently
or synergistically to affect the varying disease phenotypes.

Initially, I observed NF-kB inhibition using the NBD peptide ameliorates disease in a
murine model of IBD. This was not surprising due to the evidence implicating NF-xB and
immune activation in IBD pathogenesis, specifically increased inflammatory infiltrates in the
intestines of human and murine disease sufferers. NF-kB is upregulated in tissue sections from
both species as well as in lamina propria macrophages residing in the intestine. Interestingly,
during the publishing process of our manuscript describing the amelioration of murine colitis via
inhibition of NF-kB’®, another manuscript described that genetic deletion of NEMO and IKKp in
intestinal epithelial cells led to a colitis phenotype''>. While surprising at first, these differential
effects of NF-kB suppression are not unexpected when one considers the diverse roles of NF-xB
in varying cell types.

As described in the introduction, the intestine is one of the few organs in which the

primary goal of the resident immune cells is to suppress an overt immune response. This
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knowledge can explain both our findings, and the fact that IKK suppression in IEC leads to
colitis. NEMO deletion in IEC led to a reduction in antimicrobial peptides which allowed for
bacterial invasion and subsequent apoptosis of the IEC themselves. The apoptosis of IEC is
likely perpetuated by increased TNFa and the lack of NF-kB survival signal, a well document
PCD pathway®'. This in turn leads to a vicious cycle in which chronic intestinal infection leads
to a colitis phenotype. With regards to our findings, this suggests that NF-kB inhibition via
NBD does not target all cells e.g. intestinal epithelium, but perhaps has more a more eslective
impact on specific cell populations such as macrophages and DC. This is further supported by
the reduction in the inflammatory cytokines TNFa, IL-12, and INFy seen in the treated mice
compared with control treated mice. In addition, I found that peptides trafficked toward the
mesenteric lymph node and spleen 30 minutes after injection. Overall, the data derived in the
IBD model using NBD as well as another NF-kB inhibitory compound, ethyl pyruvate, **’
provide strong evidence that NF-xB inhibition is a viable therapeutic approach for IBD.

In fact, current therapies for the treatment of IBD have NF-xB suppressive qualities as
discussed in Section 1.2.4; however, many of these therapies have off-target effects. Even
current state-of-the-art biologic therapies, such as infliximab have drawbacks such as
susceptibility to infections, increase cancer risk, and a 30% failure rate®™. Even with the
improvement of therapies for the treatment of IBD and other inflammatory and auto-immune
disorders, many of which share significant mechanisms such as macrophage, T-cell and NF-xB
involvement, there is still a vast need to improve therapeutic strategies. I believe that targeting
NF-kB signaling in a cell specific manner may help to achieve these goals.

As innate immune cells are major mediators of IBD and other inflammatory diseases, [

chose to explore the role of NF-kB signaling in monocyte derived APC cell lines. Initially, I
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wanted to examine the effects of NF-kB inhibition on macrophage and DC cytokine profiles.
What I observed, however, was a PCD phenomenon. This cell death is independent of exogenous
stimulation, and in fact occurred via a novel mechanism, dependent on increased ROS
production, with secondary loss of MMP and caspase activation. The other important finding,
from a therapeutic perspective, is that APC need to have a minimal level of stimulation to
undergo cell death in the presence of these NF-«kB inhibitors. This likely means that NF-xB
inhibition would not cause massive induced apoptosis of APC, but it would enable targeting of
this PCD to areas of inflammation, potentially reducing the number of side effects.
Unfortunately, I have yet to convincingly show that there is increased APC cell death in
vivo. However, our in vitro findings suggest that this APC cell death is a possible mechanism by
which NF-kB suppression may reduce the inflammatory disease phenotype in the /L-10"" mouse
model. This is supported by other groups, who showed a reduced number of macrophages in
MDX mice treated with NF-xB inhibitors” as well as reduced number of CD11b" microglia in a
murine model of Parkinson’s after NF-xB inhibitor treatment’”. Thus, I believe that the
macrophage cell death pathway described here is a possible link between NF-kB suppression and
reduced IL-12 and TNFa cytokine signaling, reduced inflammation, and amelioration of colitis.
APC may take up higher concentrations of the NF-kB inhibitors over intestinal epithelial cells, or
because these inhibitors have short half-lives in vivo, only the PCD response would provide a
long term effect seen in macrophages over other cell types. Each of these hypotheses may
explain the reduction in disease pathology with the subsequent maintenance of intestinal barrier
function. The idea that macrophage apoptosis may reduce inflammatory disease is not new and
was reviewed by Pope®®® in 2002. However, there have been few mechanisms by which to target

apoptosis to specific cell types. Therefore it will be pertinent to determine if NF-xB treatment in
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vivo does cause specific activated APC cell death, and whether increased ROS production in
macrophages secondary to other therapeutics a similar effect, leading to possible new
therapeutics with potentially high efficacy and low off target and side effects.

One link between APC and the leukemia and lymphoma cell lines that undergo NF-kB
induced cell death is upregulation of basal NF-kB signaling. Therefore, the PCD pathway,
described in chapter 4, may occur in other cell types with high basal level of NF-«kB activation,
such as neutrophils or tumor cells. Our findings may contribute to our understanding of how
NF-«xB suppression may be used to treat cancer. It is know that cancers secrete factors which
induce resident monocyte derived APC to become regulatory or suppressive in phenotype .
Thus, treating cancers with NF-kB inhibitory compounds as an adjuvant therapy may have a
two-pronged effect. First, NF-kB suppression of the tumor cells themselves may allow for
decreased survival, as overactive NF-«kB signaling is often a survival mechanism used by tumor

40, 341
cells**%3

. Second, NF-«B suppression may allow these suppressive APC to undergo PCD and
then be replaced by more immunogenic cells. While this would be a highly complex treatment
strategy, understanding the differential role of NF-xkB in varying cell lines is highly important
when designing cancer therapies.

While the role of NF-kB upregulation in inflammatory and auto-immune diseases is an
expected scenario, recent evidence has also shown that NF-kB plays a role in numerous other
diseases not defined as “inflammatory” in nature. A wide variety of diseases in which NF-xB
has been implicated occur with increased chronologic age. Additionally, there have been several
papers published within the last few years which have shown increasing amounts of NF-kB

signaling in tissues of aged animals. While there is increasing correlative evidence that NF-xB

plays a role in aging and age-related disease, it was unknown whether NF-kB was a protective or
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causative agent with regard to these changes. I first showed that NF-kB is upregulated under
conditions of increased stress whether it be genotoxic or oxidative, both of which are known to
induce age-related changes (Figure 16-18). This NF-kB activation was confirmed in vivo using
the ERCCI1 deficient model of accelerated aging. I then determined using both genetic and
pharmacologic suppression that indeed NF-kB signaling contributed to phenotypic and histologic
changes associated with aging.

As NF-«kB is known to respond to cell stress events such as DNA damage, it may initially
be a protective mechanism; however, in the case of increasing damage over a period of time, this
initially protective feature may become pathologic. For instance, increased NF-«kB activity may
promote cellular senescence. On an individual cell basis, this may result in positive outcomes, by
preventing tumor growth and ending the proliferation of a damaged cell. However, on a gross
scale if the vast majority of cells undergo senescence the whole organism will age. As NF-«xB is
a regulator of numerous cell cycle control genes such as Gadd45, Lamin B, ApoD, and Cyclin D
these may mediate changes associated with aging. However, it is likely that NF-kB mediates
age-associated changes in numerous ways, which may in fact vary from tissue to tissue or cell to
cell.

NF-kB is known to play a role in osteoclastogenesis, as well as to negatively regulate
osteoblasts®*”.  As osteoclasts are macrophage-like cells, NF-xB inhibition may reduce
osteoclasts by inhibiting their differentiation and proliferation, or by causing osteoclast PCD,
while at the same time increasing osteoblast activity. With regards to neurodegenerative
changes, NF-kB inhibition may reduce inflammatory mediators, which can reduce neuronal cell
viability, as discussed in the 1.3.4. In other tissues, such as liver, NF-xB may play a role in

cellular senescence and reducing proliferation. Furthermore, in collaboration with other groups,
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we have preliminary evidence which suggests that stem cells and progenitor cells
haploinsufficient for p65 have improved stress response, and proliferation capacity. We can
therefore theorize that NF-kB suppression may improve the viability and regenerative capacity of
endogenous stem cells, thereby enhancing tissue function and body homeostasis. Thus, it is
likely that NF-kB suppression acts through numerous mechanisms to mediate its beneficial
effects.

It is theorized that aging occurs secondary to the accumulation of random damage. Our
research is one of the earliest studies to implicate NF-kB signaling as a damage response signal
in aging, using a model of accelerated aging. A possible schematic of how NF-«kB is integrated
into the damage induced aging process is shown in Figure 35. The role of a common signaling
mechanism in age-associated disease is of importance because it provides a link between
Alzheimer’s, Parkinson’s, osteoporosis, atherosclerosis, diabetes, and sarcopenia, which
scientists and clinicians have thought had little in common except their increased incidence with
advanced chronologic age. Thus, our research has offered a mechanistic avenue by which these
diseases are related and secondarily provides a potential therapeutic target to address pathologic
changes that occur with aging. In concert with this, I have also studied the role of a
mitochondrial targeted ROS scavenger XJB and its ability to ameliorate and delay pathology
associated with aging. As ROS are known to activate and be controlled by NF-kB signaling, this
may be one mechanism by which NF-«B transcriptional activation contributes to aging

pathology.
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Overall, this research has exemplified the pleotropic effects of NF-«kB signaling from its
role in inflammatory disease, to diseases associated with aging. NF-kB activations regulates a
wide range of processes, including dampening of cytokine secretion, alteration of stem cell
physiology, effects on proliferation, cell cycle control, and organism development, as well as its
role in controlling cell death and survival responses. It is important to recognize the pleiotropic
nature of NF-kB when evaluating its role in pathogenesis as well as the effects of suppressing
this signaling as a possible therapeutic mechanism. However, I believe that targeted suppression
of specific NF-kB induced pathways may have beneficial effects in treating a wide variety of

diseases.

165



W

10.

11.

12.

13.

14.

BIBLIOGRAPHY

Sen R, Baltimore D. Multiple nuclear factors interact with the immunoglobulin enhancer
sequences. Cell 1986;46:705-16.

Sen R, Baltimore D. Inducibility of kappa immunoglobulin enhancer-binding protein Nf-
kappa B by a posttranslational mechanism. Cell 1986;47:921-8.

Verma IM. Nuclear factor (NF)-kappaB proteins: therapeutic targets. Ann Rheum Dis
2004;63 Suppl 2:1157-1161.

Gilmore T. Rel/NF-kB Transcription Factors. www.nf-kb.org 2009.

Hayden MS, Ghosh S. Shared principles in NF-kappaB signaling. Cell 2008;132:344-62.
Adib-Conquy M, Adrie C, Moine P, Asehnoune K, Fitting C, Pinsky MR, Dhainaut JF,
Cavaillon JM. NF-kappaB expression in mononuclear cells of patients with sepsis
resembles that observed in lipopolysaccharide tolerance. Am J Respir Crit Care Med
2000;162:1877-83.

Chow JC, Young DW, Golenbock DT, Christ WJ, Gusovsky F. Toll-like receptor-4
mediates lipopolysaccharide-induced signal transduction. J Biol Chem 1999;274:10689-
92.

XuH, AnH, YuY, Zhang M, Qi R, Cao X. Ras participates in CpG
oligodeoxynucleotide signaling through association with toll-like receptor 9 and
promotion of interleukin-1 receptor-associated kinase/tumor necrosis factor receptor-
associated factor 6 complex formation in macrophages. J Biol Chem 2003;278:36334-40.
Hayashi F, Smith KD, Ozinsky A, Hawn TR, Yi EC, Goodlett DR, Eng JK, Akira S,
Underhill DM, Aderem A. The innate immune response to bacterial flagellin is mediated
by Toll-like receptor 5. Nature 2001;410:1099-103.

Ogura Y, Inohara N, Benito A, Chen FF, Yamaoka S, Nunez G. Nod2, a Nod1/Apaf-1
family member that is restricted to monocytes and activates NF-kappaB. J Biol Chem
2001;276:4812-8.

Huang TT, Wuerzberger-Davis SM, Wu ZH, Miyamoto S. Sequential modification of
NEMO/IKK gamma by SUMO-1 and ubiquitin mediates NF-kappaB activation by
genotoxic stress. Cell 2003;115:565-76.

Wu ZH, Shi Y, Tibbetts RS, Miyamoto S. Molecular linkage between the kinase ATM
and NF-kappaB signaling in response to genotoxic stimuli. Science 2006;311:1141-6.
Bubici C, Papa S, Dean K, Franzoso G. Mutual cross-talk between reactive oxygen
species and nuclear factor-kappa B: molecular basis and biological significance.
Oncogene 2006;25:6731-48.

