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ABSTRACT	  

The diagnosis of breast cancer is attributed with increased stress, depressive 

mood, anxiety, mood and sleep disturbance. Bi-directional communication networks 

between the brain and the immune system allow for one’s emotions to impact immune 

function.  Psychological stress can impact immune function through the release of 

glucocorticoids that affect the immune system in both a time and dose dependent 

manner. One cell type particularly susceptible to both psychological stress and 

glucocorticoids are NK cells. The purpose of this study was to assess the impact of 

chronic glucocorticoid (GC) treatment on NK cells and use this in vitro system as a tool 

to investigate the regulation of the immune system during periods of psychological 

stress.  

Chronic in vitro treatment of NK92 cells produced a dichotomous NK phenotype 

in which enhanced proinflammatory cytokine production was accompanied by reduced 

NK cell lytic activity (NKCA).  The transcriptional profile of chronic GC treated NK 

cells reflected this dichotomous phenotype with mRNA and protein levels for interferon 

gamma (IFN-g) and for IL-6 increased while mRNA and protein levels for perforin and 

granzyme B decreased.  This dichotomy was at the individual cell level and was the first 

demonstration of such.  For perforin and granzyme B, time course analysis revealed 

reduced transcription related to recruitment of histone deacetylase 2 (HDAC2) with 

concomitant reduction in histone 3 lysine 9 acetylation (H3K9Ac).  In contrast, for IL-6



 

 xiii 

 and IFN-g, increased transcription upon cellular activation related to increased H4K8Ac 

with concomitant loss of HDAC1 and HDAC3 at genomic loci.  Hyper-acetylation of 

cytokine loci increased the sensitivity of these regions to nuclease digestion 

demonstrating increased accessibility of the chromatin structure, which was primed for 

enhanced transcription.  These results demonstrate chronic exposure to GC to impact 

NK cell effector function through the modification of the epigenetic status of NK cell 

effector genes through HDAC redistribution and subsequent epigenetic changes in a 

promoter specific manner.  

These observations were used to investigate the alterations in immune function 

during periods of psychological distress, at or within 10 days of cancer diagnosis. The 

perceived stress of cancer diagnosis was associated with increased daily cortisol 

production and thus enhanced activity of the hypothalamic-pituitary-adrenal gland 

(HPA) axis.  A similar dichotomous immune phenotype characterized by decreased 

NKCA and enhanced proinflammatory cytokine production was observed in the 

peripheral blood mononuclear cells (PBMC) of these individuals and was related to the 

increased activation of the HPA axis. Epigenetic analysis of PBMC demonstrated that 

the enhanced production of the proinflammatory cytokines IFN-g and IL-6 was related 

to H3K9Ac within critical regulatory regions. The mediation pathway of enhanced 

cytokine production by perceived stress through H3K9Ac was tested using the Sobel test. 

These results demonstrate that increased proinflammatory cytokine production by stress 

is partially mediated by promoter specific acetylation patterns on H3K9 within critical 

regulatory regions. In conjunction with pathways elucidated in vitro, epigenetic 

mechanisms regulate immune function during periods of psychological stress.
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CHAPTER ONE 
 

LITERATURE REVIEW 
 

THE IMMUNE SYSTEM 

The immune system is the network of biological structures and cells that protects 

an organism from external threats such as pathogens and internal threats such as 

tumorigenesis.  Any condition that disrupts the normal homeostasis of the immune 

system can lead to pathogenesis by microorganisms, auto-immunity, and cancer.  The 

cells of the immune system are divided into two traditional categories; those of the 

innate and adaptive components.  If an invading pathogen is able to breach the physical 

barriers which protect an organism the cells of the innate immune system are the first 

responders and are poised to initiate a robust and non-specific response to aid in 

pathogen destruction and clearance.  These cells include neutrophils, monocytes, 

macrophages, dendritic cells, and natural killer (NK) cells.  Activation of the innate 

immune system provides the signals and mechanisms required for the initiation of the 

adaptive immune response.  Cells of the adaptive immune system are recruited and 

activated via a number of mechanisms to provide a pathogen specific response to clear 

the invading organism.  These adaptive immune cells, mainly T cells and B cells, 

possess an additional ability to remain dormant in the body poised to detect and 

eliminate the specific pathogen which they previously encountered, in a mechanism 

known as immunological memory.  Each cell of the immune system utilizes is own 
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unique repertoire of cellular responses to aid in pathogen elimination.  In a similar 

manner, cells of both the innate and adaptive compartments patrol the body and 

eliminate abnormal cells, either infected or cancerous, from healthy tissues.  The role of 

these many cell types in cancer detection, control, and eradication, as well as the 

mechanisms which control these processes are an intense area of research.    

 

Hematopoiesis 

 

Decades of research have illustrated that the cells of the immune system, 

including NK cells, develop through a regulated cascade known as hematopoiesis, 

outlined in Figure 1.  During this process, patterns of gene expression are reprogrammed 

in stages that ultimately restrict cell potential, leading to the fully differentiated 

specialized cells of the immune system.  The entire mammalian blood system is 

generated from a single primary pool of hematopoeitic stem cells (HSCs).  HSCs are the 

only cells with both self-renewing capability and the capacity to differentiate into the 

more than ten mature cell types in the blood.  These processes must be regulated in a 

highly orchestrated fashion to maintain the HSC and blood cell pool throughout life.  

The differentiation of HSCs into blood cells occurs in a hierarchical manner and 

includes clear-cut intermediate levels of lineage potential which decreases throughout 

the differentiation process.  The developmental network serves to provide the organism 

with stable intermediates and precursors to supply the appropriate downstream lineage 

cells when needed throughout life.  HSCs differentiate into multipotent  
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Figure 1. Schematic of hematopoiesis. Hematopoeitic hierarchy.  Adapted from Kuby 
Immunology Sixth Edition.  The hematopeoeitic stem cell (HSC) is the only cell in the 
hierarchy capable of self-renewal and pluripotency.  HSC give rise to the multi-potent 
progenitor (MMP) which maintains multipotency but lacks self renewing potential.  The 
MMP gives rise to both the common myeloid progenitor (CMP) and common lymphoid 
progenitor (CLP).  The CMP can differentiate into all cells of the myeloid lineage while 
the CLP gives rise to all of the cells of the lymphoid lineage including the early T cell 
progenitor (ETP).  The ETP differentiates into all T cell populations as well as NK cells. 
Not all intermediate and terminally differentiated cell populations are shown. 
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progenitor cells (MPPs) which lose their self-renewing properties but still maintain 

multipotency.  MPPs are then directed to differentiate into a specific branch either the 

common myeloid progenitor (CMP) or the common lymphoid progenitor (CLP) via 

regulated networks and integration of signals from the host and microenvironment of the 

bone marrow niche.  The CMP has the potential to differentiate into all the myeloid cells 

including erythrocytes, megakaryocytes, granulocytes, and macrophages.  The CLP can 

differentiate into three specific lymphocyte lineages B cells, T cells, and NK cells [1]. 

CLP can differentiate into the bipotent T/NK progenitor (T/NKP) [2].  This T/NKP 

progenitor can give rise to the early T cell progenitor (ETC) and thus the naïve CD4+ 

and CD8+ T cell pool, as well as the other CD3+ T cell populations.  Furthermore, this 

T/NKP gives rise to NK cells that share many functional properties with CD8+ cytotoxic 

T lymphocytes.  Although they share many functional attributes of T cells, the 

differentiation of NK cells is a unique developmental pathway demonstrated by the 

presence of NK cells in RAG1 [3] or RAG2 [4] knockout mice, scid mice [5], as well as 

athymic nude mice [6].  NK cells are an innate lymphocyte not only important in the 

surveillance and elimination of abnormal cells but a critical link between the innate and 

adaptive immune components.    

 

Natural Killer (NK) cells 

 

NK cells are classified as innate lymphocytes that comprise approximately 15% 

of peripheral blood mononuclear cells (PBMCs) and are characterized phenotypically by 

the presence of CD56 and lack of CD3 surface expression.  Two main subsets of NK 
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cells are found in human characterized by the levels of CD56 expression.  There are 

CD56bright and CD56dim NK cells which differ in function, phenotype, and tissue 

localization.  CD56dim NK cells constitute >90% of circulating NK cells in the blood.  

These CD56dim cells express perforin, killer Ig like receptors (KIRs), and the CD16 

FcγRIII and are thought to be more cytolytic and less immuno-regulatory [7].  CD56bright 

NK cells exhibit more immuno-regulatory functions through the secretion of cytokines, 

mainly IFN-g [8]. Bone marrow transplantation studies have suggested that CD56bright 

cells are precursors to the CD56dim populations [9,10].  Independent of the role CD56dim 

vs. CD56bright NK cells play in the immune response, NK cells were originally 

discovered through their unique ability to directly lyse cancer cells and virally infected 

cells without prior exposure [6,11].   

NK cells exhibit direct cytolytic activity through a complex process involving 

four main steps outlined in Figure 2.  First NK cells must bind and form a stable 

conjugate with the target cell (Figure 2A). Conjugate formation by the NK cell with a 

target cell is a process mediated by integrins and immunoglobulin superfamily of 

molecules including CD2, CD11a (LFA-1), CD11b, CD11c, and CD28 [12-14].  

Experiments have demonstrated that blocking these interactions with antibodies both 

suppressed adhesion and decreased target cell lysis by NK cells [15].  In the second step, 

stable conjugate formation is supported by and occurs concomitantly while the NK cell 

integrates a number of activating and inhibitory signals from ligands expressed on the 

target cell surface (Figure 2B).  Third, NK cells release the contents of their cytolytic 

granules into the immunological synapse formed during stable conjugate formation  
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Figure 2. Schematic of natural killer cell lytic activity. (A) Natural Killer cells bind to 
target cells via LFA-1 and CD2.  (B) NK cells integrate the expression of activating and 
inhibitory ligands presented on the target cell via germ-line encoded activating and 
inhibitory receptors. (C) Activation of NK cells leads to the release of cytolytic granules 
containing perforin and granzymes into the immunological synapse formed at the 
junction between the NK cell and the target cell. Molecules of perforin multimerizes on 
the plasma membrane of the target cell forming a pore-like structure.  Granzymes then 
enter the target cell cytoplasm and active the caspase system inducing apoptosis. 
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(Figure 2C).  In the final step, perforin and granzymes coordinate to activate the caspase 

system and thus apoptosis of the target cell (Figure 2C).   

The entire process of target cell lysis is contingent on the ability of an NK cell to 

determine if the target cell is healthy tissue or abnormal in some way, be it 

transformation or infection.  In order to determine whether a cell is infected, cancerous, 

or healthy tissue, NK cells possess a unique array of cell surface proteins that either 

stimulate (activating receptors) or dampen (inhibitory receptors) their activity when 

bound to their respective ligands. 

 

Killer immunoglobulin like receptors (KIRs) 

 

The effector functions of NK cells are controlled by germline encoded receptors 

that do not undergo somatic recombination, referred to as killer immunoglobulin like 

receptors (KIRs) [16-21].  KIRs fall into two main categories based on their structure: 

immunoglobulin-like and lectin-like receptors.  Neither structure is specific to the type 

(activating or inhibitory) of receptor and thus activating and inhibitory receptors fall into 

both categories.  NK cells integrate the signals from both these activating and inhibitory 

receptors to elicit the appropriate response either target cell killing or no cell killing 

(Figure 3).  The activating receptors possess cytoplasmic tails that contain ITAMs 

(immunoreceptor tyrosine based activating motif).  In contrast, inhibitory receptors 

possess cytoplasmic tails containing ITIMs (immunoreceptor tyrosine based inhibitory 

motif).  Inhibitory receptors are mainly composed of molecules that recognize MHC 

class I expression on target cells.  Lack of MHC class I  
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Figure 3. Integration of activating and inhibitory receptor by natural killer cells.  
Natural killer cells integrate the expression levels of both activating and inhibitory 
ligand expression on the surface of target cells through engagement to germ-line 
encoded activating and inhibitory receptors.  Binding of an activating receptor to its 
ligand induces an activation signal, indicating by a plus sign, that results in killing.  
However, engagement of an inhibitory receptor with its ligand results in an inhibitory 
signal, indicated by a minus sign, that opposes the activation signal thus preventing NK 
cell killing.  Loss of inhibitory ligand expression, a state normally associated with 
infection or transformation, allows for the activation signal to predominate resulting in 
target cell destruction.  
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on a potential target cell, which many times occurs during infection or cellular 

transformation, results in a lack of inhibitory signaling and thus results in NK cell 

activation and killing (Figure 3B).  This lack of MHC class I expression and NK cell 

activation has been termed “the missing self hypothesis” [18].  This posits that when a 

cell lacks or exhibits reduced surface expression of self MHC molecules (missing self), 

NK cells are activated and kill the target cell due to lack of inhibitory signaling via 

ITIMs within the NK cell.   

In addition to the inhibitory receptors there are also a wide variety of activating 

receptors present on NK cells.  Recently, a number of activating ligands have been 

identified including molecules that are upregulated on the cell surface in response to 

DNA damage [22], cellular stress [23-25], and viral or bacterial invasion [26,27].  It is 

believed that these activating ligands are upregulated and presented on the surface when 

a cell senses stress or abnormal processes. The expression levels of these ligands are 

then sensed and integrated into the complex signaling cascade within the NK cell, 

ultimately determining whether the cell is killed or spared.  More recently, the 

contribution of synergistic activation from multiple receptors is uncovering the dynamic 

and diverse array of signals that activate NK cells [28-30]. In summation, these NK cell 

receptor ligands are used to judge whether the normal processes of a cell are being 

altered due to cellular transformation or infection and regulate the activation of NK cells 

and their cytolytic activity.  
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Cytolytic Granules: Perforin and Granzyme 

 

The activation of NK cells culminates in the controlled release of cytoplasmic 

granules, which contain perforin and granzymes. Perforin and granzymes are 

constitutively expressed in natural killer cells and are contained within electron dense 

cytoplasmic granules even in resting NK cells.  Release of cytotoxin containing granules 

is directed toward the immunological synapse formed at the junction of the stable 

conjugate between the NK and target cells [31].  The granule-exocytosis pathway results 

in the activation of the caspase system and, ultimately, apoptosis of the target cell [32-

35].  Two prevailing mechanisms have been suggested for the perforin/granzyme 

mediated cell lysis pathway.  In the first model perforin is released into the 

immunological synapse and undergoes a conformational change when it encounters the 

target cell plasma membrane.  This conformational change exposes an amphipathic 

domain that inserts into the target cell plasma membrane.  Monomers of perforin then 

polymerize to form cylindrical pores between 5-20nm in diameter at neutral pH in the 

presence of calcium [36].  Further research revealed that perforin shares sequence and 

structural homology to the complement component C9 [37-39].  This pore is thought to 

allow granzymes, also released into the immunological synapse, access to the target cell 

cytoplasm. The granzymes, a class of serine proteases, cleave and activate members of 

the caspase system inducing apoptosis of the target cell [40]. 

In a second pathway, granzymes are thought to bind the mannose-6-phosphate 

receptor.  Granzyme binding to the mannose-6-phosphate receptor results in 

internalization of the complex [41].  It is believed that this endocytic pathway would 
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result in vesicles that also contain perforin monomers; thus the formation of perforin 

mediated pores within this vesicle allows granzymes entry to the cytoplasm [41].  

Ultimately, both pathways require perforin and result in the activation of the caspase 

pathway and subsequent apoptosis of the target cell via granzymes.    

The important role of perforin in NK cell immunomodulation has been 

elucidated by experiments in mice and natural human mutations in the perforin gene.  In 

a seminal study, perforin deficient mice showed a marked immunodeficiency [42].  

Other mouse studies have confirmed the importance of the perforin pathway in defense 

against viral infection and cancer [43-45].  Additionally, human diseases in which 

patients lack or have a mutated forms of perforin exhibit a decrease in 

immunosurvelliance mechanisms [46].  This work in total emphasizes the critical role of 

perforin in the control of both tumorogenesis and viral infection.   

The perforin gene, PRF1, is encoded on the human chromosome 10 band q22 

and is expressed by NK, CD8+ T cells, γδ T cells, and NKT cells. The upstream 5’ 

regulatory region of the PRF1 contains two distinct enhancer regions located at -15kb 

and -1kb from the transcriptional start site.  Perforin expression is regulated by STAT3 

[47], STAT4 [48,49], STAT5 [50], and NF-κB [51].  STAT5 binding has been 

demonstrated at both enhancer regions of the perforin gene [52].  NF-κB, STAT1a, and 

STAT4 binding has been demonstrated at the -1kb enhancer [49,50]. STAT3, a key 

transcription factor of NK cells, seems to be involved in the constitutive expression of 

perforin and can bind the -1kb enhancer region [53].  IL-2 mediated signaling can 

activate both NF-κB and STAT5 [50,52]and enhance perforin gene expression.  

Additionally, IL-12 mediated signaling via STAT1a and STAT4 upregulate perforin 
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gene expression [49,50]. Although perforin is required for NK cell lytic activity, it alone 

is not sufficient for cytolytic function, but is critical for granzyme entry into the target 

cell.    

Granzymes are a family of serine proteases and comprise a large portion of the 

proteins contained within NK cell cytotoxic granules.  There are 5 known human 

granzymes (A, B, H, K, and M) each with distinct substrate specificity and regulation. 

NK, NKT, and γδ T cells are the only immune cells that constitutively express 

granzymes; expression is thought to be restricted to the lymphoid lineage.  Granzyme A 

and B have been the most extensively studied of the granzyme family.  Granzyme A and 

B have been shown be cytolytic in vitro at micromolar and nanomolar concentrations, 

respectively [32,54].  Granzyme B can induce apoptosis by activating both caspase-3 

and -7 [55].  The cytolytic activity of Granzyme A is controversial as in vitro 

cytotoxicity only occurs at micromolar amounts, requires specific conditions, and is 

independent of the caspase system [56,57].  Emerging evidence links Granzyme A 

release during infection or disease with an inflammatory response via an extracellular 

mechanism.  Granzyme B is regulated by type I interferons [58], IL-2 [59], IL-12 

[59,60], IL-15 [61], and IL-18 [62,63].  The constitutive expression of granzymeB in 

CD8+ cytotoxic lymphocytes is regulated by the transcription factors AP-1, IKAROS, 

RUNX1, CREB1, and Eomes via binding to a hypersensitivity site in the granzymeB 

promoter approximately -250bp from the transcriptional start site [64,65].  Although not 

directly tested, it is assumed that granzymeB is regulated in a similar manner in NK cells 

as that demonstrated for CD8+ CTL.  Furthermore, STAT3 has been hypothesized to 

regulate granzyme B via binding at the -250kb hypersensitivity site due to the presence 
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of a STAT binding element, but this has not been directly tested.  The constituitive and 

cytokine induced regulation of both perforin and granzymes are thus vital to the 

cytolytic function of NK cells.  

 

NK cells and Cytokines 

 

NK cells not only have direct cytolytic activity but also produce a number of 

immunoregulatory cytokines [66,67]. NK cells have now been found to produce and 

secrete a variety of immunomodulatory cytokines such as IFN-γ, TNF-α, IL-10, IL-6, 

IL-5, IL-8, IL-1β, and TNF-β [47].  Although there is crosstalk between the signaling 

pathways that regulate lytic molecule and cytokine gene expression the pathway for 

cytokine secretion is distinct from that of the granule constituents [68].  The direct 

killing of infected or transformed cells is only one way NK cells are able to contain an 

infection and promote the appropriate immune response. The role of IFN-g secreted 

from NK cells and its role in the immune response is the most studied.  IFN-g 

production by NK cells stimulates macrophage activation.  Macrophage activation 

upregulates MHC expression and enhances phagocytosis, these mechanisms are thought 

to aid in clearance of apoptotic cell debris, tissue regeneration, and promote the adaptive 

immune response through the presentation of pathogen and/or tumor specific antigens.  

Furthermore, IFN-g activates CD8+ CTLs.  As CTLs are the adaptive counterpart to NK 

cells, it is thought that IFN-g production from NK cells promotes an antigen specific 

immune response to the pathogen or tumor.  IFN-g production from NK cells is also 

thought to direct the differentiation of naïve CD4+ T cells.  IFN-g inhibits Th2 and 



14 

  

promotes Th1 differentiation of naïve CD4+ T helper cells.  Th1 cells also secrete IFN-g 

and aid CD8+ CTL activation and thus an antigen specific response.  The initial 

recognition of infection or tumorogenesis by NK cells and their subsequent release of 

IFN-g provides a critical link between the innate and adaptive immune systems.  

Like all cytokines IFN-g transcription is tightly regulated to ensure that its 

production is maintained for the appropriate length of time and to the desired 

concentration.  The regulation of IFN-g transcription has mostly come from studies 

investigating the differentiation of CD4+ T helper cells into the Th1 lineage in mouse 

models and cell lines and is extensively reviewed [69].  These studies have revealed that 

the IFNG locus is composed of approximately 150,00 bp of DNA. Within the IFNG 

locus analysis of DNase hypersensitivity sites have revealed a number of cis-regulatory 

elements critical for differentiation and transcriptional activation [69]. These cis-

regulatory elements are conserved non-coding sequences (CNSs) which encode binding 

sites for transcription factors involved in the development of permenant epigenetic 

modifications important for the differentiation and structure of this locus throughout the 

differentiation process.  In naïve CD4+ T cells the IFNG locus contains DNase 

hypersensitivity sites at -22kb, -34kb, and -70kb downstream of the transcriptional start 

site (TSS).  Additional DNase hypersensitivity sites are located upstream of the TSS at 

+17-19kb, +30kb, +40kb, +46kb, and +66kb.  As the IFNG locus becomes fully 

differentiated DNase hypersensitivity sites open up at the proximal promoter, about -5-

6kb, and -34kb downstream of the TSS [69]. As NK cells are able to rapidly secrete 

IFN-g upon stimulation and do not require cellular proliferation for this function it is 

believed the IFNG locus contains an IFNG locus similar to that of fully differentiated 
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CD4+ Th1 cells.  One peticular enhancer 22 kilobases downstream in mice and 17 

kilobases downstream in human has been demonstrated to be required for IFN-g 

transcription in both T cells and NK cells [70,71,72]. IL-2 [73], IL-12, IL-15 and IL-18 

have been shown to upregulate IFN-g in NK cells [74,75,76].  These changes in gene 

expression have been attributed to NF-κB [77], STAT4 [78], STAT1 [79], STAT3 [80], 

and T-bet [81].  The bindings sites for NF-κB, STAT1, STAT3, and STAT4 are 

contained within the proximal promoter, -5kb enhancer, and -22kb enhancer regions of 

the IFNG locus and are critical for the regulation of IFN-g production.  

More recently NK cells have also been shown to produce IL-6 [47], although NK 

cells have been known to be responsive to IL-6 for years [82].  The IL6 gene is 

controlled via elements in the proximal promoter including an IL-1-response element as 

well as a CRE and NF-IL6 binding sites.  The IL6 gene is rapidly upregulated by LPS, 

IL-1, TNF, IL-2 [83], and IL-6 itself [84].  Most studies in the regulation of IL-6 have 

been elucidated in monocytes, which are the main producers of IL-6 within the immune 

cell pool.  The contribution of IL-6 production by NK cells and its role in the immune 

response remains unclear.    

NK cells can also produce TNF-alpha in response to external stimuli such as 

target cell recognition and is implicated in the clearance of both intracellular pathogens 

and tumors.  The TNF gene is clustered with lymphotoxin (LT)-α and LT-β, also 

members of the TNF superfamily, on human chromosome 6 within the MHC class III 

region.  The transcription of the TNF gene is regulated via the recruitment of 

transcription factors and other co-activators to the 5’ proximal promoter upstream of the 

TSS [53].  Two additional hypersensitivity sites -1.7kb and +1.4kb have also been 
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identified and might contribute to the regulation of TNF transcription [53].  The 

proximal promoter contains a binding site for AP-1, AP-2, CREB, and NF-κB and these 

factors have all been shown to upregulate TNF-alpha [85].  Unlike the other cytokines it 

has been shown in monocytes that TNF-alpha is constituitively expressed yielding 

productive transcripts; however, the mRNA is destabilized by its interaction with the 

RNA binding protein, tristetraprolin [86].  This minimizes TNF-alpha production in the 

absence of stimuli but also contributes a negative feedback loop to resolve the TNF-

alpha production after cellular activation with LPS, TNF-alpha, and IL-2 [86,87].    

 

Conclusions 

  

Natural killer cells constitute a critical member of the immune system.  Their 

ability to patrol the body using germline encoded receptors to detect abnormal cells is 

critical for host survival.  Constituitive expression and storage of lytic molecules within 

cytoplasmic granules allows for immediate and effective irradication of abnormal cells 

without prior exposure.  Additionally, NK cells are able to secrete a wide variety of 

immunoregulatory cytokines to modulate the activity of other immune cells and the 

subsequent immune response.  Like all cells of the body NK cells are regulated by the 

neuroendocrine systems.  Understanding how hormonal systems regulate NK cell 

effector function remains an active area of research.  This dissertation examines a 

particular hormone, glucocorticoids, and how they regulate both NK cell cytolytic 

function as well as cytokine production.  
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GLUCOCORTICOIDS AND THE GLUCOCORTICOID RECEPTOR 

 

Introduction 

Hormonal systems regulate human physiology and are a mechanism by which 

the brain comminicates with multiple body systems to maintain host homeostasis.  

Glucocorticoids (GC) are a class of steroid hormones whose name derives from their 

role in glucose metabolism (gluco), synthesis from the adrenal cortex (cortic), and their 

steroid structure (oid).  Glucocorticoids regulate many aspects of human physiology 

including metabolism, sleep, the cardiovascular system, as well as the immune system.   

 

The HPA axis and Diurnal Cortisol Rhythms   

 

Cortisol is the main glucocorticoid in human and its production and secretion is 

regulated by the hypothalamic pituitary adrenal gland (HPA) axis. Activation of the 

hypothalamus results in the secretion of corticotropin-releasing hormone (CRH).  CRH 

then triggers the anterior pituitary to secrete adrenocorticotropic hormone (ACTH).  

ACTH then travels through the vascular system to the adrenal glands situated above the 

kidneys.  ACTH then stimulates the production and secretion of cortisol by the zona 

fasciculate within the adrenal cortex.  The activity of the HPA axis is regulated in a 

circadian manner via circadian oscillators, which yields a distinct 24 hour cycle of 

cortisol secretion from the adrenal cortex known as the cortisol diurnal rhythm 

[88,89,90]. Figure 4 is a graphical representation of a typical diurnal cortisol rhythm in a  
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Figure 4. Schematic of Typical Diurnal Cortisol Rhythms.  A typical diurnal cortisol 
rhythm is characterized by an initial spike approximately 15-45 minutes post-awakening, 
termed the cortisol awakening response (CAR).  Cortisol levels then gradually subside 
throughout the day into the night, reaching a minimal level in the hours preceeding 
awakening.  The area under the curve (AUC) represents the total cortisol levels 
throughout the day (shaded in grey). 
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healthy individual.  Cortisol levels rapidly increase in serum and body fluids after 

awakening, termed the waking rise also known as the cortisol awakening response 

(CAR).  This 50-75% increase in cortisol occurs within 30 to 45 min post awakening 

when cortisol levels are at their peak.   Cortisol levels then decline throughout the day 

and into the night until cortisol levels are lowest in the hour preceding awakening.  The 

typical diurnal rhythm is detected in about 75% of healthy individuals [91].  Cortisol is a 

lipophilic hormone ligand that can freely diffuse through the plasma membrane and thus 

exert its biological effects through its binding to the cytoplasmic glucocorticoid receptor. 

 

The Glucocorticoid Receptor (GR) 

 

Glucocorticoids mediate their effects through the binding and activation of the 

glucocorticoid receptor (GR).  GR mRNA can be detected in almost all tissues in both 

mice and humans, and therefore, it is assumed that functional GR protein is also present 

and thus has the potential to regulate gene expression in almost all known cell 

types[92,93,94].  GR is a member of the nuclear receptor superfamily and is a ligand 

activated transcription factor which is maintained in the cytoplasm via a complex of 

inhibitory cytoplasmic heat shock proteins including both HSP70 and HSP90[95].  GR 

contains a zinc-finger motif DNA-binding domain, a dimerazation domain, and a ligand-

binding domain.  Upon ligand binding GR undergoes a conformational change, 

dissociates from the inhibitory complex, and translocates to the nucleus via its nuclear 

localization signal.  Once in the nucleus, GR interacts with DNA in a sequence specific 

manner and directly regulates gene transcription through the recruitment of co-activators 



20 

  

and co-repressors.  GR can both positively and negatively regulate transcription through 

its zinc-finger motif and binding to glucocorticoid response elements (GREs) and 

negative glucocorticoid response elements (nGREs), respectively [96].  The role of GRE 

and nGRE in the transcriptional regulation by GR has been further complicated with 

research demonstrating that sequence variation in the GREs can alter GR structure and 

activity in a promoter specific manner [97]. The number of genes negatively regulated 

by glucocorticoids is conservatively estimated at more than 100 while those that are 

positively regulated are conservatively estimated at over 400 [98-101]and more liberal 

estimates place the number of GC regulated genes at greater than 1,000 [102-104].  

Additionally, GR can interact with other transcription factors such as activator protein-1 

(AP-1) and nuclear factor-kappa B (NF-κB) and repress transcription indirectly via 

trans-repression [105-107].  

GR activity is regulated at multiple levels.  GR is encoded by the NCR1 gene 

and through alternative splicing results in two main mature mRNA forms which 

ultimately result in the translation of two distinct proteins, GR-alpha and GR-beta.  GR-

beta lacks the carboxy-terminus ligand binding domain and is thus insensitive to ligand 

and is hypothesized to act as a dominant negative isoform.  The GR-beta isoform is not 

ubiquitously expressed, is hypothesized to be involved in glucocorticoid resistance, and 

still is under intense investigation to understand its precise biological role(s).  Once 

ligand activated and translocated to the nucleus, GR-alpha is thought to be degraded by 

the proteasome and thus GR is thought to have a rapid turnover to facilitate integration 

of rapidly changing GC levels [108].  Furthermore, GR is both phosphorylated and 

acetylated which provides further levels of regulation via these posttranslational 
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modifications.  Although the regulation of GR is complex the effects of GC on the 

immune system have been used pharmacologically for decades.  

 

Glucocorticoids and Inflammation 

 

Many GR target genes are involved in modulation of the immune system and the 

inflammatory response.  For this reason the potent immunosuppressive effects of 

glucocorticoids have been used clinically to treat a wide variety or immunologic based 

diseases such as asthma, allergies, auto-immunity, and arthritis.  GR has been shown to 

downregulate a number of pro-inflammatory cytokines, including IL-1beta, IL-2, IL-3, 

IL-4, IL-5, IL-6, IL-11, TNF-alpha, and GM-CSF [109].  Conversely, GC upregulate the 

expression of a number of anti-inflammatory genes including; Lipocortin-1, CC10, IL-1 

receptor antagonist, and IkappaB, through a number of mechanisms dependent on the 

gene of interest [109].  Of the pro-inflammatory genes down-regulated by high 

glucocorticoid concentrations, the IL-6 promoter is the only promoter demonstrated to 

contain a GRE and recruit GR when glucocorticoids are present [110].  With the absence 

of cononical GREs within pro-inflammatory genes other mechanisms to explain the 

decrease in proinflammatory production by GR were investigated.   

Decades of research have uncovered a wide variety of mechanisms by which GR 

can modulate the transcription of genes independent of direct DNA binding.  One such 

mechanism involves the modulation of signaling cascades such as the JAK-STAT and 

NF-κB pathways.  GR has been shown to interact with IκBα maintaining NF-κB in an 

inactive state in the cytoplasm [111,112].  GR has now been shown to interact with a 
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number of members of the Jak-STAT pathway these interaction have mainly been 

shown to inhibit the stimulated production of inflammatory mediators [113,114].  The 

described mechanisms mainly involve the inhibition of nuclear translocation of the 

above signaling pathways resulting in decreased proinflammatory cytokine production.   

Another mechanism has been described involving the direct interaction between 

GR and transcription factors such as NF-κB and AP-1 known as tethering.  In this 

mechanism, GR can be recruited to genomic regulatory regions via this tethering 

mechanism and can thus increase or descrease the transcription of genes independent of   

GREs via transactivation or transrepression, respectively.  It is believed that this 

tethering involves GR monomers rather than the GR dimers recruited to GREs and the 

direct regulation of GR responsive genes such as GILZ [115].    

For decades GC were deemed potently anti-inflammatory; however, recent 

research suggests that GC can in fact be pro-inflammatory in nature dependent on both 

the dose and duration of GC exposure [116].  Furthermore, although GC alone can be 

anti-inflammatory, GC can synergize with cytokines to potentiate the inflammatory 

response [109].  Additionally, the finding that some individuals become insensitive to 

the anti-inflammatory effects of glucocorticoids also have demonstrated that the 

universal anti-inflammatory effects of GC are oversimplified.  The development of 

insensitivity to GC has been termed glucocorticoid resistance.  Mechanistically the 

resistance of individuals to GC has been attributed to alterations in the levels of GR 

within a given cell type.  GR is known to auto-regulate its own expression and GC 

administration results in the down-regulation of GR mRNA and thus GR protein, 

resulting in cells becoming insensitive to further GC administration.  Furthermore, GR is 
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regulated by post-translational modifications and has been demonstrated to be both 

phosphorylated and acetylated.  Phosphorylation of GR at has been shown to alter the 

activity of 

   

Glucocorticoids and Natural Killer cells 

 

A number of studies have demonstrated the effects of GC on NK cells.  We have 

previously shown that incubation of the NK cell line, NK92, with dexamethasone for 24 

hours decreased NK cell lytic ability in a dose dependent manner [117].  We confirmed 

these results in a second NK cell line YT-Indy [118].  These results have also been 

demonstrated with cortisol on NK3.3 cells which exhibited reduction in NKCA via 

decreases in the mRNA for both perforin and granzymes [119].  NK cells isolated from 

PBMC of humans and treated with dexamethasone also exhibited decreased NKCA 

[120]. NK cells isolated from PBMC and incubated with cortisol had decreased 

expression of NKp46 and NKp30 [121]. Direct treatment of human with cortisol 

resulted in a loss of circulating NK cells from the blood, implying that GC also can 

mediate redistribution of NK cells in vivo [122].  In addition to the effects of GC on NK 

cell lytic activity we have published that 24 hour dexamethasone treatment also inhibited 

the unstimulated and stimulated production of IFN-g by NK92 cells in a dose dependent 

manner [117].  All these studies used high concentrations of GC with incubations lasting 

no more than 24 hours.  As the effects of GC are known to be both dose and time 

dependent, the effects of extended GC treatment on NK cells remains unclear. A 

relationship between circulating cortisol and NK cells has also been observed 
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demonstrating that NK cell lytic activity is regulated by the diurnal cortisol rhythms 

[123].  

 

Conclusion 

 

 Glucocorticoids represent a critical regulator of immune function and thus have 

been used for decades pharmacologically.  Specifically for Natural Killer cell the effects 

of glucocorticoids have been demonstrated to regulate both lytic activity as well as 

cytokine production.  Furthermore, correlations between circulating cortisol levels and 

NK cell effector function in vivo indicate the physiological role glucocorticoids play in 

the immunoregulation of NK cells.  Many mechanisms have been proposed for the 

immune regulation by GC but come mainly from suprapysiological concentrations over 

short periods of time.  The effects of GC are both dose and time dependent and thus 

exhibit significantly different phenotypes when these parameters are altered.  

Furthermore, these mechanisms cannot fully explain the effects on immune function 

seen during alterations in the activity of the HPA axis.  This dissertation examines how 

glucocorticoids regulate the epigenome of NK cells and how these epigenetic 

mechanisms might be relevant during periods of altered immune function when HPA 

activity is dysregulated. 
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EPIGENETICS 

 

The DNA of eukaryotic cells is composed of repeating units of nucleosomes 

referred to as chromatin.  One hundred and fourty seven base pairs (bp) of DNA wraps 

around a dimer of four core histone proteins, H2A, H2B, H3, and H4.  Each of these 

histone proteins as well as the DNA sequence itself are subject to multiple 

posttranslational modifications which alter chromatin structure and function.  These 

covalent posttranslational modifications work by altering the overall charge of the 

nucleosome particle and/or create docking sites to recruit regulatory protein complexes.  

Histone modifications constitute a “Histone Code” which is read by the cell machinery 

to bring about a specific transcriptional profile.  The term epigenetics describes the 

process by which changes in this histone code impart heritable, but also reversible, 

changes in gene expression without changes to the DNA sequence itself.  These changes 

in chromatin structure yield two distinct types of genomic regions in the nucleus of a 

eukaryotic cell; condensed transcriptionally silent, heterochromatin, and less condensed 

transcriptionally active, euchromatin. 

Each of these regions is characterized by a specific epigenetic pattern which 

maintains this structure and gene expression pattern, even through cellular division.  The 

DNA itself can be methylated on CpG islands and has been demonstrated to strongly 

correlate with regions of heterochromatin and transcriptional repression [124].  DNA 

methylation is mediated by a class of enzymes known as DNA methyltransferases 

(DNMTs).  Further research has demonstrated that methylated DNA provides docking 

sites for proteins which not only maintain DNA methylation but recruit histone 
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modifying enzymes which inhibit histone acetylation and promote methylation of 

specific histone residues, maintaining heterochromatin condensed structure and gene 

repression. 

Histone proteins can be phosphorylated, acetylated, methylated, ubiquitynated, 

and sumoylated.  Phosphorylation and acetylation of histone proteins generally 

accompany gene transcription.  Sumoylation of histone protein accompanies repression 

while ubiquitynation and methylation are implicated in both activation and repression of 

transcription.  Methylation of histone proteins occurs on lysine residues and comes in 

three forms; mono (me1), di (me2), and tri-methylation (me3).  Methylation of lysine 

residues occurs via histone methyl transferases (HMTs). Methylation of histone tails 

creates docking site for additional co-activator and co-repressor complexes.  Methylated 

lysines are recognized by proteins which contain chromo-domains.  These chromo-

domain containing proteins recruit additional proteins and protein complexes which 

further modify the genomic locus for either gene silencing or gene activation.  

Acetylation of histones has been the most widely investigated epigenetic 

modification.  Two mechanisms for how histone acetylation regulates gene expression 

have been postulated.  First the acetylation of histones occurs on lysine residues, which 

possess a positive charge.  It is hypothesized that the positive charge associated with the 

lysine residue allows for condensation of the chromatin structure via interaction with the 

negatively charged DNA phosphate backbone or the neighboring nucleosome particles.  

Addition of an acetyl group by histone acetyltransferases (HATs) neutralizes this 

positive charge and results in decreased condensation and opening of the chromatin 

structure.  The role of acetylation and chromatin accessibility has been demonstrated in 
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many models.   Secondly, addition of the acetyl group on the lysine residue creates a 

docking site for other regulatory proteins.  Research has revealed a common domain 

among some regulatory proteins known as a bromo-domain.  The structure of these 

domains allows for recognition and binding to acetylated lysines but not unacetylated 

lysines.  From these observations histone acetylation is linked with transcriptional 

activation and recruitment of co-activator complexes.  

 

The Histone Code 

 

The transcription of a given gene is dependent not on a single epigenetic mark 

but the summation of the marks present in a specific loci termed the “Histone Code”.   

Figure 5 outlines the relevant histone modifications for this body of work.  

