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ABSTRACT

Estrogen Regulates Interferon-gamma (IFN-g) and IFN-g-Inducible iNOS Gene:

Implications to Immunity and Autoimmunity

By

Ebru Karpuzoglu-Sahin

Committee Chair: Ansar S. Ahmed

It is now clear that estrogen not only modulates the differentiation and function of

reproductive systems, but it also profoundly regulates the immune system of normal and

autoimmune individuals. An important mechanism by which estrogen regulates the

immune system is by altering the secretion and/or response to cytokines. We

hypothesized that estrogen may alter the levels and/or response to IFN-g, a prototype Th1

cytokine, that plays a pivotal role in immunity against intracellular infections and in

many autoimmune and inflammatory disorders. We found that estrogen treatment tended

to upregulate the secretion of IFN-g protein and mRNA expression from Concanavalin-A

(Con-A)-activated splenic lymphocytes. Impressively, we found that splenocytes from

estrogen-treated mice when activated with Con-A also resulted in increased release of

nitric oxide compared to placebo-treated mice.  Furthermore, Con-A-activated

splenocytes from estrogen-treated mice also had upregulated iNOS mRNA, iNOS

protein, and nitric oxide-regulated COX-2 protein when compared to control mice.

Blocking co-stimulatory signals mediated through interactions of CD28 and B7

molecules by using CTLA-4Ig markedly decreased not only IFN-g, but also nitric oxide,

thereby implying an important role for CD28/B7 interactions in IFN-g/nitric oxide.

Estrogen-induced upregulation of iNOS/nitric oxide is mediated through IFN-g since: (i)

Estrogen alone did not upregulate iNOS/nitric oxide in IFN-g knockout mice; (ii) addition

of rIFN-g to activated splenocytes from estrogen-treated mice further upregulated nitric

oxide levels.  We next investigated whether estrogen also upregulated IFN-g-inducing

cytokines and select IFN-g-inducing transcription factors.  Estrogen treatment resulted in

increased mRNA and/or protein expression of IFN-g inducing cytokines and their
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receptors, including: IL-18, IL-15, IL-27, IL-12Rb2, and IL-18Rb. We also found that T-

bet, a critical Th1 transcription factor, and STAT-4 phosphorylation, a key molecule in

IL-12 signaling were both increased, while IRF-4, an important player in Th2

differentiation, was diminished in Con-A-activated splenocytes from mice treated with

estrogen. Altogether,  these studies are the first to demonstrate that estrogen regulates

IFN-g-dependent iNOS and describes the potential mechanisms of how estrogen alters

IFN-g-inducible genes, IFN-g inducing cytokines, and transcription factors in normal

C57BL/6 mice.  These studies may have profound implications to many autoimmune and

inflammatory disorders, where estrogen is known to regulate the course of these diseases.

Since estrogen may promote inflammatory disorders by upregulating pro-inflammatory

biomolecules including IFN-g, nitric oxide, and COX-2, these studies may help in the

design of therapeutic agents that regulate or block secretion and/or response to these

inflammatory molecules.
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CHAPTER 1. Literature Review

Sex Hormones and the Immune System

Immune homeostasis requires that the immune system respond effectively to infectious

agents. A constant challenge of the immune system is to respond effectively to infectious

agents, yet at the same time, it must impose restraints to avoid induction of damaging

immune responses to self-antigens. This “immune homeostasis balance” can be tilted by

diverse immunomodulators including hormones such as estrogen.

The following is a brief summary of the major types of immune responses and key

cellular players.

1. The innate (non-adaptive) immune system is comprised of cell populations such as NK

(natural killer cells), natural killer T cells and gd T cells and soluble factors such as

components of the complement system to counter invading microbes. The innate (natural)

immune response, by the virtue of being non-specific, ensures rapid defense against a

wide-range of microbes by recognizing the molecular pattern of foreign organisms. The

recognition molecules expressed on self-cells allows them to be protected from being

treated as foreign.

2. The adaptive (acquired) immune response is composed of a small number of

responsive T and B cells that are specific to the invading pathogens. The adaptive

response is a specific immune response resulting from close interactions of T, B, and

antigen presenting cells (APC). T cells can be divided into sub-populations based on

unique surface markers and/or functions. T cells expressing the CD4 marker are

designated as helper cells. These cells are crucial for providing help to T, and B cells,

macrophages and other immune and non-immune cells. T cells expressing the CD8

marker are referred to as Cytotoxic T cells and are crucial to defense against intracellular

pathogens, such as viruses and bacteria. Based on patterns of cytokine secretion, T helper

cells (CD4+) are further subdivided into two subsets, called T helper 1 (Th1) and T helper

2 (Th2) cells. Th1 cells secrete mainly IFN-g and IL-2 as their key cytokines, while Th2
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cells predominantly secrete IL-4, IL-10, IL-5, and IL-6. The distinction between Th1 and

Th2 cells is not absolute since several experimental and human studies demonstrate

mixed Th1 and Th2 type cytokine expression. Cytokines produced by Th1 cells play a

critical role in local inflammatory reactions and cytotoxicity against intracellular

pathogens, bacteria and viruses. On the other hand, Th2 type cytokines are important in

stimulating B cells to proliferate, differentiate, produce antibodies and provide protection

against free antigens (Figure 1).

Figure 1. Th1 and Th2 Lympocytes

B lymphocytes have two major functions: (i) to produce antibodies and (ii) to serve as

antigen presenting cells.  When activated, naïve circulating B cells differentiate into

plasma cells and secrete large amounts of antibodies. A third type of lymphocyte is

natural killer cells (NK cells), which are primarily involved in cytotoxicity of defective or

infected cells. It is now recognized that to effectively combat the invading microbes,

there is significant “cross-talk” between the innate and adaptive immunity.
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Sexual  Dimorphism in Immune Responses: Effects of Estrogen

An important immunological observation is that there are marked physiological

differences in the immunecapabilities between males and females (1-3). The gender

dependent differences in females and males are largely attributed to sex hormones, such

as estrogen and androgens. In addition to endogenous source of estrogen, exposure to

estrogen occurs through several exogenous sources. Adult women are exposed to

estrogen in therapeutic forms as oral contraceptives or estrogen replacement therapy

(hormone replacement therapy, HRT). Furthermore, humans of all ages are exposed to

both phytoestrogens that naturally occur in plants, and environmental endocrine

distrupters such as DTT and dioxin, which mimic estrogenic activity in both humans and

animals (2). This chapter focuses on the immunomodulatory effects of a natural estrogen

(17-b estradiol or E2), a principal hormone employed in these dissertation studies.