May MJ, D'Acquisto F, Madge LA, Glockner J, Pober JS, Ghosh S. Selective inhibition
of NF-kappaB activation by a peptide that blocks the interaction of NEMO with the
IkappaB kinase complex. Science 2000;289:1550-4.

166


http://www.nf-kb.org/

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Tak PP, Firestein GS. NF-kappaB: a key role in inflammatory diseases. J Clin Invest
2001;107:7-11.

Terzic J, Marinovic-Terzic I, Ikeda F, Dikic I. Ubiquitin signals in the NF-kappaB
pathway. Biochem Soc Trans 2007;35:942-5.

www.proteinlounge.com. NF-kB Signaling. jpeg, 2005.

Gilmore TD. Introduction to NF-kappaB: players, pathways, perspectives. Oncogene
2006;25:6680-4.

Sil AK, Maeda S, Sano Y, Roop DR, Karin M. IkappaB kinase-alpha acts in the
epidermis to control skeletal and craniofacial morphogenesis. Nature 2004;428:660-4.
Khoshnan A, Kempiak SJ, Bennett BL, Bae D, Xu W, Manning AM, June CH, Nel AE.
Primary human CD4+ T cells contain heterogeneous I kappa B kinase complexes: role in
activation of the IL-2 promoter. J Immunol 1999;163:5444-52.

Hiscott J, Nguyen TL, Arguello M, Nakhaei P, Paz S. Manipulation of the nuclear factor-
kappaB pathway and the innate immune response by viruses. Oncogene 2006;25:6844-
67.

Hayden MS, Ghosh S. Signaling to NF-kappaB. Genes Dev 2004;18:2195-224.

Solt LA, Madge LA, Orange JS, May MJ. Interleukin-1-induced NF-kappaB activation is
NEMO-dependent but does not require IKKbeta. J Biol Chem 2007;282:8724-33.
Carmody RJ, Ruan Q, Palmer S, Hilliard B, Chen YH. Negative regulation of toll-like
receptor signaling by NF-kappaB p50 ubiquitination blockade. Science 2007;317:675-8.
Lim W, Cho J, Kwon HY, Park Y, Rhyu MR, Lee Y. Hypoxia-inducible factor 1 alpha
activates and is inhibited by unoccupied estrogen receptor beta. FEBS Lett
2009;583:1314-8.

Shtutman M, Zhurinsky J, Simcha I, Albanese C, D'Amico M, Pestell R, Ben-Ze'ev A.
The cyclin D1 gene is a target of the beta-catenin/LEF-1 pathway. Proc Natl Acad Sci U
S A 1999;96:5522-7.

LiY, Wang Z, Kong D, Murthy S, Dou QP, Sheng S, Reddy GP, Sarkar FH. Regulation
of FOXO3a/beta-catenin/GSK-3beta signaling by 3,3'-diindolylmethane contributes to
inhibition of cell proliferation and induction of apoptosis in prostate cancer cells. J Biol
Chem 2007;282:21542-50.

Scheidereit C. IkappaB kinase complexes: gateways to NF-kappaB activation and
transcription. Oncogene 2006;25:6685-705.

Courtois G, Gilmore TD. Mutations in the NF-kappaB signaling pathway: implications
for human disease. Oncogene 2006;25:6831-43.

Lounnas N, Frelin C, Gonthier N, Colosetti P, Sirvent A, Cassuto JP, Berthier F, Sirvent
N, Rousselot P, Dreano M, Peyron JF, Imbert V. NF-kappaB inhibition triggers death of
imatinib-sensitive and imatinib-resistant chronic myeloid leukemia cells including T315I
Bcr-Abl mutants. Int J Cancer 2009;125:308-17.

Duncan EA, Goetz CA, Stein SJ, Mayo KJ, Skaggs BJ, Ziegelbauer K, Sawyers CL,
Baldwin AS. IkappaB kinase beta inhibition induces cell death in Imatinib-resistant and
T3151 Dasatinib-resistant BCR-ABL+ cells. Mol Cancer Ther 2008;7:391-7.

Olivier S, Robe P, Bours V. Can NF-kappaB be a target for novel and efficient anti-
cancer agents? Biochem Pharmacol 2006;72:1054-68.

Cao Y, Luo JL, Karin M. IkappaB kinase alpha kinase activity is required for self-
renewal of ErbB2/Her2-transformed mammary tumor-initiating cells. Proc Natl Acad Sci
U S A 2007;104:15852-7.

167


http://www.proteinlounge.com/

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Fichtner-Feigl S, Fuss 1J, Preiss JC, Strober W, Kitani A. Treatment of murine Thl- and
Th2-mediated inflammatory bowel disease with NF-kappa B decoy oligonucleotides. J
Clin Invest 2005;115:3057-71.

Pagliari LJ, Perlman H, Liu H, Pope RM. Macrophages require constitutive NF-kappaB
activation to maintain A1 expression and mitochondrial homeostasis. Mol Cell Biol
2000;20:8855-65.

Rhen T, Cidlowski JA. Antiinflammatory action of glucocorticoids--new mechanisms for
old drugs. N Engl J Med 2005;353:1711-23.

Kutuk O, Basaga H. Aspirin inhibits TNFalpha- and IL-1-induced NF-kappaB activation
and sensitizes HeLa cells to apoptosis. Cytokine 2004;25:229-37.

Strickland I, Ghosh S. Use of cell permeable NBD peptides for suppression of
inflammation. Ann Rheum Dis 2006;65 Suppl 3:1ii75-82.

Cai SR, Xu G, Becker-Hapak M, Ma M, Dowdy SF, McLeod HL. The kinetics and tissue
distribution of protein transduction in mice. Eur J Pharm Sci 2006;27:311-9.

Josephson L, Tung CH, Moore A, Weissleder R. High-efficiency intracellular magnetic
labeling with novel superparamagnetic-Tat peptide conjugates. Bioconjug Chem
1999;10:186-91.

Lewin M, Carlesso N, Tung CH, Tang XW, Cory D, Scadden DT, Weissleder R. Tat
peptide-derivatized magnetic nanoparticles allow in vivo tracking and recovery of
progenitor cells. Nat Biotechnol 2000;18:410-4.

Rothbard JB, Garlington S, Lin Q, Kirschberg T, Kreider E, McGrane PL, Wender PA,
Khavari PA. Conjugation of arginine oligomers to cyclosporin A facilitates topical
delivery and inhibition of inflammation. Nat Med 2000;6:1253-7.

Torchilin VP, Rammohan R, Weissig V, Levchenko TS. TAT peptide on the surface of
liposomes affords their efficient intracellular delivery even at low temperature and in the
presence of metabolic inhibitors. Proc Natl Acad Sci U S A 2001;98:8786-91.

Wadia JS, Dowdy SF. Protein transduction technology. Curr Opin Biotechnol
2002;13:52-6.

Mai JC, Mi Z, Kim SH, Ng B, Robbins PD. A proapoptotic peptide for the treatment of
solid tumors. Cancer Res 2001;61:7709-12.

Schwarze SR, Ho A, Vocero-Akbani A, Dowdy SF. In vivo protein transduction: delivery
of a biologically active protein into the mouse. Science 1999;285:1569-72.

Frankel AD, Pabo CO. Cellular uptake of the tat protein from human immunodeficiency
virus. Cell 1988;55:1189-93.

Green M, Loewenstein PM. Autonomous functional domains of chemically synthesized
human immunodeficiency virus tat trans-activator protein. Cell 1988;55:1179-88.
Derossi D, Joliot AH, Chassaing G, Prochiantz A. The third helix of the Antennapedia
homeodomain translocates through biological membranes. J Biol Chem 1994;269:10444-
50.

Ho A, Schwarze SR, Mermelstein SJ, Waksman G, Dowdy SF. Synthetic protein
transduction domains: enhanced transduction potential in vitro and in vivo. Cancer Res
2001;61:474-7.

Console S, Marty C, Garcia-Echeverria C, Schwendener R, Ballmer-Hofer K.
Antennapedia and HIV transactivator of transcription (TAT) "protein transduction
domains" promote endocytosis of high molecular weight cargo upon binding to cell
surface glycosaminoglycans. J Biol Chem 2003;278:35109-14.

168



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Futaki S. Membrane-permeable arginine-rich peptides and the translocation mechanisms.
Adv Drug Deliv Rev 2005;57:547-58.

Mai JC, Shen H, Watkins SC, Cheng T, Robbins PD. Efficiency of protein transduction is
cell type-dependent and is enhanced by dextran sulfate. J Biol Chem 2002;277:30208-18.
Mi Z, Mai J, Lu X, Robbins PD. Characterization of a class of cationic peptides able to
facilitate efficient protein transduction in vitro and in vivo. Mol Ther 2000;2:339-47.
Binetruy-Tournaire R, Demangel C, Malavaud B, Vassy R, Rouyre S, Kraemer M, Plouet
J, Derbin C, Perret G, Mazie JC. Identification of a peptide blocking vascular endothelial
growth factor (VEGF)-mediated angiogenesis. Embo J 2000;19:1525-33.

Wyman TB, Nicol F, Zelphati O, Scaria PV, Plank C, Szoka FC, Jr. Design, synthesis,
and characterization of a cationic peptide that binds to nucleic acids and permeabilizes
bilayers. Biochemistry 1997;36:3008-17.

Rittner K, Benavente A, Bompard-Sorlet A, Heitz F, Divita G, Brasseur R, Jacobs E.
New basic membrane-destabilizing peptides for plasmid-based gene delivery in vitro and
in vivo. Mol Ther 2002;5:104-14.

Fernandez-Carneado J, Kogan MJ, Castel S, Giralt E. Potential peptide carriers:
amphipathic proline-rich peptides derived from the N-terminal domain of gamma-zein.
Angew Chem Int Ed Engl 2004;43:1811-4.

Beven L, Chaloin L, Vidal P, Heitz F, Wroblewski H. Effects on mollicutes (wall-less
bacteria) of synthetic peptides comprising a signal peptide or a membrane fusion peptide,
and a nuclear localization sequence (NLS) -- a comparison with melittin. Biochim
Biophys Acta 1997;1329:357-69.

Boateng SY, Senyo SE, Qi L, Goldspink PH, Russell B. Myocyte remodeling in response
to hypertrophic stimuli requires nucleocytoplasmic shuttling of muscle LIM protein. J
Mol Cell Cardiol 2009.

D'Andrea LD, Del Gatto A, Pedone C, Benedetti E. Peptide-based molecules in
angiogenesis. Chem Biol Drug Des 2006;67:115-26.

Makela AR, Matilainen H, White DJ, Ruoslahti E, Oker-Blom C. Enhanced baculovirus-
mediated transduction of human cancer cells by tumor-homing peptides. J Virol
2006;80:6603-11.

Dijkgraaf' I, Liu S, Kruijtzer JA, Soede AC, Oyen WJ, Liskamp RM, Corstens FH,
Boerman OC. Effects of linker variation on the in vitro and in vivo characteristics of an
111In-labeled RGD peptide. Nucl Med Biol 2007;34:29-35.

Kelly KA, Allport JR, Tsourkas A, Shinde-Patil VR, Josephson L, Weissleder R.
Detection of vascular adhesion molecule-1 expression using a novel multimodal
nanoparticle. Circ Res 2005;96:327-36.

Shadidi M, Sioud M. Identification of novel carrier peptides for the specific delivery of
therapeutics into cancer cells. Faseb J 2003;17:256-8.

Vives E, Schmidt J, Pelegrin A. Cell-penetrating and cell-targeting peptides in drug
delivery. Biochim Biophys Acta 2008;1786:126-38.

Tilstra J, Rehman KK, Hennon T, Plevy SE, Clemens P, Robbins PD. Protein
transduction: identification, characterization and optimization. Biochem Soc Trans
2007;35:811-5.

Deshayes S, Morris MC, Divita G, Heitz F. Cell-penetrating peptides: tools for
intracellular delivery of therapeutics. Cell Mol Life Sci 2005;62:1839-49.

169



69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Eguchi A, Akuta T, Okuyama H, Senda T, Yokoi H, Inokuchi H, Fujita S, Hayakawa T,
Takeda K, Hasegawa M, Nakanishi M. Protein transduction domain of HIV-1 Tat protein
promotes efficient delivery of DNA into mammalian cells. J Biol Chem 2001;276:26204-
10.

Pujals S, Fernandez-Carneado J, Lopez-Iglesias C, Kogan MJ, Giralt E. Mechanistic
aspects of CPP-mediated intracellular drug delivery: relevance of CPP self-assembly.
Biochim Biophys Acta 2006;1758:264-79.

Dai S, Hirayama T, Abbas S, Abu-Amer Y. The IkappaB kinase (IKK) inhibitor, NEMO-
binding domain peptide, blocks osteoclastogenesis and bone erosion in inflammatory
arthritis. J Biol Chem 2004;279:37219-22.