Transcriptionally inactive heterochromatin is marked by the inhibitory marks H3K9me3 

and H3K27me3 (black circles) [125-128].  The structure of this region is compact and 

inaccessible to transcription factors and transcriptionally machinery, indicated by the 

tight grouping of the nucleosome particles (Figure 5).  This structure is maintained 

within intergenic non-coding regions of DNA as well as in genes that are permanently 

repressed in a specific cell lineage.  This is in contrast to poised euchromatic genes 

which maintain H3K27me3 but possess H3K4me3 (grey circles) as well.  H3K4me3 is 

typical representative of transcription start sites and is strongly correlated with 

transcription potential [129,130].  These regions are termed bivalent as they have the 

potential to be expressed in a particular cell lineage, are more accessible than 

heterochromatin (indicated by a decrease in chromatin condensation), but are not  
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Figure 5. Diagram of histone tail modifications, changes in chromatin structure, 
and transcription.  Heterochromatic regions of DNA are associated with the repressive 
histone tail modifications tri-methylated H3K9 and H3K27 (black circles) and exhibit a 
condensed chromatin structure.  Bi-valent euchromatin is characterized by the loss of 
H3K9me3 and addition of H3K4me3 (grey circles) with slightly increased chromatin 
accessibility.  These regions are not transcribed but are accessible and poised for 
potential transcription.  Poised and primed euchromatin is characterized by the loss of 
H3K27me3 and addition of H3K27Ac and H4K8Ac (white circles).  These regions 
exhibit greater accessibility than bi-valent euchromatin but remain to the most part 
untranscribed.  The addition of H3K9Ac distinguishes poised and primed euchromatin 
from actively transcribed euchromatin and results in a completely accessible chromatin 
structure.  The levels of H3K9Ac are highly predictive of the rate of transcription and 
can be further divided via this histone modification.  
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actively transcribed requiring further differentiation and activation signals [131].  Poised 

euchromatin can be further primed for future transcription through the acquisition of 

H3K27Ac and/or H4K8Ac (white circles).  These modifications act via the mechanisms 

described previously opening up the chromatin structure and create docking sites for co-

activator complexes.  Lastly actively transcribed euchromatin possesses H3K9Ac (white 

circles) while maintaining all of the marks associated with poised and primed 

euchromatin.  The degree of transcription highly correlates with the level of H3K9Ac 

and thus can be divided further by the levels of this specific transcriptional mark.  Most 

work understanding this histone code and epigenetic patterns has come from studies in 

cell differentiation pathways.  Specifically in NK cells the epigenetic marks associated 

with the KIR locus through the differentiation process have been the most widely 

studied [132].  Thus by characterizing the epigenetic modifications at specific genomic 

loci not only provides insight into the differentiation state of the cell but also the 

activation, transcriptional status, and future transcriptional potential of the gene.  

 

Histone Modifying Enzymes 

 

HDACs deacetylate proteins through removal of an acetyl modification from 

lysine epsilon-amino group.  To date 18 HDACs have been described in humans. These 

HDACs are divided into 4 categories, Class I, II, III, and IV, based on their structural 

and enzymatic homologs in yeast and bacteria.  HDAC1, HDAC2, HDAC3, and 

HDAC8 comprise the class I HDAC family based on their homology to the yeast Rpd3 

family.  HDAC1, 2, and 3 seem to be ubiquitously expressed while HDAC8 activity is 
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primarily seen in smooth muscle [133,134,135].  Classically it was thought that class I 

HDACs were localized to the nucleus; however, recent evidence demonstrates that 

HDAC1, HDAC2, and HDAC3 all have cytoplasmic activity and can shuttle in and out 

of the nuclear compartment [133].  Class II HDACs are subdivided into two groups; 

Class IIa (HDAC4, 5, 7, and 9) and Class IIb (HDAC6 and 10).  Class II HDACs unlike 

class I HDACs seem to have tissue and developmental specific expression and are 

classified based on their homology to the yeast HdaI family [136].  Class II HDACs also 

dynamically shuttle between the cytoplasm and nuclear compartment [136]. Class IIb 

HDACs contain two enzymatic domains as compared to the one of class IIa proteins 

[136].  Furthermore, class IIa HDACs are expressed in the brain, HDAC6 is expressed 

primarily in the testis and HDAC10 is expressed in the liver, spleen, and kidneys [136]. 

Class III HDACs are also referred to as Sirtuins, based on structural and enzymatic 

homology to yeast SIR2 HDACs.  These sirtuins are not homologous to class I, II, or IV 

HDACs.  Furthermore the catalytic domains of this family require the cofactor NAD+ 

for activity.  HDAC11 is the only member of class IV HDACs and its separate 

classification is based on a conservation of HDAC domain stucture but significant 

sequence divergence from the other HDAC families [137].  

The role of histone deacetylases in the regulation of gene expression is 

highlighted by the findings using HDAC inhibitors (HDACi).  Treatment of ESC with 

vaproic acid an HDACi resulted in increased pluripotency and was correlated with an 

increase in both global and gene specific H3K9 acetylation [131,138].  Although many 

reports highlight increases in gene transcription and histone acetylation upon HDACi 

treatment, there are an increasing number of reports indicating that HDACi can also 
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inhibit gene transcription [139].  Further research has elucidated that HDACs are not 

only involved in gene repression but are enzymatically inactive structural components of 

both co-activator and co-repressor complexes.  Furthermore, HDACs are required to 

reset chromatin after each round to transcription by RNApol II and thus inhibition of 

HDACs can also decrease transcription [140].  These results highlight that HDACs are 

important regulators of gene transcription through their removal of acetyl group from 

lysines residues on histone proteins.   

As HDACs are not solely confined to the nucleus it was postulated and 

confirmed that they have non-histone targets.  Furthermore, their nuclear translocation is 

regulated via post-translational modifications in a manner similar to canonical 

transcription factors.  Thus HDAC nuclear localization and gene regulation is dependent 

upon the integration of a complex array of signaling cascades.  These findings are 

highlight by recent experiments with HDACi or siRNA knockdown experiments of 

specific HDACs.  HDACi treatment promotes Treg conversion in vivo [141].  

Furthermore, knock-down of HDAC6, HDAC9, and SIRT1 increased the suppressive 

activity of Tregs both in vivo and in vitro [142,143,144].  These along with other 

experiments highlight that global changes in HDAC activity and protein levels regulate 

cellular function.  Thus HDACs integrate signals and augment cellular function and 

processes accordingly.  Through modulation of HDAC localization and activity the 

glucocorticoid receptor and thus GC can regulated gene transcription through epigenetic 

modifications. 
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The Glucocorticoid Receptor and Epigenetics 

 

Many studies have demonstrated that exposure to glucocorticoids results in 

altered transcriptional rates as well as changes in histone modifications both globally 

and in a gene specific manner [117,118].  These changes in histone modifications 

prompted investigations in the mechanisms by which GC mediate these changes.  

Research has demonstrated that GR can interact with HDAC1[145], HDAC2[146], and 

HDAC3[147].  The observations that GR can interact with histone modifying enzymes 

prompted investigation into whether GR can recruit or dissociate histone modifying 

enzymes to and from specific genomic loci.  Experiments using the mouse mammory 

tumor virus (MMTV) promoter have clearly delineated that activation of GR results in 

recruitment of GR to the MMTV promoter region which is associated with an increase 

in HDAC1 recruitment.  Furthermore, GR dependent HDAC1 recruitment decreased 

histone acetylation at the MMTV promoter [145].  Using this same system, but with a 

different concentration of ligand, other studies have demonstrated that activation of GR 

recruits HDAC3 to the MMTV promoter reducing the acetylation of both H3 and H4 

[147].   Studies on the regulation of IL-1β demonstrate that activated GR recruits 

HDAC2 to the IL-1β promoter decreasing both H4 acetylation and transcription[146].  

GR also recruits HDAC2 to the GM-CSF promoter to antagonize its transcription[146].  

As GR can both upregulate and downregulate gene expression, it is not surprising that 

GR has also been found to interact with HATs and co-activator complexes, such as 

SRC-2 [148], pCAF [148], and CBP/p300 [149,150].  In summation of these studies GR 

can also recruit HATs in a gene specific manner, increase histone acetylation, and 
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transcription.   In addition to histone acetylation, GR can also regulate both histone and 

DNA methylation.  The role for GR dependent DNA and histone methylation has 

primarily been investigated in neuronal cell populations; however, recent research has 

also found that GC can alter DNA methylation at the Fkbp5 gene in non-neuronal cells 

potentially through the regulation of DNMT1[151]. Thus GR alters gene expression 

through changes in histone modifications via its association with histone modifying 

enzymes and subsequent recruitment or dissociation of these enzymes in a gene specific 

manner.   

The experiments described above demonstrate that GR itself modifies the 

epigenetic landscape.  Recently it has been demonstrated that genomic binding of the 

GR is targeted to pre-existing foci of accessible chromatin, and thus the epigenetic 

landscape impacts GR recruitment [152].  These results were confirmed using chromatin 

immunoprecipitation and nuclease digestion experiments that implicate cell-selective 

organization of the pre-existing chromatin structure as a critical factor in determining 

tissue specific receptor function [153].  Thus GR can further modify the pre-existing 

chromatin structure either enhancing or decreasing the relative accessibility of a specific 

genomic region.  Through the modulation of GC levels in the body each tissue with its 

specific preexisting chromatin structure results in a tissue specific response from GR.  

GR can respond to these changes in GC and immediately impart epigenetic changes that 

effect gene transcription and cellular function in a tissue specific manner.   

As previously described the subcellular localization and overall protein levels of 

HDACs also regulate cellular function.  Furthermore, GR can interact with a number of 

HDACs.  Thus GR can modulate cellular function through direct interaction with 
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histone modifying enzymes in a gene specific manner but also through changes in their 

subcellular localization or protein levels.  These results highlight the multitude of ways 

GC signaling can impact cellular function through the modulation of the epigenetic 

landscape. 

 

Conclusion 

 

Epigenetics provides a critical regulator of cellular function via cell type specific 

regulation of gene transcription.  This regulation occurs at multiple levels via changes in 

nucleosome charge, chromatin accessibility, and co-regulator binding sites.  Many 

mechanisms have been proposed for the immune regulation by GC but these 

mechanisms cannot fully explain the effects on immune function seen during alterations 

in the activity of the HPA axis. Furthermore, epigenetics provides a means by which the 

evironment, such as the perception can impart changes in gene expression and thus 

cellular function.  This dissertation examines how glucocorticoids regulate the 

epigenome of NK cells and how these epigenetic mechanisms might be relevant to the 

field of psychoneuroimmunology.  
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PSYCHONEUROIMMUNOLOGY 

 

Decades of research have illustrated that the brain, and thus perception of the 

environment, can control the activity of the immune system.  All primary and secondary 

lymphoid organs are directly innervated and provide a direct link between the nervous 

and immune systems. Receptors for neurotransmitters have been found on almost all 

immune cells including; macrophages[154], B cells[154,155], T cells[154,155], as well 

as NK cells[154,156].  Thus direct innervation of lymphoid organs and release of 

neurotransmitters provides direct regulation of the immune response by the nervous 

system.  Furthermore, macrophages have been shown to produce catecholamines upon 

stimulation[157].  These findings highlight that the activities of the central nervous and 

immune systems are intimately linked.  The brain also regulates the activation of the 

HPA axis and release of glucocorticoids, described previously. Furthermore, the GR is 

ubiquitously expressed by all immune cells investigated; therefore, glucocorticoids 

provide a second pathway by which the brain can regulate the activity of the immune 

system.    

In the reverse, cytokines released from immune cells can regulate the nervous 

system.  Cytokines can cross the blood-brain barrier (BBB) and cells of the nervous 

system possess the receptors to respond to these changes in cytokine levels.  IL-1, IL-6, 

and TNF have all been found to induce fever by the preoptic hypothalamic region 

involved in thermoregulation, and is just one demonstration of such bi-directional 

communication[158].  Direct experimental evidence shows that in the absence of 

infection, LPS or cytokine administration into mice can impart behavioral changes 



36 

  

similar to those seen during infection.   These behavioral changes associated with 

infection and cytokines have been termed sickness behavior and are characterized by 

anhedonia, lethargy, anorexia, fatigue, depression or irritability, increased pain 

sensitivity, sleep disturbance, and concentration difficulties[159].  This shared network 

of signaling molecules and receptors provide the basis of psychoneuroimmunology 

research and highlight the complex bi-directional communication between the central 

nervous and immune systems and are illustrated in Figure 6. 

 

Breast Cancer Diagnosis and the Psychological Consequences 

 

Cancer is the unregulated growth of abnormal cells within the body and is the 

second leading cause of death in the United States[160].  Among women breast cancer is 

the leading cancer diagnosis in the United States with 122 women per 100,000 

diagnosed each year, with roughly 40,000 women dying of breast cancer annually[161].  

After diagnosis breast cancer is staged between 0 and VI.  These stages categorize the 

location, size, progression, and dissemination of the disease and are used to determine 

the appropriate treatment.  Ductal carcinoma in situ (DCIS) or Stage 0 cancer is defined 

as a noninvasive carcinoma with abnormal cells located in the lining of the breast duct 

with no evidence of spreading to the adjacent stroma.  A body of literature has 

demonstrated that the diagnosis of cancer is accompanied by psychological 

consequences, which are both short and long-lived[162,163].  A diagnosis of breast 

cancer is accompanied by an increase in stress perception, anxiety, fear, uncertainty, and 

mood disturbance[164-169]. These psychological consequences are independent of the 
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Figure 6. Bi-directional communication between the immune and central nervous 
systems.  The brain perceives external stressors and activates the hypothalamic pituitary 
adrenal gland (HPA) axis resulting in the production and secretion of glucocorticoids by 
the adrenal cortex.  The main glucocorticoid in human is cortisol.  Cortisol diffuses 
through the circulatory system interacting with and modulating the activity of immune 
cells.  Additionally, the perception of stress activates sympathetic nerves which directly 
innervate both primary and secondary lymphoid organs providing a direct link between 
the central nervous and immune systems.  In the reverse, cytokines and chemokines 
secreted from immune cells are released into the circulator system and can pass through 
the blood brain barrier effecting both behavior and physiology.   
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disease state as women diagnosed from stage 0 to stage IV all report increases in 

psychological distress[170].  The individual response to the diagnosis of breast is 

diverse, in that there are both variations in the intensity and duration of the distress 

associated with diagnosis[171].  This variation makes understanding both the 

psychological and physiological outcomes of distress complex.  For some individuals 

the diagnosis of breast cancer elicits an appropriate allostatic response defined as “the 

active process of responding to a challenge to the body by triggering chemical mediators 

of adaptation”[172].  This appropriate emotional and biological response allows the 

body to both adapt to the stressor and return to allostasis.  However, if the distress is too 

great the resulting “wear and tear on the body and brain that results from chronic 

dysregulation (over activity or inactivity) of mediators of allostasis” leads to increased 

allostatic load [172].   Psychosocial distress is reported in approximately 80% of women 

diagnosed with breast cancer during the initial treatment phase[173].  Although some 

women continue to exhibit negative psychological distress after cancer treatment, ample 

evidence shows that many women have reductions in distress upon treatment 

completion[163,174].   

Psychoneuroimmunology (PNI) has demonstrated that psychological distress 

impacts multiple organ and body systems and specifically impairs immune function.  

Psychological distress can have a number of biological outcomes, most importantly for 

this study the immune dysregulation observed during stress could adversely affect 

cancer control[165].  Reciprocal neuro-immune pathways and shared receptor and 
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signaling systems link the brain and immune system and provide a network whereby 

one’s emotions to impact immune function. 

 

Psychological Distress and the HPA axis 

 

One hallmark feature of all known life forms is their ability to respond and adapt 

to their environment.  Cortisol has effects both physiologically, as previously discussed, 

and affects aspects of cognitive as well as emotional networks[175,176,177,178]. During 

periods of stress, the brain initiates the activation of the hypothalamic-pituitary-adrenal 

(HPA) axis, which produces a cascade of neuroendocrine products resulting in altered 

circulating adrenal derived glucocorticoids (GC).  Modulation of the HPA axis and thus 

the production and secretion of the glucocorticoid, cortisol, is one mechanism that 

allows the brain to perceive the environment and respond (either to the benefit or 

detriment of the organism).  Under normal conditions allostasis is maintained resulting 

in proper immune cell function and homeostasis.  If the perception of stress is chronic, 

disruption of the diurnal cortisol rhythm occurs[162,179], resulting in increased 

circulating GC[180,181,182].  Many psychological disorders such as depression and 

post tramatic stress disorder (PTSD) are characterized by alterations in HPA regulation.  

Additionally, HPA axis activation and increased cortisol is observed in individuals 

experiencing psychological distress.  Increases in psychological distress and depressive 

mood were associated with both an increase in the cortisol awakening response and 

activation of the HPA[183,184,185].   
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More specifically, for the stress attributed to the diagnosis of breast cancer a 

relationship between increased mood disturbance and increased evening cortisol was 

found[186].  Other studies have demonstrated that the analysis of total cortisol levels 

throughout the day, by calculating the area under the curve of the diurnal cortisol rhythm, 

is decreased in individuals with metastatic breast cancer who report increased perceived 

stress[179,187,188]. These experiments not only highlight the complex relationship 

between psychological stress and the HPA axis but implicate its dysregulation in the 

immune outcomes observed during periods of stress. 

Although stress is traditionally associated with increased cortisol secretion and 

HPA axis activity, there is a growing body of literature finding differential interplay 

between cortisol rhythms and psychological disturbances.  Low cortisol levels, or a 

hypoactive HPA axis, have been observed in a number of stress related disorders 

[189,190] such as; posttraumatic stress disorder (PTSD) [191,192], chronic fatigue 

syndrome[193,194,195], burnout [196,197], and irritable bowel syndrome[198].  

Hypocortisolism can be the result of several mechanisms, but a recent meta-review 

concluded that hypocortisolism commonly develops out of long term chronic stress, 

where an initial stage of a hyperactive HPA axis eventually evolves into a hypoactive 

HPA axis [188]. Although mechanisms at different levels of the HPA axis are 

potentially capable of producing a hypocortisolemic net effect, one of the earliest and 

most common findings in this development might be an exaggerated negative feedback 

response of the HPA axis [189]. 
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Psychological Distress, Natural Killer cells, and Inflammation 

 

Psychological stress reduces NKCA, the response of NK cells to cytokines, IFN-

g synthesis, antibody responses, and T-lymphocyte responses [199,200,201,202,203].  

Our lab and others have shown that the diagnosis of breast cancer results in significant 

psychosocial distress in women that is accompanied by dysregulated Natural Killer cell 

activity (NKCA) and cytokine production[202,203,204,205].  Women with breast cancer 

who report greater distress exhibit lower basal and augmented NKCA and reduced T cell 

proliferative responses[204,205]. The implications of altered immune function from 

cancer diagnosis are noteworthy because both NK cells and IFN-g have been shown to 

contribute to tumor control and destruction[206,207,208,209]. Abnormal cells arise 

continually throughout life and increase with age.  Under normal homeostatic conditions 

the body controls cancer through immune surveillance.  Studies reveal that NK cells can 

effectively protect against primary solid tumors[210,211].  Autopsy has revealed that 

even in healthy women, breast cancer cells can be identified in the bone marrow 

suggesting that the tumor cells are kept in check while the woman is alive [212,213].  

The immune dyregulation associated with stress is of particular relevance to 

breast cancer because epithelial tumors are responsive to the immune protective effects 

of NK cells and IFN-g[206,207,208,209].  The importance of NK cell activity is 

highlighted by findings involving the relationships between cancer and NKCA.  First, 

high levels of NKCA in cancer patients correlate with a good 

prognosis[214,215,216,217].  Impaired NKCA also correlates with invasiveness of 

human malignancy[218].  NK cell infiltration into primary tumors is associated with 
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fewer metastases to the lymph nodes and less lymphatic invasion[214].  Lastly, overall 

survival for patients with high and low NKCA was 71 vs. 30 weeks, respectively and 

NKCA was an independent prognostic factor for overall survival [215].  These findings 

illustrate the relevance of NK cell dysregulation during stress as NK cell activity has 

profound implications for cancer free survival.   

 

Conclusions 

 

The mechanisms for the NK cell dysregulation associated with stress remain 

incompletely understood.  While abundant research focuses on the treatment of the 

cancer it is clear that treating the stress of cancer diagnosis is of critical relevance.  

Therefore, determining the mechanism(s) by which distress precipitates negative health 

outcomes is critical in potential avenues for advancement of treatment cancer free 

survival.  Epigenetic regulation through the glucocorticoid receptor provides one 

potential mechanism for the regulation of NK cell function in response to their 

environment in the context of psychological stress. 
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CHAPTER TWO 
 

MATERIALS AND METHODS 
 

In vitro Analysis: Cell Culture  

 
NK92 cells (established from a patient with non-Hodgkin’s lymphoma with the capacity 

to lyse a broad range of leukemia, lymphoma and myeloma cell lines at low effector to 

target ratio in vitro) was obtained from the American Type Culture Collection, Rockville, 

MD and maintained in alpha MEM with 12.5% horse serum (Gibco Laboratories, Grand 

Island, NY), 12.5% fetal bovine serum (FBS) (Gibco Laboratories, Grand Island, NY), 

penicillin, streptomycin (Whittaker M. A. Bioproducts, Walkersville, MD), 0.2 mM 

inositol: (Sigma Aldrich, St. Louis, MO), 0.1 mM 2-mercaptoethanol; (Gibco 

Laboratories, Grand Island, NY) and 0.02  mM folic acid: (Sigma Aldrich, St. Louis, 

MO).  NK92 cell cultures were also supplemented with IL-2 (100 units/ml).  The human 

erythroleukemic like cell line, K562, was obtained from the American Type Culture 

Collection, Rockville, MD.  K562 cells were maintained in suspension in RPMI 1640 

(Gibco Laboratories, Grand Island, NY) supplemented with 10% FBS (Gibco 

Laboratories, Grand Island, NY), 100 units/ml penicillin, 100ug/ml streptomycin 

(Whittaker M. A. Bioproducts, Walkersville, MD), 0.1 mM non-essential amino acids 

and 2 mM L-glutamine (Gibco Laboratories, Grand Island, NY)
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Cellular Treatment.  

 

NK92s, cultured at 2.5x105 cells/mL, were treated with or without dexamethasone 

(Sigma Aldrich, St. Louis, MO) (10-10 M) for 4 days in the presence of IL-2 (100 

units/mL), every 48 hours cultures were collected, washed, and resuspended in fresh 

media to a concentration of 2.5x105 cells/mL supplemented with or without 

dexamethasone and IL-2 (100 units/mL).  For the final 24 hours of treatment cells were 

collected, washed, and resuspended to a concentration of 2.5x105 cells/mL with or 

without dexamethasone in the absence of IL-2.  Following treatment NK92s were 

washed with media and resuspended to 1 x 106 cells/ml and used for analysis. In all 

cases, cell number and viability were determined by exclusion of 0.1% Trypan blue.  

Viability was maintained between 85 and 95% in all cases.  In some experiments 

cultures described above were subjected to an additional 24hr treatment in the presence 

of dexamethasone (10-7M) to determine the sensitivity of the cells to further GC 

stimulation (switch to -7).  For RU-486 treatments cells were cultured as described 

above in the presence or absence of 10-10M RU-486 (Sigma Aldrich, St. Louis, MO) 

dissolved in EtOH or EtOH alone as vehicle throughout treatments.  

 

Natural killer cell activity (NKCA) 

 

K562 tumor cells were radioactively labeled with 100 uCi of [51Cr] (New England 

Nuclear, Boston, MA). Radiolabled K562 cells were washed and then incubated for 4 hr 
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with NK92 cells.  Following incubation, the supernatants were removed using a Skatron 

harvesting press (Skatron Inc., Sterling, VA) and the associated radioactivity was 

determined.   Effector to target ratios for NKCA was 2, 1, 0.5 and 0.25:1. 

 

Results are expressed as % cytotoxicity and calculated by the formula: 

 

 %  Cytotoxicity =     (experimental DPM*) - (minimum DPM)    x  100.  

    (maximum DPM) - ( minimum DPM)          

     

All experimental means were calculated from triplicate values.  Lytic units (LU) were 

calculated by a program written by David Coggins, FCRC, Frederick, MD and 

represents the number of cells per 107 effectors required to achieve 20% lysis of the tar-

gets. *DPM=disintegrations per minute. 

 

Evaluation of cytokine production  

 

Cytokines were measured in NK92 culture supernatants as described previously [117]. 

To assess stimulated cytokine production, NK92s (2.5X 105 cells/ml) were treated as 

described above and then stimulated with IL-2 (5,000 U) or IL-12 (40 pg/mL) for an 

additional 4 hours.  Cell culture supernatants were harvested and aliquots of the 

supernatants were stored at -80 0C for subsequent cytokine determination by ELISA 

(R&D Systems, Minneapolis, MN).  
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Table 1. Primers used for gene expression studies 

AMPLICON PRIMERS (5’ 3’) 
B-actin Forward: ATGGGTCAGAAGGATTCCTATGTG 

Reverse: CTTCATGAGGTAGTCAGTCAGGTC 
IFNG Forward: TGGAAAGAGGAGAGTGACAG 

Reverse: ATTCATGTCTTCCTTGATGG 
IL6 Forward: CAACCTGAACCTTCCAAAGATG 

Reverse: ACCTCAAACTCCAAAAGACCAG 
PRF1 Forward: GGAGTGCCGCTTCTACAG 

Reverse: CGTAGTTGGAGATAAGCCTGAG 
GZMB Forward: AAGACGACTTCGTGCTGACA 

Reverse: CCCCAAGGTGACATTTATGG 
HDAC1 Forward: GTCCAGATAACATGTCGGAGTACAGC 

Reverse: CGATGTCCGTCTGCTGCTTATTAAG 
HDAC2 Forward: CCTCATAGAATCCGCATGACCCATAAC 

Reverse: AGACATGTTATCTGGTCTTATTGACCGTAG 
HDAC3 Forward: CAAGCCATACCAGGCCTCCCAGC 

Reverse: GAGATGCGCCTGTGTAACGCGAG 
HDAC4 Forward: CCTGCACAGACACGGGGAAGGTG 

Reverse: GAGCTGCTCTTCAGACAGCAAGC 
SIRT1 Forward: TGCGGGAATCCAAAGGATAATTCAGTGTC 

Reverse: CCTCATCTTTGTCATACTTCATGGCTCTATG 
CBP Forward: TCAGTCAACATCTCCTTCGC 

Reverse: TGTTGAACATGAGCCAGACG 
P/CAF Forward: AGAACATTGCTTCGCTCGG 

Reverse: TGCCTCAAGTCCAGAAGAGG 
N-COR Forward: GCTGATGAGGATGTGGATGG 

Reverse: TTGGACTCTTGGATGTGCC 
SMRT Forward: TGTGGTTCATAAGCCATCTGC 

Reverse: CGGAATCTTCCCCTCCTCCC 
p300 Forward: CATATTTCCTACGCCGGATCC 

Reverse: AGTATTCCGCTCGATTGTTTGC 
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Analysis of Gene Expression 

Messenger RNA from NK92 cell line was obtained using the RNeasy Plus Mini Kit 

(Qiagen, Valencia, CA).  RevertAid First Strand cDNA Synthesis Kit (Fermentas, 

Burlington, ON) was used to generate cDNA for quantitative real-time PCR from 500ng 

total RNA.  Negative reverse transcriptase samples confirmed absence of contaminating 

DNA.  All reactions were performed in triplicate using SYBRgreen supermix (Biorad). 

PCR cycles were denaturation at 94°C (30 s) and annealing at 55-61°C (30 s), no 

extension phase was necessary and performed using the Opticon 2 Real-Time Detector 

(Bio-Rad, Hercules, CA) and analyzed using the Opticon Monitor Software (Bio-Rad, 

Hercules, CA).  The ΔΔC(t) method was used to determine changes in transcript levels 

between untreated and chronic glucocorticoid treated cells using beta-actin as a 

reference gene. 

 

Fold Change   =     Efficiency(target) ^ (ΔC(t) target (control-treatment))  

     Efficiency(reference) ^ (ΔC(t) reference (control-treatment)) 

 

 
Immunofluorescent Flow Cytometric Analysis of Intracellular and Surface 
Proteins.  
 
 
For surface stains NK92 cells (1.0 X 105/assessment) were incubated with antibodies for 

30 minutes on ice (agitated after 15 minutes).  Cells were then washed twice with 0.1% 
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BSA (Sigma Aldrich, St. Louis, MO) in PBS (Gibco, Grand Island, NY) and 

resuspended in 1% paraformaldehyde (PFA) (Sigma Aldrich, St. Louis, MO).  Surface 

staining antibodies included- anti-CD337 (NKp30) (AlexaFluor 647 conjugated) (BD 

Biosciences, San Jose, CA), anti-NKp46 (PE conjugated) (BD Biosciences), anti-

IL12Rβ2 (PerCP conjugated) (R&D, anti-IL-2Rα/CD25 (Alexa488 conjugated), and 

anti-CD11a/LFA-1 (FITC conjugated) (BD Biosciences, San Jose, CA).  For 

intracellular protein analysis, cells were washed twice with 0.1%BSA following surface 

staining, then fixed and permeabilized with Cytofix/Cytoperm solution (BD Pharmingen, 

San Jose, CA) for 20 min at 4°C. The cells were then washed twice with Perm/Wash 

Buffer (BD Biosciences, San Jose, CA) and probed with antibodies specific for 

molecules of interest including anti-granzyme B (Alexa Fluor 647 conjugated) (BD 

Biosciences, San Jose, CA), anti-perforin (PE-conjugated) (BD Biosciences, San Jose, 

CA), and anti-glucocorticoid receptor (GR) (unconjugated) (Abcam, Cambridge, MA).  

For chromatin remodeling protein analysis, cells were permeabilized and then incubated 

with antibodies specific for chromatin remodeling protein for 1 hour at 4°C.  For 

chromatin remodeling proteins, cells were probed with antibodies specific for histone 

deacetylase 1 (HDAC1) (Alexa-647-conjugated)  (Santa Cruz Biotechnology, Inc., Santa 

Cruz, CA), HDAC2 (unconjugated) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), 

phosphorylated-HDAC2 (unconjugated) (Santa Cruz Biotechnology, Inc., Santa Cruz, 

CA), HDAC3 (unconjugated) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), p300 

(Alexa 647-conjugated) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA).  Secondary 

anti-IgG (FITC conjugated) (Millipore, Temecula, CA) was added for 30 min at 4°C to 

unconjugated primary antibodies.  For intracellular cytokine analysis of IFN-g (PE 
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conjugated) (BD Biosciences, San Jose, CA) and TNF alpha (PE-conjugated) (BD 

Biosciences, San Jose, CA), cells were incubated in leukocyte activation cocktail (BD 

Pharmigen, San Jose, CA) at 37°C for 4 hrs prior to permeabilization and antibody 

staining. Samples were analyzed with a FACSCanto (Fluorescence-Activated Cell Sorter 

(FACS) Core Laboratory (FCL) at the Cardinal Bernardin Loyola University Cancer 

Center) equipped with a 15mW argon-ion laser and a red diode laser using FACSDiva 

software for data acquisition. After staining, cells were analyzed by flow cytometry.  

10,000-30,000 events were recorded and analyzed with FlowJo v8.4.1. Flow cytometric 

analysis was confirmed by microscopy. 

 

Western Blot 

 

   For Western Blot analysis, nuclear and cytoplasmic compartments of NK92 cells were 

extracted from 1-3 X 106 cells via the Fermentas ProteoJET Cytoplasmic and Nuclear 

Protein Extraction protocol (Fermentas, Burlington, ON).  Nuclei were lysed using 

Nuclear Lysis Buffer (Fermentas, Burlington, ON) both lysed nuclei and cytoplasm 

were both resuspended in Laemmlis SDS-Sample Buffer (4x) (Boston Bioproducts, 

Boston, MA).  Samples were boiled for 10 minutes and proteins separated by 

electrophoresis with a 12% agarose gel and transferred to a nitrocellulose membrane for 

blotting. Proteins were visualized with anti-NFκB p65 (Abcam, Cambridge, MA), anti-

cJun (Abcam, Cambridge, MA), anti-STAT4 (Santa Cruz, Santa Cruz, CA), anti-GR 

(Abcam, Cambridge, MA), anti-HDAC3 (Abcam, Cambridge, MA), and HRP 

conjugated goat anti-rabbit IgG secondary antibody (Millipore, Temecula, CA) and 
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chemiluminescence reagent (ThermoScientific, Rockford, IL).  Quality of nuclear and 

cytoplasmic compartment extraction was determined by LamininB and GAPDH, 

respectively (Abcam, Cambridge, MA). Blot density was quantified using Image J 

software.   

 

Chromatin Immunoprecipitation (ChIP) Assay.  

 

NK92 cells (5 x 106) were cross-linked with 1% formaldehyde for 10 min and 

terminated by the addition of glycine to a final concentration of 125 mM for 5 min. The 

cells were washed twice with ice-cold PBS.  Crosslinked nuclei were extracted using the 

Fermentas ProteoJET Cytoplasmic and Nuclear Protein Extraction protocol (Fermentas, 

Burlington, ON) and lysed with 500 µL of high salt lysis buffer (Santa Cruz, Santa Cruz, 

CA). The samples were sonicated using a Branson Sonifier 250 on ice for a total of four, 

15 second cycles per sample.  Sonicated samples were diluted and aliquoted into 100µl 

volumes.  Pre-cleared supernatant with ChIP-Grade ProteinG Magnetic Beads (Cell 

Signaling, Danvers, MA) was collected and immunoprecipitated overnight at 4°C with 

the following antibodies: anti-acetyl-H4K8 (Millipore, Temecula, CA), anti-acetyl-

H3K9  (Cell Signaling, Danvers, MA), anti-acetyl H3K27 (Abcam, Cambridge, MA), 

anti-trimethyl H3K4 (Cell Signaling, Danvers, MA), anti-trimethyl H3K9 (Cell 

Signaling, Danvers, MA), anti-trimethyl H3K27 (Cell Signaling, Danvers, MA), anti-

HDAC1 (Abcam, Cambridge, MA), anti-HDAC2 (Abcam, Cambridge, MA), anti-

HDAC3 (Abcam, Cambridge, MA), and control rabbit Ig (Cell Signaling, Danvers, MA).  
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ChIP-Grade ProteinG Magnetic Beads (Cell Signaling, Danvers, MA) were added and 

incubated an additional 4HR at 4°C.  The immune complexes were collected, washed, 

and eluted.  Cross-linking was reversed by heating at 65°C overnight and 10min at 95°C 

in elution buffer (Santa Cruz, Santa Cruz, CA).  DNA was recovered using the 

MiniElute Reaction Cleanup Kit (Qiagen, Valencia, CA) and resuspended in 50 µl of 

dH2O. Quantitative real-time PCR was performed using an Opticon 2 Real-Time 

Detector; PCR cycles were denaturation at 94°C (30 s) and annealing at 55-61°C (30 s), 

no extension phase was necessary.  The DNA samples were amplified with primer pairs 

to the -22KB enhancer and proximal promoter of the IFNG locus, the proximal 

promoters of PRF1, GZMB, TNF, and IL6. PCR data was analyzed using Opticon 

Monitor 3 Software (BioRad, Hercules, CA). Modification levels were calculated as 

percent input using the equation. 

 

Percent Input = 100 x 2^(C(t)untreated – C(t)treated cells). 

 

Chromatin Accessibility 

The EpiQ Chromatin Analysis Kit (BioRad, Hercules, CA) was used to determine the 

accessibility of the IFNG enhancer, IL6 proximal promoter, TNF proximal promoter, 

GZMB proximal promoter, GAPDH gene, and RHO gene.  The methodology supplied in 

the kit was as directed for cells in suspension.  Briefly, 250,000 NK92 cells were 

collected from treatments and resuspended in the supplied EpiQ chromatin buffer and 

either left undigested or nuclease digested.  DNA was then isolated and quantification of 

accessibility as a measure of intact genomic regions was performed by q-RT-PCR.  The 
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EpiQ Chromatin Analysis Kit Data Analysis Tool was used to determine percent 

accessibility.  The control primers for the genomic regions RHO and GAPDH were used 

as directed and used as 0% and >95% respectively.    

 

 

Table 2. Primers used for ChIP and Chromatin Accessibility Studies 

 

 

 

 

 

 

 

 

 

 

AMPLICON PRIMERS (5’  3’) 
IFNG promoter Forward: TCATCGTCAAAGGACCCAAGGAGT 

Reverse: ATGGTGACAGATAGGCAGGGATGA 
IFNG enhancer Forward: GAATTGGCTTGACACCTCTGTCCT 

Reverse: TTCCATCTCTCGGCAAAGAGCAGT 
IL6 promoter Forward: CAGAAGAACTCAGATGACTGG 

Reverse: GCTGGGCTCCTGGAGGGG 
TNF promoter Forward: CGCTTCCTCCAGATGAGCTC 

Reverse: TGCTCTCCTTGCTGAGGGA 
PFR1 promoter Forward: GGCACAGTTCCAAGCACTTCACAA 

Reverse: AGCCTCACTGTGCCTCAGTTTCTT 
GZMB promoter Forward: AGCCTGTTGCCTCTGTGAGAAAGT 

Reverse: TGGGATTTGCTGGCAACCTAGACA 



53 

  

 

 

 

Immunofluorescent Microscopy 

 

Glass coverslips (Fisher Scientific) were sterilized with 100% ethanol (Sigma Aldrich, 

St. Louis, MO). Coverslips were treated with Cell Tak poly-L-lysine (BD Biosciences, 

Bedford, MA) for 10 minutes to aid adherence of NK92s to coverslips. Dex treated and 

untreated NK92 cells (500,000 cells/coverslip) were added to the coverslips for 10 

minutes. Coverslips were treated with methanol-free formaldehyde (Polysciences Inc., 

Warrington, PA) diluted in saponin buffer (Sigma Aldrich, St. Louis, MO) for 10 

minutes. This fixed cells to coverslips while maintaining 3D structure of cells. 

Coverslips were washed with PBS. Cells were permeabilized with 0.2% Triton-X 

(Sigma Aldrich, St. Louis, MO) for 12 minutes. Coverslips and cells were blocked for 

15-60 minutes with 0.1% BSA in PBS. Next, antibodies specific for chromatin 

remodeling proteins were added for 1 hour at room temperature. Primary antibodies 

were added at a 2.5:100 dilution in 0.1% BSA in PBS. Antibodies used included: anti-

HDAC1 (Cell Signaling, Danvers, MA) (Abcam, Cambridge, MA), anti-HDAC2 (Cell 

Signaling, Danvers, MA), anti-HDAC3 (Cell Signaling, Danvers, MA) (Abcam, 

Cambridge, MA) and anti-GR (Abcam, Cambridge, MA).  Coverslips were washed with 

0.1% BSA in PBS. After primary antibodies, secondary antibodies were added for 20-30 

minutes at room temperature. Secondary antibodies were added at a 1:500 dilution. 

Secondary antibodies to be used were: donkey-anti-mouse IgG (Cy3-conjugated) 
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(Jackson Immunoresearch, West Grove, PA) and donkey-anti-rabbit IgG (Alexa 488-

conjugated) (Jackson Immunoresearch, West Grove, PA). Coverslips were washed with 

0.1% BSA in PBS. After washing coverslips were fixed to slides with Prolong Gold 

(Invitrogen, Carlsbad, CA) containing DAPI stain for nuclear identification. Images 

were collected with a DeltaVision microscope (Applied Precision) equipped with a 

digital camera (CoolSNAP HQ; Photometrics), using a 1.4-numerical aperture 100× 

objective lens, and were recorded with SoftWoRx software (Applied Precision). Images 

were assessed and analyzed with Imaris Software. 

 

NK92 Cells- Image Stream 

Cellular permeabilization, reagents and antibody staining procedures as described above 

in Intracellular Staining by Flow Cytometry Section.  Fluorescent images were 

visualized (500-3000 events per condition) on Amnis Imagestream.  A mask on the 

nucleus was created; within this area, colocalization of HDACs and nuclear dye (DAPI) 

was measured by similarity (IDEAS software, Amnis).  

 

Co-immunoprecipitation experiments 

To determine protein-protein interactions the DynaBeads Co-Immunoprecipitation Kit 

(Invitrogen, Grand Island, NY) using anti-HDAC3 (unconjugated) (Santa Cruz 

Biotechnology, Inc., Santa Cruz, CA) or rabbit IgG (Cell Signaling, Danvers, MA).  

Immunoprecipitates were collected via magnetic separation and analyzed by western 

blot analysis using the procedures described above in Western blot analysis section.  
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Ex vivo analysis of human PBMC 

 

Recruitment/Enrollment: 

Women 43-75 years of age, with early stage, breast cancer, treated with breast 

conserving surgery were enrolled.  Some women also underwent radiotherapy and/or 

hormonal therapy. Women were excluded if they are treated with systemic 

chemotherapy, have recurrent breast cancer or other cancers (within the last 5 years), 

immune-based disease (e.g. multiple sclerosis, HIV), psychoses, cognitive dysfunction; 

are not fluent in English, abused controlled substances, were under psychotherapy, took 

anxiolytics, hypnotics, psychotropics, cortico-steroids, or immune-altering drugs.  At 

each time point subjects were screened for infections.  These criteria applied equally to a 

Comparison Group (Control). 

Missing data were minimal for both psychological and immune data.  Reasons 

for missing immune data were inadequate specimen blood volume, inability to perform 

venipuncture or frank refusal of venipuncture. 

 

Study Outline: 

For all women enrolled psychological instruments were administered, salivary 

cortisol was collected and peripheral blood was obtained.  Women were assessed as they 

respond to and recover from breast cancer diagnosis at four time points (See Figure 19).  