There is limited information, however on the precise mechanisms of the actions of

estrogen on immune system. Understanding the effects of estrogen on the immune system

is critical since it has far-reaching implications, since exposure to estrogens occurs

through multiple sources, and the facts that estrogens influence normal and autoimmune

individuals.

This chapter, which reviews pertinent literature, is structured as follows:

(1) A brief review of estrogen and estrogen receptors

(2) Estrogen effects on key cells of the immune system

(3) Estrogen effects on autoimmunity

(4) Conclusions
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Review of Estrogen

Physiology and Sources of Natural Estrogen

“Estrogen” (17-b estradiol) comes from two Greek words; oistros, “mad desire” and

gennan “to produce” (4). 17-b estradiol is a steroid hormone produced mainly by the

ovaries in premenopausal women. In men and post-menopausal women, estrogen is also

derived from androgen metabolism. Although it is responsible for many female sexual

characteristics, it is also a key regulator of growth and differentiation of a variety of

tissues in both males and females. Estrogen has wide-reaching physiological effects since

it acts not only on classic target tissues such as reproductive system, nervous system and

mammary glands, but also on the immune system, cardiovascular system and skeletal

tissues.

Among estrogens, 17-b  estradiol is the most abundant and potent form compared to

estrone (E1) and estriol (E3) (Figure 2). In the ovaries, 17-b estradiol, is principally

produced by theca and granulosa cells. Theca cells, stimulated by lutenizing hormone

(LH), hydroxylate cholesterol into a C19 androgenic precursor under the influence of

aromatase cytochrome P450 (5). The end-product of this reaction is androstenedione,

which is converted into testosterone in theca cells. Testosterone and androstenedione

taken up by granulosa cells are aromatized by aromatase and converted to 17-b estradiol

in premeopausal women (6). In pregnant women, the hydroxylation of 17-b estradiol in

fetal and maternal liver and placenta results in estriol (E3) (6). In addition to the ovary,

extragonadal estrogen biosynthesis takes place in mesenchymal cells of adipose and

breast tissue, osteoblasts and chondrocytes of bone, vascular endothelium and aortic

smooth muscle cells and numerous sites in the brain (5). These sites are important

sources of estrogen in postmenopausal women, as well as in men. Estrogen produced at

these sites, unlike that secreted by the ovaries, tends to act locally at high concentrations

(7, 8). Postmenopausal women and men produce predominantly estrone (E1) via the

aromatization of androstenedione in non-reproductive tissues (6).
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Figure 2. Synthesis of 17-b Estradiol

Estrogen and Estrogen Receptors

Estrogen exerts its biological functions on its target tissues by both estrogen receptor

(ER)-dependent and ER-independent mechanisms. Estrogen binds to two specific, but

distinct, receptors: ERa and ERb, which belong to the nuclear hormone receptor family.

Estrogen receptors (ERs) are ligand activated transcription factors, which are located

intracellularly and to some degree on the cell surface (9). Each type of estrogen receptor

appears to be differentially expressed in various tissues. ERa is expressed in moderately

high concentrations in the uterus, mammary gland, placenta, testis, ovary, pituitary,

kidney, epididymis, liver, bone and adrenal glands (10-12). ERa expression is very low

or not detectable in the prostate, testis, ovary, pineal gland, thyroid gland, parathyroids,

adrenals, pancreas, gallbladder, skin, urinary tract, and erythroid tissues (12). ERb is

expressed predominantly in the prostate, ovary, lung, bladder, spleen, thymus, brain,

uterus, hypothalamus, and testis (10, 11). In addition to ERa and ERb, a third subtype of
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ER designated as ERg was recently identified in fish (13) and mouse liver tissue (14).

ERg, also called putative estrogen receptor (pER), is detected in ovary, skeletal, neural,

vascular and retinal cells, as well as in endometrial, prostate and mammary tumors (14).

The exact function of this receptor is still not clear.

Estrogen Receptors and the Immune System

It is conceivable that, differences in the relative expression of ERs in various tissues may

result in selective action of estrogen in organ systems, such as the immune system.

Several earlier studies demonstrate the presence of estrogen receptors in many cells of

lymphoid organs: murine and rat macrophages, human monocytic cell lines (15-17),

human peripheral blood mononuclear cells (18), cytotoxic/ suppressor and memory T

cells, and B cells (19, 20). Potential roles of ERa and ERb in the immune system are

investigated in respective gene-knockout mice. ERa is expressed on nearly all

lymphocyte subsets from the thymus (21) and thymic stromal cells (22). ERa appears to

be involved in thymic development since the absence of ERa in knockout mice leads to

hypoplasia of the thymus, an increase in the frequency of immature double CD4+CD8+

thymocytes (23) and a decrease in mature type thymocytes, CD4+CD8- cells (24). The

studies show that ERa is obligatory for the functional development of the thymus (23).

ERb is also important in the regulation of the immune system. ERb is expressed at low

levels in thymic CD4-CD8- double negative T cells in wild type mice (21). The

expression of ERb is essential for estrogen-mediated thymic cortex atrophy and to the

shift in thymocyte subpopulations in female mice (23). Double positive CD4+CD8+

thymocytes and thymic stromal cells express ERb (22).

ERa knockout mice also have decreased splenic size, while ERb knockout mice result in

splenomegaly suggesting the physiological importance of ERa in maintaining normal

spleen size (23). The deletion of ERa results in hypoplasia of both the thymus and spleen

(23).  Estrogen receptors are also important for B cell lymphopoiesis and maintenance of

the cytokine profile. Complete B lymphopoiesis in bone marrow and the spleen is
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observed in wild type mice with intact ERa and ERb when compared to ERa or ERb

knockout mice given estrogen (25). Estrogen treatment of ERa knockout mice do not

increase the frequency of B cells actively secreting immunoglobulins both from the bone

marrow and the spleen compared to wild type or ERb knockout mice (25). ERa knockout

mice given estrogen have fewer cells in all populations of B cell subsets in the bone

marrow, whereas wild type mice given estrogen have decreased early hematopoietic B

cells progenitors and a shift toward a mature B cell subpopulation (25, 26). These data

indicate that ERa  is not required for regulating B lymphopoiesis, but instead is

predominantly responsible in regulating estrogen induced B cell changes and

immunoglobulin secretion (25-27). The loss of ERb results in hyperplasia in the bone

marrow, where there is an increase in the number of granulocytes and B cells in the blood

as well as lymphoadenopathy (28). Estrogen treatment of wild type and ERb knockout

mice increase the frequency of B cells actively secreting immunoglobulins (25), implying

that ERa is involved in Ig secretion. These studies show that ERb in combination with

ERa is essential for mediating the B cell responses and spleen.