Ghosh A, Roy A, Liu X, Kordower JH, Mufson EJ, Hartley DM, Ghosh S, Mosley RL,
Gendelman HE, Pahan K. Selective inhibition of NF-kappaB activation prevents
dopaminergic neuronal loss in a mouse model of Parkinson's disease. Proc Natl Acad Sci
US A 2007;104:18754-9.

Acharyya S, Villalta SA, Bakkar N, Bupha-Intr T, Janssen PM, Carathers M, Li ZW, Beg
AA, Ghosh S, Sahenk Z, Weinstein M, Gardner KL, Rafael-Fortney JA, Karin M, Tidball
JG, Baldwin AS, Guttridge DC. Interplay of IKK/NF-kappaB signaling in macrophages
and myofibers promotes muscle degeneration in Duchenne muscular dystrophy. J Clin
Invest 2007;117:889-901.

Ethridge RT, Hashimoto K, Chung DH, Ehlers RA, Rajaraman S, Evers BM. Selective
inhibition of NF-kappaB attenuates the severity of cerulein-induced acute pancreatitis. J
Am Coll Surg 2002;195:497-505.

Dasgupta S, Jana M, Zhou Y, Fung YK, Ghosh S, Pahan K. Antineuroinflammatory
effect of NF-kappaB essential modifier-binding domain peptides in the adoptive transfer
model of experimental allergic encephalomyelitis. J Immunol 2004;173:1344-54.

Jimi E, Aoki K, Saito H, D'Acquisto F, May MJ, Nakamura I, Sudo T, Kojima T,
Okamoto F, Fukushima H, Okabe K, Ohya K, Ghosh S. Selective inhibition of NF-kappa
B blocks osteoclastogenesis and prevents inflammatory bone destruction in vivo. Nat
Med 2004;10:617-24.

Shibata W, Maeda S, Hikiba Y, Yanai A, Ohmae T, Sakamoto K, Nakagawa H, Ogura K,
Omata M. Cutting edge: The IkappaB kinase (IKK) inhibitor, NEMO-binding domain
peptide, blocks inflammatory injury in murine colitis. J Immunol 2007;179:2681-5.

Dave SH, Tilstra JS, Matsuoka K, Li F, Karrasch T, Uno JK, Sepulveda AR, Jobin C,
Baldwin AS, Robbins PD, Plevy SE. Amelioration of chronic murine colitis by peptide-
mediated transduction of the IkappaB kinase inhibitor NEMO binding domain peptide. J
Immunol 2007;179:7852-9.

Long YM, Chen K, Liu XJ, Xie WR, Wang H. Cell-permeable Tat-NBD peptide
attenuates rat pancreatitis and acinus cell inflammation response. World J Gastroenterol
2009;15:561-9.

von Bismarck P, Klemm K, Garcia Wistadt CF, Winoto-Morbach S, Schutze S, Krause
MF. Selective NF-kappaB inhibition, but not dexamethasone, decreases acute lung injury
in a newborn piglet airway inflammation model. Pulm Pharmacol Ther 2009;22:297-304.
Sandborn WJ, Targan SR. Biologic therapy of inflammatory bowel disease.
Gastroenterology 2002;122:1592-608.

Herrinton LJ, Liu L, Fireman B, Lewis JD, Allison JE, Flowers N, Hutfless S, Velayos
FS, Abramson O, Altschuler A, Perry GS. Time Trends in Therapies and Outcomes for

170



&3.

&4.

85.

86.

&7.

88.

9.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Adult Inflammatory Bowel Disease, Northern California, 1998-2005. Gastroenterology
2009.

Kuriyama M, Kato J, Fujimoto T, Nasu J, Miyaike J, Morita T, Okada H, Suzuki S,
Shiode J, Yamamoto H, Shiratori Y. Risk factors and indications for colectomy in
ulcerative colitis patients are different according to patient's clinical background. Dis
Colon Rectum 2006;49:1307-15.

Mansour A. Parsi. Does smoking decrease the response to infliximab in patients with
Crohn's disease? Inflammatory Bowel Diseases 2008;14:S18-S19.

Nakamura K, Honda K, Mizutani T, Akiho H, Harada N. Novel strategies for the
treatment of inflammatory bowel disease: Selective inhibition of cytokines and adhesion
molecules. World J Gastroenterol 2006;12:4628-35.

Podolsky DK. Inflammatory bowel disease. N Engl J] Med 2002;347:417-29.

Cho JH. The genetics and immunopathogenesis of inflammatory bowel disease. Nat Rev
Immunol 2008;8:458-66.

Peppercorn RP, Rutgeerts, Bonis, PAL. Clinical manifestations, diagnosis and natural
history of Crohn's disease in adults. www.uptodate.com 2009.

Kumar V, Abbas AK, Fausto N, Robbins SL, Cotran RS. Robbins and Cotran pathologic
basis of disease. Elsevier Saunders, 2005.

Evans PE, Pardi DS. Extraintestinal manifestations of inflammatory bowel disease: focus
on the musculoskeletal, dermatologic, and ocular manifestations. MedGenMed
2007;9:55.

Rothfuss KS, Stange EF, Herrlinger KR. Extraintestinal manifestations and complications
in inflammatory bowel diseases. World J Gastroenterol 2006;12:4819-31.

Segen JC. Concise dictionary of modern medicine. McGraw-Hill, 2002.

Urman JD, Lowenstein MB, Abeles M, Weinstein A. Oral mucosal ulceration in systemic
lupus erythematosus. Arthritis Rheum 1978;21:58-61.

Elson CO, Cong Y, McCracken VJ, Dimmitt RA, Lorenz RG, Weaver CT. Experimental
models of inflammatory bowel disease reveal innate, adaptive, and regulatory
mechanisms of host dialogue with the microbiota. Immunol Rev 2005;206:260-76.
Janeway C. Immunobiology 6 : the immune system in health and disease. 5th ed. New
York: Garland Pub., 2005.

Kucharzik T, Maaser C, Lugering A, Kagnoff M, Mayer L, Targan S, Domschke W.
Recent understanding of IBD pathogenesis: implications for future therapies. Inflamm
Bowel Dis 2006;12:1068-83.

Zhou L, Yan C, Gieling RG, Kida Y, Garner WL, Li W, Han YP. Tumor necrosis factor-
alpha induced expression of matrix metalloproteinase-9 through p21-activated Kinase-1.
BMC Immunol 2009;10:15.

Allez M, Brimnes J, Dotan I, Mayer L. Expansion of CD8+ T cells with regulatory
function after interaction with intestinal epithelial cells. Gastroenterology
2002;123:1516-26.

Smith PD, Smythies LE, Mosteller-Barnum M, Sibley DA, Russell MW, Merger M,
Sellers MT, Orenstein JM, Shimada T, Graham MF, Kubagawa H. Intestinal
macrophages lack CD14 and CD89 and consequently are down-regulated for LPS- and
IgA-mediated activities. J Immunol 2001;167:2651-6.

171


http://www.uptodate.com/

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

I11.

112.

113.

114.
115.

Huang FP, Platt N, Wykes M, Major JR, Powell TJ, Jenkins CD, MacPherson GG. A
discrete subpopulation of dendritic cells transports apoptotic intestinal epithelial cells to
T cell areas of mesenteric lymph nodes. J Exp Med 2000;191:435-44.

Papadakis KA, Targan SR. Role of cytokines in the pathogenesis of inflammatory bowel
disease. Annu Rev Med 2000;51:289-98.

Schreiber S, Nikolaus S, Hampe J. Activation of nuclear factor kappa B inflammatory
bowel disease. Gut 1998;42:477-84.

Ishizuka K, Sugimura K, Homma T, Matsuzawa J, Mochizuki T, Kobayashi M, Suzuki
K, Otsuka K, Tashiro K, Yamaguchi O, Asakura H. Influence of interleukin-10 on the
interleukin-1 receptor antagonist/interleukin-1 beta ratio in the colonic mucosa of
ulcerative colitis. Digestion 2001;63 Suppl 1:22-7.

Baldwin AS, Jr. The NF-kappa B and I kappa B proteins: new discoveries and insights.
Annu Rev Immunol 1996;14:649-83.

Sellon RK, Tonkonogy S, Schultz M, Dieleman LA, Grenther W, Balish E, Rennick DM,
Sartor RB. Resident enteric bacteria are necessary for development of spontaneous colitis
and immune system activation in interleukin-10-deficient mice. Infect Immun
1998;66:5224-31.

Neurath MF, Fuss I, Schurmann G, Pettersson S, Arnold K, Muller-Lobeck H, Strober W,
Herfarth C, Buschenfelde KH. Cytokine gene transcription by NF-kappa B family
members in patients with inflammatory bowel disease. Ann N Y Acad Sci 1998;859:149-
59.

Karrasch T, Kim JS, Muhlbauer M, Magness ST, Jobin C. Gnotobiotic IL-10-/-;NF-
kappa B(EGFP) mice reveal the critical role of TLR/NF-kappa B signaling in commensal
bacteria-induced colitis. J Immunol 2007;178:6522-32.

Neurath MF, Pettersson S. Predominant role of NF-kappa B p65 in the pathogenesis of
chronic intestinal inflammation. Immunobiology 1997;198:91-8.

Kuhn R, Lohler J, Rennick D, Rajewsky K, Muller W. Interleukin-10-deficient mice
develop chronic enterocolitis. Cell 1993;75:263-74.

Lawrance IC, Wu F, Leite AZ, Willis J, West GA, Fiocchi C, Chakravarti S. A murine
model of chronic inflammation-induced intestinal fibrosis down-regulated by antisense
NF-kappa B. Gastroenterology 2003;125:1750-61.

Neurath MF, Pettersson S, Meyer zum Buschenfelde KH, Strober W. Local
administration of antisense phosphorothioate oligonucleotides to the p65 subunit of NF-
kappa B abrogates established experimental colitis in mice. Nat Med 1996;2:998-1004.
Nenci A, Becker C, Wullaert A, Gareus R, van Loo G, Danese S, Huth M, Nikolaev A,
Neufert C, Madison B, Gumucio D, Neurath MF, Pasparakis M. Epithelial NEMO links
innate immunity to chronic intestinal inflammation. Nature 2007;446:557-61.

Gan HT, Chen YQ, Ouyang Q. Sulfasalazine inhibits activation of nuclear factor-kappaB
in patients with ulcerative colitis. J Gastroenterol Hepatol 2005;20:1016-24.

Barnes PJ. Corticosteroid effects on cell signalling. Eur Respir J 2006;27:413-26.

Barrett JC, Hansoul S, Nicolae DL, Cho JH, Duerr RH, Rioux JD, Brant SR, Silverberg
MS, Taylor KD, Barmada MM, Bitton A, Dassopoulos T, Datta LW, Green T, Griffiths
AM, Kistner EO, Murtha MT, Regueiro MD, Rotter JI, Schumm LP, Steinhart AH,
Targan SR, Xavier RJ, Libioulle C, Sandor C, Lathrop M, Belaiche J, Dewit O, Gut I,
Heath S, Laukens D, Mni M, Rutgeerts P, Van Gossum A, Zelenika D, Franchimont D,
Hugot JP, de Vos M, Vermeire S, Louis E, Cardon LR, Anderson CA, Drummond H,

172



116.

117.

118.

119.
120.
121.
122.
123.
124.

125.

126.

127.

128.

129.

130.

131.

132.

Nimmo E, Ahmad T, Prescott NJ, Onnie CM, Fisher SA, Marchini J, Ghori J, Bumpstead
S, Gwilliam R, Tremelling M, Deloukas P, Mansfield J, Jewell D, Satsangi J, Mathew
CG, Parkes M, Georges M, Daly MJ. Genome-wide association defines more than 30
distinct susceptibility loci for Crohn's disease. Nat Genet 2008;40:955-62.

Strober W, Kitani A, Fuss I, Asano N, Watanabe T. The molecular basis of NOD2
susceptibility mutations in Crohn's disease. Mucosal Immunol 2008;1 Suppl 1:S5-9.

Hue S, Ahern P, Buonocore S, Kullberg MC, Cua DJ, McKenzie BS, Powrie F, Maloy
KJ. Interleukin-23 drives innate and T cell-mediated intestinal inflammation. J Exp Med
2006;203:2473-83.

Mise-Omata S, Kuroda E, Niikura J, Yamashita U, Obata Y, Doi TS. A proximal kappaB
site in the IL-23 p19 promoter is responsible for RelA- and c-Rel-dependent
transcription. J Immunol 2007;179:6596-603.

Kanda N, Watanabe S. IL-12, IL-23, and IL-27 enhance human beta-defensin-2
production in human keratinocytes. Eur J Immunol 2008;38:1287-96.

Finkel T. Radical medicine: treating ageing to cure disease. Nat Rev Mol Cell Biol
2005;6:971-6.

Kirkwood TB. Understanding the odd science of aging. Cell 2005;120:437-47.