Data were collected at the initial cancer diagnosis (T1), 10-12 days post breast surgery 

and before any adjuvant therapy was initiated (T2).  An interval of 10-12 days after 

surgery provided ample time for surgical or anesthesia-induced effects to 
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dissipate[214,219,220,221,222]. Hence, this window of time permitted analysis of 

variables without confounds of surgery or adjuvant therapy.  The third time point (T3) was 

two months following radiation treatment completion or approximately four months after 

diagnosis and the fourth time point (T4) was six months after radiation treatment 

completion or approximately 8 months after diagnosis.  PBMCs were isolated from blood 

specimens obtained from these women by a ficol histopaque gradient density separation 

as described previously[223]. 

 

Psychological Assessments: 

 Women completed the Perceived Stress Scale (PSS) which provided a general 

measure of stress (i.e., controllability of life events). Women with breast cancer may 

exhibit depressive symptoms, so the Center for Epidemiologic Studies–Depression 

(CES-D) was administered, which captured depressive symptoms, as well as monitored 

for risk of depression. PSS is a 10-item scale that assesses the degree to which a person 

finds their lives as unpredictable, uncontrollable or overloaded (i.e., exceeding their 

adaptive capacities). It is a measure of global stress appraisal, as opposed to a specific 

event which evokes a stress response[224]. Reliability (stability) was 0.85 and Cronbach 

alphas range from 0.75-0.86[224]. The PSS is widely used in studies of stress on 

immunity, including studies of the stress-immune response of women with breast 

cancer[203,205]. PSS was shown to be strongly related to trajectories of change in 

NKCA observed in women as they adapted to a diagnosis of breast cancer[205]. CES-D 

provided a measure of depressive symptoms. CES-D assesses frequency and duration of 

depressive symptoms[225]. Scores range from 0-60 and >16 suggests depression risk. 
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CES-D is widely used in studies of women with breast cancer[226,227]. It has good 

construct validity, good test-retest reliability [225]. In cancer patients and healthy 

controls CES-D showed internal consistency (alpha=0.87 and alpha=0.89), 

respectively[228]. 

 

Salivary Cortisol: 

Women collected saliva for measurement of cortisol two days prior to a blood 

draw at each time point. On each of the two collection days, saliva was obtained at 

awakening (“when your eyes open and you are ready to get up”), at 30 minutes after 

wakening, noon, 5 PM and at bedtime (“right before getting into bed”). Women 

recorded collection times on saliva vials. They did not brush their teeth for at least 15 

minutes prior to collection and abstained from smoking at least 1 hour before sampling. 

Using salivettes (Salimetrics™), subjects gently chewed (60-90 seconds) on a soft swab 

that fits into a holder resting in a centrifuge tube. The morning sample was obtained 

within 15 minutes of each person’s wake time[229,230,231,232], while compliance for 

the later samples was ± 60 min around the sampling time. Women who woke after 11 

AM and night shift workers were excluded[233]. Centrifuged samples were frozen (-

200C) and assayed in duplicate within 6 months using immunoassay kits (Salimetrics™). 

Intra-assay coefficient of variation was 3.35-3.65%. Inter-assay coefficient of variation 

is 3.75-6.41%. The minimal detectable cortisol concentration < 0.003 µg/dL.  The diurnal 

cortisol rhythms generated a curve consisting of 4 trapezoids.  The area under the curve was 

calculated by summing the area of these 4 trapezoids using the equation.   
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Where x1, x2, x3, x4, and x5 represent awakening, 30min post awakening, noon, 5pm, and 

bedtime, respectively.  Additionally y1, y2, y3, y4, and y5 representing cortisol levels at 

these timepoints.  

 

Statistical methods 

 Data are expressed as means with the standard error of the mean (SEM) or 

standard deviation (SD) as noted.  Main study variables were analyzed using Student’s t 

test, a two-sided alpha of 0.05 was set for significance.  The Statistical Package for 

Social Sciences (SPSS: version 13.0) was used for data analysis. Pearson correlations 

and regression analysis 

All experimental means were calculated from triplicate values.  Lytic units (LU) were 

calculated by a program written by David Coggins, FCRC, Frederick, MD and 

represents the number of cells per 107 effectors required to achieve 20% lysis of the tar-

gets. *DPM=disintegrations per minute. 

 

Wards Method of Classification 
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The Statistical Package for Social Sciences (SPSS: version 13.0) was used to 

generated standardized scores for variables used for classification.  Clusters were 

generated by using the standardized scores to determine hierarchical clustering based on 

Euclidean mean squared distance. This is a statistical method that merges attributes into 

clusters based on the residual error within the differences of the instance attributes from 

those of another group. This method minimizes the variance of the differences in 

attributes within a cluster using the distance algorithm based on the sum of squares of 

the difference of the attributes. It joins cluster pairs whose merger minimizes the 

increase in the total sum of squares within-group error.  The resulting groups were used 

for analysis and are statistically graphed using dendograms.  

 

Cytokine Production (ELISA):  

 NK92 (2.5 x 105 cells/ml) cells were incubated in 24 well plates for 24 hours at 

37 0C. All molecules were measured using quantitative sandwich enzyme immunoassay 

techniques (Quantikine kits, R & D Systems, Minneapolis, MN). Sensitivities for 

cytokines were; (interleukin-6 (IL-6) <0.7 pg/ml, interferon gamma (IFN-g) <3 pg/ml, 

tumor necrosis factor alpha (TNF alpha) <1.6 pg/ml, and Perforin<40 pg/ml). The 

coefficient of variation ranged between 2.6 – 8.1% for the individually assessed 

molecules. 

PBMCs were unstimulated or stimulated for 48 hours with phorbol 12-myristate 

13-acetate (PMA) and phytoheamagglutin (PHA) (Sigma Aldrich, St. Louis, MO).  

PMA is a phorbol ester that is a polyclonal activator of PBMCs through activation of 

protein kinase C which leads to protein production.  PHA is able to crosslink proteins 
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expressed on the surface of PBMCs causing stimulation.  After 48 hours, supernatants 

were collected and an ELISA was performed.   

 

Intracellular Staining by Flow Cytometry: 

PBMCs: 

PBMCs were aliquoted into fluorescent activated cell sorting (FACS) tubes 

(500,000 cells/tube).  Surface staining antibodies were added for 30 minutes on ice, 

agitated every 15 minutes to identify PBMC sub populations. Surface antibodies used 

included anti-CD4 (Pacific Blue conjugated), anti-CD8 (PerCP-Cy5.5 conjugated), anti-

CD56 (APC conjugated), anti-CD56 (PE conjugated), anti-CD45RO (APC conjugated), 

anti-CD3 (APC-Cy7 conjugated) and anti-CD14 (APC conjugated) (BD Pharmingen, 

San Jose, CA).  PBMC sub populations were identified as: CD4+ T lymphocytes (CD4+, 

CD8-, CD56-), CD8+ T lymphocytes (CD8+, CD4-, CD56-), Natural Killer (NK) cells 

(CD56+, CD4-, CD8-) and CD14+ Monocytes (CD14+).  Following surface antibody 

staining, the cells were washed twice with 0.1% bovine serum albumin (BSA) (Sigma 

Aldrich, St. Louis, MO) in phosphate buffer solution (PBS) (Gibco, Grand Island, NY).  

PBMCs were fixed and permeabilized with Cytofix/Cytoperm solution (BD Pharmingen, 

San Jose, CA) for 20 min at 4°C. The cells were then washed twice with Perm/Wash 

Buffer (BD Biosciences, San Jose, CA) and probed with antibodies specific for 

intracellular molecules of interest for 1 hour at 4°C.   

For histone residues, anti-acetylated (Ac)-histone 4 lysine 8 (H4-K8) (Millipore, 

Temecula, CA) (unconjugated), anti- H3K9-Ac (Alexa 488 conjugated) (Cell Signalling 

Beverly, MA), anti-trimethylated (me3)-H3K4 (unconjugated ) (Cell Signalling Beverly, 
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MA), anti-phosphorylated (P)-H3S10 (Alexa 488 conjugated) (Cell Signalling Beverly, 

MA) were added to cells in FACS tubes. The cells were washed twice with Perm/Wash 

Buffer (BD Biosciences, San Jose, CA), after which secondary anti-immunoglobulin 

gamma (IgG) (FITC conjugated) (Millipore, Temecula, CA) was added for 30 min at 

4°C to the H4-K8-Ac and H3-K4-me3 tubes.  Following this treatment, the cells were 

washed twice with Perm/Wash Buffer (BD Biosciences, San Jose, CA) and resuspended 

in 0.1% BSA (Sigma Aldrich, St. Louis, MO) in PBS (Gibco, Grand Island, NY).  

For intracellular cytokine analysis, cells were permeabilized and then incubated 

with antibodies specific for intracellular proteins for 1 hour at 4°C.  Antibodies for 

intracellular staining used included anti-IFN gamma (PE conjugated) (BD Biosciences, 

San Jose, CA), anti-granzyme B (Alexa Fluor 647 conjugated) (BD Biosciences, San 

Jose, CA), anti-TNF alpha (PE-conjugated) (BD Biosciences, San Jose, CA), anti-TNF 

alpha (Alexa 488-conjugated) (BD Biosciences, San Jose, CA), anti-IL-6 (PE 

conjugated) (BD Biosciences, San Jose, CA) and anti-perforin (PE conjugated) (BD 

Biosciences, San Jose, CA). For intracellular cytokine analysis of IFN gamma and TNF 

alpha, cells were incubated in leukocyte activation cocktail (LAC) (BD Pharmingen, San 

Jose, CA) at 37°C for 4 hours prior to permeabilization and antibody staining.  LAC 

contains PMA, ionomycin and brefeldin A.  PMA is a phorbol ester which is a 

polyclonal activator of PBMCs, ionomycin is a calcium ionophore which increases 

calcium levels in the cell resulting in PBMC stimulation.  Brefeldin A is a protein 

transport inhibitor which allowed for intracellular assessment of cytokines.  For 

intracellular cytokine analysis of IL-6, cells were incubated in leukocyte activation 

cocktail (BD Pharmingen, San Jose, CA) and 100 ng of sonicated lipopolysaccharide 
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(LPS) (Sigma Aldrich, St. Louis, MO) at 37°C for 4 hours prior to permeabilization and 

antibody staining.    

For chromatin remodeling protein analysis, cells were permeabilized and then 

incubated with antibodies specific for chromatin remodeling protein for 1 hour at 4°C.  

For chromatin remodeling proteins, cells were probed with antibodies specific for 

histone deacetylase 1 (HDAC1) (Alexa-647-conjugated)  (Santa Cruz Biotechnology, 

Inc., Santa Cruz, CA), HDAC2 (unconjugated) (Santa Cruz Biotechnology, Inc., Santa 

Cruz, CA), phosphorylated-HDAC2 (unconjugated) (Santa Cruz Biotechnology, Inc., 

Santa Cruz, CA), HDAC3 (unconjugated) (Santa Cruz Biotechnology, Inc., Santa Cruz, 

CA), p300 (Alexa 647-conjugated) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA).  

Secondary anti-IgG (FITC conjugated) (Millipore, Temecula, CA) was added for 30 min 

at 4°C to unconjugated primary antibodies.   

For all PBMCs, cytokine and histone mean fluorescent intensities (MFIs) were 

standardized to cytokine and histone MFIs of HiCK Control Cells (BD Pharmingen, San 

Jose, CA). Surface antibodies were not added to HiCK Control Cells; intracellular and 

histone antibodies were added as described above.  HiCK Control Cells were thawed 

and aliquoted into individual microcentrifuge tubes before storage at -80 °C.  On the day 

of PBMC staining, HiCK Control Cells were thawed at 37°C for 2 minutes and then 

aliqoted into FACS tubes for staining.  HiCK Control Cells were stained concurrently 

with PBMCs, therefore staining times, incubations and washes were identical to PBMCs. 

No change in HiCK cell staining was observed over time.  

 

For MFI calculations, the following formula was used: 
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MFI= Cytokine or Histone MFI of sample/Cytokine or Histone MFI of HiCK 

cell. 

 

After staining, samples were analyzed by flow cytometry with a FACS CantoII 

Fluorescence-Activated Cell Sorter or a LSR Fortessa using FACS Diva software for 

data acquisition[223,234,235]. 10,000-30,000 events were recorded and analyzed with 

FlowJo v8.4.1.
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CHAPTER THREE 

 

EXPERIMENTAL RESULTS 

 

Development of an in vitro system to investigate the effects of chronic 

glucocorticoid exposure on Natural Killer cell function 

 

Previous studies have demonstrated that 24 hour incubation of human derived CD56+ 

cells as well as the NK cell lines; NK3.3, YT, and NK92, with dexamethasone or 

cortisol reduces NK cell lytic activity [117,118,119].  Furthermore, we have published 

that 24 hour incubation of the NK cell line, NK92, with dexamethasone resulted in a 

dose dependent inhibition of NK cell lytic ability [117,118].  Results from all studies 

concluded that this is in part mediated through a reduction in lytic molecule transcription, 

both perforin[117,119] and/or granzymes [119].  Furthermore, 24 hour treatment of both 

ex vivo cultured human derived CD56+ NK cells or NK cell lines treated with high 

concentrations of dexamethasone or cortisol resulted in decreased proinflammatory 

cytokine production[117,118,236,237].   Together these studies demonstrated that short 

term (24-hour) high concentration exposure to glucocorticoids is both 

immunosuppressive and anti-inflammatory in nature.  However, these studies did not 

investigate the effects of longer duration glucocorticoid exposure on NK cells. Therefore, 

we developed a culture system to investigate the effects of chronic exposure to 

glucocorticoids, termed chronic GC treatment, for a total of 5 days and performed time 

course analysis, characterizing cytokine production and lytic activity of the NK92 cell



65 

  

 

 

Figure	  7.	  The	  effect	  of	  chronic	  glucocorticoid	  (GC)	  treatment	  on	  pro-
inflammatory	  cytokine	  production	  by	  NK92.	  	  (A)	  MFI	  of	  IFN-‐g	  production	  as	  
measured	  flow	  cytometry	  in	  untreated	  or	  chronic	  GC	  treated	  NK92	  cells	  with	  a	  
range	  of	  dexamethasone	  from	  10-‐7	  to	  10-‐10	  M	  .(B)	  IFN-‐g	  production	  as	  measured	  by	  
ELISA	  from	  NK92	  cells	  either	  untreated	  or	  treated	  with	  GC	  and	  harvested	  at	  
various	  times	  and	  then	  either	  stimulated	  or	  unstimulated	  with	  IL-‐12	  for	  4	  hours,	  
n=3.	  (C)	  IFN-‐g	  transcript	  levels	  for	  IL-‐12	  stimulated	  and	  unstimulated	  cultures	  with	  
and	  without	  chronic	  (5	  day)	  GC	  exposure.	  IFN-‐g	  transcript	  levels	  from	  unstimulated,	  
untreated	  cells	  were	  set	  to	  1.	  (D)	  IL-‐6	  production	  as	  measured	  by	  ELISA	  from	  NK92	  
cells	  harvested	  from	  5	  day	  cultures	  either	  unstimulated	  or	  stimulated	  with	  IL-‐2	  for	  
4	  hours,	  n=3.	  *;	  p<0.05,	  **;	  p<0.01. 
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line. Treatment of NK92 cells for five days demonstrated that high concentrations of 

dexamethasone, both 10-7M or 10-8M, reduced IFN-g production as judged by a decrease 

in the mean fluorescence intensity (MFI) of IFN-g staining by flow cytometry (Figure 

7A).  In contrast, there was a trend for increased IFN-g production at dexamethasone 

(10-9M) and a significant increase in IFN-g MFI was observed after 5 day treatment with 

10-10M dexamethasone (Figure 7A). Intracellular cytokine staining demonstrated that 

there was a 32±3.8% increase in intracellular IFN-g mean fluorescence intensity (MFI) 

in 5 day chronic GC (10-10M) treated NK92 cells compared to untreated cells (Table 3). 

The shift in MFI was accompanied by a modest increase in IFNg positive cells (90% vs 

85%) (Table 3) indicated that NK92s in culture shift as a population towards increased 

cytokine production.  This apparent pro-inflammatory effect of GC on NK cells when 

exposed for extended time prompted further analysis.  Therefore, for this body of work 

the effects of chronic 5 day GC treatment (10-10M  dexamethasone) were analyzed, 

termed chronic GC treatment.   

NK cells were harvested at indicated days of treatment, stimulated with IL-12, 

and the production of interferon gamma (IFN-g) was analyzed in the culture 

supernatants by ELISA.  Chronic GC treatment had no impact on basal IFN-g 

(Untreated vs. Chronic GC) production. However, when stimulated with IL-12, chronic 

GC treated cells exhibited increased IFN-g production (Untreated + IL-12 vs. Chronic 

GC + IL-12) reaching a 2-fold increase at day 5 (Figure 7B). This was not an IFNg 

specific phenomenon, as IL-2 stimulated IL-6 production increased from 32.2±1.8pg/mL 

to 61.6±2.4pg/mL after day 5 of chronic GC treatment (Figure 7D).  Furthermore, flow 

cytometry demonstrated an increase in TNF-alpha MFI after chronic GC treatment 
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Table 3. Effect of chronic GC treatment on proinflammatory cytokine production and 
granule constituent levels in NK92 by flow cytometry 

 

 

Values	  are	  mean	  fluorescent	  intensity	  (MFI)	  of	  	  intracellular	  proteins	  ±	  S.E.M.,	  n=	  at	  

least	  three	  independent	  experiments.	  Isotype	  control	  MFI	  was	  always	  <	  150.	  %	  
Change=	  (MFI	  Untreated	  	  -‐	  MFI	  Chronic	  GC	  treatment)/(MFI	  Untreated)	  X	  100.	  
Statistically	  significant	  difference,	  Untreated	  vs.	  Chronic	  GC	  Treatment.	  
 

 

 

 

 

 

 
Table 1.  Effect of chronic GC treatment on proinflammatory cytokine production 
and granule constituent levels in NK92 by flow cytometric analysis. 
 

 
 

Mean Fluorescent Intensity (MFI) and/or Percentages of Cytokine and Intracellular Protein Positive Cells 
 

 
Cellular Protein 

 
Untreated 

 
Chronic GC Treatment 

(5 day) 

 
P value 

 
(%) Change 

 
 
 

      
IFN-gamma 

(MFI) 
1452 ± 71 1922 ± 91 0.0005 32.4 ± 3.8  

      
IFN-gamma 
positive (%) 

85.0 ± 1.0 90.0 ± 1.7 0.001 5.7 ± 0.37  

      
Perforin 
(MFI) 

7421 ± 192 6371 ± 138 0.017 -14.1 ± 1.86  

      
Perforin 

Positive (%) 
95.3 ± 0.29 94.3 ± 1.36 0.309 -0.98 ± 1.42  

      
Granzyme B 

(MFI) 
11009 ± 150 10115 ± 188 0.017 -8.13 ± 1.71  

      
Granzyme B 
Positive (%) 

98.2 ± 0.40 97.8 ± 0.31 0.318 -0.34 ± 0.31  

      
Values are mean fluorescent intensity (MFI) of surface and intracellular proteins ± 
S.E.M., N= at least three independent experiments. Isotype control MFI was always < 
150. % Change= (MFI Untreated - MFI Chronic GC Treated)/(MFI Untreated) X 100. 
Statistically significant difference, Untreated vs. Chronic GC Treatment. 
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(Figure 7E).  IL-6 protein levels could not be analyzed by intracellular cytokine staining 

due to low intracellular accumulation of protein levels.  Additionally, no mature active 

TNF-alpha was detected in culture supernatants, most likely due to a lack of TNF-alpha 

converting enzyme (TACE) expression.  mRNA isolated and quantified from NK92 

cells after 5 days of chronic GC treatment exhibited a 23- fold induction of IFN-g 

mRNA after IL-12 stimulation while untreated cultures exhibited only a 14-fold 

induction (Figure 7C).  These results taken together demonstrated that chronic GC 

treatment primes NK cells to produce proinflammatory cytokines via enhanced 

transcription of cytokine genes after cellular stimulation.  

 

Effect of chronic GC treatment on natural killer cell activity (NKCA) 

 

NK cells not only produce proinflammatory cytokines but also have direct 

cytolytic activity.  NK cells were harvested at indicated days during chronic GC 

treatment and NKCA assessed via chromium release.  NK92 cells exhibited a time 

dependent decrease in NKCA with a decrease at day 4 (18%), and a significant decrease 

at day 5 (25%)(Figure 8A). Human NKCA is primarily mediated via granule dependent 

lysis of tumor cells; therefore, the mRNA levels of two key NK cell granule constituents, 

perforin and granzyme B, were assessed. mRNA expression and levels for both perforin 

(PRF1) and granzyme B (GZMB) were reduced throughout chronic GC treatment and 

observed as early as day 2 of treatment (Figure 8B).  At day 5 of chronic GC treatment 

PRF1 transcripts were reduced by 60% and GZMB transcripts were reduced 40% 

compared to untreated cells (Figure 8B).  Flow cytometry confirmed reductions in both  
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Figure	  8.	  Effect	  of	  chronic	  glucocorticoid	  treatment	  on	  NKCA	  and	  lytic	  
molecule	  production.	  	  (A)	  NKCA	  presented	  as	  percent	  change	  in	  lytic	  units	  ±	  SEM	  
of	  NK92	  harvested	  at	  indicated	  days	  of	  treatment	  for	  target	  K562	  cells,	  n=3.	  (B)	  
Relative	  transcript	  levels	  for	  two	  granule	  constituents,	  perforin	  (PRF1)	  and	  
granzymeB	  (GZMB),	  in	  NK92	  cells	  harvested	  at	  indicated	  days	  during	  treatment	  
and	  standardized	  to	  transcript	  levels	  in	  untreated	  (grey	  bars)	  cells	  set	  to	  1.	  	  (C)	  
Flow	  cytometric	  analysis	  of	  granule	  constituent	  protein	  levels	  after	  5	  day	  chronic	  
GC	  treatment.	  	  Graphs	  represent	  mean	  fluorescent	  intensity	  of	  PRF1	  and	  GZMB	  
levels	  compared	  to	  untreated	  cells	  set	  to	  100%.	  *;	  p<0.05,	  **;	  p<0.01.	  	  
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Table 4.  Effects of chronic GC treatment on surface receptor expression by NK92 
cells 

 

Values	  are	  mean	  fluorescent	  intensity	  (MFI)	  of	  surface	  proteins	  ±	  S.E.M.,	  n=	  at	  least	  
three	  independent	  experiments.	  Isotype	  control	  MFI	  was	  always	  <	  150.	  %	  Change=	  
(MFI	  Untreated	  -‐	  MFI	  Chronic	  GC	  treatment)/(MFI	  Untreated)	  X	  100.	  Statistically	  
significant	  difference,	  Untreated	  vs.	  Chronic	  GC	  Treatment.	  
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perforin and granzyme B protein levels after 5 days of chronic GC treatment (Figure 8C 

and Table 3).  These data demonstrate chronic GC treatment to reduce perforin and 

granzyme B levels with concomitant reductions in NKCA.  Furthermore, the 

percentages of perforin or granzyme B positive cells were unchanged after chronic GC 

treatment (Table 3).  NKCA is also regulated by the expression of activating and 

inhibitory receptors on NK cells as well as the ability of NK cells to form stable 

conjugates with target cells and exocytose granules.  I found no significant difference in 

the ability of NK92 cells after chronic GC treatment to form stable conjugates with 

target tumor cells using a flow cytometric assay presented as % conjugate formation 

(data not shown).  Furthermore, chronic GC treatment had no impact on the ability of 

NK92 cells to exocytose granules as measured by CD107a surface expression after 

target cell contact (Table 4).  The surface expression of NKp46 were unaffected by 

chronic GC treatment (Table 4).  We did observe a small but significant increase in 

NKp30 expression; however, this increase in activating receptor expression could not 

explain the significant decrease in NKCA (Table 4).  Hence, chronic GC treatment shifts 

NK cell effector function to a less cytolytic and more proinflammatory NK cell 

phenotype through the dichotomous transcriptional regulation of the respective effector 

genes.  

 

Effect of chronic GC treatment on NK cell signaling pathways  

 

The transcriptional changes described above prompted investigation into the effect of 

GC on signaling pathways that regulate NK cell effector function.  IFN-g and 
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Figure	  9.	  	  Effects	  of	  chronic	  GC	  treatment	  on	  proinflammatory	  cytokine	  
signaling	  pathways.	  	  Flow	  cytometric	  analysis	  of	  (A)	  IL-‐12	  and	  (B)	  IL-‐2	  receptor	  
surface	  expression	  for	  chronic	  GC	  treatment	  (5	  days)	  or	  untreated	  cells.	  (C)	  ImageJ	  
quantification	  of	  whole	  cell	  lysates	  probed	  by	  western	  blot	  analysis	  for	  c-‐Jun,	  Stat4,	  
and	  NFkB	  levels	  in	  chronic	  GC	  treated	  and	  untreated	  cells.	  (D)	  Flow	  cytometric	  
analysis	  of	  NFkB	  in	  5	  day	  chronic	  GC	  and	  untreated	  cells.	  	  ImageJ	  quantification	  of	  
nuclear	  (E)	  c-‐Jun	  and	  (F)	  NFkBp65	  in	  chronic	  GC	  and	  untreated	  cells	  prior	  to	  and	  
after	  IL-‐12	  stimulation. 
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IL-6 mRNA and protein were increased after cellular stimulation with IL-12 and IL-2, 

respectively (Figure 7A-D).  At the cell surface, chronic GC treatment had no impact on 

the levels of the IL-12 receptor beta chain or the IL-2 receptor alpha chain, implying that 

chronic GC did not alter receptor density of NK92 cells for the cytokines used for 

stimulation. (Figure 9A-B).  Downstream of receptor signaling is the activation and 

subsequent nuclear localization of the canonical proinflammatory signaling transcription 

factors NFκBp65 and AP-1 (c-Jun) as well as STAT4, the signaling molecule directly 

downstream of the IL-12 receptor.  Western blot analysis and ImageJ quantification 

demonstrated 5 days of chronic GC treatment had no impact on the total cellular levels 

of these three transcription factors (Figure 9C). Flow cytometry confirmed that 5 day 

chronic GC treatment did not alter the cellular levels of NFκBp65 (Figure 9D).  Western 

blot analysis and quantification of nuclear fractions isolated from 5 day chronic GC 

treated and untreated cells before and after IL-12 stimulation revealed that IL-12 

stimulation significantly increased the nuclear localization of NFκBp65 and AP-1 (c-

Jun) in both untreated and 5 day chronic GC treated cells (Figure 9E-F). However, no 

significant difference was observed in the nuclear translocation of either cJun or 

NFκBp65 between untreated and chronic GC treated cells stimulated with IL-12 (Figure 

9E-F). These data demonstrate that NK cells exposed to chronic GC are able to sense 

and respond to cellular activation to the same degree as untreated cells.   

 

Chronic GC induced histone modifications at proinflammatory regulatory regions 
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Post translational epigenetic modifications at genomic regulatory regions can 

affect both active transcriptional rates as well as priming genes for future transcription. 

GR have been shown to interact with histone modifying enzymes and to influence 

histone tail post-translational modifications at genomic regulatory regions [117,146,238].  

To assess the effect of chronic GC treatment on histone tail modifications at the 

regulatory regions of NK cell effector genes, chromatin immunoprecipitation (ChIP) 

followed by qRT-PCR was performed. Enhanced production after 4 hours of IL-12 

stimulation was observed after 5 but not 2 days of chronic GC treatment (Figure 7B); 

therefore, a comparison of the epigenetic patterns at cytokine regulatory regions (the 

promoter and -22KB enhancer region of the IFNG locus, and the IL6 promoter) was 

performed.  The levels of 6 histone modifications, referred to as the epigenetic pattern, 

in a particular region for untreated cells in comparison to chronic GC treated cells is 

presented in Figure 10.  ChIP analysis demonstrated that in untreated cells all three 

regions exhibited moderate H4K8Ac, H3K27Ac, and H3K4me3; low but detectable 

H3K9Ac and H3K27me3; and undetectable/below background H3K9me3 levels.  This 

epigenetic pattern is indicative of a poised promoter region defined as a gene able to be 

expressed in a specific cell lineage (undetectable H3K9me3 and H3K27me3) and poised 

for future transcription, moderate H3K9Ac and H3K27Ac [239]. The IFNG enhancer, 

which is critical for IFNG transcription[70,72], exhibited a significant increase in H3K4-

trimethylation (me3) at day 2 of GC treatment (grey bars) (Figure 10A).  However, at 

day 5 of chronic GC treatment (dark grey bars) the IFNG enhancer had similar levels of 

H3K4me3 as untreated but did exhibit increased H4K8Ac as well as a time dependent 

increase in H3K27Ac (Figure 10A). This pattern of acetylation for H4K8 and H3K27  
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Figure	  10.	  Histone	  modifications	  at	  NK	  proinflammatory	  regulatory	  regions.	  	  
Schematic	  diagrams	  and	  percent	  input	  calculations	  of	  posttranslational	  histone	  
modifications	  at	  the	  (A)	  IFNG	  enhancer,	  (B)	  IFNG	  promoter,	  and	  (C)	  the	  IL6	  
promoter	  after	  day	  2	  (grey	  bars)	  and	  day	  5	  (dark	  grey	  bars)	  of	  chronic	  
glucocorticoid	  treatment	  or	  in	  untreated	  cells	  (white	  bars)	  compared	  to	  the	  IgG	  
(black	  bars)	  negative	  control	  immunoprecipitations.	  	  Untreated	  values	  are	  the	  
average	  of	  the	  levels	  of	  each	  modification	  on	  both	  day	  2	  and	  day	  5	  from	  untreated	  
cultures	  as	  no	  difference	  in	  the	  levels	  over	  time	  was	  observed.	  n=6	  ±	  SEM	  *;	  p<0.05.	  
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corresponded to the enhanced IFN-g production and secretion following chronic GC 

treatment and IL-12 stimulation (Figure 7A-C).  No GC treatment effects were observed 

at the proximal promoter of IFNG (Figure 10B) or the TNF-alpha promoter (Figure 

10D). The IL6 promoter exhibited a similar chronic GC dependent change in histone 

modification as the IFNG enhancer; increased H3K4me3 at day 2 of GC treatment (gray 

bars) and after 5 days of treatment (dark gray bars) H4K8Ac was significantly increased 

as well as a time dependent increase in H3K27Ac (Figure 10C).  These changes 

corresponded with the two fold increase in IL-6 production following chronic GC 

treatment and IL-2 stimulation (Figure 7D).  These data indicate that proinflammatory 

gene regulatory regions become hyperacetylated following chronic GC treatment and 

that acetylation of histone proteins contributes to the enhanced proinflammatory 

cytokine production following cellular activation.  

 

Chronic GC induced histone modifications at lytic molecule regulatory regions 

 

 The regulatory regions of the granule constituents exhibited a different 

epigenetic pattern compared to the cytokine loci in untreated NK92 cells, demonstrating 

high H4K8Ac, H3K9Ac, H3K27Ac, and H3K4me3 while H3K9me3 and H3K27me3 

were at or below background (IgG) levels (Figure 11A-B).  This pattern is indicative of 

genes undergoing active transcription (high H3K9Ac and H3K27Ac) with no 

heterochromatin marks (H3K9me3 and H3K27me3) [131,138,239]. The perforin 

(PRF1) promoter after 5 days of chronic GC treatment (dark grey bars) exhibited  
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Figure	  11.	  Histone	  modifications	  present	  at	  NK	  cell	  granule	  constituent	  
regulatory	  regions.	  	  Schematic	  diagrams	  and	  percent	  input	  calculations	  of	  
posttranslational	  histone	  modifications	  at	  the	  (A)	  proximal	  promoter	  of	  the	  PRF1	  
gene	  and	  the	  (B)	  proximal	  promoter	  of	  the	  GZMB	  gene	  after	  day	  2	  (grey	  bars)	  and	  
day	  5	  (dark	  grey	  bars)	  chronic	  glucocorticoid	  treatment	  or	  untreated	  (white	  bars)	  
cultures	  compared	  to	  the	  IgG	  (black	  bars)	  negative	  control	  immunoprecipitation.	  	  
Untreated	  values	  are	  the	  average	  of	  the	  levels	  of	  each	  modification	  on	  both	  day	  2	  
and	  day	  5	  from	  untreated	  cultures	  as	  no	  difference	  in	  the	  levels	  over	  time	  was	  
observed.	  	  Data	  represents	  the	  average	  of	  three	  independent	  experiments	  
performed	  in	  duplicate	  n=6	  ±	  SEM	  *;	  p<0.05. 
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significantly reduced H3K9Ac, marking this region for reduced transcription 

corresponding with the reduction in perforin transcripts shown previously (Figure 11B 

and 8B).  A trend for reduced H3K9Ac was observed at day 2 of GC treatment and was 

significant at day 5 of treatment, which is consistent with the gradual time dependent 

reduction in NKCA (Figure 11A and 8A).  The proximal promoter of the granzymeB 

(GZMB) gene exhibited a similar pattern as the PRF1 promoter for untreated cells, and 

including a significant reduction in H3K9Ac at day 5. Additionally, the GZMB promoter 

demonstrated a decrease in H4K8Ac (Figure 11B).  Furthermore, H3K4me3 was 

reduced at day 2 but returned to untreated levels at day 5 of chronic GC treatment.  The 

decrease in the active transcriptional mark H3K9Ac corresponded with the reduction in 

granzyme B mRNA after chronic GC treatment (Figure 8B).  These data together 

suggest that chronic GC decreases NKCA at least in part through epigenetic 

modifications that result in the transcriptional repression of these two granule 

constituents. 

 

Chronic GC induce changes in chromatin accessibility  

 

 Hyperacetylation has been shown to increase the accessibility of regulatory regions 

and to enhance the transcription of genes upon cellular activation. Chromatin from 5 day 

chronic GC treated and untreated cells was subjected to nuclease digestion or left 

undigested and qRT-PCR was used to quantify the degree to which each regulatory 

region was resistant to digestion compared to GAPDH, a constitutively open and  
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Figure	  12.	  	  Effect	  of	  chronic	  GC	  treatment	  on	  chromatin	  accessibility	  and	  
RNApol	  II	  deposition.	  (A)	  Percent	  change	  in	  sensitivity	  of	  indicated	  genomic	  
regions	  to	  nuclease	  digestion	  as	  determined	  by	  the	  Bio-‐Rad	  EpiQ	  chromatin	  
accessibility	  kit.	  	  Accessibility	  is	  calculated	  as	  the	  ability	  of	  nuclease	  to	  digest	  
indicated	  regions	  setting	  GAPDH	  accessibility	  as	  100%	  in	  untreated	  (white	  bars)	  
and	  5	  day	  chronic	  GC	  treated	  cells	  (black	  bars).	  (B)	  Percent	  input	  calculation	  for	  
RNApol	  II	  deposition	  at	  NK	  cell	  effector	  genes	  after	  day	  5	  (dark	  grey	  bars)	  chronic	  
GC	  treatment	  or	  untreated	  (white	  bars)	  cultures	  compared	  to	  the	  IgG	  (black	  bars)	  
negative	  control	  immunoprecipitation.	  	  Untreated	  values	  are	  the	  average	  of	  the	  
levels	  of	  each	  modification	  on	  both	  day	  2	  and	  day	  5	  from	  untreated	  cultures	  as	  no	  
difference	  in	  the	  levels	  over	  time	  was	  observed.	  Data	  represent	  the	  average	  of	  three	  
independent	  experiments	  performed	  in	  duplicate	  n=3	  ±	  SEM	  *;	  p<0.05. 
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transcribed gene. Chronic GC treatment increased the accessibility of the IL6 promoter 

by 18% and increased the accessibility of the IFNG enhancer by 37% (Figure 12A).  As 

no increase in transcription was observed prior to activation (Figure 7C) it is likely that 

this increased accessibility is the result of the hyperacetylation of proinflammatory 

cytokine regulatory regions (Figure 10A and C) which primes NK cells for enhanced 

cytokine production when stimulated.  Analysis of the GZMB promoter yielded no 

significant difference in accessibility (Figure 12A).  Although GZMB transcripts were 

diminished and the GZMB promoter exhibited decreased histone acetylation, chronic GC 

treatment did not appear to alter the chromatin structure, suggesting that granule 

constituent regulatory regions are affected by GC in a manner different from cytokine 

regulatory regions. 

 The changes in histone acetylation and chromatin accessibility, as well as the 

enhanced transcription of cytokine regulatory regions upon cellular stimulation 

prompted investigation into the depostition of RNApol II at these loci.  ChIP 

demonstrated a quantitative increase in RNApol II deposition at the IL6 promoter and 

IFNG enhancer after chronic GC treatment compared to untreated cells (Figure 12B).  

No changes were observed in cytokine loci (i.e. IFN-g and TNF-alpha promoters) that 

did not exhibit changes in histone acetylation upon chronic GC treatment.  A significant 

decrease in RNApol II deposition was observed at the GZMB promoter which is in 

accordance with the significant decrease in transcripts following chronic GC treatment.  

Lastly, a significant increase in RNApol II deposition was observed at the PRF1 

promoter in chronic GC treated cells.  The increased deposition of RNApol II at the 

cytokine regions without any increase in basal cytokine production implys that increase 
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represents stalled RNApol II at these loci.  Again the granule constituents seem to be 

regulated in a different manner than the cytokine loci after chronic GC treatment.   

 

Chronic GC induced effects on histone deacetylases (HDACs) 

 

Histone acetylation is mediated by two classes of enzymes, histone 

acetyltransferases and histone deacetylases (HDACs).  Modulation of these enzymes 

impacts gene transcription and cellular function [140,240,241].  GR can interact with 

members of the class I HDAC family[118,145], HDAC2[146] and HDAC3[147].  

Therefore, the presence of HDACs 1, 2, and 3 at NK cell effector genes was assessed by 

ChIP. Both the IL6 promoter and the IFNG locus had detectable levels of all 3 HDACs 

in untreated (white bars) cells (Figure 13A and B).  At both day 2 and day 5 of chronic 

GC treatment the level of resident HDAC3 was significantly decreased at the IFNG 

enhancer and the IL6 promoter (Figure 13A and B). Additionally, the level of HDAC1 at 

both the IFNG enhancer as well as the IL6 promoter was significantly decreased after 5 

days (black bars) of chronic GC treatment compared to untreated cells (Figure 13A and 

B).  Thus chronic GC treatment resulted in significant reductions in both HDAC1 and 

HDAC3 at the IFNG enhancer and IL6 promoter corresponding to the increase in 

histone acetylation and accessibility previously observed (Figure 10A and C).  These 

data imply that the hyperacetylation and increased chromatin accessibility observed at 

proinflammatory cytokine regulatory regions following chronic GC treatment is at least 

in part due to reductions in resident HDACs at these loci. The PRF1 and GZMB 

promoter regions had extremely low but detectable levels of HDAC1 and moderate  
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Figure	  13.	  Class	  I	  histone	  deacetylase	  (HDAC)	  deposition	  at	  NK	  cell	  effector	  
gene	  loci.	  	  Schematic	  diagrams	  and	  percent	  input	  calculations	  of	  HDAC1,	  2,	  and	  3	  
deposition	  at	  the	  (A)	  IFNG	  enhancer,	  (B)	  IL6	  promoter,	  (C)	  PRF1	  promoter,	  and	  (D)	  
GZMB	  promoter	  after	  day	  2	  (grey	  bars)	  and	  day	  5	  (dark	  grey	  bars)	  chronic	  
glucocorticoid	  treatment	  or	  untreated	  cultures	  (white	  bars)	  compared	  to	  the	  IgG	  
(black	  bars)	  negative	  control	  immunoprecipitation.	  Untreated	  values	  are	  the	  
average	  of	  the	  levels	  of	  each	  modification	  on	  both	  day	  2	  and	  day	  5	  from	  untreated	  
cultures	  as	  no	  difference	  in	  the	  levels	  over	  time	  was	  observed.	  	  Data	  represents	  the	  
average	  of	  three	  independent	  experiments	  performed	  in	  duplicate	  n=6	  ±	  SEM	  *;	  
p<0.05.	  
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levels of HDAC2 as resident HDACs in untreated cells (white bars) (Figure 13C and D).  