The expression of estrogen receptors is shown to be important for T helper cell activities.

ERa expression, but not ERb, is essential for enhanced estrogen induced Th1 cell

responses such as increased IFN-g secretion from hematopoietic cells (29).

Murine natural killer cells (NK cells) express both ERa and ERb. Estrogen is known to

reduce NK cell activity (30-32). NK cells from both wild type and ERa knockout mice

given estrogen exhibit a significant decrease in NK cell activity suggesting that ERb can

be involved in estrogen mediated NK cell cytotoxicity (33).

Structure of Estrogen Receptors

ERa and ERb belong to the steroid nuclear receptor family, which is composed of

proteins with three functional domains. These domains are A/B domain (NH2 terminal),

C domain (DNA-binding domain) and D domain (hinge region), and E/F domain (ligand-
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binding domain, COOH terminal) (Figure 3) (9, 34). ERa and ERb share an amino acid

homology of 97% in DNA-binding domain, while they have a homology of only 60% in

the ligand-binding domain. The differential homology in these domains suggests that they

could interact with the same gene but bind differentially to ligands (Figure 4) (10, 35).

ERa has two transactivation functional regions, AF-1 (Activation Factor-1) in the DNA-

binding domain and AF-2 (Activation Factor-2) in the Ligand-binding domain (36).

These regions synergize with each other and provide a response to estrogen. The A/B

domain includes the AF-1 region (ligand-independent activation function region) that is

involved in protein to protein interactions such as coactivators, and transcriptional

activation of target gene expression (9). This transactivator region is found to be active in

the absence of estrogen (37). ERb also has an AF-1 region but most of its activity comes

from AF-2 (38).  The hinge region contains a nuclear localization signal and links the C

domain to the multi-functional carboxyl-terminus E/F domain. The hormone dependent

AF-2 region in the E/F domain (ligand-binding domain-LBD) is important in ligand

binding, in this case estrogen, dependent transcriptional activity and interaction with

coactivators (36, 39). Besides ligand binding, this region is responsible for ligand-

dependent activation by nuclear hormone receptors (40-42), heat shock protein (hsp)

interactions, nuclear translocalization (43), and transactivation of target gene expression

(9, 44). Heat shock proteins, for example hsp90, can help other proteins to fold and

prevent aggregation. They act as chaperones in the absence of ligand, binding to

unliganded ERs, and thereby maintaining the receptors in an inactive, but functional and

ready state for ligand binding (45, 46).
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Figure 3. Structure of Estrogen Receptor

Figure 4. Homology between Estrogen Receptors
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Transcriptional cofactors, such as corepressor or coactivator proteins, are associated with

inhibition or activation of gene expression. Coactivator proteins enhance gene expression

by remodeling chromatin and allowing interactions with the basal transcription

machinery (39). One important member of the coactivator protein family is p160/SCR.

SCR coactivators function predominantly by recruiting chromatin modifying enzymes

such as histone acetyltransferase (HAT) to the ligand activated estrogen receptors (9).

This enzyme results in histone acetylation and chromatin decondensation, which leads to

increased transcription of estrogen regulated genes. The AF-1 region is thought to

interact with coactivator proteins such as p160 to influence the magnitude of

transactivation of the target genes in combination with the AF-2 region (47). The

hydrophobic surface of the AF-2 region can bind coactivator proteins such as

GRIP1/TIF2 (transcriptional intermediary factor-2) (48-50), and SRC-1 (steroid receptor

coactivator-1) (51), which belongs to the p160 family. Coactivators of the p160 family

interact with other coactivator proteins such as CREB-binding protein (CBP)/p300 (50,

52, 53) and CBP-associated factor (P/CAF) (54). The ability of AF-2 to stimulate gene

transcription is based on this cluster of coactivator proteins, which in turn bind to the

basal transcription mechanism (55) and turn on histone acetyl-transferase activities

(HAT) to activate transcription (54, 56, 57).

On the other hand, negative corepressors and coregulators inhibit gene activation or turn

off the activated genes. Negative coregulatory factors, RIP140 (58) and SHP (59, 60),

compete with SRC-1 coactivator proteins such as TIF2 (60) for the AF-2 region and may

recruit deacetylases to estrogen target genes. Transcription of estrogen target genes are

predominantly enhanced by the binding of estrogen receptors to estrogen response

elements (ERE) (9). Increased signaling through ERs mediated by estradiol may lead to

augmented expression of estrogen target genes. The binding of negative coregulators or

corepressors leads to histone deacetylation, chromatin condensation, and suppression of

overexpression of the estrogen-induced genes (61).
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Estrogen Receptor Signaling

Ligand-bound ERa and ERb interact with DNA response elements (estrogen response

elements, ERE) in the promoters of many estrogen dependent-target genes and regulate

the rates of transcription (9, 62). Intense research in many laboratories reveals that

estrogen-responsive genes can be activated/transcribed by several mechanisms, including

ligand and ER-dependent as well as ER-independent mechanisms.

1. The Ligand Dependent Estrogen Action (Figure 5):

In this classical pathway, the estrogen receptor is stored in the nucleus in an inactive state

bound to heat shock proteins (63, 64). Binding of the ER to estrogen results in a

conformational change involving dimerization and release of the ER from heat shock

proteins. Dimerization of the ER ensures/provides stability in binding to the ERE in the

promoters of estrogen-responsive genes(65). The transcription of the target gene is

mediated by the binding of the DNA-binding domain in the receptor to the estrogen

response element (ERE) and by the ligand-binding domain in the AF-2 region of the

receptors(66, 67).  The ER dimer bound to EREs (an inverted repeat sequence separated

by three non-specific nucleotides, 5-GGTCAnnnTGACC-3) interacts with coactivators to

promote chromatin remodeling and to recruit general transcription factors (68). This

results in the up or down regulation of target gene expression. Interestingly, both ERa

and ERb receptors can both exist intracellularly as homodimers or heterodimers (69). The

different transcriptional activities via homo or heterodimers formed by ERa and ERb

could explain the selective actions of estrogen in different cell types and genes (70).

Although these ERs are both expressed in tissues and form functional heterodimers; when

co-expressed, ERb inhibits the transcriptional activity of ERa at saturating hormone

levels and modulate the transcriptional activity of ERa (71, 72). Therefore, overall

estrogen responsiveness may be determined via ERa versus ERb ratio in the cells where

both receptors are expressed.
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2. The Ligand Independent Pathway: It is noteworthy that estrogen receptors can be

activated even in the absence of ligand (Figure 6). ERs can be activated by many non-

estrogenic physiological molecules, such as growth factors, epidermal growth factor

(EGF), insulin-like growth factor-1 (IGF-1), cell cycle proteins, protein kinases, thereby

demonstrating “cross-talk” among ER and other key signaling proteins. Growth factors,

such as EGF and IGF-1, are able to bind to the AF-1 region but not to the AF-2 region

(73, 74). EGF binding can activate ERs by phosphorylation via signaling through the

MAP kinase pathway (73). ERs can also be phosphorylated by cyclins or general

regulators such as Protein Kinase C (PKC) (75), or Protein Kinase A (PKA) (73).