Services USDoHaH. A profile of older Americans: A.0.A, 2003.

Abrams H. What’s the value of better hearing? Here are some ways to calculate it. THE
HEARING JOURNAL 2008;61:10-15.

Rattan SI. Theories of biological aging: genes, proteins, and free radicals. Free Radic Res
2006;40:1230-8.

Hamilton ML, Van Remmen H, Drake JA, Yang H, Guo ZM, Kewitt K, Walter CA,
Richardson A. Does oxidative damage to DNA increase with age? Proc Natl Acad Sci U
S A 2001;98:10469-74.

Dolle ME, Snyder WK, Dunson DB, Vijg J. Mutational fingerprints of aging. Nucleic
Acids Res 2002;30:545-9.

Maier B, Gluba W, Bernier B, Turner T, Mohammad K, Guise T, Sutherland A, Thorner
M, Scrable H. Modulation of mammalian life span by the short isoform of p53. Genes
Dev 2004;18:306-19.

Migliaccio E, Giorgio M, Mele S, Pelicci G, Reboldi P, Pandolfi PP, Lanfrancone L,
Pelicci PG. The p66shc adaptor protein controls oxidative stress response and life span in
mammals. Nature 1999;402:309-13.

Hasty P, Campisi J, Hoeijmakers J, van Steeg H, Vijg J. Aging and genome maintenance:
lessons from the mouse? Science 2003;299:1355-9.

Niedernhofer LJ, Garinis GA, Raams A, Lalai AS, Robinson AR, Appeldoorn E, Odijk
H, Oostendorp R, Ahmad A, van Leeuwen W, Theil AF, Vermeulen W, van der Horst
GT, Meinecke P, Kleijer WJ, Vijg J, Jaspers NG, Hoeijmakers JH. A new progeroid
syndrome reveals that genotoxic stress suppresses the somatotroph axis. Nature
2006;444:1038-43.

Grube K, Burkle A. Poly(ADP-ribose) polymerase activity in mononuclear leukocytes of
13 mammalian species correlates with species-specific life span. Proc Natl Acad Sci U S
A 1992;89:11759-63.

Balaban RS, Nemoto S, Finkel T. Mitochondria, oxidants, and aging. Cell 2005;120:483-
95.

173



133.  Jendrach M, Pohl S, Voth M, Kowald A, Hammerstein P, Bereiter-Hahn J. Morpho-
dynamic changes of mitochondria during ageing of human endothelial cells. Mech
Ageing Dev 2005;126:813-21.

134. Trifunovic A, Wredenberg A, Falkenberg M, Spelbrink JN, Rovio AT, Bruder CE,
Bohlooly YM, Gidlof S, Oldfors A, Wibom R, Tornell J, Jacobs HT, Larsson NG.
Premature ageing in mice expressing defective mitochondrial DNA polymerase. Nature
2004;429:417-23.

135. Klein JA, Longo-Guess CM, Rossmann MP, Seburn KL, Hurd RE, Frankel WN, Bronson
RT, Ackerman SL. The harlequin mouse mutation downregulates apoptosis-inducing
factor. Nature 2002;419:367-74.

136. Lee AC, Fenster BE, Ito H, Takeda K, Bae NS, Hirai T, Yu ZX, Ferrans VJ, Howard BH,
Finkel T. Ras proteins induce senescence by altering the intracellular levels of reactive
oxygen species. J Biol Chem 1999;274:7936-40.

137. Packer L, Fuehr K. Low oxygen concentration extends the lifespan of cultured human
diploid cells. Nature 1977;267:423-5.

138. Verdun RE, Karlseder J. Replication and protection of telomeres. Nature 2007;447:924-
31.

139. Harley CB, Futcher AB, Greider CW. Telomeres shorten during ageing of human
fibroblasts. Nature 1990;345:458-60.

140. Counter CM, Avilion AA, LeFeuvre CE, Stewart NG, Greider CW, Harley CB, Bacchetti
S. Telomere shortening associated with chromosome instability is arrested in immortal
cells which express telomerase activity. Embo J 1992;11:1921-9.

141. Bodnar AG, Ouellette M, Frolkis M, Holt SE, Chiu CP, Morin GB, Harley CB, Shay JW,
Lichtsteiner S, Wright WE. Extension of life-span by introduction of telomerase into
normal human cells. Science 1998;279:349-52.

142.  Raices M, Maruyama H, Dillin A, Karlseder J. Uncoupling of longevity and telomere
length in C. elegans. PLoS Genet 2005;1:e30.

143.  von Zglinicki T. Oxidative stress shortens telomeres. Trends Biochem Sci 2002;27:339-
44,

144. Terman A, Brunk UT. Aging as a catabolic malfunction. Int J Biochem Cell Biol
2004;36:2365-75.

145. de Grey AD. A proposed refinement of the mitochondrial free radical theory of aging.
Bioessays 1997;19:161-6.

146. Dimri GP, Testori A, Acosta M, Campisi J. Replicative senescence, aging and growth-
regulatory transcription factors. Biol Signals 1996;5:154-62.

147.  Sharpless NE, DePinho RA. How stem cells age and why this makes us grow old. Nat
Rev Mol Cell Biol 2007;8:703-13.

148. Davis T, Baird DM, Haughton MF, Jones CJ, Kipling D. Prevention of accelerated cell
aging in Werner syndrome using a p38 mitogen-activated protein kinase inhibitor. J
Gerontol A Biol Sci Med Sci 2005;60:1386-93.

149.  Parrinello S, Samper E, Krtolica A, Goldstein J, Melov S, Campisi J. Oxygen sensitivity
severely limits the replicative lifespan of murine fibroblasts. Nat Cell Biol 2003;5:741-7.

150. Niedernhofer LJ, Robbins PD. Signaling mechanisms involved in the response to
genotoxic stress and regulating lifespan. Int J Biochem Cell Biol 2008;40:176-80.

151.  Adler A, Sinha, S., Kawahara, TLA., Zhang, JY., Segal, E., Chang, HY. Motif module
map reveals enforcement of aging by continual NF-kB activity. Genes Dev 2007;21.

174



152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.
166.

167.

168.

169.

Boland MP. DNA damage signalling and NF-kappaB: implications for survival and death
in mammalian cells. Biochem Soc Trans 2001;29:674-8.

Janssens S, Tschopp J. Signals from within: the DNA-damage-induced NF-kappaB
response. Cell Death Differ 2006;13:773-84.

Bernard D, Quatannens B, Begue A, Vandenbunder B, Abbadie C. Antiproliferative and
antiapoptotic effects of crel may occur within the same cells via the up-regulation of
manganese superoxide dismutase. Cancer Res 2001;61:2656-64.

Bernard D, Gosselin K, Monte D, Vercamer C, Bouali F, Pourtier A, Vandenbunder B,
Abbadie C. Involvement of Rel/nuclear factor-kappaB transcription factors in
keratinocyte senescence. Cancer Res 2004;64:472-81.

Seitz CS, Deng H, Hinata K, Lin Q, Khavari PA. Nuclear factor kappaB subunits induce
epithelial cell growth arrest. Cancer Res 2000;60:4085-92.

Kriete A, Mayo KL, Yalamanchili N, Beggs W, Bender P, Kari C, Rodeck U. Cell
autonomous expression of inflammatory genes in biologically aged fibroblasts associated
with elevated NF-kappaB activity. Immun Ageing 2008;5:5.

Helenius M, Hanninen M, Lehtinen SK, Salminen A. Changes associated with aging and
replicative senescence in the regulation of transcription factor nuclear factor-kappa B.
Biochem J 1996;318 ( Pt 2):603-8.

Korhonen P, Helenius M, Salminen A. Age-related changes in the regulation of
transcription factor NF-kappa B in rat brain. Neurosci Lett 1997;225:61-4.

Bregegere F, Milner Y, Friguet B. The ubiquitin-proteasome system at the crossroads of
stress-response and ageing pathways: a handle for skin care? Ageing Res Rev 2006;5:60-
90.

Giardina C, Hubbard AK. Growing old with nuclear factor-kappaB. Cell Stress
Chaperones 2002;7:207-12.

Xiao ZQ, Majumdar AP. Induction of transcriptional activity of AP-1 and NF-kappaB in
the gastric mucosa during aging. Am J Physiol Gastrointest Liver Physiol
2000;278:G855-65.

Helenius M, Hanninen M, Lehtinen SK, Salminen A. Aging-induced up-regulation of
nuclear binding activities of oxidative stress responsive NF-kB transcription factor in
mouse cardiac muscle. J Mol Cell Cardiol 1996;28:487-98.

Kawahara TL, Michishita E, Adler AS, Damian M, Berber E, Lin M, McCord RA,
Ongaigui KC, Boxer LD, Chang HY, Chua KF. SIRT®6 links histone H3 lysine 9
deacetylation to NF-kappaB-dependent gene expression and organismal life span. Cell
2009;136:62-74.

Natoli G. When sirtuins and NF-kappaB collide. Cell 2009;136:19-21.

Campisi J. Cellular senescence as a tumor-suppressor mechanism. Trends in Cell Biology
2001;11:S27-S31.

Gosselin K, Abbadie C. Involvement of Rel/NF-kappa B transcription factors in
senescence. Exp Gerontol 2003;38:1271-83.

Cuaz-Perolin C, Billiet L, Bauge E, Copin C, Scott-Algara D, Genze F, Buchele B,
Syrovets T, Simmet T, Rouis M. Antiinflammatory and Antiatherogenic Effects of the
NF-{kappa}B Inhibitor Acetyl-11-Keto-{beta}-Boswellic Acid in LPS-Challenged
ApoE-/- Mice. Arterioscler Thromb Vasc Biol 2007.

Berenbaum F. Signaling transduction: target in osteoarthritis. Curr Opin Rheumatol
2004;16:616-22.

175



170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

Yamamoto Y, Gaynor RB. Role of the NF-kappaB pathway in the pathogenesis of human
disease states. Curr Mol Med 2001;1:287-96.

Kim HJ, Chang EJ, Kim HM, Lee SB, Kim HD, Su Kim G, Kim HH. Antioxidant alpha-
lipoic acid inhibits osteoclast differentiation by reducing nuclear factor-kappaB DNA
binding and prevents in vivo bone resorption induced by receptor activator of nuclear
factor-kappaB ligand and tumor necrosis factor-alpha. Free Radic Biol Med
2006;40:1483-93.

Valen G. Signal transduction through nuclear factor kappa B in ischemia-reperfusion and
heart failure. Basic Res Cardiol 2004;99:1-7.

Steinman L. Nuanced roles of cytokines in three major human brain disorders. J Clin
Invest 2008;118:3557-63.

Rahman SM, Van Dam AM, Schultzberg M, Crisby M. High cholesterol diet results in
increased expression of interleukin-6 and caspase-1 in the brain of apolipoprotein E
knockout and wild type mice. J Neuroimmunol 2005;169:59-67.

Sheng JG, Ito K, Skinner RD, Mrak RE, Rovnaghi CR, Van Eldik LJ, Griffin WS. In
vivo and in vitro evidence supporting a role for the inflammatory cytokine interleukin-1
as a driving force in Alzheimer pathogenesis. Neurobiol Aging 1996;17:761-6.

Combs CK, Karlo JC, Kao SC, Landreth GE. beta-Amyloid stimulation of microglia and
monocytes results in TNFalpha-dependent expression of inducible nitric oxide synthase
and neuronal apoptosis. J Neurosci 2001;21:1179-88.

Chen J, Zhou Y, Mueller-Steiner S, Chen LF, Kwon H, Yi S, Mucke L, Gan L. SIRT1
protects against microglia-dependent amyloid-beta toxicity through inhibiting NF-
kappaB signaling. J Biol Chem 2005;280:40364-74.

Grilli M, Goffi F, Memo M, Spano P. Interleukin-1beta and glutamate activate the NF-
kappaB/Rel binding site from the regulatory region of the amyloid precursor protein gene
in primary neuronal cultures. J Biol Chem 1996;271:15002-7.

Wyss-Coray T. Inflammation in Alzheimer disease: driving force, bystander or beneficial
response? Nat Med 2006;12:1005-15.

Holmes C, EI-Okl M, Williams AL, Cunningham C, Wilcockson D, Perry VH. Systemic
infection, interleukin 1beta, and cognitive decline in Alzheimer's disease. J Neurol
Neurosurg Psychiatry 2003;74:788-9.

Cunningham C, Campion S, Lunnon K, Murray CL, Woods JF, Deacon RM, Rawlins JN,
Perry VH. Systemic inflammation induces acute behavioral and cognitive changes and
accelerates neurodegenerative disease. Biol Psychiatry 2009;65:304-12.

Perry VH, Cunningham C, Holmes C. Systemic infections and inflammation affect
chronic neurodegeneration. Nat Rev Immunol 2007;7:161-7.