After day 2 of chronic GC treatment there was a significant increase in the presence of 

both HDAC1 and HDAC2 at both the PRF1 and GZMB promoters that returned to initial 

levels by day 5 (Fig 13C and D).  Increased HDAC1 and HDAC2 deposition after GC 

treatment corresponded to the decreased histone acetylation observed during chronic GC 

treatment (Figure 11A and B).  Together these data demonstrate that chronic GC 

exposure decreased the deposition of HDAC1 and HDAC3 at proinflammatory cytokine 

regulatory regions increasing acetylation and accessibility for enhanced cytokine 

production following stimulation.  In contrast, chronic GC treatment increased HDAC1 

and HDAC2 deposition at lytic molecule regulatory regions at day 2 of treatment 

decreasing histone acetylation at day 5 of GC treatment, which ultimately reduced 

NKCA. 

 

Class I HDAC subcellular redistribution during chronic GC treatment 

 

To investigate class I HDAC genomic deposition, the levels and subcellular 

distribution of these enzymes was assessed using cytometric and microscopic techniques.  

Representative histograms of flow cytometric analysis of cellular HDAC protein 

levelsafter 5 days of chronic GC treatment revealed that HDAC1 and HDAC2 protein 

levels remained unchanged (Figure 14A, left and middle panels).  In contrast, HDAC3 

staining was markedly reduced after 5 days of chronic GC treatment compared to 

untreated cells (Figure 14A, right panel).  Quantitation of the relative MFIs for HDAC1, 

2, and 3 at both day 2 and day 5 of chronic GC treatment revealed no change in either  
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Figure	  14.	  Class	  I	  HDAC	  levels	  and	  subcellular	  distribution	  following	  chronic	  
glucocorticoid	  treatment.	  	  	  (A)	  Representative	  histograms	  of	  HDAC1,	  HDAC2,	  and	  
HDAC3	  staining	  in	  5	  day	  chronic	  GC	  treated	  and	  untreated	  cells.	  (B)	  Percent	  change	  
in	  HDAC1,	  2,	  and	  3	  MFI	  after	  day	  2	  and	  day	  5	  of	  chronic	  GC	  treatment.	  	  The	  MFI	  of	  
each	  molecule	  in	  untreated	  cells	  is	  set	  to	  100%.	  (C)	  Representative	  confocal	  
pictures	  of	  HDAC1,	  2,	  and	  3	  cellular	  staining	  in	  untreated	  and	  chronic	  (5	  day)	  GC	  
treated	  cells.	  (D)	  Representative	  histogram	  of	  phosphorylated	  HDAC2	  in	  untreated	  
and	  chronic	  GC	  treated	  cells	  harvested	  and	  analyzed	  by	  flow	  cytometry	  at	  day	  2.	  (E)	  
Quantification	  of	  phospho-‐HDAC2	  in	  untreated	  and	  chronic	  GC	  treated	  cells	  at	  day	  
2	  and	  day	  5	  where	  the	  MFI	  of	  phospho-‐HDAC2	  in	  untreated	  cells	  is	  set	  to	  1.	  	  
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Figure	  15.	  Chronic	  GC	  induced	  HDAC2	  nuclear	  localization	  .	  (A)	  	  Graphs	  
showing	  the	  similarity	  dilate	  (nuclear	  localization)	  of	  DAPI	  and	  HDAC2	  from	  
untreated	  and	  chronic	  GC	  treated	  cells	  harvested	  at	  day	  2.	  (B)	  Quantification	  of	  
similarity	  dilate	  (nuclear	  localization)	  medians	  from	  three	  independent	  
experiments	  comparing	  the	  similarity	  of	  DAPI	  and	  HDAC2	  signals	  in	  chronic	  GC	  
treated	  or	  untreated	  cells	  harvested	  at	  day	  2	  of	  treatment.	  (C)	  Representative	  
images	  of	  multispectral	  flow	  cytometry	  used	  for	  nuclear	  localization	  analysis. 
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HDAC1, 2, or 3 after 2 days of chronic treatment but a GC specific decrease in HDAC3 

levels at day 5 (Figure 14B). Fluorescence microscopy confirmed that HDAC3 staining 

decreased after 5 day chronic GC treatment confirming the flow cytometry data (Figure 

14C, lower panel).  Chronic GC treatment induced a subcellular redistribution of both 

HDAC1 and HDAC2.  After 5 days of chronic GC treatment HDAC1 exhibited a more 

intense cytoplasmic (Figure 14C, upper panel).  Conversely, HDAC2 appeared to have 

an increase in nuclear staining after 5 days of chronic GC treatment (Figure 14C, middle 

panel).  Phosphorylation of HDAC2 at serine 394 is associated with nuclear localization 

and enzymatic activity [242].  Using flow cytometry we measured the levels of 

phosphorylated HDAC2 at both day 2 and day 5 of chronic GC treatment as a measure 

of relative nuclear localization. A representative histogram of phospho-HDAC2 staining 

from day 2 of chronic treatment reveals the increase in phospho-HDAC2 MFI in chronic 

GC treated cells (Figure 14D). In accordance with the apparent increase in nuclear 

staining, quantification of the MFI of phospho-HDAC2 staining demonstrated increased 

levels of phospho-HDAC2 at both day 2 and day 5 of chronic GC treatment (Figure 

14E).  Using multispectral flow cytometry of individual cells, HDAC2 nuclear 

localization was assessed.  Nuclear localization was defined by a positive 

similarityindex (co-localization), indicating the correlation coefficient between the two 

fluorescent signals: that of the nuclear dye DAPI and that of HDAC2 as a measure of 

nuclear localization.  Untreated cells had a positive similarity index of 1.62 indicating 

that HDAC2 is both nuclear and cytoplasmic in untreated NK92 cells (Figure 15A, left 

panel).  This is in comparison to the 3.5 similarity index of NK92 cells harvest at day 2 

of GC treatment (Figure 15A, right panel).  Figure 15B represents the quantification of 
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the similarity index of nuclear localization of HDAC2 from untreated and 2 day chronic 

GC treated cells.  Representative images used for quantification of nuclear HDAC2 

following chronic GC treatment from the AMNIS Image Stream and IDEAS software 

analysis are presented in Figure 15C.  The first column shows DAPI, channel 01, 

staining in two representative cells from both untreated and 2 day GC treated cells.  The 

second column, channel 02, illustrates HDAC2 staining and the third column, 

channel01/channel02, the merged images.  The data demonstrate that chronic GC 

treatment increased nuclear HDAC2 at day 2 which continues throughout treatment.  

These data provide insight into the decreased acetylation and increased HDAC2 present 

at the PRF1 and GZMB regulatory regions following chronic GC treatment.  These 

results implicate the redistribution of HDAC 1 and 2 and the loss of resident HDAC3 to 

result in the changes observed in acetylation status of individual regulatory regions of 

NK effector genes after chronic GC treatment. 

 

Regulation and role of GR after chronic GC treatment 

 

GC have been shown to reduce the sensitivity of the glucocorticoid receptor (GR), 

making it unresponsive to subsequent high anti-inflammatory concentrations of GC 

[243].  Flow cytometry demonstrated no change in GR MFI at day 2 or day 5 of chronic 

GC treatment of NK92 cells when compared to untreated cells.  A representative 

histogram is shown in Figure 16A and quantification of GR MFI in Figure 16B, with 

untreated cells set to 100%.  To assess the functional activity of GR in NK cells 

following 5 days  
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Figure	  16.	  Effect	  of	  chronic	  GC	  treatment	  on	  GR	  signaling.	  	  (A)	  Representative	  
histogram	  of	  GR	  protein	  levels	  in	  untreated	  and	  chronic	  GC	  treated	  NK92	  cells	  
assessed	  by	  flow	  cytometric	  analysis.	  	  (B)	  Quantification	  of	  MFI	  from	  flow	  
cytometric	  analysis	  of	  GR	  levels	  in	  cells	  harvested	  at	  day	  2	  and	  day	  5	  from	  
untreated	  and	  chronic	  GC	  treated	  cultures	  where	  the	  MFI	  of	  untreated	  cells	  is	  set	  to	  
100%.	  	  	  (C)	  IFN-‐g	  production	  from	  untreated	  (black	  bars)	  and	  chronic	  GC	  (white	  
bars)	  treated	  cells	  with	  a	  subsequent	  addition	  of	  4hr	  treatment	  with	  high	  
concentration	  of	  dexamethasone	  (10-‐7M)	  (switch	  to	  -‐7)	  during	  a	  4	  hour	  stimulation	  
with	  IL-‐12.	  (D)	  Lytic	  activity	  of	  NK92	  cells	  after	  5	  day	  chronic	  GC	  treatment	  or	  left	  
untreated	  in	  the	  presence	  of	  RU-‐486	  (10-‐10M)	  throughout	  treatment.	   
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of chronic GC treatment, cells were exposed to a high concentration of GC (10-7M) 

during the 4 hours of IL-12 stimulation.  Figure 16C demonstrates that when cells were 

exposed to 10-7M GC the untreated and 5 day chronic GC treated NK92 cells 

wereequally reduced in their capacity to produce IFN-g when stimulated with IL-12.  

Addition of 10-10M RU-486, a GR antagonist, throughout the 5 days of chronic GC 

treatment was able to reverse the GC dependent reductions in NKCA (Figure 16D).  In 

contrast, RU-486 did not restore IFN-g production to untreated levels. NK92 cells 

cultured in the presence of RU-486 through the 5 day chronic GC treatment, exhibited a 

numerical increase in IFN-g MFI (Figure 17A, white bars).  Flow cytometric analysis of 

HDAC3 MFI within chronic GC treated NK92 cells cultured in the presence of both 

RU-486 and chronic GC exhibited an even greater decrement in HDAC3 levels (Figure 

17A, black line) and was inversely related to the production of IFN-g.  When analyzed 

by co-immunoprecipititation, GR was demonstrated to directly interact with HDAC3 

(Figure 17B). Taken together these data suggest that the effects on NKCA and on IFN-g 

production are via separate and distinct mechanisms.  
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Figure	  17.	  Interaction	  between	  HDAC3	  and	  GR	  pathways.	  	  (A)	  MFI	  of	  IFN-‐g	  
(white	  bars)	  and	  MFI	  of	  HDAC3	  (black	  line)	  in	  NK92	  cells	  with	  and	  without	  chronic	  
GC	  treatment	  in	  the	  presence	  or	  absence	  of	  RU-‐486	  (10-‐10M),	  harvested	  and	  
analyzed	  on	  5	  day	  of	  treatment.	  	  (B)	  Anti-‐IgG	  or	  anti-‐HDAC3	  immunoprecipitations	  
were	  performed	  on	  total	  cell	  extracts	  from	  4	  hour	  dexamethasone	  	  (10-‐7M)	  treated	  
or	  untreated	  NK92	  cells	  followed	  by	  anti-‐GR	  (upper	  panel)	  or	  anti-‐HDAC3	  (lower	  
panel)	  Western	  blots. 
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Proposed Model for the effects of chronic GC treatment on NK92 cells 

 

A model for the dichotomous effect of GC on NK cell effector function (Figure 

18).  After 2 days of GC treatment, increased levels of HDAC2 were observed in the 

nucleus (Figure 14E - 15) with HDAC 2 detected at the promoter regions of both PRF1 

and GZMB (Figure 13C-D).  After 2, 4 and 5 days of GC treatment, transcription of 

perforin and granzyme B were reduced, with concomitant reductions NK cell cytolytic 

activity (Figure 8A-B).  After 2 days of GC treatment no significant change in the 

acetylation status of either promoter regions was noted, however, a slight reduction in 

H3K9Ac was noted at day 2 and by day 5 of GC treatment, significant reductions in 

H3K9Ac were identified (Figure 11A and B), suggesting that acetylation status may 

relate to the maximal reductions in perforin and granzyme B levels as well as maximal 

reductions in NK cell cytolytic activity at day 5 of GC treatment.  In contrast, the 

acetylation status of the enhancer region of IFNG and the promoter region of IL6 was 

increased upon 5 days of chronic GC treatment (Figure 10A and C). This increase in 

acetylation was associated with a decrease in overall cellular levels of HDAC3 (Figure 

14A-B), relocalization of HDAC1 to the cytoplasm (Figure 14C), and with reduced 

HDAC1 and HDAC 3 at the IFNG enhancer and the IL6 promoter (Figure 13A and B).  

These epigenetic modifications coincided with increased transcription and protein levels 

of these proinflammatory cytokines when NK cells were stimulated (Figure 7A-C), 

suggesting that reduced occupancy by HDACs and increased acetylation status relate to 

priming of these promoters regions for increased transcription of these genes with 

cellular stimulation.  
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Figure 18. Proposed Model for the effects of chronic GC effects on NK92 cells 
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Analysis of ex vivo derived PBMC from women diagnosed with  
 

Introduction 

Breast cancer diagnosis results in increased stress, anxiety, fear, as well as mood 

and sleep disturbance[164,165,166,167,168,169,244].  Psychological distress reduces 

NKCA, the response of NK cells to cytokines, IFN-g synthesis, antibody responses, as 

well as T-lymphocyte responses[202,203,204,205].  We have shown that the diagnosis 

of breast cancer results in significant psychosocial distress in women which is 

accompanied by altered NKCA and cytokine production[202,203].  The effect of 

psychological distress on NK cells has been particularly attributed to stress-induced 

activation of the hypothalamic-pituitary-adrenocortical (HPA) axis [245].  Individuals 

experiencing chronic psychological distress exhibit HPA dysregulation resulting in 

altered glucocorticoid (GC) levels[202,203] and disruption of the diurnal cortisol rhythm 

[162,179].  The effects of GC have been readily demonstrable in peripheral blood 

mononuclear cells (PBMC)[246] and are primarily due to GC action at the 

transcriptional level.  Our in vitro data demonstrate that chronic exposure to GC 

dichotomously regulates the phenotypic profile of NK cells (See Figures 7-8). Chronic 

exposure to GC resulted in increased pro-inflammatory cytokine production upon 

stimulation which was associated with increased histone acetylation in critical regulatory 

loci.  Furthermore chronic exposure to GC reduced NKCA and was associated with 

decreased histone acetylation at regulatory regions for lytic molecules.  These in vitro 

findings were used to test hypotheses regarding the relationships between psychological 

stress, glucocorticoid production, and immune function using the diagnosis of breast  
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Figure 19.  Subject Enrollment Time Line.  Each arrow denotes a time period for 
psychological assessment, immunologica, and epigenetic analysis.  Salivary cortisol 
assessment occurred 2 days prior to blood draw (not shown). 
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Table 5. Demographic characteristics of individuals enrolled in human study 

SD= standard deviation. a=missing data for some women in cohort; answers were 
omitted and no imputation technique was used for missing data. *p=0.05, p value for 
Cancer v. Cancer Free. 
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cancer as a model of psychological stress.  I sough to determine whether the immune 

alterations during periods of stress could mechanistically be explained through 

epigenetic modifications.  Therefore, the acetylation patterns at proinflammatory 

cytokine regulatory regions were assessed in women as they respond to the diagnosis of 

breast cancer in order to understand whether these epigenetic patterns related to stress, 

cortisol levels, and immune function.    

 

Analysis of psychological assessments across timepoints 

 

Women diagnosed with ductal carcinoma in situ (DCIS) and a matched control 

group were enrolled in the study.  Enrollment criteria are outlined in Materials and 

Methods.  Demographics, disease, and treatment characteristics are summarized in Table 

5.  Study participants were evaluated longitudinally at 4 time points (T1-T4, Figure 19). 

The Perceived Stress Scale (PSS), a measure of the general appraisal of stress, and the 

Centers for Epidemiologic Studies-Depression Scale (CES-D), a measure of depressive 

mood, were used for psychological assessments at each timepoint. The mean, standard 

deviation, range, and distribution of both perceived stress and depressive mood across 

all timepoints were analyzed between the cancer and cancer free groups and are 

presented in Table 6.  Women in the Cancer group had increased PSS scores compared 

to the Cancer Free group at T1 (T1; p<0.001). These increases in PSS were evident at T2, 

T3, and T4 (Figure 20A). These results indicate that the perceived stress of breast cancer 

diagnosis is greatest at T1 and T2 at diagnosis and prior to radiation therapy, 

respectively.  However, the perceived stress of breast cancer diagnosis is still elevated 4  
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Figure 20.  Psychological Assessments across timepoints.  Global appraisal of (A) 
stress as measured by the perceived stressor scale (PSS) and (B) depressive mood as 
measured by the Centers for Epidemiologic Studies-Depression Scale (CES-D)  at T1-
T4 for Cancer and Control groups.  Values are presented in box plots where the black 
line represents the median and the tinted area box represents 50% (quartile) of the data 
set.  The whiskers represent the upper 25% and lower 25% of the data set. Open circles 
represent outliers. *=p,0.05, **=p<0.01, Cancer vs. Cancer Free.  T1= T2= T3= T4=.  
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Table 6. Comparison of psychological parameters across timepoints. 

Data are mean values ± S.E.M. p value for Cancer v. Cancer Free.  
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and 8 months after diagnosis, T3 and T4, respectively. Women diagnosed with breast 

cancer also exhibited increased levels of depressive mood as measure by CES-D at T1 

(Figure 20B), which continued to T2 but returned to levels equivalent to the Cancer Free 

group at both T3 and T4 (Figure 20B).  The range (0-35) and normal distribution (black 

line) in PSS scores at T1 of all individuals enrolled in the study is shown in histogram 

form (Figure 21A).  Separation of the Cancer and Cancer Free groups demonstrates that 

the Cancer group alone exhibits a large range in PSS scores (0-35) and normal Gaussian 

distribution (black line)(Figure 21B, top panel).  The Cancer Free group exhibits a 

smaller range in PSS scores (0-29) and a positively skewed distribution (Figure 21B, 

bottom panel). Although PSS scores were significantly different between the cancer and 

cancer free groups at T1, the distribution demonstrated that 37% of the women in the 

cancer free group reported perceived stressor scores above a score of 14 indicated by 

vertical black line (Figure 21B, bottom panel). CES-D scores for all individuals 

recruited are present in histogram form (Figure 21C).  CES-D scores exhibited a large 

range (0-38) but a positively skewed distribution (Figure 21C). Separation of the Cancer 

and Cancer Free groups demonstrates that the Cancer group alone exhibits a large range 

in CES-D scores (0-38) and normal Gaussian distribution (black line)(Figure 21D, top 

panel).  The Cancer Free group exhibits a smaller range in CES-D scores (0-26) and a 

positively skewed distribution (Figure 21D, bottom panel). The mean difference in 

perceived stress and depressive mood was greatest at T1; therefore, timepoint 1 (T1) was 

used to evaluate the stress induced immune alterations and potential epigenetic 

mechanism(s) involved. 
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Figure 21.  Distribution analysis of psychological parameters at T1.  (A) Histogram 
representing the range and distribution of PSS scores among all individuals at T1. (B) 
Histograms representing the range and distribution of PSS scores within the Cancer 
(upper panel) and Cancer Free (lower panel) groups.  (C) Histogram representing the 
range and distribution of CES-D scores within all individual at T1. (D) Histograms 
representing the range and distribution of CES-D scores within the Cancer (upper panel) 
and Cancer Free (lower panel) groups. 
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Comparison of the Cancer and Cancer Free Groups at T1 

 

We have published that the diagnosis of breast cancer results in significant 

psychosocial distress in women which is accompanied by altered NKCA and cytokine 

production [202,203].  In this study we reconfirm our previous findings demonstrating 

that the diagnosis of breast cancer results in significant psychological distress as 

measure by elevated PSS and CES-D scores (Figure 20A and B).  The differences in 

immune function between the cancer and cancer free groupings at T1 were investigated 

using a Student’s two-tailed T-test.  Analysis of NKCA from ex vivo derived PBMC 

standardized to the percent of CD56+ NK cells exhibited no significant differences 

between the cancer and cancer free groups (Figure 22A).  Analysis of IFN-g and IL-6 

production from ex vivo stimulated PBMC yielded no significant differences between 

the cancer and cancer free groups (Figures 22B and C). The effect of psychological 

distress on NK cells has been particularly attributed to stress-induced activation of the 

hypothalamic-pituitary-adrenocortical (HPA) axis [245]. Thus comparison of the 

immune regulation by stress could not be attained through comparison of the cancer and 

cancer free groups in part due to the large percentage (37%) of women in our cancer free 

group with elevated perceived stressor scale (PSS) scores.    
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Figure 22.  Analysis of biological parameters between Cancer and Cancer Free 
groups. Values are presented in box plots where the black line represents the median 
and the tinted area box represents 50% (quartile) of the data set.  The whiskers represent 
the upper 25% and lower 25% of the data set. Open circles represent outliers. *=p,0.05, 
**=p<0.01, Cancer vs. Cancer Free.   
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Comparison of high, intermediate, and low stress groups 

 

In order to investigate the immune phenotypes associated with psychological 

distress and the mechanisms mediating these immune changes, a tertile split on the 

entire cohort of women enrolled at T1 was performed, creating equal groups based on 

their PSS scores, independent of cancer diagnosis.  Binning produced three groups; 

PSS<=14 (low stress), PSS 15-21 (intermediate stress), PSS>=22 (high stress) (Figure 

23A).  Individuals experiencing psychological distress exhibit HPA dysregulation 

resulting in altered glucocorticoid (GC) levels[202,203] and disruption of the diurnal 

cortisol rhythm [162,179].  Comparison of diurnal cortisol levels for these three groups 

demonstrated those individuals with higher perceived stress to have significantly higher 

daily cortisol levels than those with lower perceived stress (Figure 23B).  Individuals 

with intermediate stress exhibited numerically elevated cortisol levels compared to those 

with low perceived stress but less than those with higher perceived stress (Figure 23B).  

Thus perceived stress is associated with activation of the HPA axis. 

Abundant evidence demonstrates that psychological stress precipitates alterations 

in immune function.  Therefore, a comparison of immune function between individuals 

who exhibit high and low perceived stress was performed using a Student’s two-tailed t-

test. Analysis of supernatants from ex vivo derived PBMC stimulated for 48 hour with 

PMA/PHA by ELISA revealed increased IFN-g production in individuals who exhibit 

high stress compared to low stress (Figure 23C).  Individuals who exhibited high stress 

also displayed increased circulating IL-6 levels in plasma compared to individuals with 

low stress as measured by ELISA (Figure 23D).  Analysis of NK cell lytic  
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Figure 23. Analysis of biological parameters between high, intermediate, and low 
stress groups.  (A) Histogram representing the distribution of PSS scores indicating 
cutoffs (vertical lines) for tertile splits of low, intermediate, and high scores.  Boxplots 
representing differences in (B) AUC, (C) IFN-g production, (D) plasma IL-6 levels, and 
(E) NKCA standardized to CD56% in the PBMC from individuals in the low, 
intermediate, and high PSS groups. Values are presented in box plots where the black 
line represents the median and the tinted area box represents 50% (quartile) of the data 
set.  The whiskers represent the upper 25% and lower 25% of the data set. Open circles 
represent outliers. A student’s two-tailed t-test was used for comparison. *=p<0.05. 
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function demonstrated that individuals with high stress exhibited decreased NKCA 

standardized to the percent CD56+ in ex vivo derived PBMC compared to low stress 

individuals (Figure 23E).   

These observations demonstrate that individuals grouped by their perceived 

stress scores exhibit increased daily cortisol production.  Increased daily cortisol 

production indicates that individuals with increased perceived stress exhibit a 

corresponding increase in HPA activity.  Individuals with increased perceived stress also 

exhibited altered immune function characterized by increased proinflammatory cytokine 

production and decreased NKCA.  We hypothesize that this dichotomous immune 

phenotype occurs via the overactivity of the HPA activity observed.  Therefore to more 

clearly delineate that the observed immune phenotypes result from the biological 

manifestation of stress of increased activity of the HPA axis individuals were reclustered 

by their perception of stress and biological output.      

 

Categorization of Individuals based on PSS scores and Daily Cortisol Levels  

 

Individual responses to the diagnosis of breast cancer are varied and although 

individuals report increased perceived stress many physiological and social factors can 

impact the biological output of this psychological stress.  Wards Method of Cluster 

Analysis was used to statistically classify the women based on their perceived stress 

(PSS) and daily cortisol levels (AUC) into distinct clusters based on the Euclidean mean 

squared distance. This classification allowed categorization of the women based on both 

their perception of the stress as well as the associated biological response to stress, i.e.  
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Figure 24. Wards Method of Classification by PSS and Cortisol Rhythms.  (A) A 
dendogram representing the Euclidean mean squared distance between patients 
classified by their PSS scores and AUC levels. (B) Scatterplot of PSS scores and AUC 
levels representing the groups created using the Wards Method of cluster analysis  
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cortisol production, into groups with similar phenotypes.  Figure 24A shows the 

dendogram representation of the Ward Method of Clustering.  Three groups emerged 

from this classification methodology and are shown in a scatterplot of PSS vs. AUC 

(Figure 24B).  The first cluster was of individuals exhibited low PSS scores and low 

AUC (Figure 24B, green circles), the second cluster of individuals exhibited high PSS 

scores and high AUC values (Figure 24B, blue circles), the third and final cluster had 

low PSS yet high AUC (Figure 24B, brown circles).  I investigated this third cluster and 

found that they were individuals within the cancer free group who had low PSS but high 

CES-D scores (data not shown).  Thus this group of women were statistically different 

from the other groups had the biological alterations most likely due to their depressive 

mood.  Immune parameters were compared between individuals who exhibited both the 

perception (i.e. high PSS) and biological output (i.e. high cortisol by AUC) of 

psychological stress (high stress) with the individuals of group 2 (i.e. low PSS and low 

cortisol by AUC). 

Comparison of PSS and AUC between the high stress and low stress groupings 

demonstrated that indeed both were statistically elevated compared to the low stress 

group (Figure 25A and B).  IFN-g production from ex vivo stimulated PBMC as well as 

circulating IL-6 plasma levels were increased within individuals with increased daily 

cortisol and PSS compared to low daily cortisol and low PSS (Figure 25C and D).  

Additionally, NKCA standardized to the percent CD56+ from ex vivo derived PBMC 

was decreased in the high stress group (Figure 25E).  These results highlight that 

individuals who report increased perceived stress and exhibit the biological output of  
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Figure 25.  Comparison of immune phenotypes within selected groups.  Boxplots 
representing the differences in (A) PSS scores, (B) AUC cortisol, (C) IFN-g production, 
(D) NKCA, and (E) IL-6 plasma levels between individuals exhibiting high and low 
biological stress. Values are presented in box plots where the black line represents the 
median and the tinted area box represents 50% (quartile) of the data set.  The whiskers 
represent the upper 25% and lower 25% of the data set. Open circles represent outliers. 
*=p,0.05, **=p<0.01.  
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Figure 26. Comparison of promoter specific acetylation pattern between selected 
groups. Boxplots representing the differences in the ratio of acetylated H3K9 to 
trimethylated H3K9 at the (A) IFNG enhancer and (B) IL6 promoter between 
individuals exhibiting high and low biological stress.Values are presented in box plots 
where the black line represents the median and the tinted area box represents 50% 
(quartile) of the data set.  The whiskers represent the upper 25% and lower 25% of the 
data set. Open circles represent outliers. *=p,0.05, **=p<0.01, High Stress vs. Low 
Stress.   
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stress, altered cortisol rhythms, display a dichotomous regulation of immune function 

(i.e. increased pro-inflammatory cytokine production and reduced NKCA).  

Data presented in this dissertation as well as our previously published data 

indicated that these immune phenotypes result from transcriptional changes in NK cell 

effector genes [117,118].  As transcriptional rates are regulated via post-translational 

modifications on histone tails, the histone acetylation and methylation patterns were 

investigated within proinflammatory cytokine regulatory regions.  Chromatin 

immunoprecipitation (ChIP) was used to quantify the levels of acetylated H4K8, 

acetylated H3K9, and tri-methylated H3K9 at the IFNG enhancer and IL6 promoter 

from 5.0x106 PBMCs.  I then quantified the ratio of acetylated H3K9 to tri-methylated 

H3K9.  This was used as a measure of ex vivo derived PBMC containing acetylated 

histones (open chromatin) compared to methylated histones (closed chromatin) at 

proinflammatory cytokine regulatory regions.  Comparison of the ratio of acetylated to 

trimethylated H3K9 at the IFNG enhancer region demonstrated that individuals with 

high stress exhibited a statistically significant increase compared to individuals with low 

stress (Figure 26A).  An increase in the ratio of acetylated to trimethylated H3K9 was 

also evident at the IL6 promoter between individuals exhibiting high stress and low 

stress (Figure 26B).  No difference in the presence of acetylated H4K8 was observed at 

either the IFNG locus or IL6 promoter (data not shown).   

These data in total demonstrate that individuals in our study who report increased 

perceived stress exhibit the biological output of this stress as increased daily salivary 

levels of cortisol.  Individuals with increased stress exhibit immune alterations 

characterized by increased proinflammatory cytokine production as well as reduced 
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NKCA.  Lastly, increased histone acetylation can be observed in the regulatory regions 

of proinflammatory cytokine genes in individuals with increased stress and increased 

proinflammatory cytokine production.  The above data demonstrate that differences are 

evident between high and low stress groups but do not provide insight into the 

relationships between these variables and possible mediators of these effects. 

 

Relationships between psychological and immunological variables 

 

Bivariate Pearson correlations were used to evaluate the relationships between 

psychological stress, daily cortisol, and immune function in the population of 

individuals at T1.  A significant positive correlation was observed between PSS scores 

and AUC in all individuals including both the cancer and cancer free groups (Figure 

27A).  The relationship between perceived stress and cortisol production demonstrates 

that not only were cortisol levels difference between high and low stressed individuals 

but the greater stress an individual perceives corresponds to an increase in their daily 

cortisol production.  Additionally, both proinflammatory cytokines (IL-6 and IFN-g) 

exhibited a significant positive correlation with AUC (Figure 27D-E).  Indicating that 

increased HPA activity results in increased proinflammatory cytokine production. A 

positive correlation was also observed between IFN-g and IL-6 production from ex vivo 

stimulated PBMC indicating a coordination in proinflammatory cytokine regulation in 

response to increased HPA activity (Figure 27C).  Results from this body of work 

demonstrate that NK cell effector functions are dichotomously 
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Figure 27.  Pearson correlations at T1. Scatterplots representing the relationship 
between (A) PSS scores and AUC levels at T1.  (B) IFN-g production versus NKCA. 
(C) IFN-g versus IL-6 production. (D) AUC levels versus IL-6 production. (E) AUC 
levels versus IFN-g production.   
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regulated following chronic GC treatment.  In support of this dichotomous regulation ex 

vivo, a negative relationship between IFN-g production from ex vivo stimulated PBMC 

and NKCA standardized to the percent of CD56+ NK cells per individual was observed 

(Figure 27B). These relationships demonstrate that as perceived stress increases HPA 

activity is increased and a subsequent dichotomy in immune function is observed.     

As histone acetylation corresponds with transcription, the relationship between 

promoter specific epigenetic patterns and proinflammatory cytokine production was 

investigated.  The ratio of acetylated to tri-methylated H3K9 was positively related to 

IFN-g production at T1 (Figure 28B).  Furthermore, PSS scores were also positively 

related to the ratio of acetylated to tri-methylated H3K9 (Figure 28C).  These three 

relationships allowed statistical testing of mediation, through a mediator model (Figure 

28E) whereby the increases in IFN-g associated with PSS are mediated by histone 

acetylation patterns.   

 

Statistical testing of a Mediator Model 

 

The mediation pathway from perceived stress (PSS) to IFN-g production through 

histone acetylation at the IFNG enhancer was tested using the Sobel mediation equation 

(Figure 29).  The multistage linear regression model of testing mediation depicted in 

Figure 29 includes four tests. 1) PSS is associated with IFN-g production (path c). 2) 

PSS is associated with histone acetylation at the IFNG enhancer (path a).  3) When 

controlling for PSS, histone acetylation at the IFNG enhancer is associated with  
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Figure 28.  Relationships to test mediation model. Scatterplots representing the 
relationships between (A) PSS scores and IFN-g production, (B) IFN-g production and 
the ratio of H3K9 acetylation and H3K9 trimethylation at the IFNG locus and (C) PSS 
scores versus the ratio of H3K9 acetylation and H3K9 trimethylation at the IFNG locus  
(D) Sobel test equation. 
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Figure 29.  Diagram of Mediation Model. The multistage linear regression model of 
testing mediation is depicted.  1) PSS is associated with IFN-g production (path c). 2) 
PSS is associated with histone acetylation at the IFNG enhancer (path a).  3) When 
controlling for PSS, histone acetylation at the IFNG enhancer is associated with IFN-g 
production (path b), and the association between PSS and IFN-g production (path c) is 
either no longer statistically significant (full mediation) or reduced significantly (partial 
mediation).   
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IFN-g production (path b), and the association between PSS and IFN-g production (path 

c) is either no longer statistically significant (full mediation) or reduced significantly 

(partial mediation).  4) A statistically significant indirect path exists between perceived 

stress and IFN-g production through histone acetylation at the IFNG enhancer.  The 

Sorbel mediation test (Figure 29D) demonstrated that the indirect effect of PSS on IFN-

g production through the mediator, histone acetylation, is significant (p=0.029).  These 

analyses were confirmed using two additional variations of the Sobel test, the Aroian 

and Goodman tests both reaching significance (p<0.05) (data not shown). CES-D, 

another psychological parameter, also correlated with both PSS and IFN-g production 

and met all the requirements to run a mediation analysis.  CES-D did not mediate the 

changes PSS driven increases in IFN-g production (p=0.419) (data not shown).  These 

data demonstrate that within a population stress is associated with an increase in daily 

cortisol production and an increase in IFN-g production which is partially mediated by 

the acetylation of histones at the IFNG locus. 

 

Categorization of individuals by immune phenotypes 

 

The above date demonstrates that individuals grouped by their stress scores or 

clustered by stress and the biological phenotype of stress exhibit altered immune 

function characterized by decreased NKCA and increased IFN-g production. The Ward 

Method of Cluster Analysis was used to reclassify the women based on Natural Killer 

cell activity (NKCA) and IFN-g production from ex vivo derived PBMC at T1 

independent of cancer or cancer free groupings.  I questioned whether the reverse  
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Figure 30. Wards Method of Classification by NKCA and IFN-g production.  (A) A 
dendogram representing the Euclidean mean squared distance between patients 
classified by their NKCA and IFN-g production. (B) Scatterplot of NKCA and IFN-g 
representing the groups created using the Wards Method of cluster analysis 
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also held try, in that I investigated whether women grouped by their immune function 

(NKCA and IFN-g production) would exhibit differences in daily cortisol production 

and stress levels.  A dendogram of the Ward Method classification is shown in Figure 

30A.  Four groups emerged from this analysis and are shown on a scatterplot of NKCA 

standardized to CD56 percentages vs. IFN-g production (Figure 30B).  Group 1 

consisted of women who exhibited high IFN-g production and low Natural Killer cell 

lytic activity. Group 2 consisted of women who exhibited both low IFN-g production 

and NKCA.  Group 3 consisted of women who exhibited high NKCA and low IFN-g 

production.  Group 4 consisted of 5 women who were statistical outliers.  This analysis 

allowed us to determine whether women who exhibit alterations in immune parameters 

differ in their psychological parameters, diurnal cortisol rhythms, and epigenetic patterns.  

The PSS scores for women in group 1 were increased compared to women in group 3 

(Figure 31A).  Stress has been attributed to alterations in diurnal cortisol rhythms. 

Figure 31B shows that women in group 1 exhibited a reduced decline in cortisol 

throughout the day as measure by the slope from 30min post awakening to bedtime 

compared to group 3.  These results imply that women who exhibit decreased NKCA 

and increased IFN-g production also exhibit increased stress and changes in cortisol 

diurnal rhythms.   
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Figure 31. Analysis of stress parameters within individuals clustered by immune 
parameters.  Boxplots representing the (A) PSS scores and (B) cortisol levels between 
individuals clusterd using Wards method of classification based on NKCA and IFN-g 
production.   
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Conclusion 

 

In summary, our analysis of ex vivo derived PBMC from women diagnosed with 

DCIS and a matched control group demonstrated that increases in the level of perceived 

stress is associated with increases in daily cortisol production.  Classification of these 

individuals by perceived stress and the biological manifestation of stress, cortisol 

production, demonstrated that analysis of immune function within these groups show a 

stress induced immune phenotype of increased proinflammatory cytokine production 

and reduced NKCA.  This dichotomous phenotype within stress individuals could also 

be used as a classification scheme in that individuals grouped by this dichotomous 

immune phenotype also exhibited differences in stress and cortisol production.  

Mediation model testing demonstrated that histone acetylation patterns within 

proinflammatory cytokine regulatory regions partially mediated the stress induced 

increases in cytokine production.  These results not only characterize the immune 

phenotypes associated with stress but also demonstrate that an epigenetic mechanism is 

at play and partially mediates these effects.
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CHAPTER FOUR 
 

DISCUSSION 
 

Analysis of an in vitro system to investigate the effects of chronic glucocorticoid 
treatment on NK cell effector function 

 
Glucocorticoid induced dichotomy in NK cell effector function 

 

It is well-established that stress is associated with a reduction in NK cell 

functional activity, which may be mediated by altered adrenergic as well as 

glucocorticoid activity [200,247,248,249].  This investigation focused on chronic 

exposure to the synthetic glucocorticoid, dexamethasone, with the observation that 

chronic GC treatment suppressed NKCA and increased stimulated proinflammatory 

cytokine production. We conclude this is within a single cell population as 85-98% of 

NK92 cells were perforin, granzyme B, and IFN-g positive independent of treatment.  

Additionally, chronic GC treatment was associated with changes in MFI but not the 

percent of cells positive for each individual effector protein. The gene products (mRNA) 

for NK cell lytic granules were quantitatively reduced by GC treatment, and such 

reductions related to reduced functional capacity of NK92 to mediate lysis of K562 cells.  

These observations are in agreement with a number of systems investigating the effects 

of GC on NK cell function both from ex vivo derived CD56+ cells as well as multiple 

NK cell lines including; NK92, NK3.3, and YT [117,118,119].  All demonstrate that GC 

treatment reduced NKCA, in part, through reductions in effector molecule production.
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In contrast, upon cellular activation, the production of the IFN-g and IL-6 gene products 

were quantitatively increased by chronic GC treatment. Chronic GC treatment primed 

NK92 cells to produce more proinflammatory cytokine when stimulated, regardless of 

the stimulant tested (PMA/ionomycin, IL-12, or IL-2), each of which signals through a 

different cellular pathway.  These observations suggested that some common 

mechanism downstream of transcription factor activation mediated these effects.  

The molecular mechanisms underlying the effects of GC remain incompletely 

understood.  Many studies have focused on mechanisms upstream of GC binding to its 

receptor, including modified extracellular or intracellular GC concentrations or GR 

mutations, splice variants, or insufficient GR expression.  Here we demonstrated that 

chronic GC did not alter steady state GR protein levels or the sensitivity of GR to a 

subsequent high anti-inflammatory concentration (10-7M) of GC after chronic GC 

treatment (Figure 15B-C).  From these studies we conclude that our observations are not 

the result of GR resistance, because no changes in GR levels or sensitivity were 

observed.   

Additional studies also report mechanisms downstream of GC binding to GR that 

involve the GC signaling pathways which regulates the transcription of many genes 

involved in the immune response [250,251]. By interacting with JAK-STAT signaling 

pathway and with transcription factors such as NF-κB and activated protein-1 (AP-1), 

GR has been shown to alter the transcription of immune relevant genes [252,253].  

Although activated glucocorticoid receptor (GR) can directly interact with 

proinflammatory transcription factors like AP-1 (Fos-Jun heterodimers) and NF-κB 

(p65-p50 heterodimers) [109,254,255], chronic GC treatment did not alter the steady 
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state levels of NF-κB or AP-1 nor did it impact the ability of cellular stimulation to 

induce NF-κB or AP-1 nuclear translocation in NK92 cells (Figure9 E-F). These data 

demonstrate that the enhanced cytokine production did not result from chronic GC 

treatment induced enhancement of nuclear NF-κB or AP-1 signaling.  This suggested 

that some other mechanism primes NK cells for enhanced cytokine production with the 

likely possibility being changes at the epigenetic level. 