3. The ERE Independent Pathway: (Figure 7). ERs can physically interact and “cross-

talk” with key transcription molecules. Both ERa  and ERb  when complexed with

estrogen, bind to Jun and Fos located on the AP-1 site, a non-ERE site. The coactivators

(p160) recruited by Jun/Fos bind to the ERs, which are bound to the complex and trigger

the ERs to elicit increased transcription of the target gene. In the presence of ERa,

estrogen acts as an agonist and activates transcription, while in the presence of

ERb estrogen acts as an antagonist and inhibits transcription (76). Another way that ERs

can affect through transcription of estrogen target genes is the interaction with NF-kB.

The NF-kB family consists of NF-kB1/ p50, NF-kB2/p52, c-Rel/p75, RelA/ p65, and

RelB proteins (77). The interaction between ERa and c-Rel protein prevents NF-kB from

binding the IL-6 promoter (77) and inhibits the protein expression of IL-6 (78, 79). ERa 

(bound or unbound to estrogen)  is also known to interact with transcription factor, Sp-1.

4. The Non-genomic Pathway, Cell Surface ER Signaling Pathway: It is now

recognized that estrogen can also induce non-genomic changes by rapid signaling

through binding to ERs at the cell surface (Figure 8). The estrogen:ER complexes in the

caveolae of cell membrane may participate in signaling by activating G-proteins.

Activation of G-proteins leads to rapid and specific signaling through the activation of

PI3K (phosphoinositol 3-kinase/Akt) and MAPK pathways, or p21ras (80), B-Raf (81),

and Src (82) resulting in rapid gene transcription and biological effects on cells (83-85).
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It is apparent that multiple actions of estrogen are mediated by alpha and beta estrogen

receptors with many different mechanisms that shed light on the distinct tissue patterns of

estrogen receptors and new estrogen targets in the body. It is likely that all of the above

mechanisms may be acting in different cells of the immune system. It is possible that

estrogen may differentially affect the transcription of genes in various tissues by affecting

the coactivators, corepressors, and coregulators.
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Estrogen Effects on Key Cells of the Immune System

Estrogens are known to affect all major cells of the immune system including T and B

cells, macrophages, dendritic (DC) and natural killer cells (NK).

Thymus and T cells: Sex hormones have been shown to modulate thymic and T cells

function. The function of T cells can be affected by estrogens at many levels including

alteration in synthesis and/ or responses to cytokines, activation of cells, and structural

changes in the thymus. Estrogen treatment of gonadectomized mice results in a dose-

dependent decrease in thymus weight, thymus involution, thymocyte numbers, and

CD4+CD8+ cells (86, 87), an increase in CD4+ and CD8+ T cells, and in CD3-CD4-CD8-

triple negative cells (88, 89). Estrogen blocks the development of the thymus by

decreasing triple negative T cells (CD3-CD4-CD8-) and depleting the rest of the

maturational stages such as CD44+, CD25+; CD44-, CD25+; CD44-, CD25- T cell subsets.

Ovariectomy causes a significant decrease in the number of intermediate CD3+

extrathymic T cells, which is countered by estrogen administration (90). In the spleen, the

relative percentages of CD8+ SP splenocytes are decreased and the CD4+/CD8+ single

positive cell ratio is increased after estrogen treatment in ovariectomized female C3H

mice with estrogen injection (91). In humans, women and hypogonadal men have an

increased CD4+/CD8+ ratio and the number of circulating CD4+ T cells are increased in

peripheral blood (92). Postmenopausal women have reduced numbers of CD4+ T

lymphocyte subpopulations compared to fertile women (93).

Besides affecting the development of T lymphocytes, estrogen is capable of affecting the

functionality of naïve or activated T cells as well by altering both pro and anti-

inflamatory cytokines that markedly influence the outcome of T cell mediated immunity.

For example, the administration of 17-b estradiol increases antigen-specific CD4+ T cell

responses and the number and development of IFN-g-producing cells in lymph nodes of

gonadectomized estrogen treated female mice (29), whereas it decreases T cell dependent
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delayed type hypersensitivity (DTH) in MRL, C57B6, C3H, NZB/W and DBA/1 mice

but not in BALB/c and NFR/N mice (94, 95).

Antibodies and B cells:  In general, females as a group have enhanced antibody-

mediated immune responses to both foreign antigens and self-antigens and therefore, it is

not suprising that majority of autoimmune diseases occur predominantly in females(2, 32,

96-98). Women have significantly higher levels of immunoglobulins, such as IgM and

IgG (99-101), but there is no apparent difference in IgE levels (102). Women also have

higher immune responses to several, but not all, infectious agents including such as

cytomegalovirus (103), hepatitis C (104), and HIV infection (105).  Estrogen, affects the

development and activity of B lymphocytes at different stages of development,

differentiation and function, which can also vary among lymphoid organs. In the bone

marrow, estrogen decreases the numbers of B cell precursors by negatively affecting

differentiation, proliferation and viability of early B cell precursors (106-108), however,

in the mature lymphoid organs such as spleen; estrogen-treated gonadectomized male

mice have increased splenic weight, enlarged volumes of white and red pulp, and

increased erythroblasts size (109). Although, studies show that there is an increase in

spleen weight after estrogen treatment, the number of splenic lymphocytes is decreased

after estrogen treatment (110). Estrogen promotes a decrease in B220+ splenic

lymphocytes (25, 110), but results in a 10-fold increase in plasma cells suggesting

enhanced differentiation of B cells by estrogen (110). Estrogen also affects the survival of

B cells. It has been shown that estrogen increases the expression of the anti-apoptotic

gene, bcl-2, and other genes such as cd22, shp-1, and vcam-1 in B cells (111, 112) that

results in decreased apoptosis (2, 113).