Miller RL, James-Kracke M, Sun GY, Sun AY. Oxidative and inflammatory pathways in
Parkinson's disease. Neurochem Res 2009;34:55-65.

Hunot S, Brugg B, Ricard D, Michel PP, Muriel MP, Ruberg M, Faucheux BA, Agid Y,
Hirsch EC. Nuclear translocation of NF-kappaB is increased in dopaminergic neurons of
patients with parkinson disease. Proc Natl Acad Sci U S A 1997;94:7531-6.

Mogi M, Harada M, Riederer P, Narabayashi H, Fujita K, Nagatsu T. Tumor necrosis
factor-alpha (TNF-alpha) increases both in the brain and in the cerebrospinal fluid from
parkinsonian patients. Neurosci Lett 1994;165:208-10.

Mogi M, Harada M, Narabayashi H, Inagaki H, Minami M, Nagatsu T. Interleukin (IL)-1
beta, IL-2, IL-4, IL-6 and transforming growth factor-alpha levels are elevated in

176



187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

ventricular cerebrospinal fluid in juvenile parkinsonism and Parkinson's disease.
Neurosci Lett 1996;211:13-6.

Panet H, Barzilai A, Daily D, Melamed E, Offen D. Activation of nuclear transcription
factor kappa B (NF-kappaB) is essential for dopamine-induced apoptosis in PC12 cells. J
Neurochem 2001;77:391-8.

Gao HM, Liu B, Zhang W, Hong JS. Novel anti-inflammatory therapy for Parkinson's
disease. Trends Pharmacol Sci 2003;24:395-401.

Alexandraki K, Piperi C, Kalofoutis C, Singh J, Alaveras A, Kalofoutis A. Inflammatory
process in type 2 diabetes: The role of cytokines. Ann N'Y Acad Sci 2006;1084:89-117.
Yuan M, Konstantopoulos N, Lee J, Hansen L, Li ZW, Karin M, Shoelson SE. Reversal
of obesity- and diet-induced insulin resistance with salicylates or targeted disruption of
Ikkbeta. Science 2001;293:1673-7.

Cai D, Yuan M, Frantz DF, Mclendez PA, Hansen L, Lee J, Shoelson SE. Local and
systemic insulin resistance resulting from hepatic activation of IKK-beta and NF-kappaB.
Nat Med 2005;11:183-90.

Xu H, Barnes GT, Yang Q, Tan G, Yang D, Chou CJ, Sole J, Nichols A, Ross JS,
Tartaglia LA, Chen H. Chronic inflammation in fat plays a crucial role in the
development of obesity-related insulin resistance. J Clin Invest 2003;112:1821-30.
Giannoukakis N, Rudert WA, Ghivizzani SC, Gambotto A, Ricordi C, Trucco M,
Robbins PD. Adenoviral gene transfer of the interleukin-1 receptor antagonist protein to
human islets prevents IL-1beta-induced beta-cell impairment and activation of islet cell
apoptosis in vitro. Diabetes 1999;48:1730-6.

Uysal KT, Wiesbrock SM, Marino MW, Hotamisligil GS. Protection from obesity-
induced insulin resistance in mice lacking TNF-alpha function. Nature 1997;389:610-4.
Monaco C, Andreakos E, Kiriakidis S, Mauri C, Bicknell C, Foxwell B, Cheshire N,
Paleolog E, Feldmann M. Canonical pathway of nuclear factor kappa B activation
selectively regulates proinflammatory and prothrombotic responses in human
atherosclerosis. Proc Natl Acad Sci U S A 2004;101:5634-9.

Cuaz-Perolin C, Billiet L, Bauge E, Copin C, Scott-Algara D, Genze F, Buchele B,
Syrovets T, Simmet T, Rouis M. Antiinflammatory and antiatherogenic effects of the NF-
kappaB inhibitor acetyl-11-keto-beta-boswellic acid in LPS-challenged ApoE-/- mice.
Arterioscler Thromb Vasc Biol 2008;28:272-7.

Kleemann R, Zadelaar S, Kooistra T. Cytokines and atherosclerosis: a comprehensive
review of studies in mice. Cardiovasc Res 2008;79:360-76.

Csiszar A, Labinskyy N, Smith K, Rivera A, Orosz Z, Ungvari Z. Vasculoprotective
effects of anti-tumor necrosis factor-alpha treatment in aging. Am J Pathol 2007;170:388-
98.

Tzankoff SP, Norris AH. Effect of muscle mass decrease on age-related BMR changes. J
Appl Physiol 1977;43:1001-6.

Bautmans I, Njemini R, Lambert M, Demanet C, Mets T. Circulating acute phase
mediators and skeletal muscle performance in hospitalized geriatric patients. J Gerontol
A Biol Sci Med Sci 2005;60:361-7.

Visser M, Pahor M, Taaffe DR, Goodpaster BH, Simonsick EM, Newman AB, Nevitt M,
Harris TB. Relationship of interleukin-6 and tumor necrosis factor-alpha with muscle
mass and muscle strength in elderly men and women: the Health ABC Study. J Gerontol
A Biol Sci Med Sci 2002;57:M326-32.

177



202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

Cai D, Frantz JD, Tawa NE, Jr., Melendez PA, Oh BC, Lidov HG, Hasselgren PO,
Frontera WR, Lee J, Glass DJ, Shoelson SE. IKKbeta/NF-kappaB activation causes
severe muscle wasting in mice. Cell 2004;119:285-98.

Hunter RB, Stevenson E, Koncarevic A, Mitchell-Felton H, Essig DA, Kandarian SC.
Activation of an alternative NF-kappaB pathway in skeletal muscle during disuse
atrophy. Faseb J 2002;16:529-38.

Kandarian SC, Jackman RW. Intracellular signaling during skeletal muscle atrophy.
Muscle Nerve 2006;33:155-65.

Yun AJ, Lee PY. Maldaptation of the link between inflammation and bone turnover may
be a key determinant of osteoporosis. Med Hypotheses 2004;63:532-7.

Soysa NS, Alles N. NF-kappaB functions in osteoclasts. Biochem Biophys Res Commun
2009;378:1-5.

Ding C, Parameswaran V, Udayan R, Burgess J, Jones G. Circulating levels of
inflammatory markers predict change in bone mineral density and resorption in older
adults: a longitudinal study. J Clin Endocrinol Metab 2008;93:1952-8.

Ginaldi L, Di Benedetto MC, De Martinis M. Osteoporosis, inflammation and ageing.
Immun Ageing 2005;2:14.

Chang J, Wang Z, Tang E, Fan Z, McCauley L, Franceschi R, Guan K, Krebsbach PH,
Wang CY. Inhibition of osteoblastic bone formation by nuclear factor-kappaB. Nat Med
2009.

Navarro CL, Cau P, Levy N. Molecular bases of progeroid syndromes. Hum Mol Genet
2006;15 Spec No 2:R151-61.

Harrigan JA, Wilson DM, 3rd, Prasad R, Opresko PL, Beck G, May A, Wilson SH, Bohr
VA. The Werner syndrome protein operates in base excision repair and cooperates with
DNA polymerase beta. Nucleic Acids Res 2006;34:745-54.

Gorbunova V, Seluanov A. Making ends meet in old age: DSB repair and aging. Mech
Ageing Dev 2005;126:621-8.

Kudlow BA, Kennedy BK, Monnat RJ, Jr. Werner and Hutchinson-Gilford progeria
syndromes: mechanistic basis of human progeroid diseases. Nat Rev Mol Cell Biol
2007;8:394-404.

Liu B, Wang J, Chan KM, Tjia WM, Deng W, Guan X, Huang JD, Li KM, Chau PY,
Chen DJ, Pei D, Pendas AM, Cadinanos J, Lopez-Otin C, Tse HF, Hutchison C, Chen J,
Cao Y, Cheah KS, Tryggvason K, Zhou Z. Genomic instability in laminopathy-based
premature aging. Nat Med 2005;11:780-5.

Ahmad A, Robinson AR, Duensing A, van Drunen E, Beverloo HB, Weisberg DB, Hasty
P, Hoeijmakers JH, Niedernhofer LJ. ERCC1-XPF endonuclease facilitates DNA double-
strand break repair. Mol Cell Biol 2008;28:5082-92.

Schumacher B, van der Pluijm, I, Moorhouse. M.J., Rasile Robinson, A., Suh, Y., Breit,
T.M., van Steeg, H., Niedernhofer, L.J., van [jcken, W., Bartke, A., Spindler, S.R.,
Hoeijmakers, J.H.J., van der Horst, G.J. and George A. Garinis. Parallels in genome-wide
expression changes between long-lived and progeroid mice reveal a survival response
promoting longevity. PloS Genetics 2008:(In Press).

McCay CM, Crowell, M.F., and Maynard, L.A. The effect of retarded grwoth upon the
length of life span and upon the ultimate body size. Nutritions 1935;5:155-71.

Anderson RM, Shanmuganayagam D, Weindruch R. Caloric restriction and aging:
studies in mice and monkeys. Toxicol Pathol 2009;37:47-51.

178



219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

Colman RJ, Beasley TM, Allison DB, Weindruch R. Attenuation of sarcopenia by dietary
restriction in rhesus monkeys. J Gerontol A Biol Sci Med Sci 2008;63:556-9.

Masoro EJ. Overview of caloric restriction and ageing. Mech Ageing Dev 2005;126:913-
22.

Kim HJ, Jung KJ, Yu BP, Cho CG, Choi JS, Chung HY. Modulation of redox-sensitive
transcription factors by calorie restriction during aging. Mech Ageing Dev
2002;123:1589-95.

Higami Y, Barger JL, Page GP, Allison DB, Smith SR, Prolla TA, Weindruch R. Energy
restriction lowers the expression of genes linked to inflammation, the cytoskeleton, the
extracellular matrix, and angiogenesis in mouse adipose tissue. J Nutr 2006;136:343-52.
Jung KJ, Lee EK, Kim JY, Zou Y, Sung B, Heo HS, Kim MK, Lee J, Kim ND, Yu BP,
Chung HY. Effect of short term calorie restriction on pro-inflammatory NF-kB and AP-1
in aged rat kidney. Inflamm Res 2009;58:143-50.

Pearson KJ, Baur JA, Lewis KN, Peshkin L, Price NL, Labinskyy N, Swindell WR,
Kamara D, Minor RK, Perez E, Jamieson HA, Zhang Y, Dunn SR, Sharma K, Pleshko N,
Woollett LA, Csiszar A, Ikeno Y, Le Couteur D, Elliott PJ, Becker KG, Navas P, Ingram
DK, Wolf NS, Ungvari Z, Sinclair DA, de Cabo R. Resveratrol delays age-related
deterioration and mimics transcriptional aspects of dietary restriction without extending
life span. Cell Metab 2008;8:157-68.

Kim D, Nguyen MD, Dobbin MM, Fischer A, Sananbenesi F, Rodgers JT, Delalle 1,
Baur JA, Sui G, Armour SM, Puigserver P, Sinclair DA, Tsai LH. SIRT1 deacetylase
protects against neurodegeneration in models for Alzheimer's disease and amyotrophic
lateral sclerosis. Embo J 2007;26:3169-79.

Liu ZP, Li WX, Yu B, Huang J, Sun J, Huo JS, Liu CX. Effects of trans-resveratrol from
Polygonum cuspidatum on bone loss using the ovariectomized rat model. ] Med Food
2005;8:14-9.

Baur JA, Pearson KJ, Price NL, Jamieson HA, Lerin C, Kalra A, Prabhu VV, Allard JS,
Lopez-Lluch G, Lewis K, Pistell PJ, Poosala S, Becker KG, Boss O, Gwinn D, Wang M,
Ramaswamy S, Fishbein KW, Spencer RG, Lakatta EG, Le Couteur D, Shaw RJ, Navas
P, Puigserver P, Ingram DK, de Cabo R, Sinclair DA. Resveratrol improves health and
survival of mice on a high-calorie diet. Nature 2006;444:337-42.

Lavu S, Boss O, Elliott PJ, Lambert PD. Sirtuins--novel therapeutic targets to treat age-
associated diseases. Nat Rev Drug Discov 2008;7:841-53.

Yeung F, Hoberg JE, Ramsey CS, Keller MD, Jones DR, Frye RA, Mayo MW.
Modulation of NF-kappaB-dependent transcription and cell survival by the SIRT1
deacetylase. Embo J 2004;23:2369-80.

Kaminska B. MAPK signalling pathways as molecular targets for anti-inflammatory
therapy--from molecular mechanisms to therapeutic benefits. Biochim Biophys Acta
2005;1754:253-62.

McDonald DR, Bamberger ME, Combs CK, Landreth GE. beta-Amyloid fibrils activate
parallel mitogen-activated protein kinase pathways in microglia and THP1 monocytes. J
Neurosci 1998;18:4451-60.