 

Glucocorticoid induced promoter specific epigenetic modifications 

 

Our lab has previously demonstrated that GC through GR can induce epigenetic 

modifications at NK cell effector genes. These epigenetic modifications are associated 

with altered gene transcription [117,118],when induced with high concentrations of GC 

(10-7M) for 24 hours [117,118].  The effects of GC on cellular function are known to be 

dependent on both the dose and duration of exposure.  Therefore, the epigenetic pattern 

associated with NK cell effector genes was assessed using chromatin 

immunoprecipitation during chronic GC treatment.  The levels of H4K8Ac, H3K4me3, 

H3K9Ac, H3K9me3, H3K27Ac, and H3K27me3 were assessed at days 2 and 5 during 

chronic treatment and compared to the levels in untreated cells.  H3K9me3, a marker of 

constitutive heterochromatin, was at or below the limit of detection for all genes 

investigated [125,126,127,128].  This was expected as NK92 are fully differentiated NK 

cells and have the potential to express both cytokine and lytic molecules which should 

be located in euchromatic regions.  H3K27me3 (associated with silenced genes) was 

poorly represented at all regulatory regions investigated.  H3K4me3 is typically present 
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at transcription start sites, is strongly correlated with transcription potential and was 

measurable at all regulatory regions investigated[129,130]. This pattern of H3K4me3 

with no H3K9me3 or H3K27me3, indicates genes present in euchromatin with the 

potential for expression.  H3K9Ac is typically represented at active promoters and 

enhancers and the level of H3K9Ac at a given region correlates with the level of 

transcription[127].  Chromatin immunoprecipitation demonstrated a quantitative 

reduction in the acetylation of H3K9 at the PRF1 and GZMB promoters.  The reduction 

in H3K9Ac at the PRF1 and GZMB promoters is the likely epigenetic modification that 

likely contributes to the reduced production of transcripts for both of these effector 

proteins.  

Chromatin immunoprecipitation demonstrated increased acetylation of H4K8 

and H3K27 for both the IFNG enhancer and the IL6 promoter.  Conceptually, the 

histone proteins possesses highly basic amino-terminal tail domains located outside of 

the core nucleosome particle, which are accessible to multiple post-translational covalent 

modifications, including acetylation and methylation[256].  Lysine acetylation 

neutralizes the charge of histone proteins, whereas deacetylation restores the positive 

charge of lysines. Following acetylation, nucleosome mobility is enhanced, increasing 

accessibility of the promoter for transcription machinery[257]. Thus, acetylated lysine 

residues increase access of transcription factors for regulatory regions of immune 

response genes.  By enhancing this downstream target (chromatin accessibility), GC can 

prime genes for altered transcription upon cellular activation and transcription factor 

nuclear localization. Hence, the data presented here demonstrate that GC enhanced 

cytokine production is in part due to increased proximal promoter and enhancer 
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accessibility. The increase in H4K8Ac and H3K27Ac at the –22kb IFNG enhancer and 

at the IL6 promoter are the likely major epigenetic modifications that contribute to the 

increased production of transcripts for both of these effector proteins upon cellular 

stimulation.  

The question becomes, how do these specific and independent histone tail 

modifications contribute to the control of the lytic molecule vs. cytokine regulatory 

regions?  First, the cell line being used is a fully differentiated NK cell line, with the 

potential to express both lytic and cytokine genes and thus the expression potential of all 

genes investigated are equivalent, in that, they are all located within euchromatic 

regions, indicated by the lack of H3K9me3. What separates these lytic and cytokine 

genes are the transcriptional profiles prior to GC treatment.  Real-time analysis 

demonstrated that the relative number of transcripts for the lytic molecules is roughly 

10,000 times that of the cytokine genes in resting cells, as the mRNA isolated from 

NK92 cells in culture had to be diluted 1:10,000 to obtain the same C(t) value as those 

of the cytokine genes from unstimulated cells (data not shown).  PRF1 and GZMB are 

constitutively expressed genes in NK cells, whose protein products accumulate and are 

stored in cytoplasmic granules.  The cytokine genes on the other hand exhibited a small, 

almost undetectable, level of basal expression and are held poised until cellular 

stimulation (Figure 7C). Thus PRF1 and GZMB were highly transcribed and exhibited 

histone tail modifications (high H4K8Ac, high H3K9Ac, and high H3K27Ac), which 

marked them as such.  In contrast, the cytokine genes exhibited low H4K8Ac, low 

H3K9Ac, and low H3K27Ac which suggested lower transcription than the lytic 
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molecules and potentially less accessible chromatin, and possibly lacking the docking 

sites for transcriptional machinery.  

Specifically, H4K8Ac is a docking site for the bromodomain containing protein 

complex SWI/SNF [258].  Recruitment of SWI/SNF, via the increased H4K8Ac after 

chronic GC treatment, would make the cytokine regions more accessible to transcription 

factors and other transcriptional regulators through the nucleosome remodeling 

functions of the SWI/SNF complex[259].  This is indeed true as the IFNG enhancer and 

IL6 promoter exhibited a 37% and 18% increase in accessibility after chronic GC 

treatment, respectively (Figure 12A).   These observations are in agreement with 

experiments testing the histone code hypothesis investigating the contribution of 

individual histone marks to the step-by-step activation of transcription.  These 

experiments demonstrated that H4 acetylation occured first, which creates a docking site 

for the SWI/SNF complex[258].  The H4K8 modification cannot induce transcription 

but requires GCN5 or other histone acetyltransferase mediated acetylation of H3K9 and 

H3K14 that provides a docking site for transcription factor II D (TFIID)[258].  TFIID is 

required for the formation of the transcription initiation complex and thus a critical step 

in transcriptional regulation[260].  I speculate that prior to cellular stimulation H3K9Ac 

is limited, most likely due to the actions of resident HDACs and lack of histone 

acetyltransferase activity/recruitment at cytokine regulatory regions.  Without TF 

activation, nuclear translocation, and recruitment of a histone acetyltransferases such as 

GCN5, TFIID association and thus transcription is limited.  This scenario explains why 

basal transcription was unaffected even with the observed increase in H4K8Ac.  

Therefore, the GC dependent loss of HDAC1 and HDAC3 from proinflammatory 
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cytokine loci and subsequent increase in H4K8Ac primes these regions for enhanced 

transcription upon stimulation, due to the increased acetylation of H4K8 and increased 

chromatin accessibility due to the hypothesized recruitment of the SWI/SNF complex.   

In contrast to the cytokine loci, H3K9Ac is reduced at PRF1 and GZMB most 

likely due to the recruitment of HDAC2 during chronic GC treatment.  HDAC2 has been 

shown to directly deacetylate the amino terminal tail of H3 and has been shown to 

inhibit the activity of histone acetyltransferase-containing complexes.  In either senario, 

HDAC2 recruitment could reduce the availability of docking sites required for TFIID 

recruitment and therefore decrease the transcriptional rate of the lytic genes. 

Preliminary ChIP analysis with anti-RNApol II antibody demonstrates that 

chronic GC treatment resulted in increased RNApol II at the PRF1 and IL6 promoters, 

as well as, at the IFNG enhancer (Figure 12B).  The increase in H4K8Ac at cytokine loci 

and decrease in H3K9Ac at lytic molecule loci could exhibit a similar effect on RNApol 

II recruitment. That is, the presence of H4K8Ac could allow for the binding of the 

SWI/SNF complex which would allow access of the RNApol II holoenzyme[261], and 

poise the cytokine gene loci for transcription. No change in RNApol II recruitment was 

observed at the TNF promoter which also displayed no change in histone tail 

modifications following chronic GC treatment (Figure 12B).  We hypothesize that the 

increase in RNApol II is stalled RNA polymerase as no concomitant changes in basal 

transcription were observed.  Furthermore, no increase in H3K9Ac was observed at the 

cytokine loci and therefore suggest no change in transcriptional rates. 

As described PRF1 and GZMB undergo high rates of transcription and would 

continually recruit RNApol II during normal cell function due to the high levels of 
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H4K8Ac, H3K9Ac, and H3K27Ac.  The higher levels of RNApol II in untreated cells at 

the loci which code for lytic molecules compared to the cytokine regulatory regions is 

indicative of this higher level of transcription (Figure 12B). The decreased levels of 

H3K9Ac seen in at the PRF1 and GZMB promoters following chronic GC treatment 

could decrease the docking site for TFIID.  The increased presence of RNApol II after 

chronic GC treatment at the PRF1 promoter is likely stalled RNApol II, as transcripts 

from PRF1 were decreased 50% after chronic GC treatment.  Interestingly, the GZMB 

promoter exhibited decreased RNApol II binding after chronic treatment. Why the 

GZMB promoter is regulated differently than the other NK cell effector genes tested 

remains to be determined.  These experiments were performed using total anti-RNApol 

II antibody and was not specific for the stalled or active forms which can be 

differentiated by the presence of specific serine phosphorylation on the RNApol II 

enzyme.  These observations clearly delineate the contribution of the GC dependent 

histone tail modifications in the epigenetic control of NK cell effector gene transcription. 

In summary, chronic GC treatment imparts a dichotomous regulation of NK cell 

effector function through promoter specific epigenetic modifications.  These promoter 

specific changes in histone acetylation patterns are congruent with the transcriptional 

profile of NK cells after chronic GC treatment.  These changes in histone acetylation are 

associated with not only changes in the chromatin structure but also changes in the 

RNApol II deposition.  The next question becomes what is the mechanism by which GC 

mediates these changes in promoter specific acetylation patterns. 
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Glucocorticoid regulation of histone modifying enzymes 

 

Activated GR can alter histone acetylation and thus gene expression by directing 

the interaction of chromatin with histone acetyl transferase complexes and/or interaction 

with histone deacetylase (HDAC) complexes[118,146]. In accordance with the observed 

decrease in H3K9 acetylation, 2 days of GC exposure exhibited increased levels of 

HDAC2 at both the perforin and granzyme B promoters.  These promoter specific 

increases in HDAC2 corresponded with global increases in the level of cellular 

phosphorylated HDAC2.  Phosphorylated HDAC2 has been shown to be located in the 

nucleus and enzymatically active[242].  These observations were confirmed using 

multispectral flow cytometry and co-localization (similarity dilate) of HDAC2 with 

nuclear DAPI staining after chronic GC treatment (Figure 14F-G).  The data presented 

for the NK cell lytic molecules are consistent with the described transrepression 

mechanism for glucocorticoid action mediated by the HDAC2 / co-repressor 

complex[118,146] and is in full agreement with many observations for the decreased 

immune function in the presence of GC. 

The cytokine genes; 1) were regulated in the opposite manner, 2) with different 

histone modifications associated with transcription potential, and 3) with chromatin 

accessibility altered at the cytokine loci and not the lytic molecule promoters.  These 

observations suggested that these dichotomous effects were regulated by two different 

epigenetic mechanisms. One possible basis for this difference is differential 

enrichment/absence of HDACs. 
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Chronic GC treatment reduced the levels of resident HDAC1 and HDAC3 bound 

at the proinflammatory cytokine regulatory regions in NK92 cells, which 

mechanistically explains the increases in histone acetylation and chromatin accessibility 

observed.  The role of HDAC1 and HDAC3 in the control of proinflammatory cytokine 

regulation has been clearly demonstrated previously for both IFNG and IL6 [262].  

Herein, loss of HDAC3 from these regions corresponded to a total cellular decrease in 

HDAC3 protein level (Figure 14B).  It has been previously shown that GR can interact 

with HDAC3[147] and HDAC1[118,145].  We previously confirmed the interaction of 

GR and HDAC1 and demonstrate here that in NK92 cells, GR and HDAC3 co-

immunoprecipitate (Figure 15F).  Furthermore, the cellular levels of both 

GR[263,264,265] and HDAC3[266,267] are regulated by the proteasome pathway.  I 

speculate that the time dependent decrease in total HDAC3 protein and HDAC3 at 

cytokine regulatory regions likely result from a direct interaction of HDAC3 with ligand 

activated GR and subsequent targeting for proteasomal degradation.   

Reports demonstrate that although RU-486 can antagonize the transrepression of 

genes by GR[268], RU-486 can also act as a GR agonist in a gene specific manner[269].  

We demonstrate that GC and RU-486 synergistically decrease HDAC3 protein levels in 

NK92 cells (Figure 15E). Dual staining for IFN-g and HDAC3 in GC and RU-486 

treated cells revealed that the level of IFN-g in NK92 cells related inversely to the level 

of HDAC3 (Figure 15E).  We hypothesize that both GC and RU-486 induce nuclear 

localization of GR, interaction with HDAC3, and its subsequent proteosomal 

degradation, relieving HDAC3 mediated inhibition (deacetylation) of the IFNG and IL6 

loci.  These data together demonstrate that GC can dichotomously regulate NK cell 
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effector function through two independent mechanisms.  The first involves the classical 

repression mechanism via HDAC2-mediated decreases in H3K9Ac which can be 

inhibited by RU-486; the second involves the epigenetic priming of proinflammatory 

cytokine loci through reductions in HDAC1 and HDAC3, increasing H4K8Ac.  

We hypothesize that direct interactions between GR and HDACs are mediating 

these changes in the association and loss of specific HDACs from the regulatory 

regions of NK cell effector genes.  Our data suggests that these promoter specific 

alterations in HDAC recruitment are gene specific, as HDAC2 was detected at both the 

IL6 promoter and IFNG enhancer but was unchanged at day 2 or day 5.  This was in 

contrast to the dramatic increase in HDAC2 at PRF1 and GZMB promoters (Figures 

13A-D).  GR recruitment to these regulatory regions was assessed by ChIP but 

quantification of GR levels at genomic loci was unsuccessful.  We hypothesize that 

quantification of GR recruitment activated with such a low concentration of ligand was 

hindered by the limit of detection for the ChIP assay.  Evidence indicates that the 

binding of ligand activated GR to chromatin in living cells is extremely rapid with off 

and on rates of seconds to minutes [270,271].  Further studies investigating GR binding 

and occupancy to genomic loci using photobleach microscopy experiments highlight 

that once ligand bound GR is recruited to regulatory regions it only remains there for a 

few seconds before new unbleached fluorophore conjugated GR replaces it[272]. 

Finally, GR rapidly engages and disengages the chromatin template, during which 

chromatin remodeling undergoes dynamic exchange [273,274].  Thus, I hypothesize 

that the effect of GC through GR is a cumulative effect of ligand binding over days and 
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thus changes in the occupancy of GR at these regions could not be detected. As such, it 

is unlikely that it is possible to detect promoter specific recruitment of GR in our 

chronic low level GC treatment system using ChIP.  

Phospho-HDAC2 was increased as early day 2 of chronic glucocorticoid 

treatment (Figure 14E). The nuclear translocation, enzymatic activity, and degradation 

of HDACs are regulated by post-translational modifications[275].  Phosphorylation of 

HDAC2 on Ser394 results in nuclear translocation and enzymatic activity[242,275,276]. 

This increase in phospho-HDAC2 is evident throughout treatment and corresponds to 

increased nuclear HDAC2 localization and recruitment to the PRF1 and GZMB 

promoters. Further, decreased HDAC3 protein was observed after chronic GC treatment 

(Figure 14A-B). The phosphorylation of Ser394 on HDAC2 is regulated by casein-

kinase-2 (CK2)[242]. Interestingly, a recent report demonstrates that CK2 can also 

phosphorylate HDAC3[267].  In contrast to HDAC2, the phosphorylation of HDAC3 by 

CK2 precedes its degradation[267].  These studies demonstrate CK2 to have opposing 

functions on HDAC2 and HDAC3 regulation.  The results presented herein demonstrate 

that HDAC2 and HDAC3 are dichotomously regulated during chronic GC exposure; 

these observations could be explained by activation or increased CK2 mediated 

phosphorylation of HDAC2 and HDAC3 precipitating the dichotomous regulation of 

NK cell function.  The implications for these findings are interesting as a specific CK2 

inhibitor is available.  Further investigation using this specific CK2 inhibitor could 

provide data supporting this hypothesis.  Preliminary experiments using this CK2 

inhibitor proved ineffective as CK2 is involved in a number of cellular processes 

including cell cycle regulation.  NK92 cells treated with an inhibitor of CK2 
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demonstrated a significant decrease in both cellular proliferation and viability and thus 

no conclusions could be drawn from these experiments (data not shown). 

In unpublished data we screened for potential changes in HDAC and HAT gene 

expression to investigate whether chronic GC treatment altered the expression of other 

histone modifying enzymes besides Class I HDACs described in this work.  

Quantification of HDAC1, 2, 3, and 4 as well as SIRT1 mRNA levels following chronic 

GC treatment demonstrated that HDAC1, 2, and 4 mRNA levels were unchanged 

throughout treatment (Figure 32A).  However, HDAC3 mRNA levels were decreased at 

day 5 of treatment as demonstrated previously (Figure 32A).  Furthermore, SIRT1 

mRNA levels were increased after chronic GC treatment (Figure 32A).  Whether the 

minimal but significant increase in SIRT1 contributes to the dichotomous phenotype 

observed remains to be investigated. Whether the increase in mRNA levels 

corresponded to changes in SIRT1 protein levels after chronic GC treatment NK92 cells 

was not investigated.  The role of SIRT1 in the regulation of immune function has not 

been investigated and might provide an additional pathway by which GC regulate NK 

cell function. 

Additionally, GR has been shown to interact with a number of HATs including 

CBP, PCAF, and p300.  Analysis of HAT mRNA levels demonstrated that chronic GC 

treatment slightly but significantly increased P/CAF and CBP transcript levels (Figure 

32B).  Although global increases in P/CAF and CBP transcript levels were observed in 

Figure 32B concomitant increases in cellular protein levels were undetected (data not 

shown, the thesis work of Karen Krukowski).  Additionally, preliminary ChIP 

experiments revealed no change in the recruitment of CBP, P/CAF, or p300 at any  
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Figure 32.  Quantitative expression analysis of coactivator and corepressor 
complexes during chronic GC treatment. (A) Relative	  transcript	  levels	  of	  HDAC1,	  2,	  
3,	  4	  and	  SIRT1	  in	  NK92	  cells	  harvested	  at	  indicated	  days	  during	  treatment	  and	  
standardized	  to	  transcript	  levels	  in	  untreated	  (black	  bars)	  cells	  set	  to	  1.	  (B) 
Relative	  transcript	  levels	  of	  N-‐CoR,	  SMRT,	  p300,	  CBP,	  and	  P/CAF	  in	  NK92	  cells	  
harvested	  at	  indicated	  days	  during	  treatment	  and	  standardized	  to	  transcript	  levels	  
in	  untreated	  (black	  bars)	  cells	  set	  to	  1. 
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regulatory region investigated (data not shown).  The role of these or other histone 

acetyltransferases still remains to be investigated.  These preliminary results suggest that 

acetyltransferases are not recruited to the cytokine regulatory regions following chronic 

GC treatment, therefore it is believed that the concomitant increase in histone 

acetylation results from the loss of HDAC mediated inhibition and resident HAT activity 

rather than recruitment of additional HATs.  Additionally, there was not a decrease in 

HAT levels at the lytic molecule regulatory regions.  These data in total suggest that the 

recruitment of HDAC2 to these regions mediates the decrease in H3K9Ac directly or 

inhibits the activity of a resident HAT activity at these regions. 

These data demonstrate that the GC induced promoter specific alterations at NK 

cell effector genes are the result of altered deposition of histone modifying enzymes.  

These promoter specific changes in HDAC recruitment occur concomitantly with global 

changes in HDAC subcellular localization.  Therefore we investigated whether these 

changes in HDAC distribution imparted global changes across the epigenome. 

 

Glucocorticoid induced global epigenetic phenotypes 

 

In addition to the promoter specific epigenetic changes associated with GC 

treatment, we previously published that NK lytic function, NKCA, correlates with global 

histone acetylation patterns as well[117].  In the data presented by that study, nuclear 

localization of phosphorylated enzymatically active HDAC2 was increased after chronic 

GC treatment and thus might exert genome wide changes in histone tail modification in 

addition to the promoter specific changes described herein. HDAC2 has been shown to  
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Figure 33. Global histone modifications after chronic GC treatment in NK92s.  
Representative histograms of global (A) H4K8 acetylation, (B) H3K9 acetylation, and 
(C) H3K4 trimethylation by flow cytometry in untreated (black line) and chronic GC 
treated (shaded) NK92 cells.  (D) Quantification	  of	  MFI	  from	  flow	  cytometric	  analysis	  
of	  global	  histone	  modifications	  in	  untreated	  (black	  bars)	  and	  chronic	  GC	  treated	  
cultures	  (white	  bars)	  where	  the	  MFI	  of	  untreated	  cells	  is	  set	  to	  100%. 
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deacetylate both H3 and H4 histone proteins.  After chronic GC treatment a significant 

decrease in global H4K8Ac as measured by flow cytometry was observed, compared to 

untreated cells (Figure 33A and D).  I hypothesize that HDAC2 recruitment in a gene 

specific manner directly regulates transcription and that the nuclear accumulation of 

HDAC2 also results in the loss of H4K8 acetylation at susceptible loci across the entire 

genome.  These susceptible loci are most likely a combination of regulatory as well as 

non-regulatory intergenic regions to account for a greater than 10% decrease in total 

H4K8 acetylation across the genome after chronic GC treatment (Appendix Figure 33D).       

 

Conclusions 

 

To our knowledge this is the only demonstration that a dichotomous NK 

phenotype is demonstrable in a cell line.  Furthermore, we demonstrate that GC alone 

can impart this dichotomous phenotype.  Chronic GC treatment mediated these effects 

through changes in the transcription of NK cell effector genes.  These transcriptional 

changes occurred via specific histone acetylation patterns imparted by GC induced 

HDAC redistribution.  Cellular HDAC redistribution also imparted a global change in 

H4K8 acetylation.  These pathways were then used to investigate changes in immune 

cell function during periods of psychological stress, known to result in dysregulation of 

glucocorticoid production in vivo.
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Ex vivo analysis of human derived PBMC 

Introduction 

 

These in vitro observations may relate to the chronic effects of GC 

dysregulation; in humans.  A large number of studies have shown psychological distress 

to impact immune function[277,278,279,280].  The stress response results from internal 

or external stimuli that activate ‘‘fight or flight’’ and “defeat/withdrawal” responses 

associated with the sympathetic nervous system (SNS) and hypothalamic-pituitary-

adrenocortical (HPA) axis activation. It is well established that specific central nervous 

system pathways act to translate social stimuli into peripheral biological signals that 

regulate inflammatory responses [281].  For instance, stress activates neuroendocrine 

and autonomic pathways such as the HPA axis and the SNS, resulting in the release of 

GC, catecholamines, and pro-inflammatory cytokines such as IL-1, IL-6, and TNF alpha. 

The release of these sympathetic, neuroendocrine, and immune factors has a profound 

influence on immunity, behavior, and physiology in both humans and rodents; and 

triggers peripheral biological responses that, in turn, signal back to the CNS to complete 

a bi-directional communication circuit[282,283,284,285]. The effect of psychological 

distress on NK cells has been attributed to stress-induced activation of the hypothalamic-

pituitary-adrenocortical (HPA) axis [245].  Individuals experiencing chronic 

psychological distress exhibit HPA dysregulation resulting in altered GC 

levels[202,203] and disruption of the diurnal cortisol rhythm [162,179].  

 

Effects of Perceived Stress on HPA axis regulation 
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Preliminary analysis between cancer and cancer-free groups in our study yielded 

no significant differences in diurnal cortisol rhythms or immune function (Figure 22).  

Furthermore, analysis of the cancer-free group demonstrated that 37% of these 

individuals exhibited PSS scores greater than 14 (Figure 21).  Literature demonstrates 

that within the cancer-free population the average score for healthy “non-stressed” 

individuals is 12, while a score of 14 is the standard cutoff for stress.  Thus investigating 

the impact of stress on hormonal and immune function was precluded by this relatively 

high number of individuals in the cancer free group exhibiting intermediate levels of 

perceived stress.  In order to gain insight into how the perception of stress alters HPA 

activity, individuals were regrouped by dividing them into low, intermediate, and high 

stress groups using a tertile split based on the scores obtained from the PSS.  Analysis of 

total cortisol levels as judged by area under the curve (AUC) demonstrated a 

quantitative increase in AUC values as stress increased from low, to intermediate, to 

high levels (Figure 20B).  Pearson correlations confirmed that psychological stress, as 

measured by the perceived stressor scale, positively related with the AUC values (Figure 

23A).  These data demonstrate that as perceived stress increased, altered HPA axis 

regulation was observed, which was characterized by an increase in HPA activity.  

 

Analysis of Immune Function between high and low stress  

 

Abundant evidence indicates that psychological stress precipitates immune 

alterations and additionally the effects of GC have been readily demonstrable in 

peripheral blood mononuclear cells (PBMC)[246].  An additional layer of categorization 
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was applied by regrouping individuals based on their perception of stress as well the 

biological manifestation of stress (cortisol production) using Wards method of cluster 

analysis (Figure 21).  This grouping allowed investigation into the immune phenotypes 

associated with both the perception of stress as well as the biological manifestations of 

HPA activation.  

It has been demonstrated previously, that prior adverse events in which GC is 

dysregulated can “prime” inflammatory responses, promoting excessive cytokine 

production in response to subsequent stressors or stimuli [286-294].  In experimental 

animals, stressors have been shown to potentiate neuro-inflammation [295-299].  Our 

analysis demonstrates that circulating plasma IL-6 levels as well as IFN-g production 

from stimulated PBMC were quantitatively increased in individuals who exhibit high 

stress (Figure 22).  Pearson correlations were used to determine how HPA activity was 

related to this apparent increase in proinflammatory cytokine production.  AUC values 

positively correlated with both IFN-g and IL-6 production from stimulated PBMC 

(Figure 23D-E).  Additionally, IL-6 and IFN-g production were positively correlated 

(Figure 23C).  These data suggest that the proinflammatory cytokines, IFN-g and IL-6, 

are coordinately regulated in the PBMC of individuals and that increased perceived 

stress and the accompanying increase in HPA activity results in a proinflammatory 

phenotype. 

Natural killer cells are especially responsive to GC and NKCA is especially 

responsive to psychological stress, with ample evidence demonstrating psychological 

stress to reduce NKCA[199,300]. Analysis of ex vivo derived PBMCs yielded reduced 

NKCA standardized to percentage CD56+ in the PBMC of individuals exhibiting both 
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the psychological and biological phenotypes of stress (Figure 22). These observations 

demonstrate that psychological stress, as classified by the phenotype of increased 

perceived stressor and increased daily cortisol production, corresponded with reduced 

NKCA and increased proinflammatory cytokine production.  This dichotomous 

phenotype was confirmed using Pearson correlations demonstrating a significant 

negative correlation between NKCA standardized to CD56+ cell percentages and IFN-g 

production from stimulated PBMC (Figure 23B). 

There are examples in which an apparent similar dichotomous phenotype has 

been demonstrated.  For example Myalgic Encephalomyelitis/Chronic Fatigue 

Syndrome (ME/CFS) is a disease characterized by fatigue, pain and muscle aches, as 

well as cognitive impairment [301].  Inflammatory pathways play a key role in the 

pathophysiology of ME/CFS [302] and encompass low-grade inflammation, with 

increased circulating levels of cytokines, including IL-1alpha and beta and IL-6 

[303,304] as well as immunosuppression characterized as lowered NK cell lytic activity 

and decreased lymphocyte expression of activation markers, such as CD69[305,306,307].  

Of particular relevance, the dichotomous phenotype was demonstrated in CD56+ 

lymphocytes derived from these patients. 

Many studies have investigated the regulation of NK cell effector function 

during periods of psychological distress[199,202,203,300].  Some studies suggest that 

the expression levels of CD56 on human NK cells is related to effector function, in that, 

CD56bright NK cells are more proinflammatory while CD56dim NK cells are more 

cytolytic.  No significant differences in the percentages of CD56+ cells were observed 

between our cancer and cancer free groups or any grouping investigated.  Furthermore, 
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no change in the ratio of CD56bright vs CD56dim were observed within individuals in any 

of the grouping or cluster strategies I used (data not shown).  From these observations 

we conclude that chronic exposure to GC in vitro or psychological stress did not alter 

the expression of CD56 or the ratio of CD56bright vs. CD56dim populations.  

The above data demonstrate that clustering individuals based on their perceived 

stress as well as daily cortisol production yielded significant differences in immune 

function (i.e. enhanced proinflammatory cytokine production and reduced NKCA). In 

the reverse, classification of individuals based on the immune phenotypes of NKCA and 

IFN-g production from ex vivo derived PBMC yielded significant differences in both 

perceived stress and cortisol production (Figure 26A-B).  These observations in total 

demonstrate that stress imparts altered immune function within individuals who exhibit 

increased HPA activity.  Secondly, this dichotomous immune phenotype of enhanced 

proinflammatory cytokine production and reduced NKCA within PBMC can be used to 

characterize individuals with both increased perceived stress and HPA activity.  

 

Perceived stress and global epigenetic patterns 

 

We have previously published that stress is associated with a reduction in the 

global acetylation of H4K8 within CD56+ cells[308].  In that study, individuals with 

low, medium, and high stress exhibited high, medium, and low H4K8Ac MFI in the 

CD56+ NK cell population, respectively.  In the current study, NK cells were gated as 

the CD4-CD8-CD56+ cell population and the MFI of acetylated H4K8 was calculated 

from this gate. A representative schematic of the gating parameters to determine the MFI 
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of histone acetylation is presented in Figure 34A.  A significant negative correlation was 

observed between PSS scores and the global levels of H4K8 acetylation in CD56+ NK 

cells (Figure 34). A representative histogram containing two individuals who exhibit 

high PSS scores (average global MFI = 5719), two individuals who exhibit intermediate 

PSS scores (average global MFI = 16259), and two individuals who exhibit low PSS 

scores (average global MFI = 25548) (Figure 34B and D).  These observations confirm 

our previous findings and suggest that epigenetic mechanisms may mediate immune 

dysregulation within the NK cell population.  

 

Histone acetylation as a meditor of stress induced IFN-g production 

 

To determine if epigenetic mechanisms could explain the enhanced cytokine 

production after PBMC stimulation, promoter specific epigenetic changes were 

investigated within the regulatory loci of proinflammatory cytokine genes.  H3K9 can be 

acetylated as well as methylated.  The acetylation versus methylation of H3K9 are 

present in distinct chromatin regions.  Acetylation of H3K9 is enriched in euchromatic, 

actively transcribed regions while tri-methylation of H3K9 is enriched in silenced 

heterochromatic regions.  H3K9 modifications were used as a tool to investigate the 

epigenetic patterns at proinflammatory cytokine loci to gain further insight into their 

regulation during periods of stress.  By calculating the ratio of H3K9Ac/H3K9me3 a 

relative index of active (turned on) to inactive (turned off) proinflammatory cytokine 

loci could be obtained.  The ratio of acetylated H3K9 to trimethylated H3K9 was 

quantitatively increased at both the IFNG and IL6 loci when compared between 
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Figure 34. Global H4K8 acetylation levels with CD56+ cells at T1. (A) Gating 
scheme for assessment of global H4K8 acetylation MFI within CD4-CD8-CD56+ cells 
by flow cytometry.  (B) Representative histogram depicting 5 patients from cancer 
group who exhibit low (PSS<14), intermediate (15-21), and high (22+) stress.  PSS 
scores of individual patients are depicted above arrows.  (C) Scatterplot representing the 
relationship between PSS scores and global H4K8 acetylation at T1. (D) Table depicting 
patient identification, PSS score, and global H4K8 acetylation MFI within CD56+ cell 
population at T1. 
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high and low stressed individuals (Figure 22E-F).  These results demonstrate that 

individuals with increased perceived stress and increased HPA activity also have a a 

higher percentage of PBMC with a signature of more open chromatin structure at the 

proinflammatory regulatory loci and thus a higher potential for cytokine gene expression.  

This relationship was apparent in the population indicated by a significant positive 

correlation between the ratio of histone acetylation to histone methylation at the IFNG 

locus and stimulated IFN-g production from PBMC in this study (Figure 24B).  In total 

these data demonstrate that as stress increases the biological manifestation of this stress 

is increased HPA activity and an epigenetic priming of cytokine loci for expression.  

Furthermore, this priming was related to expression from these loci and constitutes a 

potential mechanism for the proinflammatory phenotype of psychological stress.  

In order to determine whether the stress-associated increase in IFN-g production 

was mediated by changes in histone acetylation a mediation model was investigated.  

The results of the mediation analysis indicate that PSS directly influences IFN-g 

production and indirectly influences IFNG expression by its effects on histone 

acetylation.  In a full mediation model, the direct effect of PSS on IFN-g production 

would have become insignificant when the role of histone acetylation was added to the 

model.  The model demonstrates only partial mediation because the path between PSS 

and IFN-g production (path c) stays significant (Figure 29). These data demonstrate that 

the enhanced proinflammatory cytokine production observed during stress is partially 

mediated by the epigenetic priming of cytokine regulatory loci via histone acetylation 

but additional mediators are present.  
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Conclusion 

  

A stressor constitutes a challenge to the individual which manifests as 

physiologic alterations [309], and the results observed herein suggests that these effects 

can be integrated at an epigenetic level.  The interplay between the environment and the 

epigenetic landscape remains poorly understood; this is particularly true with regard to 

the endogenous signals that alert the immune system to danger and/or threat. The ability 

of GR, when ligand activated by GC, to sense environmental signals of danger or stress 

due to changes in GC, appears to actively control or sense the environment affecting the 

epigenetic landscape and consequently alter gene expression programs essential to 

immune function[310]. The overlapping yet specialized physiological contribution of 

GC is to perform essential functions. For NK cells, which migrate to diverse sites within 

the body and continually survey for both infectious and malignant challenges, such a 

scenario may be functionally important in protection of the host. The findings presented 

herein indicate that GC are a means by which immune functions can be epigenetically 

primed for altered activity in response to environmental signals such as psychological 

stress. 
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Comparative analysis of ex vivo and in vitro systems 

  

In this body of work in vitro chronic low level glucocorticoid exposure was used 

as a model to understand the mechanisms of GC regulation of immune function in vivo 

during periods of psychological stress.  In this study, the psychological stress attributed 

to breast cancer diagnosis resulted in increased daily cortisol production.  These 

observations were made at or within two weeks of diagnosis at timepoint 1 (T1).  

Chronic GC treatment in vitro lasted for 5 days and would fall within the timeframe 

window of our T1 timepoint.  In unpublished data, when chronic GC treatment was 

extended to 10 days a similar dichotomous phenotype was observed but maintained its 

effects and was not exacerbated by the extended time (data not shown).  

Both chronic low level GC exposure in vitro and increased daily cortisol levels 

in vivo corresponded with enhanced production of IFN-g and IL-6 protein upon cellular 

stimulation.  These results highlight that the effects of GC on cytokine transcription 

occurs via a priming mechanism, as both systems exhibit no change in basal cytokine 

production but only after cellular stimulation.  In both systems promoter specific histone 

acetylation patterns were associated with enhanced cytokine production.  We did 

observe differences in the specific acetylation marks which regulate cytokine production 

between our two system.  In vitro H4K8 and H3K27Ac were markers IFNG and IL6 

epigenetic priming while H3K9Ac was a marker in ex vivo derived PBMC.  Both 

observations involve changes in histone acetylation and thus correspond with 

transcriptional activation.  These differences could be explained by a number of 

mechanisms.  Our in vitro system uses an immortalized clonal cell line; how cellular 
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transformation and continued proliferation impacts the epigenetic regulation of NK cell 

effector genes is unknown and could mask changes in specific histone acetylation marks 

which are more maliable than DNA and histone methylation.  This is in contrast to the 

heterogenous pool of NK cells in the circulation, which exhibit different levels of 

activation, expression of CD56, and differentiation states.  Additionally, our ex vivo 

observations use whole PBMC which include B cells, T cells, and NK cells.  The ratio 

of H3K9Ac to H3K9me3 presented would represent the relative number of PBMC 

acetylated at the IFNG enhancer and thus would indicate that these immunological 

effects are not confined to the NK cell subset as they only represent 5-15% of circulating 

PBMC.  Additionally, our in vitro culture system cannot test the interaction of the many 

immune cell populations present in whole PBMC.  Furthermore, circulating immune 

cells experience constant signaling from the host in addition to GC.  In that humans are 

continually exposed to foreign agents from commensal bacteria, diet, as well as 

pathogens.  How these constant normal commensal relationships and constant low level 

exposure to pathogens effects and interacts with GR signaling in circulating immune 

cells is beyond the scope of this project.  Although the specific histone mark is different 

the overall conclusions are the same, that increased daily exposure to GC increases 

histone acetylation at proinflammatory regulatory regions.    

  A number of studies suggest that the enhanced proinflammatory cytokine 

production associated with psychological distress occurs via a mechanism involving 

glucocorticoid resistance.  These hypotheses are based on observations, in a model of 

depression, where the EC50 of dexamethasone inhibition of stimulated cytokine 

production was increased in ex vivo derived PBMC.  The authors hypothesize that this 
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results from GC resistance via changes at the level of the GR, although no direct 

evidence of any such changes in GR was demonstrated.  Additional studies demonstrate 

that enhanced transcription of the NF-κB regulon occurs during psychological 

stress[311,312].  Authors of these studies suggest that this results from alterations in GR 

and/or NF-κB functional activity.  The results from both our systems are parsimonious 

with the latter as IFN-g and IL-6 investigated here are part of the NF-κB regulon.  

However, neither of the previous studies directly test the mechanism for enhanced 

production of proinflammatory cytokine.  We propose that these observations can be 

explained by the epigenetic priming of specific genes within the NF-κB regulon as 

demonstrated in this body of work.  Epigenetic priming would produce the same 

phenotype without any direct changes in the functional capacity of either GR or NF-κB.  

We did not directly test the functional capacity of GR or NF-κB within ex vivo derived 

PBMC, but we did directly test both in vitro during chronic GC treatment.  Chronic GC 

treatment exhibited no effect on GR or NF-κB levels nor the functional capacity of 

either transcription factor.     

This body of work focused on the mechanisms governing the enhanced cytokine 

production associated with psychological stress.  We were also interested in the 

mechanisms regulating the reduced lytic potential of NK cells after chronic GC 

treatment and during periods of psychological stress.  Our in vitro data demonstrates that 

NK cell lytic molecules are also regulated epigenetically after chronic GC treatment.  

This is characterized by reduced H3K9 acetylation at both the PRF1 and GZMB 

promoters (Figure 11A-B).  Although reduced NK cell lytic activity was observed in 

individuals exhibiting increased perceived stress; relationships between NKCA and lytic 
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molecule production, as measured by flow cytometry, exhibited a trend towards a 

positive relationships but did not reach significance (data not shown).  As described in 

the introduction, NKCA is a complex process and is regulated at multiple stages.  

Furthermore, perforin and granzymeB are constitutively produced and stored in lytic 

granules until degranulation occurs.  The timeframe in which reductions in lytic 

molecule transcription would correspondingly exhibit reductions in the protein levels of 

these molecules in vivo remains unclear, as the exact half-life of lytic molecules within 

CD56+ granules in vivo has not been investigated. Thus further analysis of lytic 

molecule transcription as well as protein production would yield the most insights into 

the regulation of these molecules in regards to psychological stress.  

The lytic activity of NK cells is also regulated by the surface expression of KIRs.  

A number of reports suggest that psychological stress can alter the expression of both 

NK cell activing and inhibitory receptors[121,313,314].  An additional complication is 

the variability of NK cell activating and inhibitory receptor expression between 

individuals[314].  The expression of KIR expression was not assessed in this study and 

we cannot exclude the contribution of receptor expression on NK cell functional activity 

during periods of stress.  Investigation of NKp30 and NKp46 expression on NK92 cells 

following chronic GC treatment exhibited no significant changes in surface expression 

(Table 4).  

Our lab has previous published that PSS is also associated with global changes in 

histone modifications[308].  Specifically the acetylation of H4K8 is reduced across the 

entire genome in individuals with high stress[308].  These observations were validated 

in this study demonstrating that PSS scores negatively relate with global H4K8 
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acetylation in the CD56+ cell population (Figure 34C).  Global reductions in H4K8-

acetylation were also observed in our in vitro system and suggest that this phenotype can 

be used as a marker of NK cell function activity.  Our in vitro observations demonstrate 

that as early as day 2, phospho-HDAC2 levels are increased in the nucleus and remain 

elevated throughout treatment.  I would speculate that individuals would exhibit 

increased PSS and AUC would have increased nuclear localization compared to low 

PSS and AUC individuals.  Prelimary results from 3 high stress and 3 low stress 

individuals show this trend (Appendix Figure 31).  Thus global H4K8 acetylation seems 

to be a marker for the immune phenotypes observed during stress and possibly could be 

used as a diagnostic tool. 

Chronic GC treatment resulted in alterations in both HDAC2 and HDAC3 that 

regulated the transcription of lytic molecules and cytokines, respectively.  These in vitro 

observations suggest the HDAC2 and HDAC3 are dysregulated within the CD56+ cell 

population during periods of psychological stress. The results from in vitro chronic GC 

treatment would suggest that HDAC3 is involved in the regulation of these 

inflammatory processes.  Total HDAC3 protein levels were decreased following chronic 

GC treatment, additionally HDAC3 levels were decreased at the IFNG and IL6 loci 

corresponding with the increased histone acetylation.  I would speculate that individuals 

who exhibit increased PSS and AUC would exhibit decreased HDAC3 protein levels 

within the CD56+ cell population. 