Estrogen treatment also modulates the functionality of B cells by increasing

immunoglobulin production such as IgG (mostly IgG2a) and IgM (114, 115) as well as.

spontaneous secretion of antibodies against bromelain-treated mouse erythrocytes (Br-

ME) (116) or induced antibodies to oxazolone in sera (95). ER-a is very important in the

augmentation of immunoglobulin production from bone marrow and spleen after estrogen

treatment (25). Estrogen treatment induces antibodies to IgG2, IgG3, and IgM, as well as
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to various auto-antigens (101, 117) such as increase the levels of anti-DNA serum titers

(118), in immunoglobulin depositions in renal glomeruli (113), anti-cardiolipin (101, 110,

117, 119, 120), anti-phosphatidylserine, and anti-phoshatidylinositol auto-antibodies

(101, 117, 121). The effect of estrogen treatment on immunoglobulin production is also

observed in humans. Human peripheral blood mononuclear cells cultured with estrogen

in vitro have enhanced IgG and IgM secretion (99, 120); on the other hand, testosterone

has suppressive effects on immunoglobulin levels (122).

Macrophages and Dendritic Cells:   Antigen presenting cells, such as macrophages,

which are crucial for induction of immune response in particular are another important

target of estrogen (2). There is limited data on estrogen effects on innate immunity, an

important arm of immunity. However, there is evidence in the literature that estrogen

affects macrophages, dendritic and Natural Killer (NK) cells. It has been shown that

estrogen increases murine and human macrophage phagocytic activity (3, 123-125),

enhances Fc-g Receptor expression on the surface of macrophages, which is important in

host defense against infection (126), and estrogens alter cytokines (TNF-a, IL-1, IL-10)

at mRNA and/ or protein levels (127-130).

Dendritic cells (DC) are potent antigen presenting cells, and are known to activate naïve

T lymphocytes, to assist in regulation of Th1 and Th2 cytokines, and to conduct

phagocytosis /degradation of unwanted material.  While the splenic dendritic cells induce

mainly Th1 cytokines, dendritic cells from Peyer's patches induce predominantly Th2

cytokines (131). 17-b estradiol promotes differentiation of functional DC from murine

bone marrow precursor cells. Inhibition of DC differentiation in a hormone-deficient

medium is restored by the addition of physiological concentrations of estrogen. These

estrogen-treated DCs have the ability to stimulate proliferation of naive CD4+ T cells.

Estrogen leads to differentiation of a CD11c+ CD11b (intermediate) DC population with

high levels of cell surface expression of MHC class II, B7.2, CD40 and B7.1 (132, 133).

Human monocyte derived immature DCs have increased IL-6, IL-8 and MCP-1 secretion

after short-term in vitro estrogen treatment (134).  These data suggest that estrogen can
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modulate the differentiation, maturation, numbers and function of active APCs, thereby

resulting in much more potent immune responses.

Natural Killer Cells (NK):  Natural killer cells (NK cells) are large granular

lymphocytes attributed with the ability to lyse certain tumor cells. Sustained high levels

of estrogen treatment have been shown to reduce natural killer cell activity both in vivo

and in vitro (30, 135-140). In mice, administration of estrogen reduces NK cell

cytotoxicity in a dose-dependent manner. This suppression of NK cell activity is

observed in all mouse strains with varying sensitivity to estrogen treatment. While

estrogen decreases the NK cell activity in C3H/N, DBA/1, and NZB/W strains of mice

(>50%), this effect is less pronounced (< 30%) in C57BL/6 and MRL lpr/lpr strains of

mice (115). The duration of estrogen treatment differentially affects NK cell activity. One

month of in vivo treatment with estrogen enhances NK cell activity while prolonged

exposure to estrogen decreases NK activity (135). NK cells may have regulatory effects

on B cells since, the administration of anti-asialo GM1, an antibody to NK cells, to

estrogen-treated mice results in a significant increase in IgG producing B cells (115).

Down-regulation of this natural killer cell activity occurs in both orally and

transcutaneously estradiol-treated patients and in postmenopausal women receiving

estrogen replacement therapy (141).

Effects of Estrogen on IFN-g and Other Cytokines

The immune system uses cytokines to orchestrate and coordinate functions of diverse

cells of lymphoid and non-lymphoid organs. Cytokines, derived from antigen presenting

cells (APC: macrophages, dendritic cells, or B cells) promote cellular infiltration and the

first wave of activation of immune cells. The effect of APC-derived cytokines such as

IFN-g on naïve T helper (Th) cells is a significant event since the presence of IFN-g

markedly influences the differentiation of Th cells into Th1 or Th2 type lymphocytes.

IFN-g is one of the most important cytokines in modulating cell-mediated immunity (142,

143). Th1 cytokines such as IFN-g is upregulated by cytokines produced by APCs, which
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include TNF (tumor necrosis factor), IL-1, IL-6, IL-12, IL-18, IL-15 (144), and IL-27

(145).

IFN-g, a major cytokine involved in Th1 responses, inflammation, autoimmune diseases,

and intracellular immunity (146), is exquisitely sensitive to estrogen regulation (147).

The effect of endogenous estrogen on IFN-g  is apparent in gender related studies. IFN-g

protein is produced more in cell cultures from female BALB/c, C57BL/6J, (NZB X

NZW) F1 and CBA/Ca strains of mice compared to males in response to stimulation by

mycobacteria, Con-A, and viruses (148-151) compared to males.  Transcription of IFN-g

is also increased in unstimulated T cells from females of the (NZB X NZW) F1 strain of

mice (152). It has been shown that IFN-g is increased by physiological doses of estrogen

in both humans (153) and mice (147).  Administration of physiological doses of 17-b

estradiol to castrated female mice results in a significant increase of antigen-specific

CD4+ T cell responses and in the selective development of IFN-g-producing cells from

lymph nodes (29). ERa, but not ERb, is necessary for the enhanced estrogen-driven Th1

cell responsiveness and estrogen administration promotes Th1 responses due to

functional expression of ERa expression in hematopoietic cells (29).

Studies demonstrated that estrogen (17-b estradiol) during pregnancy, a state where

estrogen levels are higher than the non-pregnant premenopausal state, was skewed

towards Th2 type response (154, 155).  The cytokine profile from the supernatants of

whole human blood cells skews from Th1 to Th2 with increasing concentrations of

estrogen (156) (Figure 9). IFN-g, IL-12 and IL-10 levels are increased in cultures that are

incubated with preovulatory doses of estrogen (156). Stimulated whole blood cells

cultured with estrogen concentration typical of these found during pregnancy suppresses

IFN-g, IL-12, and the IFN-g/IL-10 ratio, while increasing IL-10 secretion (156).

Elevation in IL-10 levels switches the Th1 profile to Th2 cytokines, which is important

for successful pregnancy.
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Figure 9. Effect of Estrogen on Th1 and Th2 Cytokines and Autoimmunity

In addition to IFN-g, there are other cytokines that are profoundly affected by estrogen.