Li G, Barrett EJ, Barrett MO, Cao W, Liu Z. Tumor necrosis factor-alpha induces insulin
resistance in endothelial cells via a p38 mitogen-activated protein kinase-dependent
pathway. Endocrinology 2007;148:3356-63.

179



233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244,

245.

246.

247.

248.

249.

Naik SH. Demystifying the development of dendritic cell subtypes, a little. Immunol Cell
Biol 2008;86:439-52.

Gordon S, Taylor PR. Monocyte and macrophage heterogeneity. Nat Rev Immunol
2005;5:953-64.

Neves BM, Cruz MT, Francisco V, Goncalo M, Figueiredo A, Duarte CB, Lopes MC.
Differential modulation of CXCR4 and CD40 protein levels by skin sensitizers and
irritants in the FSDC cell line. Toxicol Lett 2008;177:74-82.

Mantovani A, Sica A, Locati M. New vistas on macrophage differentiation and
activation. Eur J] Immunol 2007;37:14-6.

Dugast AS, Vanhove B. Immune regulation by non-lymphoid cells in transplantation.
Clin Exp Immunol 2009;156:25-34.

Hume DA. Macrophages as APC and the dendritic cell myth. J Immunol 2008;181:5829-
35.

Fadok VA, Bratton DL, Konowal A, Freed PW, Westcott JY, Henson PM. Macrophages
that have ingested apoptotic cells in vitro inhibit proinflammatory cytokine production
through autocrine/paracrine mechanisms involving TGF-beta, PGE2, and PAF. J Clin
Invest 1998;101:890-8.

Ostrand-Rosenberg S, Sinha P. Myeloid-derived suppressor cells: linking inflammation
and cancer. J Immunol 2009;182:4499-506.

Kobets N, Kennedy K, Garside P. An investigation of the distribution of antigen fed in
tolerogenic or immunogenic forms. Immunol Lett 2003;88:147-55.

Youn JI, Nagaraj S, Collazo M, Gabrilovich DI. Subsets of myeloid-derived suppressor
cells in tumor-bearing mice. J Immunol 2008;181:5791-802.

Mosser DM, Edwards JP. Exploring the full spectrum of macrophage activation. Nat Rev
Immunol 2008;8:958-69.

Torres M, Ramachandra L, Rojas RE, Bobadilla K, Thomas J, Canaday DH, Harding CV,
Boom WH. Role of phagosomes and major histocompatibility complex class II (MHC-II)
compartment in MHC-II antigen processing of Mycobacterium tuberculosis in human
macrophages. Infect Immun 2006;74:1621-30.

McCormack JM, Askew D, Walker WS. Alloantigen presentation by individual clones of
mouse splenic macrophages. Selective expression of IL-1 alpha in response to CD8+ T
cell-derived IFN-gamma defines the alloantigen-presenting phenotype. J Immunol
1993;151:5218-27.

Desmedt M, Rottiers P, Dooms H, Fiers W, Grooten J. Macrophages induce cellular
immunity by activating Th1 cell responses and suppressing Th2 cell responses. J
Immunol 1998;160:5300-8.

den Haan JM, Lehar SM, Bevan MJ. CD8(+) but not CD8(-) dendritic cells cross-prime
cytotoxic T cells in vivo. J Exp Med 2000;192:1685-96.

Obonyo M, Cole SP, Datta SK, Guiney DG. Evidence for interleukin-1-independent
stimulation of interleukin-12 and down-regulation by interleukin-10 in Helicobacter
pylori-infected murine dendritic cells deficient in the interleukin-1 receptor. FEMS
Immunol Med Microbiol 2006;47:414-9.

Pozzi LA, Maciaszek JW, Rock KL. Both dendritic cells and macrophages can stimulate
naive CD8 T cells in vivo to proliferate, develop effector function, and differentiate into
memory cells. J Immunol 2005;175:2071-81.

180



250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

Vasilevsky S, Colino J, Puliaev R, Canaday DH, Snapper CM. Macrophages pulsed with
Streptococcus pneumoniae elicit a T cell-dependent antibody response upon transfer into
naive mice. J Immunol 2008;181:1787-97.

Jimi E, Ghosh S. Role of nuclear factor-kappaB in the immune system and bone.
Immunol Rev 2005;208:80-7.

Emanuel PD. Juvenile myelomonocytic leukemia and chronic myelomonocytic leukemia.
Leukemia 2008;22:1335-42.

Ebner K, Bandion A, Binder BR, de Martin R, Schmid JA. GMCSF activates NF-kappaB
via direct interaction of the GMCSF receptor with IkappaB kinase beta. Blood
2003;102:192-9.

Jang JY, Lee CE. IL-4-induced upregulation of adenine nucleotide translocase 3 and its
role in Th cell survival from apoptosis. Cell Immunol 2006;241:14-25.

O'Sullivan BJ, Thomas R. CDA40 ligation conditions dendritic cell antigen-presenting
function through sustained activation of NF-kappaB. J Immunol 2002;168:5491-8.

Yang XY, Cai SX, Zhang WJ, Tang XL, Shin HY, Lee JY, Gu QQ, Park H. Semi-
vioxanthin isolated from marine-derived fungus regulates tumor necrosis factor-alpha,
cluster of differentiation (CD) 80, CD86, and major histocompatibility complex class 11
expression in RAW264.7 cells via nuclear factor-kappaB and mitogen-activated protein
kinase signaling pathways. Biol Pharm Bull 2008;31:2228-33.

Blauvelt A. T-helper 17 cells in psoriatic plaques and additional genetic links between
IL-23 and psoriasis. J Invest Dermatol 2008;128:1064-7.

Jansen PL. Liver disease in the elderly. Best Pract Res Clin Gastroenterol 2002;16:149-
58.

Feve B, Bastard JP, Vidal H. [Relationship between obesity, inflammation and insulin
resistance: new concepts]. C R Biol 2006;329:587-97; discussion 653-5.

Harkonen PL, Vaananen HK. Monocyte-macrophage system as a target for estrogen and
selective estrogen receptor modulators. Ann N'Y Acad Sci 2006;1089:218-27.

Pais TF, Chatterjee S. Brain macrophage activation in murine cerebral malaria precedes
accumulation of leukocytes and CD8+ T cell proliferation. J Neuroimmunol
2005;163:73-83.

Perminow G, Reikvam DH, Lyckander LG, Brandtzaeg P, Vatn MH, Carlsen HS.
Increased number and activation of colonic macrophages in pediatric patients with
untreated Crohn's disease. Inflamm Bowel Dis 2009.

Mahida YR. The key role of macrophages in the immunopathogenesis of inflammatory
bowel disease. Inflamm Bowel Dis 2000;6:21-33.

Mizoguchi A, Ogawa A, Takedatsu H, Sugimoto K, Shimomura Y, Shirane K, Nagahama
K, Nagaishi T, Mizoguchi E, Blumberg RS, Bhan AK. Dependence of intestinal
granuloma formation on unique myeloid DC-like cells. J Clin Invest 2007;117:605-15.
Takeda K, Clausen BE, Kaisho T, Tsujimura T, Terada N, Forster I, Akira S. Enhanced
Thl activity and development of chronic enterocolitis in mice devoid of Stat3 in
macrophages and neutrophils. Immunity 1999;10:39-49.

Uhlig HH, McKenzie BS, Hue S, Thompson C, Joyce-Shaikh B, Stepankova R, Robinson
N, Buonocore S, Tlaskalova-Hogenova H, Cua DJ, Powrie F. Differential activity of IL-
12 and IL-23 in mucosal and systemic innate immune pathology. Immunity 2006;25:309-
18.

181



267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

Rogler G, Brand K, Vogl D, Page S, Hofmeister R, Andus T, Knuechel R, Baeuerle PA,
Scholmerich J, Gross V. Nuclear factor kappaB is activated in macrophages and
epithelial cells of inflamed intestinal mucosa. Gastroenterology 1998;115:357-69.
Auphan N, DiDonato JA, Rosette C, Helmberg A, Karin M. Immunosuppression by
glucocorticoids: inhibition of NF-kappa B activity through induction of I kappa B
synthesis. Science 1995;270:286-90.

Bantel H, Berg C, Vieth M, Stolte M, Kruis W, Schulze-Osthoff K. Mesalazine inhibits
activation of transcription factor NF-kappaB in inflamed mucosa of patients with
ulcerative colitis. Am J Gastroenterol 2000;95:3452-7.

Scheinman RI, Gualberto A, Jewell CM, Cidlowski JA, Baldwin AS, Jr. Characterization
of mechanisms involved in transrepression of NF-kappa B by activated glucocorticoid
receptors. Mol Cell Biol 1995;15:943-53.

May MJ, Marienfeld RB, Ghosh S. Characterization of the Ikappa B-kinase NEMO
binding domain. J Biol Chem 2002;277:45992-6000.

Mi Z, Lu X, Mai JC, Ng BG, Wang G, Lechman ER, Watkins SC, Rabinowich H,
Robbins PD. Identification of a synovial fibroblast-specific protein transduction domain
for delivery of apoptotic agents to hyperplastic synovium. Mol Ther 2003;8:295-305.
Rehman KK, Bertera S, Bottino R, Balamurugan AN, Mai JC, Mi Z, Trucco M, Robbins
PD. Protection of islets by in situ peptide-mediated transduction of the Ikappa B kinase
inhibitor Nemo-binding domain peptide. J Biol Chem 2003;278:9862-8.

Xiong H, Zhu C, Li F, Hegazi R, He K, Babyatsky M, Bauer AJ, Plevy SE. Inhibition of
interleukin-12 p40 transcription and NF-kappaB activation by nitric oxide in murine
macrophages and dendritic cells. J Biol Chem 2004;279:10776-83.

Magness ST, Jijon H, Van Houten Fisher N, Sharpless NE, Brenner DA, Jobin C. In vivo
pattern of lipopolysaccharide and anti-CD3-induced NF-kappa B activation using a novel
gene-targeted enhanced GFP reporter gene mouse. J Immunol 2004;173:1561-70.

Berg DJ, Davidson N, Kuhn R, Muller W, Menon S, Holland G, Thompson-Snipes L,
Leach MW, Rennick D. Enterocolitis and colon cancer in interleukin-10-deficient mice
are associated with aberrant cytokine production and CD4(+) TH1-like responses. J Clin
Invest 1996;98:1010-20.

Fichtner-Feigl S, Fuss 1J, Preiss JC, Strober W, Kitani A. Treatment of murine Thl- and
Th2-mediated inflammatory bowel disease with NF-{kappa}B decoy oligonucleotides

10.1172/JC124792. J. Clin. Invest. 2005;115:3057-3071.

278.

279.

280.

281.

Rudolph D, Yeh WC, Wakeham A, Rudolph B, Nallainathan D, Potter J, Elia AJ, Mak
TW. Severe liver degeneration and lack of NF-kappaB activation in NEMO/IKK gamma-
deficient mice. Genes Dev 2000;14:854-62.

di Meglio P, lanaro A, Ghosh S. Amelioration of acute inflammation by systemic
administration of a cell-permeable peptide inhibitor of NF-kappaB activation. Arthritis
Rheum 2005;52:951-8.

Araki A, Kanai T, Ishikura T, Makita S, Uraushihara K, liyama R, Totsuka T, Takeda K,
Akira S, Watanabe M. MyD88-deficient mice develop severe intestinal inflammation in
dextran sodium sulfate colitis. J Gastroenterol 2005;40:16-23.

Rakoff-Nahoum S, Paglino J, Eslami-Varzaneh F, Edberg S, Medzhitov R. Recognition
of commensal microflora by toll-like receptors is required for intestinal homeostasis. Cell
2004;118:229-41.

182



282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

Greten FR, Eckmann L, Greten TF, Park JM, Li ZW, Egan LJ, Kagnoff MF, Karin M.
IKKDbeta links inflammation and tumorigenesis in a mouse model of colitis-associated
cancer. Cell 2004;118:285-96.

Egan LJ, Eckmann L, Greten FR, Chae S, Li ZW, Myhre GM, Robine S, Karin M,
Kagnoff MF. IkappaB-kinasebeta-dependent NF-kappaB activation provides
radioprotection to the intestinal epithelium. Proc Natl Acad Sci U S A 2004;101:2452-7.
Rakoff-Nahoum S, Hao L, Medzhitov R. Role of Toll-like Receptors in Spontaneous
Commensal-Dependent Colitis. Immunity 2006;25:319-29.

Chung HY, Cesari M, Anton S, Marzetti E, Giovannini S, Seo AY, Carter C, Yu BP,
Leeuwenburgh C. Molecular inflammation: underpinnings of aging and age-related
diseases. Ageing Res Rev 2009;8:18-30.

Ramana KV, Friedrich B, Srivastava S, Bhatnagar A, Srivastava SK. Activation of
nuclear factor-kappaB by hyperglycemia in vascular smooth muscle cells is regulated by
aldose reductase. Diabetes 2004;53:2910-20.