In conclusion, in vitro chronic GC treatment of an NK cell line was used to 

investigate the molecule mechanism(s) which mediate altered immune function during 

periods of psychological stress.  This body of work characterized a dichotomous 
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phenotype of reduced NKCA and enhanced proinflammatory cytokine production after 

chronic low level GC treatment.  These observations were continued using ex vivo 

derived PBMC from individuals diagnosed with breast cancer as a model of 

psychological stress.  Analysis revealed that the perceived stress of cancer diagnosis 

corresponded with increased daily cortisol production.  Increased perceived stress, with 

the accompanying increases in cortisol production, corresponded with decreased NKCA 

and enhanced cytokine production, a dichotomous phenotype similar to that observed 

following chronic GC treatment in vitro.  Lastly, this enhanced cytokine production was 

partially mediated by the acetylation of proinflammatory cytokine loci.  These 

observations demonstrate that GC through epigenetic pathways mediate changes in 

immune function.   

 

Stress induced immune changes: A benefit or detriment to the host 

 

With the observations that psychological stress results in altered immune 

function, the question becomes whether this is a dysregulation of the immune system 

and is thus detrimental or somehow beneficial to the host.  Acute stress such as the flight 

or flight response are scenarios in which the host has a higher probability of injury and 

subsequent infection.  Acute stress, accompanied by a rapid increase in cortisol and 

other adrenocorticoids, leads to an influx of newly differentiated immune cells into the 

circulation from the bone marrow.  Additonally, these factors redistribute circulating 

innate immune cells, such as NK cells, to migrate from the circulation into the peripheral 

tissues to potentially detect injury or infection.  These changes in surface adhesion 
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molecule expression by NK cells have been shown in acute stress models in both mice 

and humans, and have been shown to involve both GC and adrenergic receptor mediated 

mechanisms.  Thus it is hypothesized that acute stress prepares the immune system for 

the potential of injury or infection leading to a more rapid immune response that is 

evolutionarily beneficial for host survival.   

Whether the immune regulation associated with chronic on-going stress as 

demonstrated in this work is evolutionarily beneficial or not is of intense debate.  Most 

literature regards the immune alterations associated with chronic stress as detrimental to 

host health and quality of life.  Chronic stress has been repeatedly associated with 

decreased NKCA.  The decreased NKCA associated with stress is of particular 

relevance to breast cancer because epithelial tumors are responsive to the immune 

protective effects of NK cells and IFN-g[206,207,208,209].  The importance of NK cell 

activity is highlighted by findings involving the relationships between cancer and 

NKCA.  First, high levels of NKCA in cancer patients correlate with a good 

prognosis[214,215,216,217].  Impaired NKCA also correlates with invasiveness of 

human malignancy[218].  NK cell infiltration into primary tumors is associated with 

fewer metastases to the lymph nodes and less lymphatic invasion[214].  Lastly, overall 

survival for patients with high and low NKCA was 71 vs. 30 weeks, respectively and 

NKCA was an independent prognostic factor for overall survival [215]. 

The second phenotype highly associated with chronic stress is a low grade 

inflammatory phenotype.  Over the last decade inflammation has been attributed as a 

leading factor in the progression of a number of diseases.  Low grade inflammation has 

been associated with multiple disease states including atherosclorosis, heart disease, 
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activation of autoimmune diseases, and arthritis.  Thus both of the immune phenoypes 

associated with chronic stress are implicated in poor health outcomes and reduced 

quality of life.  So why would these detrimental phenotypes persist evolutionarily? 

One newly developed view, does not ask the question why the inflammatory 

state of chronic stress detrimental but when would these effects be beneficial in the life 

of a host.  More specifically when, evolutionarily, would this proinflammatory state be 

beneficial to the host thus promoting survival and such alleles would be passed on to 

future generations.  Termed the Pathogen Host Defense (PATHOS-D) hypothesis, it 

suggests that in infancy and early childhood the adaptive immune response is not at fully 

potency and does not contain the full arsenal of pathogen specific immune cells (i.e 

memory T and B cells) primed and ready to fight infection[315].  Thus a robust innate 

proinflammatory response to infection early in life would be beneficial.  This is in 

contrast to adulthood, most relevant to this study in which the adaptive immune system 

is fully functional and able to mount a quick and pathogen specific response.  These 

hypotheses imply that perhaps in childhood these effects are beneficial and the resilience 

of childhood homeostatic mechanisms permits eventual resolution of these detrimental 

effects but in adulthood they are maladaptive to the host[315].  

These hypotheses are obviously in their infancy but provide interesting concepts 

for future investigation.  Here in I have uncovered a potential mechanism by which 

chronic stress imparts these immune phenotypes.  Epigenetics provides a means by 

which the activity of the immune system can be modulated in response to the 

environment without direct changes to the DNA sequence.  Furthermore, epigenetic 

changes allow for the transcriptional priming of genes, in essense, a preparing of the 
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immune system.  The characterization of these epigenetic mechanisms provides 

researchers with potential avenues for therapies to overcome the effects of stress on the 

immune system but also avenues in which to modulate the activity of NK cells for other 

immune based disorders.  

 

Clinical Significance and Future Work 

 

Research into the alterated immune function during periods of stress have also 

illucidated genetic, social, and intervention mechanisms that can ameliorate or dampen 

the effects of stress on these biological outcomes and quality of life.  Of particular 

relavence to our lab are the results from our published work regarding the Mindfulness 

Based Stress Reductions (MBSR) paradigm[202].  MBSR stems from contemplative 

Eastern spiritual practices that use meditation to cultivate conscious awareness (i.e., 

mindfulness) of one’s experience in a non-judgmental or accepting manner (Kabat-Zinn, 

et al., 1990).  In this study enrollment into the MBSR program could ameliorate some 

aspects of the immune dysregulation associated with the stress of breast cancer diagnosis 

compared to a group of women who were similarly diagnosed but enrolled in a control 

eduction group[202]. These observations involving the positive aspects of MBSR can 

now be expanded to investigate the mechanisms uncovered in this body of work.  Does 

MBSR mediate these effects through restoration of HPA activity or through a secondary 

pathway which can overcome these epigenetic mechanisms? 
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Conclusions	  
 

To our knowledge this is the only demonstration that dichotomous NK 

phenotype is demonstrable in a cell line.  Here, we demonstrate the effect of chronic GC 

on the active promoter and enhancer landscape of NK effector genes.  Chronic GC 

treatment regulates 2 members of the class I HDAC family imparting both promoter 

specific and genome wide changes in histone acetylation patterns.  The ability of the 

immune system to sense and interpret environmental stimuli and appropriately modify 

gene expression is a fundamental tenet of immune responsiveness. Whether the stimulus 

is exogenous or endogenous (as in the case of GC), the final decoding of the message 

occurs at the genome level, resulting in either activation or repression of transcription.  

Taking part in the epigenetic landscape and chromatin structure, which determines 

accessibility of regulatory elements such as promoters and enhancers for transcription 

factors that carry out cell-type specific gene expression programs. This may be of 

particular relevance to understanding the effect of GC on immune responsiveness during 

stressful events.  We further demonstrate that cancer diagnosis, a stressful event, 

culminates in the overactivity of the HPA axis resulting in immune cells exposed to 

increased levels of cortisol for a period of days.  Furthermore, stress was also associated 

with a dichotomous regulation of immune function characterized by decreased NKCA 

yet enhanced proinflammatory cytokine production.  Mechanistically, the increased 

IFN-g production associated with stress was mediated in part by promoter specific 

acetylation patterns within the IFNG locus.  Lastly, stress is associated with genome 

wide changes in acetylation patterns.  These observations provide mechanistic insights 
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and diagnostic tools to more fully characterize the immune regulation during 

psychological stress. 



 

158 

REFERENCES	  

	  
1.	  Kondo	  M,	  Weissman	  IL,	  Akashi	  K	  (1997)	  Identification	  of	  clonogenic	  common	  
lymphoid	  progenitors	  in	  mouse	  bone	  marrow.	  Cell	  91:	  661-‐672.	  

	  
2.	  Carlyle	  JR,	  Michie	  AM,	  Furlonger	  C,	  Nakano	  T,	  Lenardo	  MJ,	  et	  al.	  (1997)	  
Identification	  of	  a	  novel	  developmental	  stage	  marking	  lineage	  commitment	  of	  
progenitor	  thymocytes.	  J	  Exp	  Med	  186:	  173-‐182.	  

	  
3.	  Mombaerts	  P,	  Iacomini	  J,	  Johnson	  RS,	  Herrup	  K,	  Tonegawa	  S,	  et	  al.	  (1992)	  RAG-‐1-‐
deficient	  mice	  have	  no	  mature	  B	  and	  T	  lymphocytes.	  Cell	  68:	  869-‐877.	  

	  
4.	  Shinkai	  Y,	  Rathbun	  G,	  Lam	  KP,	  Oltz	  EM,	  Stewart	  V,	  et	  al.	  (1992)	  RAG-‐2-‐deficient	  
mice	  lack	  mature	  lymphocytes	  owing	  to	  inability	  to	  initiate	  V(D)J	  rearrangement.	  
Cell	  68:	  855-‐867.	  

	  
5.	  Dorshkind	  K,	  Pollack	  SB,	  Bosma	  MJ,	  Phillips	  RA	  (1985)	  Natural	  killer	  (NK)	  cells	  
are	  present	  in	  mice	  with	  severe	  combined	  immunodeficiency	  (scid).	  J	  Immunol	  
134:	  3798-‐3801.	  

	  
6.	  Kiessling	  R,	  Klein	  E,	  Pross	  H,	  Wigzell	  H	  (1975)	  "Natural"	  killer	  cells	  in	  the	  mouse.	  
II.	  Cytotoxic	  cells	  with	  specificity	  for	  mouse	  Moloney	  leukemia	  cells.	  
Characteristics	  of	  the	  killer	  cell.	  Eur	  J	  Immunol	  5:	  117-‐121.	  

	  
7.	  Bryceson	  YT,	  Fauriat	  C,	  Nunes	  JM,	  Wood	  SM,	  Bjorkstrom	  NK,	  et	  al.	  Functional	  
analysis	  of	  human	  NK	  cells	  by	  flow	  cytometry.	  Methods	  Mol	  Biol	  612:	  335-‐352.	  

	  
8.	  Cooper	  MA,	  Fehniger	  TA,	  Turner	  SC,	  Chen	  KS,	  Ghaheri	  BA,	  et	  al.	  (2001)	  Human	  
natural	  killer	  cells:	  a	  unique	  innate	  immunoregulatory	  role	  for	  the	  CD56(bright)	  
subset.	  Blood	  97:	  3146-‐3151.	  

	  
9.	  Beziat	  V,	  Duffy	  D,	  Quoc	  SN,	  Le	  Garff-‐Tavernier	  M,	  Decocq	  J,	  et	  al.	  
CD56brightCD16+	  NK	  cells:	  a	  functional	  intermediate	  stage	  of	  NK	  cell	  
differentiation.	  J	  Immunol	  186:	  6753-‐6761.	  

	  
10.	  Lanier	  LL,	  Le	  AM,	  Civin	  CI,	  Loken	  MR,	  Phillips	  JH	  (1986)	  The	  relationship	  of	  

CD16	  (Leu-‐11)	  and	  Leu-‐19	  (NKH-‐1)	  antigen	  expression	  on	  human	  peripheral	  
blood	  NK	  cells	  and	  cytotoxic	  T	  lymphocytes.	  J	  Immunol	  136:	  4480-‐4486.	  



159 

 

	  
11.	  Herberman	  RB,	  Nunn	  ME,	  Holden	  HT,	  Lavrin	  DH	  (1975)	  Natural	  cytotoxic	  

reactivity	  of	  mouse	  lymphoid	  cells	  against	  syngeneic	  and	  allogeneic	  tumors.	  II.	  
Characterization	  of	  effector	  cells.	  Int	  J	  Cancer	  16:	  230-‐239.	  

	  
12.	  Dustin	  ML,	  Starr	  T,	  Coombs	  D,	  Majeau	  GR,	  Meier	  W,	  et	  al.	  (2007)	  Quantification	  

and	  modeling	  of	  tripartite	  CD2-‐,	  CD58FC	  chimera	  (alefacept)-‐,	  and	  CD16-‐
mediated	  cell	  adhesion.	  J	  Biol	  Chem	  282:	  34748-‐34757.	  	  

13.	  Inoue	  H,	  Miyaji	  M,	  Kosugi	  A,	  Nagafuku	  M,	  Okazaki	  T,	  et	  al.	  (2002)	  Lipid	  rafts	  as	  
the	  signaling	  scaffold	  for	  NK	  cell	  activation:	  tyrosine	  phosphorylation	  and	  
association	  of	  LAT	  with	  phosphatidylinositol	  3-‐kinase	  and	  phospholipase	  C-‐
gamma	  following	  CD2	  stimulation.	  Eur	  J	  Immunol	  32:	  2188-‐2198.	  

	  
14.	  Helander	  TS,	  Timonen	  T	  (1998)	  Adhesion	  in	  NK	  cell	  function.	  Curr	  Top	  

Microbiol	  Immunol	  230:	  89-‐99.	  
	  
15.	  Zheng	  X,	  Wang	  Y,	  Wei	  H,	  Sun	  R,	  Tian	  Z	  (2009)	  LFA-‐1	  and	  CD2	  synergize	  for	  the	  

Erk1/2	  activation	  in	  the	  Natural	  Killer	  (NK)	  cell	  immunological	  synapse.	  J	  Biol	  
Chem	  284:	  21280-‐21287.	  

	  
16.	  Lanier	  LL	  (1998)	  NK	  cell	  receptors.	  Annu	  Rev	  Immunol	  16:	  359-‐393.	  
	  
17.	  Lanier	  LL	  (1999)	  Natural	  killer	  cells	  fertile	  with	  receptors	  for	  HLA-‐G?	  Proc	  Natl	  

Acad	  Sci	  U	  S	  A	  96:	  5343-‐5345.	  
	  
18.	  Lanier	  LL	  (2005)	  Missing	  self,	  NK	  cells,	  and	  The	  White	  Album.	  J	  Immunol	  174:	  

6565.	  
	  
19.	  Lanier	  LL,	  Corliss	  B,	  Phillips	  JH	  (1997)	  Arousal	  and	  inhibition	  of	  human	  NK	  cells.	  

Immunol	  Rev	  155:	  145-‐154.	  
	  
20.	  Long	  BR,	  Ndhlovu	  LC,	  Oksenberg	  JR,	  Lanier	  LL,	  Hecht	  FM,	  et	  al.	  (2008)	  Conferral	  

of	  enhanced	  natural	  killer	  cell	  function	  by	  KIR3DS1	  in	  early	  human	  
immunodeficiency	  virus	  type	  1	  infection.	  J	  Virol	  82:	  4785-‐4792.	  

	  
21.	  Rajagopalan	  S,	  Bryceson	  YT,	  Kuppusamy	  SP,	  Geraghty	  DE,	  van	  der	  Meer	  A,	  et	  al.	  

(2006)	  Activation	  of	  NK	  cells	  by	  an	  endocytosed	  receptor	  for	  soluble	  HLA-‐G.	  
PLoS	  Biol	  4:	  e9.	  

	  
22.	  Gasser	  S,	  Orsulic	  S,	  Brown	  EJ,	  Raulet	  DH	  (2005)	  The	  DNA	  damage	  pathway	  

regulates	  innate	  immune	  system	  ligands	  of	  the	  NKG2D	  receptor.	  Nature	  436:	  
1186-‐1190.	  

	  



160 

 

23.	  Borchers	  MT,	  Harris	  NL,	  Wesselkamper	  SC,	  Vitucci	  M,	  Cosman	  D	  (2006)	  NKG2D	  
ligands	  are	  expressed	  on	  stressed	  human	  airway	  epithelial	  cells.	  Am	  J	  Physiol	  
Lung	  Cell	  Mol	  Physiol	  291:	  L222-‐231.	  

24.	  Borchers	  MT,	  Harris	  NL,	  Wesselkamper	  SC,	  Zhang	  S,	  Chen	  Y,	  et	  al.	  (2006)	  The	  
NKG2D-‐activating	  receptor	  mediates	  pulmonary	  clearance	  of	  Pseudomonas	  
aeruginosa.	  Infect	  Immun	  74:	  2578-‐2586.	  

	  
25.	  Groh	  V,	  Bahram	  S,	  Bauer	  S,	  Herman	  A,	  Beauchamp	  M,	  et	  al.	  (1996)	  Cell	  stress-‐

regulated	  human	  major	  histocompatibility	  complex	  class	  I	  gene	  expressed	  in	  
gastrointestinal	  epithelium.	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  93:	  12445-‐12450.	  

	  
26.	  Lodoen	  MB,	  Lanier	  LL	  (2005)	  Viral	  modulation	  of	  NK	  cell	  immunity.	  Nat	  Rev	  

Microbiol	  3:	  59-‐69.	  
	  
27.	  Vankayalapati	  R,	  Garg	  A,	  Porgador	  A,	  Griffith	  DE,	  Klucar	  P,	  et	  al.	  (2005)	  Role	  of	  

NK	  cell-‐activating	  receptors	  and	  their	  ligands	  in	  the	  lysis	  of	  mononuclear	  
phagocytes	  infected	  with	  an	  intracellular	  bacterium.	  J	  Immunol	  175:	  4611-‐4617.	  

	  
28.	  Bryceson	  YT,	  March	  ME,	  Barber	  DF,	  Ljunggren	  HG,	  Long	  EO	  (2005)	  Cytolytic	  

granule	  polarization	  and	  degranulation	  controlled	  by	  different	  receptors	  in	  
resting	  NK	  cells.	  J	  Exp	  Med	  202:	  1001-‐1012.	  

	  
29.	  Bryceson	  YT,	  March	  ME,	  Ljunggren	  HG,	  Long	  EO	  (2006)	  Synergy	  among	  

receptors	  on	  resting	  NK	  cells	  for	  the	  activation	  of	  natural	  cytotoxicity	  and	  
cytokine	  secretion.	  Blood	  107:	  159-‐166.	  

	  
30.	  Bryceson	  YT,	  March	  ME,	  Ljunggren	  HG,	  Long	  EO	  (2006)	  Activation,	  coactivation,	  

and	  costimulation	  of	  resting	  human	  natural	  killer	  cells.	  Immunol	  Rev	  214:	  73-‐
91.	  

	  
31.	  Bossi	  G,	  Griffiths	  GM	  (2005)	  CTL	  secretory	  lysosomes:	  biogenesis	  and	  secretion	  

of	  a	  harmful	  organelle.	  Semin	  Immunol	  17:	  87-‐94.	  
	  
32.	  Metkar	  SS,	  Wang	  B,	  Aguilar-‐Santelises	  M,	  Raja	  SM,	  Uhlin-‐Hansen	  L,	  et	  al.	  (2002)	  

Cytotoxic	  cell	  granule-‐mediated	  apoptosis:	  perforin	  delivers	  granzyme	  B-‐
serglycin	  complexes	  into	  target	  cells	  without	  plasma	  membrane	  pore	  formation.	  
Immunity	  16:	  417-‐428.	  

	  
33.	  Trapani	  JA	  (2002)	  Tumor-‐mediated	  apoptosis	  of	  cancer-‐specific	  T	  lymphocytes-‐

-‐reversing	  the	  "kiss	  of	  death"?	  Cancer	  Cell	  2:	  169-‐171.	  
	  
34.	  Trapani	  JA,	  Smyth	  MJ	  (2002)	  Functional	  significance	  of	  the	  perforin/granzyme	  

cell	  death	  pathway.	  Nat	  Rev	  Immunol	  2:	  735-‐747.	  
	  



161 

 

35.	  Waterhouse	  NJ,	  Trapani	  JA	  (2002)	  CTL:	  Caspases	  Terminate	  Life,	  but	  that's	  not	  
the	  whole	  story.	  Tissue	  Antigens	  59:	  175-‐183.	  

	  
36.	  Trapani	  JA,	  Kwon	  BS,	  Kozak	  CA,	  Chintamaneni	  C,	  Young	  JD,	  et	  al.	  (1990)	  

Genomic	  organization	  of	  the	  mouse	  pore-‐forming	  protein	  (perforin)	  gene	  and	  
localization	  to	  chromosome	  10.	  Similarities	  to	  and	  differences	  from	  C9.	  J	  Exp	  
Med	  171:	  545-‐557.	  

	  
37.	  Podack	  ER,	  Dennert	  G	  (1983)	  Assembly	  of	  two	  types	  of	  tubules	  with	  putative	  

cytolytic	  function	  by	  cloned	  natural	  killer	  cells.	  Nature	  302:	  442-‐445.	  
	  
38.	  Tschopp	  J,	  Masson	  D,	  Stanley	  KK	  (1986)	  Structural/functional	  similarity	  

between	  proteins	  involved	  in	  complement-‐	  and	  cytotoxic	  T-‐lymphocyte-‐
mediated	  cytolysis.	  Nature	  322:	  831-‐834.	  

	  
39.	  Young	  JD,	  Cohn	  ZA,	  Podack	  ER	  (1986)	  The	  ninth	  component	  of	  complement	  and	  

the	  pore-‐forming	  protein	  (perforin	  1)	  from	  cytotoxic	  T	  cells:	  structural,	  
immunological,	  and	  functional	  similarities.	  Science	  233:	  184-‐190.	  

	  
40.	  Smyth	  MJ,	  Trapani	  JA	  (1995)	  Granzymes:	  exogenous	  proteinases	  that	  induce	  

target	  cell	  apoptosis.	  Immunol	  Today	  16:	  202-‐206.	  
	  
41.	  Motyka	  B,	  Korbutt	  G,	  Pinkoski	  MJ,	  Heibein	  JA,	  Caputo	  A,	  et	  al.	  (2000)	  Mannose	  

6-‐phosphate/insulin-‐like	  growth	  factor	  II	  receptor	  is	  a	  death	  receptor	  for	  
granzyme	  B	  during	  cytotoxic	  T	  cell-‐induced	  apoptosis.	  Cell	  103:	  491-‐500.	  

	  
42.	  Kagi	  D,	  Ledermann	  B,	  Burki	  K,	  Seiler	  P,	  Odermatt	  B,	  et	  al.	  (1994)	  Cytotoxicity	  

mediated	  by	  T	  cells	  and	  natural	  killer	  cells	  is	  greatly	  impaired	  in	  perforin-‐
deficient	  mice.	  Nature	  369:	  31-‐37.	  

	  
43.	  Smyth	  MJ,	  Thia	  KY,	  Cretney	  E,	  Kelly	  JM,	  Snook	  MB,	  et	  al.	  (1999)	  Perforin	  is	  a	  

major	  contributor	  to	  NK	  cell	  control	  of	  tumor	  metastasis.	  J	  Immunol	  162:	  6658-‐
6662.	  

	  
44.	  Smyth	  MJ,	  Thia	  KY,	  Street	  SE,	  MacGregor	  D,	  Godfrey	  DI,	  et	  al.	  (2000)	  Perforin-‐

mediated	  cytotoxicity	  is	  critical	  for	  surveillance	  of	  spontaneous	  lymphoma.	  J	  
Exp	  Med	  192:	  755-‐760.	  

	  
45.	  Stenger	  S,	  Hanson	  DA,	  Teitelbaum	  R,	  Dewan	  P,	  Niazi	  KR,	  et	  al.	  (1998)	  An	  

antimicrobial	  activity	  of	  cytolytic	  T	  cells	  mediated	  by	  granulysin.	  Science	  282:	  
121-‐125.	  

	  



162 

 

46.	  Stepp	  SE,	  Dufourcq-‐Lagelouse	  R,	  Le	  Deist	  F,	  Bhawan	  S,	  Certain	  S,	  et	  al.	  (1999)	  
Perforin	  gene	  defects	  in	  familial	  hemophagocytic	  lymphohistiocytosis.	  Science	  
286:	  1957-‐1959.	  

	  
47.	  Braunschweig	  A,	  Poehlmann	  TG,	  Busch	  S,	  Schleussner	  E,	  Markert	  UR	  Signal	  

transducer	  and	  activator	  of	  transcription	  3	  (STAT3)	  and	  Suppressor	  of	  Cytokine	  
Signaling	  (SOCS3)	  balance	  controls	  cytotoxicity	  and	  IL-‐10	  expression	  in	  
decidual-‐like	  natural	  killer	  cell	  line	  NK-‐92.	  Am	  J	  Reprod	  Immunol	  66:	  329-‐335.	  

48.	  Franchimont	  D,	  Galon	  J,	  Gadina	  M,	  Visconti	  R,	  Zhou	  Y,	  et	  al.	  (2000)	  Inhibition	  of	  
Th1	  immune	  response	  by	  glucocorticoids:	  dexamethasone	  selectively	  inhibits	  
IL-‐12-‐induced	  Stat4	  phosphorylation	  in	  T	  lymphocytes.	  J	  Immunol	  164:	  1768-‐
1774.	  

	  
49.	  Yamamoto	  K,	  Shibata	  F,	  Miyasaka	  N,	  Miura	  O	  (2002)	  The	  human	  perforin	  gene	  

is	  a	  direct	  target	  of	  STAT4	  activated	  by	  IL-‐12	  in	  NK	  cells.	  Biochem	  Biophys	  Res	  
Commun	  297:	  1245-‐1252.	  

	  
50.	  Yu	  CR,	  Ortaldo	  JR,	  Curiel	  RE,	  Young	  HA,	  Anderson	  SK,	  et	  al.	  (1999)	  Role	  of	  a	  

STAT	  binding	  site	  in	  the	  regulation	  of	  the	  human	  perforin	  promoter.	  J	  Immunol	  
162:	  2785-‐2790.	  

	  
51.	  Zhou	  J,	  Zhang	  J,	  Lichtenheld	  MG,	  Meadows	  GG	  (2002)	  A	  role	  for	  NF-‐kappa	  B	  

activation	  in	  perforin	  expression	  of	  NK	  cells	  upon	  IL-‐2	  receptor	  signaling.	  J	  
Immunol	  169:	  1319-‐1325.	  

	  
52.	  Zhang	  J,	  Scordi	  I,	  Smyth	  MJ,	  Lichtenheld	  MG	  (1999)	  Interleukin	  2	  receptor	  

signaling	  regulates	  the	  perforin	  gene	  through	  signal	  transducer	  and	  activator	  of	  
transcription	  (Stat)5	  activation	  of	  two	  enhancers.	  J	  Exp	  Med	  190:	  1297-‐1308.	  

	  
53.	  Cichocki	  F,	  Miller	  JS,	  Anderson	  SK,	  Bryceson	  YT	  Epigenetic	  regulation	  of	  NK	  cell	  

differentiation	  and	  effector	  functions.	  Front	  Immunol	  4:	  55.	  
	  
54.	  Metkar	  SS,	  Menaa	  C,	  Pardo	  J,	  Wang	  B,	  Wallich	  R,	  et	  al.	  (2008)	  Human	  and	  mouse	  

granzyme	  A	  induce	  a	  proinflammatory	  cytokine	  response.	  Immunity	  29:	  720-‐
733.	  

	  
55.	  Yang	  X,	  Stennicke	  HR,	  Wang	  B,	  Green	  DR,	  Janicke	  RU,	  et	  al.	  (1998)	  Granzyme	  B	  

mimics	  apical	  caspases.	  Description	  of	  a	  unified	  pathway	  for	  trans-‐activation	  of	  
executioner	  caspase-‐3	  and	  -‐7.	  J	  Biol	  Chem	  273:	  34278-‐34283.	  

	  
56.	  Beresford	  PJ,	  Xia	  Z,	  Greenberg	  AH,	  Lieberman	  J	  (1999)	  Granzyme	  A	  loading	  

induces	  rapid	  cytolysis	  and	  a	  novel	  form	  of	  DNA	  damage	  independently	  of	  
caspase	  activation.	  Immunity	  10:	  585-‐594.	  

	  



163 

 

57.	  Froelich	  CJ,	  Pardo	  J,	  Simon	  MM	  (2009)	  Granule-‐associated	  serine	  proteases:	  
granzymes	  might	  not	  just	  be	  killer	  proteases.	  Trends	  Immunol	  30:	  117-‐123.	  

	  
58.	  Hwang	  I,	  Scott	  JM,	  Kakarla	  T,	  Duriancik	  DM,	  Choi	  S,	  et	  al.	  Activation	  mechanisms	  

of	  natural	  killer	  cells	  during	  influenza	  virus	  infection.	  PLoS	  One	  7:	  e51858.	  
	  
59.	  Salcedo	  TW,	  Azzoni	  L,	  Wolf	  SF,	  Perussia	  B	  (1993)	  Modulation	  of	  perforin	  and	  

granzyme	  messenger	  RNA	  expression	  in	  human	  natural	  killer	  cells.	  J	  Immunol	  
151:	  2511-‐2520.	  

60.	  Schleicher	  U,	  Liese	  J,	  Knippertz	  I,	  Kurzmann	  C,	  Hesse	  A,	  et	  al.	  (2007)	  NK	  cell	  
activation	  in	  visceral	  leishmaniasis	  requires	  TLR9,	  myeloid	  DCs,	  and	  IL-‐12,	  but	  
is	  independent	  of	  plasmacytoid	  DCs.	  J	  Exp	  Med	  204:	  893-‐906.	  

	  
61.	  Lucas	  M,	  Schachterle	  W,	  Oberle	  K,	  Aichele	  P,	  Diefenbach	  A	  (2007)	  Dendritic	  

cells	  prime	  natural	  killer	  cells	  by	  trans-‐presenting	  interleukin	  15.	  Immunity	  26:	  
503-‐517.	  

	  
62.	  French	  AR,	  Holroyd	  EB,	  Yang	  L,	  Kim	  S,	  Yokoyama	  WM	  (2006)	  IL-‐18	  acts	  

synergistically	  with	  IL-‐15	  in	  stimulating	  natural	  killer	  cell	  proliferation.	  
Cytokine	  35:	  229-‐234.	  

	  
63.	  Hyodo	  Y,	  Matsui	  K,	  Hayashi	  N,	  Tsutsui	  H,	  Kashiwamura	  S,	  et	  al.	  (1999)	  IL-‐18	  up-‐

regulates	  perforin-‐mediated	  NK	  activity	  without	  increasing	  perforin	  messenger	  
RNA	  expression	  by	  binding	  to	  constitutively	  expressed	  IL-‐18	  receptor.	  J	  
Immunol	  162:	  1662-‐1668.	  

	  
64.	  Araki	  Y,	  Fann	  M,	  Wersto	  R,	  Weng	  NP	  (2008)	  Histone	  acetylation	  facilitates	  rapid	  

and	  robust	  memory	  CD8	  T	  cell	  response	  through	  differential	  expression	  of	  
effector	  molecules	  (eomesodermin	  and	  its	  targets:	  perforin	  and	  granzyme	  B).	  J	  
Immunol	  180:	  8102-‐8108.	  

	  
65.	  Wargnier	  A,	  Legros-‐Maida	  S,	  Bosselut	  R,	  Bourge	  JF,	  Lafaurie	  C,	  et	  al.	  (1995)	  

Identification	  of	  human	  granzyme	  B	  promoter	  regulatory	  elements	  interacting	  
with	  activated	  T-‐cell-‐specific	  proteins:	  implication	  of	  Ikaros	  and	  CBF	  binding	  
sites	  in	  promoter	  activation.	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  92:	  6930-‐6934.	  

	  
66.	  Cooper	  MA,	  Fehniger	  TA,	  Caligiuri	  MA	  (2001)	  The	  biology	  of	  human	  natural	  

killer-‐cell	  subsets.	  Trends	  Immunol	  22:	  633-‐640.	  
	  
67.	  Robertson	  MJ,	  Caligiuri	  MA,	  Manley	  TJ,	  Levine	  H,	  Ritz	  J	  (1990)	  Human	  natural	  

killer	  cell	  adhesion	  molecules.	  Differential	  expression	  after	  activation	  and	  
participation	  in	  cytolysis.	  J	  Immunol	  145:	  3194-‐3201.	  

	  



164 

 

68.	  Reefman	  E,	  Kay	  JG,	  Wood	  SM,	  Offenhauser	  C,	  Brown	  DL,	  et	  al.	  Cytokine	  secretion	  
is	  distinct	  from	  secretion	  of	  cytotoxic	  granules	  in	  NK	  cells.	  J	  Immunol	  184:	  
4852-‐4862.	  

	  
69.	  Balasubramani	  A,	  Mukasa	  R,	  Hatton	  RD,	  Weaver	  CT	  Regulation	  of	  the	  Ifng	  locus	  

in	  the	  context	  of	  T-‐lineage	  specification	  and	  plasticity.	  Immunol	  Rev	  238:	  216-‐
232.	  

	  
70.	  Hatton	  RD,	  Harrington	  LE,	  Luther	  RJ,	  Wakefield	  T,	  Janowski	  KM,	  et	  al.	  (2006)	  A	  

distal	  conserved	  sequence	  element	  controls	  Ifng	  gene	  expression	  by	  T	  cells	  and	  
NK	  cells.	  Immunity	  25:	  717-‐729.	  

	  
71.	  Lee	  DU,	  Avni	  O,	  Chen	  L,	  Rao	  A	  (2004)	  A	  distal	  enhancer	  in	  the	  interferon-‐

gamma	  (IFN-‐g)	  locus	  revealed	  by	  genome	  sequence	  comparison.	  J	  Biol	  Chem	  
279:	  4802-‐4810.	  

	  
72.	  Shnyreva	  M,	  Weaver	  WM,	  Blanchette	  M,	  Taylor	  SL,	  Tompa	  M,	  et	  al.	  (2004)	  

Evolutionarily	  conserved	  sequence	  elements	  that	  positively	  regulate	  IFN-‐g	  
expression	  in	  T	  cells.	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  101:	  12622-‐12627.	  

	  
73.	  Bream	  JH,	  Hodge	  DL,	  Gonsky	  R,	  Spolski	  R,	  Leonard	  WJ,	  et	  al.	  (2004)	  A	  distal	  

region	  in	  the	  interferon-‐gamma	  gene	  is	  a	  site	  of	  epigenetic	  remodeling	  and	  
transcriptional	  regulation	  by	  interleukin-‐2.	  J	  Biol	  Chem	  279:	  41249-‐41257.	  

	  
74.	  Yoshimoto	  T,	  Takeda	  K,	  Tanaka	  T,	  Ohkusu	  K,	  Kashiwamura	  S,	  et	  al.	  (1998)	  IL-‐12	  

up-‐regulates	  IL-‐18	  receptor	  expression	  on	  T	  cells,	  Th1	  cells,	  and	  B	  cells:	  
synergism	  with	  IL-‐18	  for	  IFN-‐g	  production.	  J	  Immunol	  161:	  3400-‐3407.	  

	  
75.	  Osaki	  T,	  Peron	  JM,	  Cai	  Q,	  Okamura	  H,	  Robbins	  PD,	  et	  al.	  (1998)	  IFN-‐g-‐inducing	  

factor/IL-‐18	  administration	  mediates	  IFN-‐g-‐	  and	  IL-‐12-‐independent	  antitumor	  
effects.	  J	  Immunol	  160:	  1742-‐1749.	  

	  
76.	  Tomura	  M,	  Zhou	  XY,	  Maruo	  S,	  Ahn	  HJ,	  Hamaoka	  T,	  et	  al.	  (1998)	  A	  critical	  role	  for	  

IL-‐18	  in	  the	  proliferation	  and	  activation	  of	  NK1.1+	  CD3-‐	  cells.	  J	  Immunol	  160:	  
4738-‐4746.	  

	  
77.	  Tato	  CM,	  Mason	  N,	  Artis	  D,	  Shapira	  S,	  Caamano	  JC,	  et	  al.	  (2006)	  Opposing	  roles	  

of	  NF-‐kappaB	  family	  members	  in	  the	  regulation	  of	  NK	  cell	  proliferation	  and	  
production	  of	  IFN-‐g.	  Int	  Immunol	  18:	  505-‐513.	  

	  
78.	  Thierfelder	  WE,	  van	  Deursen	  JM,	  Yamamoto	  K,	  Tripp	  RA,	  Sarawar	  SR,	  et	  al.	  

(1996)	  Requirement	  for	  Stat4	  in	  interleukin-‐12-‐mediated	  responses	  of	  natural	  
killer	  and	  T	  cells.	  Nature	  382:	  171-‐174.	  

	  



165 

 

79.	  Levy	  DE,	  Darnell	  JE,	  Jr.	  (2002)	  Stats:	  transcriptional	  control	  and	  biological	  
impact.	  Nat	  Rev	  Mol	  Cell	  Biol	  3:	  651-‐662.	  

	  
80.	  Wu	  Z,	  Zhang	  X,	  Yang	  J,	  Wu	  G,	  Zhang	  Y,	  et	  al.	  (2009)	  Nuclear	  protein	  IkappaB-‐

zeta	  inhibits	  the	  activity	  of	  STAT3.	  Biochem	  Biophys	  Res	  Commun	  387:	  348-‐352.	  
	  
81.	  Szabo	  SJ,	  Kim	  ST,	  Costa	  GL,	  Zhang	  X,	  Fathman	  CG,	  et	  al.	  (2000)	  A	  novel	  

transcription	  factor,	  T-‐bet,	  directs	  Th1	  lineage	  commitment.	  Cell	  100:	  655-‐669.	  
	  
82.	  Luger	  TA,	  Krutmann	  J,	  Kirnbauer	  R,	  Urbanski	  A,	  Schwarz	  T,	  et	  al.	  (1989)	  IFN-‐

beta	  2/IL-‐6	  augments	  the	  activity	  of	  human	  natural	  killer	  cells.	  J	  Immunol	  
143:	  1206-‐1209.	  

	  
83.	  Musso	  T,	  Espinoza-‐Delgado	  I,	  Pulkki	  K,	  Gusella	  GL,	  Longo	  DL,	  et	  al.	  (1992)	  IL-‐2	  

induces	  IL-‐6	  production	  in	  human	  monocytes.	  J	  Immunol	  148:	  795-‐800.	  
	  
84.	  Akira	  S,	  Isshiki	  H,	  Nakajima	  T,	  Kinoshita	  S,	  Nishio	  Y,	  et	  al.	  (1992)	  Regulation	  of	  

expression	  of	  the	  interleukin	  6	  gene:	  structure	  and	  function	  of	  the	  transcription	  
factor	  NF-‐IL6.	  Ciba	  Found	  Symp	  167:	  47-‐62;	  discussion	  62-‐47.	  

	  
85.	  Spriggs	  DR,	  Deutsch	  S,	  Kufe	  DW	  (1992)	  Genomic	  structure,	  induction,	  and	  

production	  of	  TNF-‐alpha.	  Immunol	  Ser	  56:	  3-‐34.	  
	  
86.	  Lai	  WS,	  Carballo	  E,	  Strum	  JR,	  Kennington	  EA,	  Phillips	  RS,	  et	  al.	  (1999)	  Evidence	  

that	  tristetraprolin	  binds	  to	  AU-‐rich	  elements	  and	  promotes	  the	  deadenylation	  
and	  destabilization	  of	  tumor	  necrosis	  factor	  alpha	  mRNA.	  Mol	  Cell	  Biol	  19:	  
4311-‐4323.	  

	  
87.	  Carballo	  E,	  Lai	  WS,	  Blackshear	  PJ	  (1998)	  Feedback	  inhibition	  of	  macrophage	  

tumor	  necrosis	  factor-‐alpha	  production	  by	  tristetraprolin.	  Science	  281:	  1001-‐
1005.	  

	  
88.	  Gallagher	  TF,	  Fukushima	  DK,	  Hellman	  L	  (1970)	  The	  clarification	  of	  

discrepancies	  in	  cortisol	  secretion	  rate.	  J	  Clin	  Endocrinol	  Metab	  31:	  625-‐631.	  
	  
89.	  Hellman	  L,	  Nakada	  F,	  Curti	  J,	  Weitzman	  ED,	  Kream	  J,	  et	  al.	  (1970)	  Cortisol	  is	  

secreted	  episodically	  by	  normal	  man.	  J	  Clin	  Endocrinol	  Metab	  30:	  411-‐422.	  
	  
90.	  Weitzman	  ED,	  Fukushima	  D,	  Nogeire	  C,	  Roffwarg	  H,	  Gallagher	  TF,	  et	  al.	  (1971)	  

Twenty-‐four	  hour	  pattern	  of	  the	  episodic	  secretion	  of	  cortisol	  in	  normal	  
subjects.	  J	  Clin	  Endocrinol	  Metab	  33:	  14-‐22.	  