17-b estradiol decreases IL-1a, IL-6, and TNF-a production, but not IL-10, IL-12, and

macrophage inflammatory protein (MIP) production in supernatants of LPS-induced

splenic macrophages (157). In the spinal cord, estrogen inhibits the expression of LT-b,

TNF-a, and IFN-g in spinal cords (SC), but has no effect on IL-4 or IL-10 (158). The

concentration of estrogen affects the pattern of secretion of different types of cytokines.

At lower physiological concentrations (~10-8 M), estrogen decreases the spontaneous

secretion of IL-6, TNF-a, IL-1ra, IL-1b, and the ratio of IL-1b/IL-1ra in whole blood

cultures from postmenopausal women (159). At higher physiological level or at

pharmacological doses, estrogen enhances the production of IL-1 and IL-6 (159, 160).

The effect of high doses of estrogen is also observed in other systems. Estrogen treatment

up-regulates IL-6 production in a dose-dependent manner in cultured fibroblast-like

synoviocytes (161) and restores the levels of IL-1b and IL-6 secretion from peritoneal

and splenic macrophages, which are significantly depressed in vehicle-treated

ovariectomized female CBA/J mice after trauma-hemorrhage (162).
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Regulation of cytokines by estrogen varies depending upon a number of factors including

types of cells, activation status of the cells, stage of estrus cycle, and level of the

hormone. Therefore, it is not suprising that the administration of estrogen to different

types of cells results in different outcomes.  The expression levels of IL-1, IL-6, and

TNF-a mRNA, but not IL-1ra, vary with stage of the cycle (163, 164).  The levels of IL-

1a , IL-1b , and TNF-a  are significantly increased following ovulation both in

unstimulated and LPS-stimulated monocytes (164). Protein levels of each cytokine in the

uterus are highest during proestrus and/or estrus (163). Estrogen increases IL-1a and

TNF-a mRNA in the thymus and macrophage-like PMA-differentiated U937 cells (130,

165). Estrogen suppresses IL-10 synthesis in macrophage-like PMA-differentiated U937

cells (130), and in PHA-LPS activated whole blood cultures (156), and decreases IL-6

production from macrophages of ethanol/burn-injured male mice (166), as well as

stimulates IL-6 and TNF-a secretion from male peripheral blood mononuclear cells

(PBMC) or IL-10 secretion from post-menopausal women. Although estrogen-treated and

LPS-stimulated murine splenocytes and bone marrow derived-macrophages treated with

estrogen have reduced IL-6 and TNF-a  levels (157, 167, 168), the peritoneal rat

macrophages treated with estrogen have increased TNF-a levels (129, 130, 169).

Sex differences are also noted with regard to type of cytokine induction and have strong

implications to the induction of autoimmune diseases. It is thus conceivable that

alterations in cytokine and/or responses to these cytokines by estrogen can profoundly

affect the outcome of immune responses both physiologically and pathologically.

Estrogen and Autoimmunity

In addition to understanding the physiological and biological effects of estrogen on the

various immune cells, the importance of understanding estrogen effects are further

highlighted by the fact that estrogen may have a significant role in autoimmune diseases.

A notable feature of many, but not all, autoimmune diseases in that despite differences in

anatomic pathology, a common feature is that females are more susceptible to

autoimmune diseases compared to their male counterparts (2, 170, 171). A survey of only
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24 autoimmune diseases suggested that 3% of the North American and European

population suffer from autoimmune diseases (172). This amounts to approximately 1 in

31 Americans being affected with an autoimmune disease. These numbers could be much

higher if several more diseases with possible autoimmune components are included.

Graves'/hyperthyroidism, IDDM, pernicious anemia, rheumatoid arthritis, thyroiditis, and

vitiligo are the most prevalent autoimmune diseases. The second group with the highest

rate included glomerulonephritis, MS, and SLE. Significantly, most diseases are more

common in women with a risk of 2.7 times more than men to acquire an autoimmune

disease (172). Consistent with previous literature, at least 85% of thyroiditis, systemic

sclerosis, systemic lupus erythematosus, and Sjögren disease patients are female (173).  It

is also shown that young post-pubescent women are 10 times more likely to develop

autoimmune diseases than men (174). Furthermore, as discussed in subsequent sections, a

striking feature of most autoimmune diseases in diverse animal models is that these

diseases occur predominantly in females compared to males. The female predominance in

the manifestation of autoimmune diseases both in humans and animal models is shown in

Table 1 (2, 175). The precise underlying reasons for these marked gender differences in

susceptibility to autoimmune diseases is a subject of intense investigation. Clearly,

gender differences in autoimmune diseases include (i) the effects of sex hormones, (ii)

regulation by sex chromosomal genes, (iii) microchimerism. Of these factors, much work

has been done with regard to the effects of sex hormones in autoimmune diseases. Since

the effects of sex hormones on the immune system are complex, it is therefore, not

suprising that the effects of sex hormones on various autoimmune diseases can vary. A

strong argument for the role of sex hormones such as estrogen in autoimmune diseases

comes from a number of animal models of autoimmune disease and is discussed in

subsequent sections. It is known that females and castrated males with much higher

estrogen levels have altered immune responses (2, 3, 176), which are related to the

outcome of autoimmune diseases.
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Table 1. Susceptibility of Females to Autoimmune Diseases Compared to Males

Humans

Disease Female to Male Ratio

Multiple Sclerosis (MS) 9-13 : 1

Hashimoto Thyroiditis 25 : 1

Sjogren’s Syndrome 13 : 1

Rheumatoid Arthritis 2-4 : 1

Scleroderma 3-4 : 1

Animal Models

Disease Female to Male Ratio

SLE

 (MS in humans; B/W, SNF1,SWRxSJL ,

NZBxDBA, MRL/lpr)

Earlier expression of the disease  or

autoantibody formation in females

Autoimmune Thyroiditis 3-4 : 1

Polyarthritis 6 : 1

NOD Higher incidence in females

(2, 3)
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Estrogen, Autoimmunity, and IFN-g

Since, cytokines are chemical molecular messages that affect the functioning of diverse

immune and non-immune cells, it is not suprising that significant alterations in the

patterns of cytokines are evident in different autoimmune diseases. It is beyond the scope

of this dissertation to address all of these immunological changes. This section will focus

on IFN-g, because it has been shown to play an important role in autoimmune diseases

and also because it is uniquely sensitive to estrogenic compounds. Moreover, the primary

focus of this thesis is on estrogen effects on IFN-g and IFN-g mediated events. Estrogens

may mediate immunological responses during the onset of the autoimmune diseases, in

part, by regulating the secretion of several cytokines.  Studies have shown that estrogens

markedly augment secretion of IFN-g (177-179). These observations are of biological and

clinical importance since IFNg secreted by Th1, CD8+ T, and NK cells, plays a central

role in host defenses against intracellular infections (180). IFN-g is known to: upregulate

the expression of major histocompatibility complex (MHC) class II molecules on target

cells (181), markedly activate macrophages (182), promote differentiation of naïve CD4+

T cells into Th1 subclass (183), induce isotype switching of IgM to IgG2a or IgG3

antibody subclasses, and enhance immunoglobulin secretion in resting B cells (184, 185).