Hayden MS, West AP, Ghosh S. NF-kappaB and the immune response. Oncogene
2006;25:6758-80.

Karin M. Nuclear factor-kappaB in cancer development and progression. Nature
2006;441:431-6.

Beg AA, Sha WC, Bronson RT, Ghosh S, Baltimore D. Embryonic lethality and liver
degeneration in mice lacking the RelA component of NF-kappa B. Nature 1995;376:167-
70.

Robinson A, Oostendorp R, Hoeijmakers J., Shane H, Eppes P, Tilstra JS, Robbins PD,
Garinis GA, Niedernhofer LJ. Stress response induced by DNA damage protects against
carcinogenesis. manuscript in preperation 2009.

Schumacher B, van der Pluijm I, Moorhouse MJ, Kosteas T, Robinson AR, Suh Y, Breit
TM, van Steeg H, Niedernhofer LJ, van Ijcken W, Bartke A, Spindler SR, Hoeijmakers
JH, van der Horst GT, Garinis GA. Delayed and accelerated aging share common
longevity assurance mechanisms. PLoS Genet 2008;4:¢1000161.

Mitala CM, Wang Y, Borland LM, Jung M, Shand S, Watkins S, Weber SG, Michael
AC. Impact of microdialysis probes on vasculature and dopamine in the rat striatum: a
combined fluorescence and voltammetric study. J Neurosci Methods 2008;174:177-85.
Ziegelbauer K, Gantner F, Lukacs NW, Berlin A, Fuchikami K, Niki T, Sakai K, Inbe H,
Takeshita K, Ishimori M, Komura H, Murata T, Lowinger T, Bacon KB. A selective
novel low-molecular-weight inhibitor of IkappaB kinase-beta (IKK-beta) prevents
pulmonary inflammation and shows broad anti-inflammatory activity. Br J Pharmacol
2005;145:178-92.

Liu Y, Sanoff HK, Cho H, Burd CE, Torrice C, Ibrahim JG, Thomas NE, Sharpless NE.
Expression of pl16(INK4a) in peripheral blood T-cells is a biomarker of human aging.
Aging Cell 2009;8:439-48.

Hajek PC, Baker LL, Goobar JE, Sartoris DJ, Hesselink JR, Haghighi P, Resnick D.
Focal fat deposition in axial bone marrow: MR characteristics. Radiology 1987;162:245-
9.

Reaven EP, Gold G, Reaven GM. Effect of age on glucose-stimulated insulin release by
the beta-cell of the rat. J Clin Invest 1979;64:591-9.

Bauer JH, Helfand SL. New tricks of an old molecule: lifespan regulation by p53. Aging
Cell 2006;5:437-40.

183



298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

Provost PR, Marcel YL, Milne RW, Weech PK, Rassart E. Apolipoprotein D
transcription occurs specifically in nonproliferating quiescent and senescent fibroblast
cultures. FEBS Lett 1991;290:139-41.

Jackson JG, Pereira-Smith OM. p53 is preferentially recruited to the promoters of growth
arrest genes p21 and GADDA45 during replicative senescence of normal human
fibroblasts. Cancer Res 2006;66:8356-60.

Helisalmi S, Hiltunen M, Vepsalainen S, livonen S, Corder EH, Lehtovirta M,
Mannermaa A, Koivisto AM, Soininen H. Genetic variation in apolipoprotein D and
Alzheimer's disease. J Neurol 2004;251:951-7.

Dutta J, Fan Y, Gupta N, Fan G, Gelinas C. Current insights into the regulation of
programmed cell death by NF-kappaB. Oncogene 2006;25:6800-16.

Li Q, Van Antwerp D, Mercurio F, Lee KF, Verma IM. Severe liver degeneration in mice
lacking the IkappaB kinase 2 gene. Science 1999;284:321-5.

Doi TS, Marino MW, Takahashi T, Yoshida T, Sakakura T, Old LJ, Obata Y. Absence of
tumor necrosis factor rescues RelA-deficient mice from embryonic lethality. Proc Natl
Acad Sci U S A 1999;96:2994-9.

Hirahashi J, Takayanagi A, Hishikawa K, Takase O, Chikaraishi A, Hayashi M, Shimizu
N, Saruta T. Overexpression of truncated I kappa B alpha potentiates TNF-alpha-induced
apoptosis in mesangial cells. Kidney Int 2000;57:959-68.

Van Antwerp DJ, Martin SJ, Kafri T, Green DR, Verma IM. Suppression of TNF-alpha-
induced apoptosis by NF-kappaB. Science 1996;274:787-9.

Papa S, Bubici C, Zazzeroni F, Pham CG, Kuntzen C, Knabb JR, Dean K, Franzoso G.
The NF-kappaB-mediated control of the JNK cascade in the antagonism of programmed
cell death in health and disease. Cell Death Differ 2006;13:712-29.

Sitcheran R, Comb WC, Cogswell PC, Baldwin AS. Essential role for epidermal growth
factor receptor in glutamate receptor signaling to NF-kappaB. Mol Cell Biol
2008;28:5061-70.

Chen Z, Hagler J, Palombella VJ, Melandri F, Scherer D, Ballard D, Maniatis T. Signal-
induced site-specific phosphorylation targets I kappa B alpha to the ubiquitin-proteasome
pathway. Genes Dev 1995;9:1586-97.

Read MA, Neish AS, Luscinskas FW, Palombella VJ, Maniatis T, Collins T. The
proteasome pathway is required for cytokine-induced endothelial-leukocyte adhesion
molecule expression. Immunity 1995;2:493-506.

Waelchli R, Bollbuck B, Bruns C, Buhl T, Eder J, Feifel R, Hersperger R, Janser P,
Revesz L, Zerwes HG, Schlapbach A. Design and preparation of 2-benzamido-
pyrimidines as inhibitors of IKK. Bioorg Med Chem Lett 2006;16:108-12.

Kobori M, Yang Z, Gong D, Heissmeyer V, Zhu H, Jung YK, Gakidis MA, Rao A,
Sekine T, Ikegami F, Yuan C, Yuan J. Wedelolactone suppresses LPS-induced caspase-
11 expression by directly inhibiting the IKK complex. Cell Death Differ 2004;11:123-30.
Podolin PL, Callahan JF, Bolognese BJ, Li YH, Carlson K, Davis TG, Mellor GW, Evans
C, Roshak AK. Attenuation of murine collagen-induced arthritis by a novel, potent,
selective small molecule inhibitor of IkappaB Kinase 2, TPCA-1 (2-
[(aminocarbonyl)amino]-5-(4-fluorophenyl)-3-thiophenecarboxamide), occurs via
reduction of proinflammatory cytokines and antigen-induced T cell Proliferation. J
Pharmacol Exp Ther 2005;312:373-81.

184



313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

Birrell MA, Wong S, Hardaker EL, Catley MC, McCluskie K, Collins M, Haj-Yahia S,
Belvisi MG. IkappaB kinase-2-independent and -dependent inflammation in airway
disease models: relevance of IKK-2 inhibition to the clinic. Mol Pharmacol
2006;69:1791-800.

Shin HM, Kim MH, Kim BH, Jung SH, Kim YS, Park HJ, Hong JT, Min KR, Kim Y.
Inhibitory action of novel aromatic diamine compound on lipopolysaccharide-induced
nuclear translocation of NF-kappaB without affecting IkappaB degradation. FEBS Lett
2004;571:50-4.

Mannick EE, Mishra J, Marque J, Clavell M, Miller MJ, Oliver PD. Inhibitors of nuclear
factor kappa B cause apoptosis in cultured macrophages. Mediators Inflamm 1997;6:225-
32.

Kim SO, Han J. Pan-caspase inhibitor zZVAD enhances cell death in RAW246.7
macrophages. J Endotoxin Res 2001;7:292-6.

Kim HS, Lee MS. Essential role of STATI in caspase-independent cell death of activated
macrophages through the p38 mitogen-activated protein kinase/STAT1/reactive oxygen
species pathway. Mol Cell Biol 2005;25:6821-33.

Roth W, Reed JC. Apoptosis and cancer: when BAX is TRAILing away. Nat Med
2002;8:216-8.

Kim JY, Park JH. ROS-dependent caspase-9 activation in hypoxic cell death. FEBS Lett
2003;549:94-8.

Kim YS, Morgan MJ, Choksi S, Liu ZG. TNF-induced activation of the Nox1 NADPH
oxidase and its role in the induction of necrotic cell death. Mol Cell 2007;26:675-87.
Hsu LC, Ali SR, McGillivray S, Tseng PH, Mariathasan S, Humke EW, Eckmann L,
Powell JJ, Nizet V, Dixit VM, Karin M. A NOD2-NALP1 complex mediates caspase-1-
dependent IL-1beta secretion in response to Bacillus anthracis infection and muramyl
dipeptide. Proc Natl Acad Sci U S A 2008;105:7803-8.

Pham CG, Bubici C, Zazzeroni F, Papa S, Jones J, Alvarez K, Jayawardena S, De Smaele
E, Cong R, Beaumont C, Torti FM, Torti SV, Franzoso G. Ferritin heavy chain
upregulation by NF-kappaB inhibits TNFalpha-induced apoptosis by suppressing reactive
oxygen species. Cell 2004;119:529-42.

Mukhopadhyay A, Suttles J, Stout RD, Aggarwal BB. Genetic deletion of the tumor
necrosis factor receptor p60 or p80 abrogates ligand-mediated activation of nuclear
factor-kappa B and of mitogen-activated protein kinases in macrophages. J Biol Chem
2001;276:31906-12.

Das KC, Lewis-Molock Y, White CW. Activation of NF-kappa B and elevation of
MnSOD gene expression by thiol reducing agents in lung adenocarcinoma (A549) cells.
Am J Physiol 1995;269:1.588-602.

Xu'Y, Kiningham KK, Devalaraja MN, Yeh CC, Majima H, Kasarskis EJ, St Clair DK.
An intronic NF-kappaB element is essential for induction of the human manganese
superoxide dismutase gene by tumor necrosis factor-alpha and interleukin-1beta. DNA
Cell Biol 1999;18:709-22.

Kwak EL, Larochelle DA, Beaumont C, Torti SV, Torti FM. Role for NF-kappa B in the
regulation of ferritin H by tumor necrosis factor-alpha. J Biol Chem 1995;270:15285-93.
Ruckdeschel K, Mannel O, Richter K, Jacobi CA, Trulzsch K, Rouot B, Heesemann J.
Yersinia outer protein P of Yersinia enterocolitica simultaneously blocks the nuclear

185



328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

factor-kappa B pathway and exploits lipopolysaccharide signaling to trigger apoptosis in
macrophages. J Immunol 2001;166:1823-31.

Zhang Y, Ting AT, Marcu KB, Bliska JB. Inhibition of MAPK and NF-kappa B
pathways is necessary for rapid apoptosis in macrophages infected with Yersinia. J
Immunol 2005;174:7939-49.

DiPerna G, Stack J, Bowie AG, Boyd A, Kotwal G, Zhang Z, Arvikar S, Latz E,
Fitzgerald KA, Marshall WL. Poxvirus protein N1L targets the I-kappaB kinase complex,
inhibits signaling to NF-kappaB by the tumor necrosis factor superfamily of receptors,
and inhibits NF-kappaB and IRF3 signaling by toll-like receptors. J Biol Chem
2004;279:36570-8.

Chen RA, Ryzhakov G, Cooray S, Randow F, Smith GL. Inhibition of IkappaB kinase by
vaccinia virus virulence factor B14. PLoS Pathog 2008;4:¢22.

Humlova Z, Vokurka M, Esteban M, Melkova Z. Vaccinia virus induces apoptosis of
infected macrophages. J Gen Virol 2002;83:2821-32.

Chahroudi A, Garber DA, Reeves P, Liu L, Kalman D, Feinberg MB. Differences and
similarities in viral life cycle progression and host cell physiology after infection of
human dendritic cells with modified vaccinia virus Ankara and vaccinia virus. J Virol
2006;80:8469-81.

Tournier JN, Quesnel-Hellmann A. Host-pathogen interactions: a biological rendez-vous
of the infectious nonself and danger models? PLoS Pathog 2006;2:e44.

Gibbs JD, Liebermann DA, Hoffman B. Egr-1 abrogates the E2F-1 block in terminal
myeloid differentiation and suppresses leukemia. Oncogene 2008;27:98-106.

Reuther JY, Reuther GW, Cortez D, Pendergast AM, Baldwin AS, Jr. A requirement for
NF-kappaB activation in Ber-Abl-mediated transformation. Genes Dev 1998;12:968-81.
Kanters E, Pasparakis M, Gijbels MJ, Vergouwe MN, Partouns-Hendriks I, Fijneman R1J,
Clausen BE, Forster I, Kockx MM, Rajewsky K, Kraal G, Hofker MH, de Winther MP.
Inhibition of NF-kappaB activation in macrophages increases atherosclerosis in LDL
receptor-deficient mice. J Clin Invest 2003;112:1176-85.