	  



166 

 

91.	  Wust	  S,	  Wolf	  J,	  Hellhammer	  DH,	  Federenko	  I,	  Schommer	  N,	  et	  al.	  (2000)	  The	  
cortisol	  awakening	  response	  -‐	  normal	  values	  and	  confounds.	  Noise	  Health	  2:	  79-‐
88.	  

	  
92.	  Bookout	  AL,	  Jeong	  Y,	  Downes	  M,	  Yu	  RT,	  Evans	  RM,	  et	  al.	  (2006)	  Anatomical	  

profiling	  of	  nuclear	  receptor	  expression	  reveals	  a	  hierarchical	  transcriptional	  
network.	  Cell	  126:	  789-‐799.	  

	  
93.	  Oakley	  RH,	  Webster	  JC,	  Sar	  M,	  Parker	  CR,	  Jr.,	  Cidlowski	  JA	  (1997)	  Expression	  

and	  subcellular	  distribution	  of	  the	  beta-‐isoform	  of	  the	  human	  glucocorticoid	  
receptor.	  Endocrinology	  138:	  5028-‐5038.	  

	  
94.	  Pujols	  L,	  Mullol	  J,	  Roca-‐Ferrer	  J,	  Torrego	  A,	  Xaubet	  A,	  et	  al.	  (2002)	  Expression	  of	  

glucocorticoid	  receptor	  alpha-‐	  and	  beta-‐isoforms	  in	  human	  cells	  and	  tissues.	  Am	  
J	  Physiol	  Cell	  Physiol	  283:	  C1324-‐1331.	  

	  
95.	  Cadepond	  F,	  Schweizer-‐Groyer	  G,	  Segard-‐Maurel	  I,	  Jibard	  N,	  Hollenberg	  SM,	  et	  

al.	  (1991)	  Heat	  shock	  protein	  90	  as	  a	  critical	  factor	  in	  maintaining	  
glucocorticosteroid	  receptor	  in	  a	  nonfunctional	  state.	  J	  Biol	  Chem	  266:	  5834-‐
5841.	  

	  
96.	  Dostert	  A,	  Heinzel	  T	  (2004)	  Negative	  glucocorticoid	  receptor	  response	  

elements	  and	  their	  role	  in	  glucocorticoid	  action.	  Curr	  Pharm	  Des	  10:	  2807-‐2816.	  
	  
97.	  Meijsing	  SH,	  Elbi	  C,	  Luecke	  HF,	  Hager	  GL,	  Yamamoto	  KR	  (2007)	  The	  ligand	  

binding	  domain	  controls	  glucocorticoid	  receptor	  dynamics	  independent	  of	  
ligand	  release.	  Mol	  Cell	  Biol	  27:	  2442-‐2451.	  

	  
98.	  Rao	  NA,	  McCalman	  MT,	  Moulos	  P,	  Francoijs	  KJ,	  Chatziioannou	  A,	  et	  al.	  

Coactivation	  of	  GR	  and	  NFKB	  alters	  the	  repertoire	  of	  their	  binding	  sites	  and	  
target	  genes.	  Genome	  Res	  21:	  1404-‐1416.	  

	  
99.	  Wang	  JC,	  Derynck	  MK,	  Nonaka	  DF,	  Khodabakhsh	  DB,	  Haqq	  C,	  et	  al.	  (2004)	  

Chromatin	  immunoprecipitation	  (ChIP)	  scanning	  identifies	  primary	  
glucocorticoid	  receptor	  target	  genes.	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  101:	  15603-‐
15608.	  

	  
100.	  Almawi	  WY,	  Melemedjian	  OK	  (2002)	  Negative	  regulation	  of	  nuclear	  factor-‐

kappaB	  activation	  and	  function	  by	  glucocorticoids.	  J	  Mol	  Endocrinol	  28:	  69-‐78.	  
	  
101.	  Adcock	  IM	  (2001)	  Glucocorticoid-‐regulated	  transcription	  factors.	  Pulm	  

Pharmacol	  Ther	  14:	  211-‐219.	  
	  



167 

 

102.	  Kino	  T,	  Ichijo	  T,	  Amin	  ND,	  Kesavapany	  S,	  Wang	  Y,	  et	  al.	  (2007)	  Cyclin-‐dependent	  
kinase	  5	  differentially	  regulates	  the	  transcriptional	  activity	  of	  the	  glucocorticoid	  
receptor	  through	  phosphorylation:	  clinical	  implications	  for	  the	  nervous	  system	  
response	  to	  glucocorticoids	  and	  stress.	  Mol	  Endocrinol	  21:	  1552-‐1568.	  

	  
103.	  Galon	  J,	  Franchimont	  D,	  Hiroi	  N,	  Frey	  G,	  Boettner	  A,	  et	  al.	  (2002)	  Gene	  profiling	  

reveals	  unknown	  enhancing	  and	  suppressive	  actions	  of	  glucocorticoids	  on	  
immune	  cells.	  FASEB	  J	  16:	  61-‐71.	  

	  
104.	  Lu	  NZ,	  Cidlowski	  JA	  (2005)	  Translational	  regulatory	  mechanisms	  generate	  N-‐

terminal	  glucocorticoid	  receptor	  isoforms	  with	  unique	  transcriptional	  target	  
genes.	  Mol	  Cell	  18:	  331-‐342.	  

	  
105.	  De	  Bosscher	  K,	  Vanden	  Berghe	  W,	  Haegeman	  G	  (2006)	  Cross-‐talk	  between	  

nuclear	  receptors	  and	  nuclear	  factor	  kappaB.	  Oncogene	  25:	  6868-‐6886.	  
	  

106.	  Luecke	  HF,	  Yamamoto	  KR	  (2005)	  The	  glucocorticoid	  receptor	  blocks	  P-‐TEFb	  
recruitment	  by	  NFkappaB	  to	  effect	  promoter-‐specific	  transcriptional	  repression.	  
Genes	  Dev	  19:	  1116-‐1127.	  

107.	  Nissen	  RM,	  Yamamoto	  KR	  (2000)	  The	  glucocorticoid	  receptor	  inhibits	  
NFkappaB	  by	  interfering	  with	  serine-‐2	  phosphorylation	  of	  the	  RNA	  polymerase	  
II	  carboxy-‐terminal	  domain.	  Genes	  Dev	  14:	  2314-‐2329.	  

	  
108.	  He	  Y,	  Xu	  Y,	  Zhang	  C,	  Gao	  X,	  Dykema	  KJ,	  et	  al.	  Identification	  of	  a	  lysosomal	  

pathway	  that	  modulates	  glucocorticoid	  signaling	  and	  the	  inflammatory	  
response.	  Sci	  Signal	  4:	  ra44.	  

	  
109.	  Barnes	  PJ	  (1998)	  Anti-‐inflammatory	  actions	  of	  glucocorticoids:	  molecular	  

mechanisms.	  Clin	  Sci	  (Lond)	  94:	  557-‐572.	  
	  
110.	  Ray	  A,	  LaForge	  KS,	  Sehgal	  PB	  (1990)	  On	  the	  mechanism	  for	  efficient	  repression	  

of	  the	  interleukin-‐6	  promoter	  by	  glucocorticoids:	  enhancer,	  TATA	  box,	  and	  RNA	  
start	  site	  (Inr	  motif)	  occlusion.	  Mol	  Cell	  Biol	  10:	  5736-‐5746.	  

	  
111.	  Deroo	  BJ,	  Archer	  TK	  (2002)	  Differential	  activation	  of	  the	  IkappaBalpha	  and	  

mouse	  mammary	  tumor	  virus	  promoters	  by	  progesterone	  and	  glucocorticoid	  
receptors.	  J	  Steroid	  Biochem	  Mol	  Biol	  81:	  309-‐317.	  

	  
112.	  Almawi	  WY,	  Melemedjian	  OK	  (2002)	  Molecular	  mechanisms	  of	  glucocorticoid	  

antiproliferative	  effects:	  antagonism	  of	  transcription	  factor	  activity	  by	  
glucocorticoid	  receptor.	  J	  Leukoc	  Biol	  71:	  9-‐15.	  

	  
113.	  Rogatsky	  I,	  Ivashkiv	  LB	  (2006)	  Glucocorticoid	  modulation	  of	  cytokine	  signaling.	  

Tissue	  Antigens	  68:	  1-‐12.	  



168 

 

	  
114.	  Adcock	  IM,	  Caramori	  G	  (2001)	  Cross-‐talk	  between	  pro-‐inflammatory	  

transcription	  factors	  and	  glucocorticoids.	  Immunol	  Cell	  Biol	  79:	  376-‐384.	  
	  
115.	  Muzikar	  KA,	  Nickols	  NG,	  Dervan	  PB	  (2009)	  Repression	  of	  DNA-‐binding	  

dependent	  glucocorticoid	  receptor-‐mediated	  gene	  expression.	  Proc	  Natl	  Acad	  
Sci	  U	  S	  A	  106:	  16598-‐16603.	  

	  
116.	  Lannan	  EA,	  Galliher-‐Beckley	  AJ,	  Scoltock	  AB,	  Cidlowski	  JA	  Proinflammatory	  

actions	  of	  glucocorticoids:	  glucocorticoids	  and	  TNFalpha	  coregulate	  gene	  
expression	  in	  vitro	  and	  in	  vivo.	  Endocrinology	  153:	  3701-‐3712.	  

	  
117.	  Krukowski	  K,	  Eddy	  J,	  Kosik	  KL,	  Konley	  T,	  Janusek	  LW,	  et	  al.	  Glucocorticoid	  

dysregulation	  of	  natural	  killer	  cell	  function	  through	  epigenetic	  modification.	  
Brain	  Behav	  Immun	  25:	  239-‐249.	  

	  
118.	  Bush	  KA,	  Krukowski	  K,	  Eddy	  JL,	  Janusek	  LW,	  Mathews	  HL	  Glucocorticoid	  

receptor	  mediated	  suppression	  of	  natural	  killer	  cell	  activity:	  identification	  of	  
associated	  deacetylase	  and	  corepressor	  molecules.	  Cell	  Immunol	  275:	  80-‐89.	  

	  
119.	  Zhou	  J,	  Olsen	  S,	  Moldovan	  J,	  Fu	  X,	  Sarkar	  FH,	  et	  al.	  (1997)	  Glucocorticoid	  

regulation	  of	  natural	  cytotoxicity:	  effects	  of	  cortisol	  on	  the	  phenotype	  and	  
function	  of	  a	  cloned	  human	  natural	  killer	  cell	  line.	  Cell	  Immunol	  178:	  108-‐116.	  

	  
120.	  Holbrook	  NJ,	  Cox	  WI,	  Horner	  HC	  (1983)	  Direct	  suppression	  of	  natural	  killer	  

activity	  in	  human	  peripheral	  blood	  leukocyte	  cultures	  by	  glucocorticoids	  and	  
its	  modulation	  by	  interferon.	  Cancer	  Res	  43:	  4019-‐4025.	  

	  
121.	  Mavoungou	  E,	  Bouyou-‐Akotet	  MK,	  Kremsner	  PG	  (2005)	  Effects	  of	  prolactin	  

and	  cortisol	  on	  natural	  killer	  (NK)	  cell	  surface	  expression	  and	  function	  of	  
human	  natural	  cytotoxicity	  receptors	  (NKp46,	  NKp44	  and	  NKp30).	  Clin	  Exp	  
Immunol	  139:	  287-‐296.	  

	  
122.	  Dhabhar	  FS	  (2003)	  Stress,	  leukocyte	  trafficking,	  and	  the	  augmentation	  of	  skin	  

immune	  function.	  Ann	  N	  Y	  Acad	  Sci	  992:	  205-‐217.	  
	  
123.	  Signore	  A,	  Cugini	  P,	  Letizia	  C,	  Lucia	  P,	  Murano	  G,	  et	  al.	  (1985)	  Study	  of	  the	  

diurnal	  variation	  of	  human	  lymphocyte	  subsets.	  J	  Clin	  Lab	  Immunol	  17:	  25-‐
28.	  

	  
124.	  Robertson	  KD	  (2002)	  DNA	  methylation	  and	  chromatin	  -‐	  unraveling	  the	  

tangled	  web.	  Oncogene	  21:	  5361-‐5379.	  
	  



169 

 

125.	  Cuddapah	  S,	  Barski	  A,	  Zhao	  K	  Epigenomics	  of	  T	  cell	  activation,	  differentiation,	  
and	  memory.	  Curr	  Opin	  Immunol	  22:	  341-‐347.	  

	  
126.	  Kato	  S,	  Yokoyama	  A,	  Fujiki	  R	  Nuclear	  receptor	  coregulators	  merge	  

transcriptional	  coregulation	  with	  epigenetic	  regulation.	  Trends	  Biochem	  Sci	  
36:	  272-‐281.	  

	  
127.	  Northrup	  DL,	  Zhao	  K	  Application	  of	  ChIP-‐Seq	  and	  related	  techniques	  to	  the	  

study	  of	  immune	  function.	  Immunity	  34:	  830-‐842.	  
	  
128.	  Suganuma	  T,	  Workman	  JL	  Signals	  and	  combinatorial	  functions	  of	  histone	  

modifications.	  Annu	  Rev	  Biochem	  80:	  473-‐499.	  
	  
129.	  Izzo	  A,	  Schneider	  R	  Chatting	  histone	  modifications	  in	  mammals.	  Brief	  Funct	  

Genomics	  9:	  429-‐443.	  
	  
130.	  Oliver	  SS,	  Denu	  JM	  Dynamic	  interplay	  between	  histone	  H3	  modifications	  and	  

protein	  interpreters:	  emerging	  evidence	  for	  a	  "histone	  language".	  
Chembiochem	  12:	  299-‐307.	  

	  
131.	  Hezroni	  H,	  Tzchori	  I,	  Davidi	  A,	  Mattout	  A,	  Biran	  A,	  et	  al.	  H3K9	  histone	  

acetylation	  predicts	  pluripotency	  and	  reprogramming	  capacity	  of	  ES	  cells.	  
Nucleus	  2:	  300-‐309.	  

	  
132.	  Uhrberg	  M	  (2005)	  Shaping	  the	  human	  NK	  cell	  repertoire:	  an	  epigenetic	  glance	  

at	  KIR	  gene	  regulation.	  Mol	  Immunol	  42:	  471-‐475.	  
	  
133.	  de	  Ruijter	  AJ,	  van	  Gennip	  AH,	  Caron	  HN,	  Kemp	  S,	  van	  Kuilenburg	  AB	  (2003)	  

Histone	  deacetylases	  (HDACs):	  characterization	  of	  the	  classical	  HDAC	  family.	  
Biochem	  J	  370:	  737-‐749.	  

	  
134.	  Jones	  PL,	  Sachs	  LM,	  Rouse	  N,	  Wade	  PA,	  Shi	  YB	  (2001)	  Multiple	  N-‐CoR	  

complexes	  contain	  distinct	  histone	  deacetylases.	  J	  Biol	  Chem	  276:	  8807-‐
8811.	  

	  
135.	  Yang	  WM,	  Tsai	  SC,	  Wen	  YD,	  Fejer	  G,	  Seto	  E	  (2002)	  Functional	  domains	  of	  

histone	  deacetylase-‐3.	  J	  Biol	  Chem	  277:	  9447-‐9454.	  
	  
136.	  Yang	  XJ,	  Gregoire	  S	  (2005)	  Class	  II	  histone	  deacetylases:	  from	  sequence	  to	  

function,	  regulation,	  and	  clinical	  implication.	  Mol	  Cell	  Biol	  25:	  2873-‐2884.	  
	  
137.	  Gao	  L,	  Cueto	  MA,	  Asselbergs	  F,	  Atadja	  P	  (2002)	  Cloning	  and	  functional	  

characterization	  of	  HDAC11,	  a	  novel	  member	  of	  the	  human	  histone	  
deacetylase	  family.	  J	  Biol	  Chem	  277:	  25748-‐25755.	  



170 

 

	  
138.	  Hezroni	  H,	  Sailaja	  BS,	  Meshorer	  E	  Pluripotency-‐related,	  valproic	  acid	  (VPA)-‐

induced	  genome-‐wide	  histone	  H3	  lysine	  9	  (H3K9)	  acetylation	  patterns	  in	  
embryonic	  stem	  cells.	  J	  Biol	  Chem	  286:	  35977-‐35988.	  

	  
139.	  Zupkovitz	  G,	  Tischler	  J,	  Posch	  M,	  Sadzak	  I,	  Ramsauer	  K,	  et	  al.	  (2006)	  Negative	  

and	  positive	  regulation	  of	  gene	  expression	  by	  mouse	  histone	  deacetylase	  1.	  
Mol	  Cell	  Biol	  26:	  7913-‐7928.	  

	  
140.	  Wang	  Z,	  Zang	  C,	  Cui	  K,	  Schones	  DE,	  Barski	  A,	  et	  al.	  (2009)	  Genome-‐wide	  

mapping	  of	  HATs	  and	  HDACs	  reveals	  distinct	  functions	  in	  active	  and	  inactive	  
genes.	  Cell	  138:	  1019-‐1031.	  

	  
141.	  Tao	  R,	  de	  Zoeten	  EF,	  Ozkaynak	  E,	  Chen	  C,	  Wang	  L,	  et	  al.	  (2007)	  Deacetylase	  

inhibition	  promotes	  the	  generation	  and	  function	  of	  regulatory	  T	  cells.	  Nat	  
Med	  13:	  1299-‐1307.	  

	  
142.	  de	  Zoeten	  EF,	  Wang	  L,	  Butler	  K,	  Beier	  UH,	  Akimova	  T,	  et	  al.	  Histone	  

deacetylase	  6	  and	  heat	  shock	  protein	  90	  control	  the	  functions	  of	  Foxp3(+)	  T-‐
regulatory	  cells.	  Mol	  Cell	  Biol	  31:	  2066-‐2078.	  

	  
143.	  de	  Zoeten	  EF,	  Wang	  L,	  Sai	  H,	  Dillmann	  WH,	  Hancock	  WW	  Inhibition	  of	  HDAC9	  

increases	  T	  regulatory	  cell	  function	  and	  prevents	  colitis	  in	  mice.	  
Gastroenterology	  138:	  583-‐594.	  

	  
144.	  Saouaf	  SJ,	  Li	  B,	  Zhang	  G,	  Shen	  Y,	  Furuuchi	  N,	  et	  al.	  (2009)	  Deacetylase	  

inhibition	  increases	  regulatory	  T	  cell	  function	  and	  decreases	  incidence	  and	  
severity	  of	  collagen-‐induced	  arthritis.	  Exp	  Mol	  Pathol	  87:	  99-‐104.	  

	  
145.	  Qiu	  Y,	  Stavreva	  DA,	  Luo	  Y,	  Indrawan	  A,	  Chang	  M,	  et	  al.	  Dynamic	  interaction	  of	  

HDAC1	  with	  a	  glucocorticoid	  receptor-‐regulated	  gene	  is	  modulated	  by	  the	  
activity	  state	  of	  the	  promoter.	  J	  Biol	  Chem	  286:	  7641-‐7647.	  

	  
146.	  Ito	  K,	  Barnes	  PJ,	  Adcock	  IM	  (2000)	  Glucocorticoid	  receptor	  recruitment	  of	  

histone	  deacetylase	  2	  inhibits	  interleukin-‐1beta-‐induced	  histone	  H4	  
acetylation	  on	  lysines	  8	  and	  12.	  Mol	  Cell	  Biol	  20:	  6891-‐6903.	  

	  
147.	  Ichijo	  T,	  Voutetakis	  A,	  Cotrim	  AP,	  Bhattachryya	  N,	  Fujii	  M,	  et	  al.	  (2005)	  The	  

Smad6-‐histone	  deacetylase	  3	  complex	  silences	  the	  transcriptional	  activity	  of	  
the	  glucocorticoid	  receptor:	  potential	  clinical	  implications.	  J	  Biol	  Chem	  280:	  
42067-‐42077.	  

	  
148.	  Li	  X,	  Wong	  J,	  Tsai	  SY,	  Tsai	  MJ,	  O'Malley	  BW	  (2003)	  Progesterone	  and	  

glucocorticoid	  receptors	  recruit	  distinct	  coactivator	  complexes	  and	  promote	  



171 

 

distinct	  patterns	  of	  local	  chromatin	  modification.	  Mol	  Cell	  Biol	  23:	  3763-‐
3773.	  

	  
149.	  Almlof	  T,	  Gustafsson	  JA,	  Wright	  AP	  (1997)	  Role	  of	  hydrophobic	  amino	  acid	  

clusters	  in	  the	  transactivation	  activity	  of	  the	  human	  glucocorticoid	  receptor.	  
Mol	  Cell	  Biol	  17:	  934-‐945.	  

	  
150.	  Kino	  T,	  Nordeen	  SK,	  Chrousos	  GP	  (1999)	  Conditional	  modulation	  of	  

glucocorticoid	  receptor	  activities	  by	  CREB-‐binding	  protein	  (CBP)	  and	  p300.	  
J	  Steroid	  Biochem	  Mol	  Biol	  70:	  15-‐25.	  

	  
151.	  Yang	  X,	  Ewald	  ER,	  Huo	  Y,	  Tamashiro	  KL,	  Salvatori	  R,	  et	  al.	  Glucocorticoid-‐

induced	  loss	  of	  DNA	  methylation	  in	  non-‐neuronal	  cells	  and	  potential	  
involvement	  of	  DNMT1	  in	  epigenetic	  regulation	  of	  Fkbp5.	  Biochem	  Biophys	  
Res	  Commun	  420:	  570-‐575.	  

	  
152.	  John	  S,	  Sabo	  PJ,	  Thurman	  RE,	  Sung	  MH,	  Biddie	  SC,	  et	  al.	  Chromatin	  accessibility	  

pre-‐determines	  glucocorticoid	  receptor	  binding	  patterns.	  Nat	  Genet	  43:	  264-‐
268.	  

	  
153.	  John	  S,	  Sabo	  PJ,	  Johnson	  TA,	  Sung	  MH,	  Biddie	  SC,	  et	  al.	  (2008)	  Interaction	  of	  

the	  glucocorticoid	  receptor	  with	  the	  chromatin	  landscape.	  Mol	  Cell	  29:	  611-‐
624.	  

	  
154.	  McKenna	  F,	  McLaughlin	  PJ,	  Lewis	  BJ,	  Sibbring	  GC,	  Cummerson	  JA,	  et	  al.	  (2002)	  

Dopamine	  receptor	  expression	  on	  human	  T-‐	  and	  B-‐lymphocytes,	  monocytes,	  
neutrophils,	  eosinophils	  and	  NK	  cells:	  a	  flow	  cytometric	  study.	  J	  
Neuroimmunol	  132:	  34-‐40.	  

	  
155.	  Kohm	  AP,	  Sanders	  VM	  (2001)	  Norepinephrine	  and	  beta	  2-‐adrenergic	  receptor	  

stimulation	  regulate	  CD4+	  T	  and	  B	  lymphocyte	  function	  in	  vitro	  and	  in	  vivo.	  
Pharmacol	  Rev	  53:	  487-‐525.	  

	  
156.	  Jetschmann	  JU,	  Benschop	  RJ,	  Jacobs	  R,	  Kemper	  A,	  Oberbeck	  R,	  et	  al.	  (1997)	  

Expression	  and	  in-‐vivo	  modulation	  of	  alpha-‐	  and	  beta-‐adrenoceptors	  on	  
human	  natural	  killer	  (CD16+)	  cells.	  J	  Neuroimmunol	  74:	  159-‐164.	  

	  
157.	  Nguyen	  KD,	  Qiu	  Y,	  Cui	  X,	  Goh	  YP,	  Mwangi	  J,	  et	  al.	  Alternatively	  activated	  

macrophages	  produce	  catecholamines	  to	  sustain	  adaptive	  thermogenesis.	  
Nature	  480:	  104-‐108.	  

	  
158.	  Conti	  B,	  Tabarean	  I,	  Andrei	  C,	  Bartfai	  T	  (2004)	  Cytokines	  and	  fever.	  Front	  

Biosci	  9:	  1433-‐1449.	  
	  



172 

 

159.	  Segerstrom	  S	  (2012)	  The	  Oxford	  Handbook	  of	  Psychoneuroimmunology;	  
Segerstrom	  S,	  editor.	  New	  York,	  New	  York:	  Oxford	  University	  Press.	  528	  p.	  

	  
160.	  Society	  AC	  (2009)	  Vital	  Statistics	  Report.	  
	  
161.	  Society	  AC	  (2011)	  Vital	  Statistics	  Report.	  Center	  for	  Disease	  Control.	  
	  
162.	  Bower	  JE,	  Ganz	  PA,	  Aziz	  N	  (2005)	  Altered	  cortisol	  response	  to	  psychologic	  

stress	  in	  breast	  cancer	  survivors	  with	  persistent	  fatigue.	  Psychosom	  Med	  67:	  
277-‐280.	  

	  
163.	  Ganz	  PA,	  Rowland	  JH,	  Desmond	  K,	  Meyerowitz	  BE,	  Wyatt	  GE	  (1998)	  Life	  after	  

breast	  cancer:	  understanding	  women's	  health-‐related	  quality	  of	  life	  and	  
sexual	  functioning.	  J	  Clin	  Oncol	  16:	  501-‐514.	  

	  
164.	  Kiecolt-‐Glaser	  JK,	  Robles	  TF,	  Heffner	  KL,	  Loving	  TJ,	  Glaser	  R	  (2002)	  Psycho-‐

oncology	  and	  cancer:	  psychoneuroimmunology	  and	  cancer.	  Ann	  Oncol	  13	  
Suppl	  4:	  165-‐169.	  

	  
165.	  Luecken	  LJ,	  Compas	  BE	  (2002)	  Stress,	  coping,	  and	  immune	  function	  in	  breast	  

cancer.	  Ann	  Behav	  Med	  24:	  336-‐344.	  
	  
166.	  Maraste	  R,	  Brandt	  L,	  Olsson	  H,	  Ryde-‐Brandt	  B	  (1992)	  Anxiety	  and	  depression	  

in	  breast	  cancer	  patients	  at	  start	  of	  adjuvant	  radiotherapy.	  Relations	  to	  age	  
and	  type	  of	  surgery.	  Acta	  Oncol	  31:	  641-‐643.	  

	  
167.	  Northouse	  LL	  (1992)	  Psychological	  impact	  of	  the	  diagnosis	  of	  breast	  cancer	  on	  

the	  patient	  and	  her	  family.	  J	  Am	  Med	  Womens	  Assoc	  47:	  161-‐164.	  
	  
168.	  Shapiro	  SL,	  Lopez	  AM,	  Schwartz	  GE,	  Bootzin	  R,	  Figueredo	  AJ,	  et	  al.	  (2001)	  

Quality	  of	  life	  and	  breast	  cancer:	  relationship	  to	  psychosocial	  variables.	  J	  
Clin	  Psychol	  57:	  501-‐519.	  

	  
169.	  Spiegel	  D	  (1996)	  Psychological	  distress	  and	  disease	  course	  for	  women	  with	  

breast	  cancer:	  one	  answer,	  many	  questions.	  J	  Natl	  Cancer	  Inst	  88:	  629-‐631.	  
	  
170.	  Partridge	  A,	  Adloff	  K,	  Blood	  E,	  Dees	  EC,	  Kaelin	  C,	  et	  al.	  (2008)	  Risk	  perceptions	  

and	  psychosocial	  outcomes	  of	  women	  with	  ductal	  carcinoma	  in	  situ:	  
longitudinal	  results	  from	  a	  cohort	  study.	  J	  Natl	  Cancer	  Inst	  100:	  243-‐251.	  

	  
171.	  Henselmans	  I,	  Fleer	  J,	  de	  Vries	  J,	  Baas	  PC,	  Sanderman	  R,	  et	  al.	  The	  adaptive	  

effect	  of	  personal	  control	  when	  facing	  breast	  cancer:	  cognitive	  and	  
behavioural	  mediators.	  Psychol	  Health	  25:	  1023-‐1040.	  

	  



173 

 

172.	  Karatsoreos	  IN,	  McEwen	  BS	  Psychobiological	  allostasis:	  resistance,	  resilience	  
and	  vulnerability.	  Trends	  Cogn	  Sci	  15:	  576-‐584.	  

	  
173.	  Omne-‐Ponten	  M,	  Holmberg	  L,	  Sjoden	  PO	  (1994)	  Psychosocial	  adjustment	  

among	  women	  with	  breast	  cancer	  stages	  I	  and	  II:	  six-‐year	  follow-‐up	  of	  
consecutive	  patients.	  J	  Clin	  Oncol	  12:	  1778-‐1782.	  

	  
174.	  Bower	  JE,	  Ganz	  PA,	  Irwin	  MR,	  Arevalo	  JM,	  Cole	  SW	  Fatigue	  and	  gene	  

expression	  in	  human	  leukocytes:	  increased	  NF-‐kappaB	  and	  decreased	  
glucocorticoid	  signaling	  in	  breast	  cancer	  survivors	  with	  persistent	  fatigue.	  
Brain	  Behav	  Immun	  25:	  147-‐150.	  

	  
175.	  Chrousos	  GP,	  Gold	  PW	  (1998)	  A	  healthy	  body	  in	  a	  healthy	  mind-‐-‐and	  vice	  

versa-‐-‐the	  damaging	  power	  of	  "uncontrollable"	  stress.	  J	  Clin	  Endocrinol	  
Metab	  83:	  1842-‐1845.	  

	  
176.	  Het	  S,	  Ramlow	  G,	  Wolf	  OT	  (2005)	  A	  meta-‐analytic	  review	  of	  the	  effects	  of	  acute	  

cortisol	  administration	  on	  human	  memory.	  Psychoneuroendocrinology	  30:	  
771-‐784.	  

	  
177.	  Sapolsky	  RM,	  Romero	  LM,	  Munck	  AU	  (2000)	  How	  do	  glucocorticoids	  influence	  

stress	  responses?	  Integrating	  permissive,	  suppressive,	  stimulatory,	  and	  
preparative	  actions.	  Endocr	  Rev	  21:	  55-‐89.	  

	  
178.	  Wilhelm	  I,	  Born	  J,	  Kudielka	  BM,	  Schlotz	  W,	  Wust	  S	  (2007)	  Is	  the	  cortisol	  

awakening	  rise	  a	  response	  to	  awakening?	  Psychoneuroendocrinology	  32:	  
358-‐366.	  

	  
179.	  Sephton	  SE,	  Sapolsky	  RM,	  Kraemer	  HC,	  Spiegel	  D	  (2000)	  Diurnal	  cortisol	  

rhythm	  as	  a	  predictor	  of	  breast	  cancer	  survival.	  J	  Natl	  Cancer	  Inst	  92:	  994-‐
1000.	  

	  
180.	  Bailey	  BE,	  Freedenfeld	  RN,	  Kiser	  RS,	  Gatchel	  RJ	  (2003)	  Lifetime	  physical	  and	  

sexual	  abuse	  in	  chronic	  pain	  patients:	  psychosocial	  correlates	  and	  treatment	  
outcomes.	  Disabil	  Rehabil	  25:	  331-‐342.	  

	  
181.	  McEwen	  BS,	  Biron	  CA,	  Brunson	  KW,	  Bulloch	  K,	  Chambers	  WH,	  et	  al.	  (1997)	  

The	  role	  of	  adrenocorticoids	  as	  modulators	  of	  immune	  function	  in	  health	  
and	  disease:	  neural,	  endocrine	  and	  immune	  interactions.	  Brain	  Res	  Brain	  
Res	  Rev	  23:	  79-‐133.	  

	  
182.	  Webster	  MJ,	  Knable	  MB,	  O'Grady	  J,	  Orthmann	  J,	  Weickert	  CS	  (2002)	  Regional	  

specificity	  of	  brain	  glucocorticoid	  receptor	  mRNA	  alterations	  in	  subjects	  
with	  schizophrenia	  and	  mood	  disorders.	  Mol	  Psychiatry	  7:	  985-‐994,	  924.	  



174 

 

	  
183.	  Chida	  Y,	  Steptoe	  A	  (2009)	  Cortisol	  awakening	  response	  and	  psychosocial	  

factors:	  a	  systematic	  review	  and	  meta-‐analysis.	  Biol	  Psychol	  80:	  265-‐278.	  
	  
184.	  Pruessner	  JC,	  Wolf	  OT,	  Hellhammer	  DH,	  Buske-‐Kirschbaum	  A,	  von	  Auer	  K,	  et	  al.	  

(1997)	  Free	  cortisol	  levels	  after	  awakening:	  a	  reliable	  biological	  marker	  for	  
the	  assessment	  of	  adrenocortical	  activity.	  Life	  Sci	  61:	  2539-‐2549.	  

	  
185.	  Spijker	  AT,	  van	  Rossum	  EF	  Glucocorticoid	  sensitivity	  in	  mood	  disorders.	  

Neuroendocrinology	  95:	  179-‐186.	  
	  
186.	  Hsiao	  FH,	  Jow	  GM,	  Kuo	  WH,	  Chang	  KJ,	  Liu	  YF,	  et	  al.	  The	  effects	  of	  

psychotherapy	  on	  psychological	  well-‐being	  and	  diurnal	  cortisol	  patterns	  in	  
breast	  cancer	  survivors.	  Psychother	  Psychosom	  81:	  173-‐182.	  

	  
187.	  Abercrombie	  HC,	  Giese-‐Davis	  J,	  Sephton	  S,	  Epel	  ES,	  Turner-‐Cobb	  JM,	  et	  al.	  

(2004)	  Flattened	  cortisol	  rhythms	  in	  metastatic	  breast	  cancer	  patients.	  
Psychoneuroendocrinology	  29:	  1082-‐1092.	  

	  
188.	  Miller	  GE,	  Chen	  E,	  Zhou	  ES	  (2007)	  If	  it	  goes	  up,	  must	  it	  come	  down?	  Chronic	  

stress	  and	  the	  hypothalamic-‐pituitary-‐adrenocortical	  axis	  in	  humans.	  
Psychol	  Bull	  133:	  25-‐45.	  

	  
189.	  Fries	  E,	  Hesse	  J,	  Hellhammer	  J,	  Hellhammer	  DH	  (2005)	  A	  new	  view	  on	  

hypocortisolism.	  Psychoneuroendocrinology	  30:	  1010-‐1016.	  
	  
190.	  Wikgren	  M,	  Maripuu	  M,	  Karlsson	  T,	  Nordfjall	  K,	  Bergdahl	  J,	  et	  al.	  Short	  

telomeres	  in	  depression	  and	  the	  general	  population	  are	  associated	  with	  a	  
hypocortisolemic	  state.	  Biol	  Psychiatry	  71:	  294-‐300.	  

	  
191.	  Yehuda	  R,	  Southwick	  SM,	  Krystal	  JH,	  Bremner	  D,	  Charney	  DS,	  et	  al.	  (1993)	  

Enhanced	  suppression	  of	  cortisol	  following	  dexamethasone	  administration	  
in	  posttraumatic	  stress	  disorder.	  Am	  J	  Psychiatry	  150:	  83-‐86.	  

	  
192.	  Yehuda	  R	  (2009)	  Status	  of	  glucocorticoid	  alterations	  in	  post-‐traumatic	  stress	  

disorder.	  Ann	  N	  Y	  Acad	  Sci	  1179:	  56-‐69.	  
	  
193.	  Papadopoulos	  A,	  Ebrecht	  M,	  Roberts	  AD,	  Poon	  L,	  Rohleder	  N,	  et	  al.	  (2009)	  

Glucocorticoid	  receptor	  mediated	  negative	  feedback	  in	  chronic	  fatigue	  
syndrome	  using	  the	  low	  dose	  (0.5	  mg)	  dexamethasone	  suppression	  test.	  J	  
Affect	  Disord	  112:	  289-‐294.	  

	  
194.	  Cleare	  AJ	  (2003)	  The	  neuroendocrinology	  of	  chronic	  fatigue	  syndrome.	  Endocr	  

Rev	  24:	  236-‐252.	  



175 

 

	  
195.	  Roberts	  AD,	  Wessely	  S,	  Chalder	  T,	  Papadopoulos	  A,	  Cleare	  AJ	  (2004)	  Salivary	  

cortisol	  response	  to	  awakening	  in	  chronic	  fatigue	  syndrome.	  Br	  J	  Psychiatry	  
184:	  136-‐141.	  

	  
196.	  Kudielka	  BM,	  Bellingrath	  S,	  Hellhammer	  DH	  (2006)	  Cortisol	  in	  burnout	  and	  

vital	  exhaustion:	  an	  overview.	  G	  Ital	  Med	  Lav	  Ergon	  28:	  34-‐42.	  
	  
197.	  Pruessner	  JC,	  Hellhammer	  DH,	  Kirschbaum	  C	  (1999)	  Burnout,	  perceived	  stress,	  

and	  cortisol	  responses	  to	  awakening.	  Psychosom	  Med	  61:	  197-‐204.	  
	  
198.	  Bohmelt	  AH,	  Nater	  UM,	  Franke	  S,	  Hellhammer	  DH,	  Ehlert	  U	  (2005)	  Basal	  and	  

stimulated	  hypothalamic-‐pituitary-‐adrenal	  axis	  activity	  in	  patients	  with	  
functional	  gastrointestinal	  disorders	  and	  healthy	  controls.	  Psychosom	  Med	  
67:	  288-‐294.	  

	  
199.	  Biondi	  M	  (2001)	  Effects	  of	  stress	  on	  immune	  functions:	  An	  overview.	  In:	  Ader	  

R,	  Cohen	  N,	  editors.	  Psychoneuroimmunology.	  third	  ed.	  New	  York:	  Academic	  
Press.	  pp.	  189-‐226.	  

	  
200.	  Esterling	  BA,	  L'Abate	  L,	  Murray	  EJ,	  Pennebaker	  JW	  (1999)	  Empirical	  

foundations	  for	  writing	  in	  prevention	  and	  psychotherapy:	  mental	  and	  
physical	  health	  outcomes.	  Clin	  Psychol	  Rev	  19:	  79-‐96.	  

	  
201.	  Herbert	  TB,	  Cohen	  S	  (1993)	  Stress	  and	  immunity	  in	  humans:	  a	  meta-‐analytic	  

review.	  Psychosom	  Med	  55:	  364-‐379.	  
	  
202.	  Witek-‐Janusek	  L,	  Albuquerque	  K,	  Chroniak	  KR,	  Chroniak	  C,	  Durazo-‐Arvizu	  R,	  et	  

al.	  (2008)	  Effect	  of	  mindfulness	  based	  stress	  reduction	  on	  immune	  function,	  
quality	  of	  life	  and	  coping	  in	  women	  newly	  diagnosed	  with	  early	  stage	  breast	  
cancer.	  Brain	  Behav	  Immun	  22:	  969-‐981.	  

	  
203.	  Witek-‐Janusek	  L,	  Gabram	  S,	  Mathews	  HL	  (2007)	  Psychologic	  stress,	  reduced	  

NK	  cell	  activity,	  and	  cytokine	  dysregulation	  in	  women	  experiencing	  
diagnostic	  breast	  biopsy.	  Psychoneuroendocrinology	  32:	  22-‐35.	  

	  
204.	  Andersen	  BL,	  Farrar	  WB,	  Golden-‐Kreutz	  D,	  Kutz	  LA,	  MacCallum	  R,	  et	  al.	  (1998)	  

Stress	  and	  immune	  responses	  after	  surgical	  treatment	  for	  regional	  breast	  
cancer.	  J	  Natl	  Cancer	  Inst	  90:	  30-‐36.	  

	  
205.	  Thornton	  LM,	  Andersen	  BL,	  Crespin	  TR,	  Carson	  WE	  (2007)	  Individual	  

trajectories	  in	  stress	  covary	  with	  immunity	  during	  recovery	  from	  cancer	  
diagnosis	  and	  treatments.	  Brain	  Behav	  Immun	  21:	  185-‐194.	  

	  



176 

 

206.	  Curcio	  C,	  Di	  Carlo	  E,	  Clynes	  R,	  Smyth	  MJ,	  Boggio	  K,	  et	  al.	  (2003)	  Nonredundant	  
roles	  of	  antibody,	  cytokines,	  and	  perforin	  in	  the	  eradication	  of	  established	  
Her-‐2/neu	  carcinomas.	  J	  Clin	  Invest	  111:	  1161-‐1170.	  