IFN-g has been associated with the pathogenesis of several female-predominant

autoimmune diseases (146, 186-188).

One model of autoimmune diseases, in which IFN-g has been extensively studied, is SLE,

the experimental model murine lupus. Estrogen acts on target cells and alters the rate of

transcription of target genes such as IFN-g, which is relevant to SLE. The gender effect

on IFN-g in the experimental murine lupus model is observed in female B/W mice, which

demonstrate an earlier display of lupus (148). They also have a higher secretion of IFN-g

protein than male B/W mice (186).  During the course of the disease, it is found that the

level and the expression of IFN-g is increased suggesting a Th1 predominance in SLE

patients (189-192). Data also show that as the severity of the disease increases, the level

of IFN-g decreases and the cytokine profile skews towards Th2 type cytokine profile
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(193, 194). This decrease in IFN-g is in parallel with an increase in Th2 cytokines such as

IL-6 and IL-10, which can result in the hyperactivation of B cells to produce auto-

antibodies (194).  The same pattern of Th1 response is observed in experimental animal

models of SLE. In MRL-lpr mice, increased expression and protein levels of IFN-g in

lymphoid organs and their cultures correlate with active lupus (195-198). In addition to

increased IFN-g, an elevation in the production of IgG2a and IgG3 is observed as in

human SLE patients (196).  Studies performed using IFN-g knockout mice also

demonstrate the importance of IFN-g in the onset of SLE. In the absence of the IFN-g

gene, levels of auto-antibodies (anti-ds and ss-DNA auto-antibodies) and immune

complex mediated pathologies such as, glomerulonephritis are decreased in murine

models of SLE (199-202). The significant reduction in the severity of the disease in the

absence of IFN- g gene and the importance of IFN-g, is also shown by using an IFN-g

Receptor Fc encoding plasmid that is injected into MRL-lpr mice (203). The soluble IFN-

g receptor Fc captures IFN-g protein (203). Administration of this plasmid at pre-disease

stages results in decreased IFN-g in the sera and decreased hallmarks of lupus, auto-

antibodies, hyperplasia, glomerulonephritis, and mortality (203).  Signaling through the

IFN-g receptor is essential for the initiation and the progression of murine lupus in MRL-

lpr fas mice (204). IFN-g receptor knockout mice have none of the hallmarks of lupus

nephritis, such as lymphadenopathy, splenomegaly, or kidney destruction, but exhibit

decreased TNF-a and increased survival (204). The deletion of the IFN-g receptor gene

also results in decreased anti-double stranded DNA (dsDNA), anti-histone auto-

antibodies, suppressed IgM and IgG antibodies, and IgG switching, increased B cell

lymphomas due to suppressed auto-antibody production, and no glomerulonephritis in the

kidneys of (NZB x NZW) F1 female (BW) mice (186). A similar pattern of suppression

in the onset of the disease is also observed in IFN-g receptor knockout mice with MRL-

lpr fas background (205, 206). IFN-g receptor MRL-lpr knockout mice have no expansion

of CD4-CD8- double negative T cells (206).

Other factors in relation to IFN-g in active SLE patients are the IFN-g-inducing

cytokines:  IL-12 and IL-18 (207-210).  In the absence of the IL-12 p40 gene, levels of
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IFN-g expression are decreased and the survival of lupus is increased (205).  The

transcription factor, T-bet, regulates naïve T cells to commit and become Th1 type cells.

T-bet deficient B cells have impaired IgG2a, IgG2b, and IgG3 production and switching

to IgG2a in response to IFN-g  (211). The absence of T-bet reduces auto-antibody

production and hyperglobulinemia (211). These data show the importance of IFN-g

inducing cytokines and the transcription factor, T-bet, in secretion of IFN-g and the

pathogenesis of the autoimmune disease. Estrogen treatment of IL-12 stimulated T cells

from female NOD mice have increased phosphorylation of STAT4 suggesting increased

susceptibility to diabetes in female mice can be due to enhancement of Th1 responses via

activation of IFN-g inducing cytokines and their respective signaling mechanisms via

estrogen (212).

Estrogen treatment of T cells from female SLE patients also results in increased

expression of CD40L on the surface (213). The increased expression of CD40L on

activated T cells is shown to be an important player in the in vivo priming of Th1 cells

and IFN-g production (214, 215). These data provide evidence for the estrogen-IFN-g-

SLE connection. Although there are not many studies about the effect of estrogen on the

progression of SLE or on cytokine profiles, the data so far implies that estrogen primarily

induces a Th1 profile.

Interferon-g plays a critical role in other autoimmune diseases and experimental animal

models such as MS (Multiple Sclerosis; animal model: experimental autoimmune

encephalomyelitis, EAE), RA (Rheumatoid Arthirtis; animal model: Collagen-induced

arthritis, CIA), MG (Mystenia Gravis; animal model: experimental autoimmune

myasthenia gravis, EAMG), and autoimmune diabetes (IDDM). The significance of IFN-

g in these diseases has also been shown using knockout mouse models. IFN-g receptor

knockout mice with experimental autoimmune myasthenia gravis exhibit decreased anti-

AChR auto-antibodies and severity of the disease compared to wild type mice (188, 216).

The same profile is observed in the absence of the IFN-g gene in EMG mice (217). In

experimental autoimmune encephalomyelitis and collagen-induced arthritis, deletion of
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the IFN-g and IFN-g receptor genes results in augmentation of the disease incidence and

severity (216, 218-220).

Estrogen treatment in the experimental murine models of autoimmune diseases shows

different responses in terms of IFN-g. For example, T cells or dendritic cells from EAE

mice have decreased IFN-g secretion in response to estrogen treatment (221, 222). This

downregulation of IFN-g by estrogen can cause the suppression of EAE that is induced

by Th1 responses. Autoimmune diabetes developing female NOD mice have higher IFN-

g levels than male mice (212).