Dave SH, Tilstra JS, Matsuoka K, Li F, Demarco RA, Beer-Stolz D, Sepulveda AR, Fink
MP, Lotze MT, Plevy SE. Ethyl pyruvate decreases HMGBI release and ameliorates
murine colitis. J Leukoc Biol 2009.

Pope RM. Apoptosis as a therapeutic tool in theumatoid arthritis. Nat Rev Immunol
2002;2:527-35.

Kusmartsev S, Gabrilovich DI. Effect of tumor-derived cytokines and growth factors on
differentiation and immune suppressive features of myeloid cells in cancer. Cancer
Metastasis Rev 2006;25:323-31.

Wang CY, Mayo MW, Baldwin AS, Jr. TNF- and cancer therapy-induced apoptosis:
potentiation by inhibition of NF-kappaB. Science 1996;274:784-7.

Scartozzi M, Bearzi I, Pierantoni C, Mandolesi A, Loupakis F, Zaniboni A, Catalano V,
Quadri A, Zorzi F, Berardi R, Biscotti T, Labianca R, Falcone A, Cascinu S. Nuclear
factor-kB tumor expression predicts response and survival in irinotecan-refractory
metastatic colorectal cancer treated with cetuximab-irinotecan therapy. J Clin Oncol
2007;25:3930-5.

Chang J, Wang Z, Tang E, Fan Z, McCauley L, Franceschi R, Guan K, Krebsbach PH,
Wang CY. Inhibition of osteoblastic bone formation by nuclear factor-kappaB. Nat Med
2009;15:682-9.

186



343.

344.

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

Habraken Y, Piette J. NF-kappaB activation by double-strand breaks. Biochem
Pharmacol 2006;72:1132-41.

Li N, Banin S, Ouyang H, Li GC, Courtois G, Shiloh Y, Karin M, Rotman G. ATM is
required for IkappaB kinase (IKKk) activation in response to DNA double strand breaks.
J Biol Chem 2001;276:8898-903.

Janssens S, Tinel A, Lippens S, Tschopp J. PIDD mediates NF-kappaB activation in
response to DNA damage. Cell 2005;123:1079-92.

Gloire G, Legrand-Poels S, Piette J. NF-kappaB activation by reactive oxygen species:
fifteen years later. Biochem Pharmacol 2006;72:1493-505.

Lu Y, Wahl LM. Oxidative stress augments the production of matrix metalloproteinase-1,
cyclooxygenase-2, and prostaglandin E2 through enhancement of NF-kappa B activity in
lipopolysaccharide-activated human primary monocytes. J Immunol 2005;175:5423-9.
Takada Y, Mukhopadhyay A, Kundu GC, Mahabeleshwar GH, Singh S, Aggarwal BB.
Hydrogen peroxide activates NF-kappa B through tyrosine phosphorylation of I kappa B
alpha and serine phosphorylation of p65: evidence for the involvement of I kappa B alpha
kinase and Syk protein-tyrosine kinase. J Biol Chem 2003;278:24233-41.

Liu J, Narasimhan P, Yu F, Chan PH. Neuroprotection by hypoxic preconditioning
involves oxidative stress-mediated expression of hypoxia-inducible factor and
erythropoietin. Stroke 2005;36:1264-9.

Collart MA, Baeuerle P, Vassalli P. Regulation of tumor necrosis factor alpha
transcription in macrophages: involvement of four kappa B-like motifs and of
constitutive and inducible forms of NF-kappa B. Mol Cell Biol 1990;10:1498-506.
Burstein E, Fearon ER. Colitis and cancer: a tale of inflammatory cells and their
cytokines. J Clin Invest 2008;118:464-7.

Okamoto T. NF-kappaB and rheumatic diseases. Endocr Metab Immune Disord Drug
Targets 2006;6:359-72.

Licastro F, Candore G, Lio D, Porcellini E, Colonna-Romano G, Franceschi C, Caruso C.
Innate immunity and inflammation in ageing: a key for understanding age-related
diseases. Immun Ageing 2005;2:8.

Salminen A, Huuskonen J, Ojala J, Kauppinen A, Kaarniranta K, Suuronen T. Activation
of innate immunity system during aging: NF-kB signaling is the molecular culprit of
inflamm-aging. Ageing Res Rev 2008;7:83-105.

Csiszar A, Wang M, Lakatta EG, Ungvari ZI. Inflammation and endothelial dysfunction
during aging: role of NF-{kappa}B. J Appl Physiol 2008.

Licastro F, Pedrini S, Caputo L, Annoni G, Davis LJ, Ferri C, Casadei V, Grimaldi LM.
Increased plasma levels of interleukin-1, interleukin-6 and alpha-1-antichymotrypsin in
patients with Alzheimer's disease: peripheral inflammation or signals from the brain? J
Neuroimmunol 2000;103:97-102.

Abbatecola AM, Ferrucci L, Grella R, Bandinelli S, Bonafe M, Barbieri M, Corsi AM,
Lauretani F, Franceschi C, Paolisso G. Diverse effect of inflammatory markers on insulin
resistance and insulin-resistance syndrome in the elderly. J] Am Geriatr Soc 2004;52:399-
404.

Karin M, Greten FR. NF-kappaB: linking inflammation and immunity to cancer
development and progression. Nat Rev Immunol 2005;5:749-59.

187



359. Guttridge DC, Albanese C, Reuther JY, Pestell RG, Baldwin AS, Jr. NF-kappaB controls
cell growth and differentiation through transcriptional regulation of cyclin D1. Mol Cell
Biol 1999;19:5785-99.

360. Chang NS. The non-ankyrin C terminus of Ikappa Balpha physically interacts with p53 in
vivo and dissociates in response to apoptotic stress, hypoxia, DNA damage, and
transforming growth factor-beta 1-mediated growth suppression. J Biol Chem
2002;277:10323-31.

361. Acosta JC, O'Loghlen A, Banito A, Guijarro MV, Augert A, Raguz S, Fumagalli M, Da
Costa M, Brown C, Popov N, Takatsu Y, Melamed J, d'Adda di Fagagna F, Bernard D,
Hernando E, Gil J. Chemokine signaling via the CXCR2 receptor reinforces senescence.
Cell 2008;133:1006-18.

362. Berdichevsky A, Viswanathan M, Horvitz HR, Guarente L. C. elegans SIR-2.1 interacts
with 14-3-3 proteins to activate DAF-16 and extend life span. Cell 2006;125:1165-77.

363. Finkel T. Oxidant signals and oxidative stress. Curr Opin Cell Biol 2003;15:247-54.

364. Zerbini LF, Wang Y, Czibere A, Correa RG, Cho JY, Jjiri K, Wei W, Joseph M, Gu X,
Grall F, Goldring MB, Zhou JR, Libermann TA. NF-kappa B-mediated repression of
growth arrest- and DNA-damage-inducible proteins 45alpha and gamma is essential for
cancer cell survival. Proc Natl Acad Sci U S A 2004;101:13618-23.

365. Vaira S, Alhawagri M, Anwisye I, Kitaura H, Faccio R, Novack DV. RelA/p65 promotes
osteoclast differentiation by blocking a RANKL-induced apoptotic JNK pathway in mice.
J Clin Invest 2008;118:2088-97.

366. Dogra C, Changotra H, Mohan S, Kumar A. Tumor necrosis factor-like weak inducer of
apoptosis inhibits skeletal myogenesis through sustained activation of nuclear factor-
kappaB and degradation of MyoD protein. J Biol Chem 2006;281:10327-36.

188



	TABLE OF CONTENTS
	List of tables
	List of figures
	preface
	Introduction
	NF-κB/IKK Signaling
	Introduction to NF-κB
	NF-κB Subunits
	NF-κB stimulatory molecules
	Activation of NF-κB through the IKK complex
	Non-canonical NF-κB signaling
	IKK and IκB signaling components
	Genes under NF-κB transcriptional control
	Other substrates of IKK complex:
	NF-κB in human disease
	NF-κB inhibition/Nemo Binding Domain (NBD) Peptide:
	Protein Transduction as method of delivering therapeutics
	Characterization of Transduction Efficiency
	Treatment of murine disease models with 8K-NBD
	Use of PTD-NBD in this manuscript:

	Inflammatory Bowel Disease (IBD)
	Pathology of IBD
	Extra-intestinal Manifestation of IBD
	Inflammation and role in IBD:
	NF-κB and IBD
	Genetics of IBD
	Evaluation of NF-κB in IBD

	Inflammation and Aging
	Stochastic Theory of Aging
	Somatic Theory of Aging
	Mitochondrial Damage/ Reactive Oxygen Species (ROS) contribuation to Aging
	Shortening Telomeres Contribution to Aging
	Altered Protiens and Waste Accumulation Theory of Aging
	Accumulated Damage and Composite Stochastic Theory of Aging

	Damage Response and Aging
	NF-κB as a component of stress response and aging
	NF-κB in Age-Associated Disease
	Alzheimer’s disease
	Parkinson’s Disease
	Type II Diabetes
	Atherosclerosis
	Sarcopenia
	Osteoporosis

	Progeria and evaluating NF-κB in Age-Associated disease
	Therapies Associated with Aging Pathology
	Caloric Restriction
	SIRT Activators
	p38/MAPK inhibitors


	Antigen Presenting cells as mediators and therapeutic targets of human disease
	Professional Antigen presenting cells (APC)
	Characterization of APC populations (inflammatory, regulatory, repair)
	Activation Receptors on APC
	Role of NF-κB Signaling in Macrophages
	NF-κB and APC Differentiation:
	Role of NF-κB in APC Function

	APC role in Human Disease and Aging

	How NF-kB suppression to control mammalian disease will be evaluated in this manuscript

	Amelioration of chronic murine colitis by peptide mediated transduction of the IκB kinase (IKK) inhibitor NEMO binding domain (NBD) peptide
	Abstract
	Introduction
	Materials and Methods
	Peptide  synthesis
	Murine macrophages
	NF-κB Luciferase assay
	Nuclear extracts and Western blotting
	Mice
	In vivo PTD transduction
	Immunohistochemistry
	In vivo NBD peptide treatment
	Intestinal tissue explant cultures
	Histology
	EGFP imaging
	Cytokine ELISAs
	Statistical Analysis

	Results
	Transduction of 8K PTD peptide into macrophages
	8K-NBD inhibits TNF-stimulated NF-κB activation and nuclear translocation in cells
	Transduction of 8K-PTD in vivo
	8K-NBD inhibits LPS-stimulated intestinal NF-κB but does not inhibit basal NF-κB in vivo
	8K-NBD treatment ameliorates colitis in IL-10-/- mice

	Discussion

	Evaluation the role of NF-κB activity in aging
	Abstract
	Introduction
	Materials and Methods:
	Mice:
	Fluorescent Microscopy:
	Isolation and Treatment of Mouse Embryonic Fibroblasts:
	NF-κB Luciferase assay
	Nuclear extracts and Western blotting
	Peptides:
	Treatment of Animals:
	Phenotype and Weighing:
	Tissue Sections/ IHC:
	MicroCT:
	Microarray:

	Results:
	Ercc1-/- cell lines have over-active NF-κB signaling which contributes to proliferation defects:
	NF-κB is activated by gamma irradiation in an ATM dependent manner and NF—κB suppression promotes cellular survival.
	Progeroid-like ERCC1-deficient mice exhibit overactive NF-κB signaling:
	Ercc1-/∆ mice with genetically suppressed IKK/NF-κB signaling have delayed onset of phenotypic changes:
	NBD peptide inhibitor suppresses upregulation of NF-kB signaling:
	Ercc1-/∆ mice with suppressed IKK/NF-κB signaling have delayed onset of phenotypic changes:
	IKK/NF-κB suppression attenuates histologic changes associated with aging:
	NBD treatment led to global as well as NF-κB specific gene expression changes:

	Discussion:

	Pharmacologic NF-κB inhibition causes antigen presenting cells to undergo ROS-dependent Programmed Cell dEath .
	Abstract:
	Introduction
	Material and Methods:
	Materials:
	Peptides
	Murine macrophages, DC and other cell lines:
	NF- B luciferase assay
	MTT Assay:
	Western blotting
	Mitochondrial Membrane Potential and Cellular ROS production:
	Immunofluorescence.
	mRNA analysis:
	Statistical analysis:

	Results:
	NF-κB suppression results in APC death:
	NF-κB induced cell death is specific to APC populations:
	NF-κB activates caspases response in APC:
	APC NF-κB-inhibition-induced death is dependent on ROS production
	NF-κB-inhibitor-induced cell death is stimulation dependent but independent of the TNFα/JNK/Caspase pathway:
	NF-κB-inhibitor-induced PCD is independent of Death Domain Signaling through JNK and caspase 8

	Discussion:

	Discussion and Significance
	bibliographY