	  
207.	  Diefenbach	  A,	  Raulet	  DH	  (2002)	  The	  innate	  immune	  response	  to	  tumors	  and	  

its	  role	  in	  the	  induction	  of	  T-‐cell	  immunity.	  Immunol	  Rev	  188:	  9-‐21.	  
	  
208.	  Street	  SE,	  Cretney	  E,	  Smyth	  MJ	  (2001)	  Perforin	  and	  interferon-‐gamma	  

activities	  independently	  control	  tumor	  initiation,	  growth,	  and	  metastasis.	  
Blood	  97:	  192-‐197.	  

	  
209.	  van	  den	  Broek	  ME,	  Kagi	  D,	  Ossendorp	  F,	  Toes	  R,	  Vamvakas	  S,	  et	  al.	  (1996)	  

Decreased	  tumor	  surveillance	  in	  perforin-‐deficient	  mice.	  J	  Exp	  Med	  184:	  
1781-‐1790.	  

	  
210.	  Re	  F,	  Staudacher	  C,	  Zamai	  L,	  Vecchio	  V,	  Bregni	  M	  (2006)	  Killer	  cell	  Ig-‐like	  

receptors	  ligand-‐mismatched,	  alloreactive	  natural	  killer	  cells	  lyse	  primary	  
solid	  tumors.	  Cancer	  107:	  640-‐648.	  

	  
211.	  Zamai	  L,	  Ponti	  C,	  Mirandola	  P,	  Gobbi	  G,	  Papa	  S,	  et	  al.	  (2007)	  NK	  cells	  and	  

cancer.	  J	  Immunol	  178:	  4011-‐4016.	  
	  
212.	  Braun	  S,	  Kentenich	  C,	  Janni	  W,	  Hepp	  F,	  de	  Waal	  J,	  et	  al.	  (2000)	  Lack	  of	  effect	  of	  

adjuvant	  chemotherapy	  on	  the	  elimination	  of	  single	  dormant	  tumor	  cells	  in	  
bone	  marrow	  of	  high-‐risk	  breast	  cancer	  patients.	  J	  Clin	  Oncol	  18:	  80-‐86.	  

	  
213.	  Braun	  S,	  Pantel	  K	  (2000)	  [Diagnosis	  and	  clinical	  significance	  of	  disseminated	  

tumor	  cells	  in	  bone	  marrow].	  Dtsch	  Med	  Wochenschr	  125:	  1237-‐1239.	  
	  
214.	  Koda	  K,	  Saito	  N,	  Takiguchi	  N,	  Oda	  K,	  Nunomura	  M,	  et	  al.	  (1997)	  Preoperative	  

natural	  killer	  cell	  activity:	  correlation	  with	  distant	  metastases	  in	  curatively	  
research	  colorectal	  carcinomas.	  Int	  Surg	  82:	  190-‐193.	  

	  
215.	  Liljefors	  M,	  Nilsson	  B,	  Hjelm	  Skog	  AL,	  Ragnhammar	  P,	  Mellstedt	  H,	  et	  al.	  

(2003)	  Natural	  killer	  (NK)	  cell	  function	  is	  a	  strong	  prognostic	  factor	  in	  
colorectal	  carcinoma	  patients	  treated	  with	  the	  monoclonal	  antibody	  17-‐1A.	  
Int	  J	  Cancer	  105:	  717-‐723.	  

	  
216.	  Nakamura	  H,	  Kawasaki	  N,	  Hagiwara	  M,	  Saito	  M,	  Konaka	  C,	  et	  al.	  (2000)	  

Cellular	  immunologic	  parameters	  related	  to	  age,	  gender,	  and	  stage	  in	  lung	  
cancer	  patients.	  Lung	  Cancer	  28:	  139-‐145.	  

	  



177 

 

217.	  Taketomi	  A,	  Shimada	  M,	  Shirabe	  K,	  Kajiyama	  K,	  Gion	  T,	  et	  al.	  (1998)	  Natural	  
killer	  cell	  activity	  in	  patients	  with	  hepatocellular	  carcinoma:	  a	  new	  
prognostic	  indicator	  after	  hepatectomy.	  Cancer	  83:	  58-‐63.	  

	  
218.	  Levy	  S,	  Tempe	  JL,	  Aleksijevic	  A,	  Giron	  C,	  Oberling	  F,	  et	  al.	  (1984)	  Depressed	  NK	  

cell	  activity	  of	  peripheral	  blood	  mononuclear	  cells	  in	  untreated	  hodgkin's	  
disease:	  enhancing	  effect	  of	  interferon	  in	  vitro.	  Scand	  J	  Haematol	  33:	  386-‐
390.	  

	  
219.	  Decker	  D,	  Schondorf	  M,	  Bidlingmaier	  F,	  Hirner	  A,	  von	  Ruecker	  AA	  (1996)	  

Surgical	  stress	  induces	  a	  shift	  in	  the	  type-‐1/type-‐2	  T-‐helper	  cell	  balance,	  
suggesting	  down-‐regulation	  of	  cell-‐mediated	  and	  up-‐regulation	  of	  antibody-‐
mediated	  immunity	  commensurate	  to	  the	  trauma.	  Surgery	  119:	  316-‐325.	  

	  
220.	  Homburger	  JA,	  Meiler	  SE	  (2006)	  Anesthesia	  drugs,	  immunity,	  and	  long-‐term	  

outcome.	  Curr	  Opin	  Anaesthesiol	  19:	  423-‐428.	  
	  
221.	  Koltun	  WA,	  Bloomer	  MM,	  Tilberg	  AF,	  Seaton	  JF,	  Ilahi	  O,	  et	  al.	  (1996)	  Awake	  

epidural	  anesthesia	  is	  associated	  with	  improved	  natural	  killer	  cell	  
cytotoxicity	  and	  a	  reduced	  stress	  response.	  Am	  J	  Surg	  171:	  68-‐72;	  discussion	  
72-‐63.	  

	  
222.	  Shakhar	  G,	  Ben-‐Eliyahu	  S	  (2003)	  Potential	  prophylactic	  measures	  against	  

postoperative	  immunosuppression:	  could	  they	  reduce	  recurrence	  rates	  in	  
oncological	  patients?	  Ann	  Surg	  Oncol	  10:	  972-‐992.	  

	  
223.	  Nagabhushan	  M,	  Mathews	  HL,	  Witek-‐Janusek	  L	  (2001)	  Aberrant	  nuclear	  

expression	  of	  AP-‐1	  and	  NFkappaB	  in	  lymphocytes	  of	  women	  stressed	  by	  the	  
experience	  of	  breast	  biopsy.	  Brain	  Behav	  Immun	  15:	  78-‐84.	  

	  
224.	  Cohen	  S,	  Kamarck	  T,	  Mermelstein	  R	  (1983)	  A	  global	  measure	  of	  perceived	  

stress.	  J	  Health	  Soc	  Behav	  24:	  385-‐396.	  
	  
225.	  Radloff	  LS	  (1977)	  The	  CES-‐D.	  Applied	  Psychological	  Measurement	  1:	  385-‐401.	  
	  
226.	  Costanzo	  ES,	  Lutgendorf	  SK,	  Mattes	  ML,	  Trehan	  S,	  Robinson	  CB,	  et	  al.	  (2007)	  

Adjusting	  to	  life	  after	  treatment:	  distress	  and	  quality	  of	  life	  following	  
treatment	  for	  breast	  cancer.	  Br	  J	  Cancer	  97:	  1625-‐1631.	  

	  
227.	  Fann	  JR,	  Thomas-‐Rich	  AM,	  Katon	  WJ,	  Cowley	  D,	  Pepping	  M,	  et	  al.	  (2008)	  Major	  

depression	  after	  breast	  cancer:	  a	  review	  of	  epidemiology	  and	  treatment.	  Gen	  
Hosp	  Psychiatry	  30:	  112-‐126.	  

	  



178 

 

228.	  Hann	  D,	  Winter	  K,	  Jacobsen	  P	  (1999)	  Measurement	  of	  depressive	  symptoms	  in	  
cancer	  patients:	  evaluation	  of	  the	  Center	  for	  Epidemiological	  Studies	  
Depression	  Scale	  (CES-‐D).	  J	  Psychosom	  Res	  46:	  437-‐443.	  

	  
229.	  Kraemer	  HC,	  Giese-‐Davis	  J,	  Yutsis	  M,	  O'Hara	  R,	  Neri	  E,	  et	  al.	  (2006)	  Design	  

decisions	  to	  optimize	  reliability	  of	  daytime	  cortisol	  slopes	  in	  an	  older	  
population.	  Am	  J	  Geriatr	  Psychiatry	  14:	  325-‐333.	  

	  
230.	  Kudielka	  BM,	  Broderick	  JE,	  Kirschbaum	  C	  (2003)	  Compliance	  with	  saliva	  

sampling	  protocols:	  electronic	  monitoring	  reveals	  invalid	  cortisol	  daytime	  
profiles	  in	  noncompliant	  subjects.	  Psychosom	  Med	  65:	  313-‐319.	  

	  
231.	  Kudielka	  BM,	  Buske-‐Kirschbaum	  A,	  Hellhammer	  DH,	  Kirschbaum	  C	  (2004)	  

HPA	  axis	  responses	  to	  laboratory	  psychosocial	  stress	  in	  healthy	  elderly	  
adults,	  younger	  adults,	  and	  children:	  impact	  of	  age	  and	  gender.	  
Psychoneuroendocrinology	  29:	  83-‐98.	  

	  
232.	  Kudielka	  BM,	  Kirschbaum	  C	  (2003)	  Awakening	  cortisol	  responses	  are	  

influenced	  by	  health	  status	  and	  awakening	  time	  but	  not	  by	  menstrual	  cycle	  
phase.	  Psychoneuroendocrinology	  28:	  35-‐47.	  

	  
233.	  Cohen	  J,	  Ward	  G,	  Prins	  J,	  Jones	  M,	  Venkatesh	  B	  (2006)	  Variability	  of	  cortisol	  

assays	  can	  confound	  the	  diagnosis	  of	  adrenal	  insufficiency	  in	  the	  critically	  ill	  
population.	  Intensive	  Care	  Med	  32:	  1901-‐1905.	  

	  
234.	  Beno	  DW,	  Davis	  BH	  (1995)	  Prostaglandin	  E	  Suppresses	  Hepatic	  Fibrosis:	  

Section	  I.	  The	  In	  Vivo	  Approach;	  Section	  II.	  The	  In	  Vitro	  Approach.	  Am	  J	  Ther	  
2:	  687-‐705.	  

	  
235.	  Yamamura	  Y,	  Rodriguez	  N,	  Schwartz	  A,	  Eylar	  E,	  Bagwell	  B,	  et	  al.	  (1995)	  A	  new	  

flow	  cytometric	  method	  for	  quantitative	  assessment	  of	  lymphocyte	  
mitogenic	  potentials.	  Cell	  Mol	  Biol	  (Noisy-‐le-‐grand)	  41	  Suppl	  1:	  S121-‐132.	  

	  
236.	  Goldstein	  D,	  Dawson	  J,	  Laszlo	  J	  (1988)	  Suppression	  of	  natural	  killer	  cell	  

activity	  by	  hydrocortisone.	  J	  Biol	  Regul	  Homeost	  Agents	  2:	  25-‐30.	  
	  
237.	  Moustaki	  A,	  Argyropoulos	  KV,	  Baxevanis	  CN,	  Papamichail	  M,	  Perez	  SA	  Effect	  of	  

the	  simultaneous	  administration	  of	  glucocorticoids	  and	  IL-‐15	  on	  human	  NK	  
cell	  phenotype,	  proliferation	  and	  function.	  Cancer	  Immunol	  Immunother	  60:	  
1683-‐1695.	  

	  
238.	  Burkhart	  BA,	  Ivey	  ML,	  Archer	  TK	  (2009)	  Long-‐term	  low	  level	  glucocorticoid	  

exposure	  induces	  persistent	  repression	  in	  chromatin.	  Mol	  Cell	  Endocrinol	  
298:	  66-‐75.	  



179 

 

	  
239.	  Creyghton	  MP,	  Cheng	  AW,	  Welstead	  GG,	  Kooistra	  T,	  Carey	  BW,	  et	  al.	  Histone	  

H3K27ac	  separates	  active	  from	  poised	  enhancers	  and	  predicts	  
developmental	  state.	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  107:	  21931-‐21936.	  

	  
240.	  Villagra	  A,	  Sotomayor	  EM,	  Seto	  E	  Histone	  deacetylases	  and	  the	  immunological	  

network:	  implications	  in	  cancer	  and	  inflammation.	  Oncogene	  29:	  157-‐173.	  
	  
241.	  Akimova	  T,	  Beier	  UH,	  Liu	  Y,	  Wang	  L,	  Hancock	  WW	  Histone/protein	  

deacetylases	  and	  T-‐cell	  immune	  responses.	  Blood	  119:	  2443-‐2451.	  
	  
242.	  Tsai	  SC,	  Seto	  E	  (2002)	  Regulation	  of	  histone	  deacetylase	  2	  by	  protein	  kinase	  

CK2.	  J	  Biol	  Chem	  277:	  31826-‐31833.	  
	  
243.	  Adcock	  IM,	  Barnes	  PJ	  (2008)	  Molecular	  mechanisms	  of	  corticosteroid	  

resistance.	  Chest	  134:	  394-‐401.	  
	  
244.	  Spiegel	  D	  (1997)	  Psychosocial	  aspects	  of	  breast	  cancer	  treatment.	  Semin	  Oncol	  

24:	  S1-‐36-‐S31-‐47.	  
	  
245.	  Schoneveld	  OJ,	  Hoogenkamp	  M,	  Stallen	  JM,	  Gaemers	  IC,	  Lamers	  WH	  (2007)	  

cyclicAMP	  and	  glucocorticoid	  responsiveness	  of	  the	  rat	  
carbamoylphosphate	  synthetase	  gene	  requires	  the	  interplay	  of	  upstream	  
regulatory	  units.	  Biochimie	  89:	  574-‐580.	  

	  
246.	  Franchimont	  D	  (2004)	  Overview	  of	  the	  actions	  of	  glucocorticoids	  on	  the	  

immune	  response:	  a	  good	  model	  to	  characterize	  new	  pathways	  of	  
immunosuppression	  for	  new	  treatment	  strategies.	  Ann	  N	  Y	  Acad	  Sci	  1024:	  
124-‐137.	  

	  
247.	  Ben-‐Eliyahu	  S,	  Page	  GG,	  Yirmiya	  R,	  Shakhar	  G	  (1999)	  Evidence	  that	  stress	  and	  

surgical	  interventions	  promote	  tumor	  development	  by	  suppressing	  natural	  
killer	  cell	  activity.	  Int	  J	  Cancer	  80:	  880-‐888.	  

	  
248.	  Gan	  X,	  Zhang	  L,	  Solomon	  GF,	  Bonavida	  B	  (2002)	  Mechanism	  of	  

norepinephrine-‐mediated	  inhibition	  of	  human	  NK	  cytotoxic	  functions:	  
inhibition	  of	  cytokine	  secretion,	  target	  binding,	  and	  programming	  for	  
cytotoxicity.	  Brain	  Behav	  Immun	  16:	  227-‐246.	  

	  
249.	  De	  Gucht	  V,	  Fischler	  B,	  Demanet	  C	  (1999)	  Immune	  dysfunction	  associated	  with	  

chronic	  professional	  stress	  in	  nurses.	  Psychiatry	  Res	  85:	  105-‐111.	  
	  



180 

 

250.	  Miller	  GE,	  Chen	  E,	  Sze	  J,	  Marin	  T,	  Arevalo	  JM,	  et	  al.	  (2008)	  A	  functional	  genomic	  
fingerprint	  of	  chronic	  stress	  in	  humans:	  blunted	  glucocorticoid	  and	  
increased	  NF-‐kappaB	  signaling.	  Biol	  Psychiatry	  64:	  266-‐272.	  

	  
251.	  Schmidt	  S,	  Rainer	  J,	  Ploner	  C,	  Presul	  E,	  Riml	  S,	  et	  al.	  (2004)	  Glucocorticoid-‐

induced	  apoptosis	  and	  glucocorticoid	  resistance:	  molecular	  mechanisms	  
and	  clinical	  relevance.	  Cell	  Death	  Differ	  11	  Suppl	  1:	  S45-‐55.	  

	  
252.	  Clark	  AR,	  Lasa	  M	  (2003)	  Crosstalk	  between	  glucocorticoids	  and	  mitogen-‐

activated	  protein	  kinase	  signalling	  pathways.	  Curr	  Opin	  Pharmacol	  3:	  404-‐
411.	  

	  
253.	  Wang	  Z,	  Malone	  MH,	  He	  H,	  McColl	  KS,	  Distelhorst	  CW	  (2003)	  Microarray	  

analysis	  uncovers	  the	  induction	  of	  the	  proapoptotic	  BH3-‐only	  protein	  Bim	  in	  
multiple	  models	  of	  glucocorticoid-‐induced	  apoptosis.	  J	  Biol	  Chem	  278:	  
23861-‐23867.	  

	  
254.	  Ray	  A,	  Prefontaine	  KE	  (1994)	  Physical	  association	  and	  functional	  antagonism	  

between	  the	  p65	  subunit	  of	  transcription	  factor	  NF-‐kappa	  B	  and	  the	  
glucocorticoid	  receptor.	  Proc	  Natl	  Acad	  Sci	  U	  S	  A	  91:	  752-‐756.	  

	  
255.	  Truss	  M,	  Bartsch	  J,	  Hache	  RS,	  Beato	  M	  (1993)	  Chromatin	  structure	  modulates	  

transcription	  factor	  binding	  to	  the	  mouse	  mammary	  tumor	  virus	  (MMTV)	  
promoter.	  J	  Steroid	  Biochem	  Mol	  Biol	  47:	  1-‐10.	  

	  
256.	  Spencer	  VA,	  Davie	  JR	  (1999)	  Role	  of	  covalent	  modifications	  of	  histones	  in	  

regulating	  gene	  expression.	  Gene	  240:	  1-‐12.	  
	  
257.	  Ura	  K,	  Wolffe	  AP	  (1996)	  Reconstruction	  of	  transcriptionally	  active	  and	  silent	  

chromatin.	  Methods	  Enzymol	  274:	  257-‐271.	  
	  
258.	  Agalioti	  T,	  Chen	  G,	  Thanos	  D	  (2002)	  Deciphering	  the	  transcriptional	  histone	  

acetylation	  code	  for	  a	  human	  gene.	  Cell	  111:	  381-‐392.	  
	  
259.	  Tang	  L,	  Nogales	  E,	  Ciferri	  C	  Structure	  and	  function	  of	  SWI/SNF	  chromatin	  

remodeling	  complexes	  and	  mechanistic	  implications	  for	  transcription.	  Prog	  
Biophys	  Mol	  Biol	  102:	  122-‐128.	  

	  
260.	  Cler	  E,	  Papai	  G,	  Schultz	  P,	  Davidson	  I	  (2009)	  Recent	  advances	  in	  understanding	  

the	  structure	  and	  function	  of	  general	  transcription	  factor	  TFIID.	  Cell	  Mol	  Life	  
Sci	  66:	  2123-‐2134.	  

	  
261.	  Merika	  M,	  Thanos	  D	  (2001)	  Enhanceosomes.	  Curr	  Opin	  Genet	  Dev	  11:	  205-‐208.	  
	  



181 

 

262.	  DiNatale	  BC,	  Schroeder	  JC,	  Francey	  LJ,	  Kusnadi	  A,	  Perdew	  GH	  Mechanistic	  
insights	  into	  the	  events	  that	  lead	  to	  synergistic	  induction	  of	  interleukin	  6	  
transcription	  upon	  activation	  of	  the	  aryl	  hydrocarbon	  receptor	  and	  
inflammatory	  signaling.	  J	  Biol	  Chem	  285:	  24388-‐24397.	  

	  
263.	  Deroo	  BJ,	  Rentsch	  C,	  Sampath	  S,	  Young	  J,	  DeFranco	  DB,	  et	  al.	  (2002)	  

Proteasomal	  inhibition	  enhances	  glucocorticoid	  receptor	  transactivation	  
and	  alters	  its	  subnuclear	  trafficking.	  Mol	  Cell	  Biol	  22:	  4113-‐4123.	  

	  
264.	  Kinyamu	  HK,	  Archer	  TK	  (2007)	  Proteasome	  activity	  modulates	  chromatin	  

modifications	  and	  RNA	  polymerase	  II	  phosphorylation	  to	  enhance	  
glucocorticoid	  receptor-‐mediated	  transcription.	  Mol	  Cell	  Biol	  27:	  4891-‐4904.	  

	  
265.	  Kinyamu	  HK,	  Jefferson	  WN,	  Archer	  TK	  (2008)	  Intersection	  of	  nuclear	  

receptors	  and	  the	  proteasome	  on	  the	  epigenetic	  landscape.	  Environ	  Mol	  
Mutagen	  49:	  83-‐95.	  

	  
266.	  Rajendran	  P,	  Delage	  B,	  Dashwood	  WM,	  Yu	  TW,	  Wuth	  B,	  et	  al.	  Histone	  

deacetylase	  turnover	  and	  recovery	  in	  sulforaphane-‐treated	  colon	  cancer	  
cells:	  competing	  actions	  of	  14-‐3-‐3	  and	  Pin1	  in	  HDAC3/SMRT	  corepressor	  
complex	  dissociation/reassembly.	  Mol	  Cancer	  10:	  68.	  

	  
267.	  Zhao	  HL,	  Ueki	  N,	  Hayman	  MJ	  The	  Ski	  protein	  negatively	  regulates	  Siah2-‐

mediated	  HDAC3	  degradation.	  Biochem	  Biophys	  Res	  Commun	  399:	  623-‐628.	  
	  
268.	  Schulz	  M,	  Eggert	  M,	  Baniahmad	  A,	  Dostert	  A,	  Heinzel	  T,	  et	  al.	  (2002)	  RU486-‐

induced	  glucocorticoid	  receptor	  agonism	  is	  controlled	  by	  the	  receptor	  N	  
terminus	  and	  by	  corepressor	  binding.	  J	  Biol	  Chem	  277:	  26238-‐26243.	  

	  
269.	  Pariante	  CM,	  Pearce	  BD,	  Pisell	  TL,	  Su	  C,	  Miller	  AH	  (2001)	  The	  steroid	  receptor	  

antagonists	  RU40555	  and	  RU486	  activate	  glucocorticoid	  receptor	  
translocation	  and	  are	  not	  excreted	  by	  the	  steroid	  hormones	  transporter	  in	  
L929	  cells.	  J	  Endocrinol	  169:	  309-‐320.	  

	  
270.	  Becker	  M,	  Baumann	  C,	  John	  S,	  Walker	  DA,	  Vigneron	  M,	  et	  al.	  (2002)	  Dynamic	  

behavior	  of	  transcription	  factors	  on	  a	  natural	  promoter	  in	  living	  cells.	  EMBO	  
Rep	  3:	  1188-‐1194.	  

	  
271.	  McNally	  JG,	  Muller	  WG,	  Walker	  D,	  Wolford	  R,	  Hager	  GL	  (2000)	  The	  

glucocorticoid	  receptor:	  rapid	  exchange	  with	  regulatory	  sites	  in	  living	  cells.	  
Science	  287:	  1262-‐1265.	  

	  



182 

 

272.	  Conway-‐Campbell	  BL,	  Pooley	  JR,	  Hager	  GL,	  Lightman	  SL	  Molecular	  dynamics	  
of	  ultradian	  glucocorticoid	  receptor	  action.	  Mol	  Cell	  Endocrinol	  348:	  383-‐
393.	  

	  
273.	  Nagaich	  AK,	  Walker	  DA,	  Wolford	  R,	  Hager	  GL	  (2004)	  Rapid	  periodic	  binding	  

and	  displacement	  of	  the	  glucocorticoid	  receptor	  during	  chromatin	  
remodeling.	  Mol	  Cell	  14:	  163-‐174.	  

	  
274.	  Fletcher	  TM,	  Xiao	  N,	  Mautino	  G,	  Baumann	  CT,	  Wolford	  R,	  et	  al.	  (2002)	  ATP-‐

dependent	  mobilization	  of	  the	  glucocorticoid	  receptor	  during	  chromatin	  
remodeling.	  Mol	  Cell	  Biol	  22:	  3255-‐3263.	  

	  
275.	  Segre	  CV,	  Chiocca	  S	  Regulating	  the	  regulators:	  the	  post-‐translational	  code	  of	  

class	  I	  HDAC1	  and	  HDAC2.	  J	  Biomed	  Biotechnol	  2011:	  690848.	  
	  
276.	  Bertos	  NR,	  Wang	  AH,	  Yang	  XJ	  (2001)	  Class	  II	  histone	  deacetylases:	  structure,	  

function,	  and	  regulation.	  Biochem	  Cell	  Biol	  79:	  243-‐252.	  
	  
277.	  Segerstrom	  SC,	  Miller	  GE	  (2004)	  Psychological	  stress	  and	  the	  human	  immune	  

system:	  a	  meta-‐analytic	  study	  of	  30	  years	  of	  inquiry.	  Psychol	  Bull	  130:	  601-‐
630.	  

	  
278.	  Glaser	  R	  (2005)	  Stress-‐associated	  immune	  dysregulation	  and	  its	  importance	  

for	  human	  health:	  a	  personal	  history	  of	  psychoneuroimmunology.	  Brain	  
Behav	  Immun	  19:	  3-‐11.	  

	  
279.	  Kemeny	  ME,	  Schedlowski	  M	  (2007)	  Understanding	  the	  interaction	  between	  

psychosocial	  stress	  and	  immune-‐related	  diseases:	  a	  stepwise	  progression.	  
Brain	  Behav	  Immun	  21:	  1009-‐1018.	  

	  
280.	  Robinson	  FP,	  Mathews	  HL,	  Witek-‐Janusek	  L	  (2000)	  Stress	  reduction	  and	  HIV	  

disease:	  a	  review	  of	  intervention	  studies	  using	  a	  psychoneuroimmunology	  
framework.	  J	  Assoc	  Nurses	  AIDS	  Care	  11:	  87-‐96.	  

	  
281.	  Powell	  ND,	  Tarr	  AJ,	  Sheridan	  JF	  Psychosocial	  stress	  and	  inflammation	  in	  

cancer.	  Brain	  Behav	  Immun.	  
	  
282.	  Kinsey	  SG,	  Bailey	  MT,	  Sheridan	  JF,	  Padgett	  DA,	  Avitsur	  R	  (2007)	  Repeated	  

social	  defeat	  causes	  increased	  anxiety-‐like	  behavior	  and	  alters	  splenocyte	  
function	  in	  C57BL/6	  and	  CD-‐1	  mice.	  Brain	  Behav	  Immun	  21:	  458-‐466.	  

	  
283.	  Bailey	  MT,	  Kierstein	  S,	  Sharma	  S,	  Spaits	  M,	  Kinsey	  SG,	  et	  al.	  (2009)	  Social	  stress	  

enhances	  allergen-‐induced	  airway	  inflammation	  in	  mice	  and	  inhibits	  



183 

 

corticosteroid	  responsiveness	  of	  cytokine	  production.	  J	  Immunol	  182:	  7888-‐
7896.	  

	  
284.	  Bailey	  MT,	  Kinsey	  SG,	  Padgett	  DA,	  Sheridan	  JF,	  Leblebicioglu	  B	  (2009)	  Social	  

stress	  enhances	  IL-‐1beta	  and	  TNF-‐alpha	  production	  by	  Porphyromonas	  
gingivalis	  lipopolysaccharide-‐stimulated	  CD11b+	  cells.	  Physiol	  Behav	  98:	  
351-‐358.	  

	  
285.	  Mays	  JW,	  Bailey	  MT,	  Hunzeker	  JT,	  Powell	  ND,	  Papenfuss	  T,	  et	  al.	  Influenza	  

virus-‐specific	  immunological	  memory	  is	  enhanced	  by	  repeated	  social	  defeat.	  
J	  Immunol	  184:	  2014-‐2025.	  

	  
286.	  Brydon	  L,	  Edwards	  S,	  Mohamed-‐Ali	  V,	  Steptoe	  A	  (2004)	  Socioeconomic	  status	  

and	  stress-‐induced	  increases	  in	  interleukin-‐6.	  Brain	  Behav	  Immun	  18:	  281-‐
290.	  

	  
287.	  Carpenter	  LL,	  Gawuga	  CE,	  Tyrka	  AR,	  Lee	  JK,	  Anderson	  GM,	  et	  al.	  Association	  

between	  plasma	  IL-‐6	  response	  to	  acute	  stress	  and	  early-‐life	  adversity	  in	  
healthy	  adults.	  Neuropsychopharmacology	  35:	  2617-‐2623.	  

	  
288.	  Collado-‐Hidalgo	  A,	  Bower	  JE,	  Ganz	  PA,	  Cole	  SW,	  Irwin	  MR	  (2006)	  

Inflammatory	  biomarkers	  for	  persistent	  fatigue	  in	  breast	  cancer	  survivors.	  
Clin	  Cancer	  Res	  12:	  2759-‐2766.	  

	  
289.	  Dantzer	  R,	  Wollman	  E,	  Vitkovic	  L,	  Yirmiya	  R	  (1999)	  Cytokines	  and	  depression:	  

fortuitous	  or	  causative	  association?	  Mol	  Psychiatry	  4:	  328-‐332.	  
	  
290.	  Glaser	  R,	  Robles	  TF,	  Sheridan	  J,	  Malarkey	  WB,	  Kiecolt-‐Glaser	  JK	  (2003)	  Mild	  

depressive	  symptoms	  are	  associated	  with	  amplified	  and	  prolonged	  
inflammatory	  responses	  after	  influenza	  virus	  vaccination	  in	  older	  adults.	  
Arch	  Gen	  Psychiatry	  60:	  1009-‐1014.	  

	  
291.	  Johnson	  JD,	  O'Connor	  KA,	  Deak	  T,	  Spencer	  RL,	  Watkins	  LR,	  et	  al.	  (2002)	  Prior	  

stressor	  exposure	  primes	  the	  HPA	  axis.	  Psychoneuroendocrinology	  27:	  353-‐
365.	  

	  
292.	  Johnson	  JD,	  O'Connor	  KA,	  Deak	  T,	  Stark	  M,	  Watkins	  LR,	  et	  al.	  (2002)	  Prior	  

stressor	  exposure	  sensitizes	  LPS-‐induced	  cytokine	  production.	  Brain	  Behav	  
Immun	  16:	  461-‐476.	  

	  
293.	  Maes	  M,	  Ombelet	  W,	  De	  Jongh	  R,	  Kenis	  G,	  Bosmans	  E	  (2001)	  The	  inflammatory	  

response	  following	  delivery	  is	  amplified	  in	  women	  who	  previously	  suffered	  
from	  major	  depression,	  suggesting	  that	  major	  depression	  is	  accompanied	  by	  



184 

 

a	  sensitization	  of	  the	  inflammatory	  response	  system.	  J	  Affect	  Disord	  63:	  85-‐
92.	  

	  
294.	  Pace	  TW,	  Mletzko	  TC,	  Alagbe	  O,	  Musselman	  DL,	  Nemeroff	  CB,	  et	  al.	  (2006)	  

Increased	  stress-‐induced	  inflammatory	  responses	  in	  male	  patients	  with	  
major	  depression	  and	  increased	  early	  life	  stress.	  Am	  J	  Psychiatry	  163:	  1630-‐
1633.	  

	  
295.	  Frank	  MG,	  Baratta	  MV,	  Sprunger	  DB,	  Watkins	  LR,	  Maier	  SF	  (2007)	  Microglia	  

serve	  as	  a	  neuroimmune	  substrate	  for	  stress-‐induced	  potentiation	  of	  CNS	  
pro-‐inflammatory	  cytokine	  responses.	  Brain	  Behav	  Immun	  21:	  47-‐59.	  

	  
296.	  Frank	  MG,	  Miguel	  ZD,	  Watkins	  LR,	  Maier	  SF	  Prior	  exposure	  to	  glucocorticoids	  

sensitizes	  the	  neuroinflammatory	  and	  peripheral	  inflammatory	  responses	  to	  
E.	  coli	  lipopolysaccharide.	  Brain	  Behav	  Immun	  24:	  19-‐30.	  

	  
297.	  Frank	  MG,	  Watkins	  LR,	  Maier	  SF	  Stress-‐	  and	  glucocorticoid-‐induced	  priming	  of	  

neuroinflammatory	  responses:	  potential	  mechanisms	  of	  stress-‐induced	  
vulnerability	  to	  drugs	  of	  abuse.	  Brain	  Behav	  Immun	  25	  Suppl	  1:	  S21-‐28.	  

	  
298.	  Johnson	  JD,	  O'Connor	  KA,	  Hansen	  MK,	  Watkins	  LR,	  Maier	  SF	  (2003)	  Effects	  of	  

prior	  stress	  on	  LPS-‐induced	  cytokine	  and	  sickness	  responses.	  Am	  J	  Physiol	  
Regul	  Integr	  Comp	  Physiol	  284:	  R422-‐432.	  

	  
299.	  Loram	  LC,	  Taylor	  FR,	  Strand	  KA,	  Frank	  MG,	  Sholar	  P,	  et	  al.	  Prior	  exposure	  to	  

glucocorticoids	  potentiates	  lipopolysaccharide	  induced	  mechanical	  
allodynia	  and	  spinal	  neuroinflammation.	  Brain	  Behav	  Immun	  25:	  1408-‐1415.	  

	  
300.	  Kiecolt-‐Glaser	  JK,	  Glaser	  R,	  Shuttleworth	  EC,	  Dyer	  CS,	  Ogrocki	  P,	  et	  al.	  (1987)	  

Chronic	  stress	  and	  immunity	  in	  family	  caregivers	  of	  Alzheimer's	  disease	  
victims.	  Psychosom	  Med	  49:	  523-‐535.	  

	  
301.	  Fukuda	  K,	  Straus	  SE,	  Hickie	  I,	  Sharpe	  MC,	  Dobbins	  JG,	  et	  al.	  (1994)	  The	  chronic	  

fatigue	  syndrome:	  a	  comprehensive	  approach	  to	  its	  definition	  and	  study.	  
International	  Chronic	  Fatigue	  Syndrome	  Study	  Group.	  Ann	  Intern	  Med	  121:	  
953-‐959.	  

	  
302.	  Maes	  M,	  Twisk	  FN	  Chronic	  fatigue	  syndrome:	  Harvey	  and	  Wessely's	  

(bio)psychosocial	  model	  versus	  a	  bio(psychosocial)	  model	  based	  on	  
inflammatory	  and	  oxidative	  and	  nitrosative	  stress	  pathways.	  BMC	  Med	  8:	  35.	  

	  
303.	  Fletcher	  MA,	  Zeng	  XR,	  Barnes	  Z,	  Levis	  S,	  Klimas	  NG	  (2009)	  Plasma	  cytokines	  in	  

women	  with	  chronic	  fatigue	  syndrome.	  J	  Transl	  Med	  7:	  96.	  
	  



185 

 

304.	  Lorusso	  L,	  Mikhaylova	  SV,	  Capelli	  E,	  Ferrari	  D,	  Ngonga	  GK,	  et	  al.	  (2009)	  
Immunological	  aspects	  of	  chronic	  fatigue	  syndrome.	  Autoimmun	  Rev	  8:	  287-‐
291.	  

	  
305.	  Maher	  KJ,	  Klimas	  NG,	  Fletcher	  MA	  (2005)	  Chronic	  fatigue	  syndrome	  is	  

associated	  with	  diminished	  intracellular	  perforin.	  Clin	  Exp	  Immunol	  142:	  
505-‐511.	  

	  
306.	  Mihaylova	  I,	  DeRuyter	  M,	  Rummens	  JL,	  Bosmans	  E,	  Maes	  M	  (2007)	  Decreased	  

expression	  of	  CD69	  in	  chronic	  fatigue	  syndrome	  in	  relation	  to	  inflammatory	  
markers:	  evidence	  for	  a	  severe	  disorder	  in	  the	  early	  activation	  of	  T	  
lymphocytes	  and	  natural	  killer	  cells.	  Neuro	  Endocrinol	  Lett	  28:	  477-‐483.	  

	  
307.	  Leonard	  B,	  Maes	  M	  Mechanistic	  explanations	  how	  cell-‐mediated	  immune	  

activation,	  inflammation	  and	  oxidative	  and	  nitrosative	  stress	  pathways	  and	  
their	  sequels	  and	  concomitants	  play	  a	  role	  in	  the	  pathophysiology	  of	  
unipolar	  depression.	  Neurosci	  Biobehav	  Rev	  36:	  764-‐785.	  

	  
308.	  Mathews	  HL,	  Konley	  T,	  Kosik	  KL,	  Krukowski	  K,	  Eddy	  J,	  et	  al.	  Epigenetic	  

patterns	  associated	  with	  the	  immune	  dysregulation	  that	  accompanies	  
psychosocial	  distress.	  Brain	  Behav	  Immun	  25:	  830-‐839.	  

	  
309.	  Glaser	  R,	  Kiecolt-‐Glaser	  JK	  (2005)	  Stress-‐induced	  immune	  dysfunction:	  

implications	  for	  health.	  Nat	  Rev	  Immunol	  5:	  243-‐251.	  
	  
310.	  Vahedi	  G,	  Takahashi	  H,	  Nakayamada	  S,	  Sun	  HW,	  Sartorelli	  V,	  et	  al.	  STATs	  shape	  

the	  active	  enhancer	  landscape	  of	  T	  cell	  populations.	  Cell	  151:	  981-‐993.	  
	  
311.	  Cole	  SW	  (2008)	  Social	  regulation	  of	  leukocyte	  homeostasis:	  the	  role	  of	  

glucocorticoid	  sensitivity.	  Brain	  Behav	  Immun	  22:	  1049-‐1055.	  
	  
312.	  Cole	  SW,	  Hawkley	  LC,	  Arevalo	  JM,	  Sung	  CY,	  Rose	  RM,	  et	  al.	  (2007)	  Social	  

regulation	  of	  gene	  expression	  in	  human	  leukocytes.	  Genome	  Biol	  8:	  R189.	  
	  
313.	  Lutgendorf	  SK,	  Moore	  MB,	  Bradley	  S,	  Shelton	  BJ,	  Lutz	  CT	  (2005)	  Distress	  and	  

expression	  of	  natural	  killer	  receptors	  on	  lymphocytes.	  Brain	  Behav	  Immun	  
19:	  185-‐194.	  

	  
314.	  Shafi	  S,	  Vantourout	  P,	  Wallace	  G,	  Antoun	  A,	  Vaughan	  R,	  et	  al.	  An	  NKG2D-‐

mediated	  human	  lymphoid	  stress	  surveillance	  response	  with	  high	  
interindividual	  variation.	  Sci	  Transl	  Med	  3:	  113ra124.	  

	  
315.	  Raison	  CL,	  Miller	  AH	  The	  evolutionary	  significance	  of	  depression	  in	  Pathogen	  

Host	  Defense	  (PATHOS-‐D).	  Mol	  Psychiatry	  18:	  15-‐37.	  



 

186 

VITA 

 

The author, Justin Lee Eddy, was born on May 27th, 1985 in Marietta, OH to 

Jeffery Lind Eddy and Angela Eddy-Huck.  Upon completion of his secondary eduction 

in 2003 at Marietta High School, he attended Miami University of Ohio.  He graduated 

with a Bachelor of Arts in Microbiology in 2007, where his honors thesis work 

investigated the contribution of a sensor kinase in the bacterium Desulfovibrio vulgaris 

and its potential role in sensing hydrogen sulfide (H2S). 

In July of 2007, Justin entered the program of Microbiology and Immunology at 

Loyola University Chicago, as a pre-doctoral candidate.  In June of 2008, he joined the 

laboratory of Dr. Herbert Mathews.  His research focused on examining the potential 

role for glucocorticoids regulating natural killer cell function through the modulation of 

the epigenome.  Using an in vitro model of chronic glucocorticoid treatment he 

investigated epigenetic modifiers regulated by glucocorticoids. He furthered these 

findings by investigating the dysregulation of these molecules and the subsequent 

immune response in a model of psychological stress in humans.   

After completing his Ph.D., Justin will join Dr. Wyhdam Lathem’s laboratory at 

Northwestern University Chicago to study the molecular mechanisms governing the 

pathogenesis of Yersinia pestis.	  	  


	Loyola University Chicago
	Loyola eCommons
	2013

	Characterization of Chronic Glucocorticoid Exposure on Natural Killer Cell Function: A Model for Stress Induced Alterations on the Epigenetic Landscape
	Justin Lee Eddy
	Recommended Citation


	Microsoft Word - Dissertation Final Submission.docx