CONCLUSION

Despite intense research in endocrinology over decades, the complexity of estrogen

action on its target tissues is only now being comprehended. Estrogen effects on target

genes are critically influenced by factors such as the presence of ERa, ERb (ERaa,

ERbb, or ERab ratios), cofactors, coactivators, and coregulators. Further, estrogen-

dependent genes can be activated by both ligand-dependent and independent

mechanisms. ERs inturn can cross-talk with other transcriptional molecules such as NF-

kB and AP-1 that are crucial in immune regulation and thus influence the transcription of

genes. Therefore, it is not suprising that the effects of estrogen on the immune system and

on autoimmune diseases can vary in different experimental settings and in different

animal models.

The effect of estrogen on the normal immune system is dependent on various factors such

as the level of the hormone, the type of the tissues and lymphocytes, the stage of

lymphocyte differentiation, and the differences in expression of estrogen receptors and

their signaling pathways.  Given that, one important mechanism of estrogen modulation

of the immune system is by altering the secretion and/or response to cytokines. One such

cytokine is IFN-g, a pro-inflammatory cytokine that plays a pivotal role in many

autoimmune diseases.  Although evidence from other laboratories also suggests that

estrogen regulates IFN-g, the consequences of estrogen exposure on immune cells,
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mainly in view of IFN-g and IFN-g mediated events such as expression of IFN-g inducing

cytokines and/or IFN-g induced molecules such as iNOS are not known. This dissertation

focuses on whether estrogen modulates IFN-g and this alteration results in the regulation

of IFN-g-inducible iNOS. This dissertation also explores the molecular mechanisms

involved in estrogen-induced increase in IFN-g, thus whether estrogen regulation of IFN-

g  is due to a response to IFN-g-promoting cytokines, transcription factors, and/or

costimulatory signals.

The data provided in this study will cover most of the vital gaps and the shortage of

thorough knowledge in the effects of estrogen on IFN-g and Th1 responses. This study is

extremely important due to the fact that estrogen-induced expression of IFN-g, IFN-g

responsive genes and molecules may alter normal immune and susceptibility to

autoimmunity.
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CHAPTER 2.   Immunomodulatory Effects of Estrogen: Implications to IFN-g

This chapter deals with addressing the central question “ Does estrogen (17-b estradiol) alter

interferon-g (IFN-g) secretion?” This chapter will present evidence to show the activated

splenic lymphocytes from estrogen-treated mice upregulate IFN-g.

This chapter is divided into 3 subsections and has resulted in two publications.

(1) Subsection 1: “Effects of long-term estrogen treatment on IFN-gamma, IL-2 and

IL-4 gene expression and protein synthesis in spleen and thymus of normal

C57BL/6 mice. Karpuzoglu-Sahin E, Zhi-Jun Y, Lengi A, Sriranganathan N, Ansar

Ahmed S. Cytokine. 2001 May 21;14 (4):208-17.” This publication shows that

estrogen regulates the expression of IFN-g and IL-2, but not IL-4. Studies in

orchiectomized males demonstrated that estrogen increased the relative expression of

IFN-g mRNA expression and IFN-g protein secretion by splenic lymphocytes.

(2) Subsection 2: “Interferon-gamma levels are upregulated by 17-beta-estradiol and

diethylstilbestrol. Karpuzoglu-Sahin E, Hissong BD, Ansar Ahmed S. J Reprod

Immunol. 2001 Oct-Nov;52(1-2):113-27.”This publication demonstrated that estrogen

upregulated IFN-g secretion not only in males, but also in females. Kinetic studies

revealed that higher level of IFN-g secreted was evident as early as 6 hours of culture.

Estrogen also upregulates CD80 expression on B cells, and may be involved in co-

stimulation of T cells to secrete increased IFN-g.

(3) Subsection 3: “A Simpler Method to Quantify Gene Expression by Real-Time

PCR: Analysis of Estrogen-Induced IFN-g Expression. Karpuzoglu-Sahin, E.,

Hardy C., Lengi, A., Ansar Ahmed, S.“ This manuscript will be submitted shortly.

This manuscript demonstrated a method in quantitating the target and house-keeping

genes in Real Time-PCR using a standard curve based on the target gene or house-

keeping gene itsef. The results obtained from standard curve method were compared
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to the Delta Delta CT method that is used for the relative calculation of target mRNA,

and also to relative densities obtained from RT-PCR to demontrate the validity of the

method. This method is easy, efficient, and more economical compared to other

quantitative Real Time-PCR methods such as Taqman Probe method. In addition to

the in-house development of the standard curve method, the manuscript also

demonstrates the quantitative increase in IFN-g mRNA expression upon estrogen

treatment.
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2.1.  Effects of long-term estrogen treatment on IFN-gamma, IL-2 and IL-4 gene

expression and protein synthesis in spleen and thymus of normal C57BL/6 mice.

Karpuzoglu-Sahin E, Zhi-Jun Y, Lengi A, Sriranganathan N, Ansar Ahmed S. Cytokine.

2001 May 21;14(4):208-17

Reprinted from Cytokine, Vol 14, Karpuzoglu-Sahin E, Zhi-Jun Y, Lengi A, Sriranganathan

N, Ansar Ahmed S. Effects of long-term estrogen treatment on IFN-gamma, IL-2 and IL-4

gene expression and protein synthesis in spleen and thymus of normal C57BL/6 mice. Pages:

207-17. Copyright (2001) with permission from Elsevier
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a.) ABSTRACT:

Estrogens have been shown to markedly modulate the immune system.   One mechanism by

which estrogens could modulate the immune system is by regulating cytokines, an aspect not

well studied thus far.   To address this issue, normal C57BL/6 orchiectomized mice were

given estrogen and its effects on selected cytokines, interferon-gamma (IFN-g), interleukin-2

(IL-2) and IL-4 in lymphocytes from a developmental organ (thymus) and a mature lymphoid

organ (spleen) examined. Estrogen significantly increased IFN-g and IL-2 mRNA in

concanavalin-A (Con-A) activated thymocytes, splenic lymphocytes, and in enriched splenic

T cells. Estrogen had no marked effect on IL-4 mRNA.  While estrogen increased IFN-

g mRNA in Con-A activated unseparated splenic lymphocytes and enriched splenic T cells, a

numerical increase in IFN-g was  noticed only in the supernatants of Con-A activated

unseparated splenic lymphocytes, but not in enriched splenic T cells. This suggests that for

optimal secretion of IFN-g  in  estrogen-treated mice, co-stimulatory signals from antigen

presenting cells are needed. Gender differences in IFN-g and IL-2 mRNA were also evident.

Con-A activated splenic lymphocytes from gonadal-intact, untreated female had a pattern of

numerical increase in IFN-g mRNA, and IFN-g and IL-2 protein levels compared to their male

counterparts. Taken together, our data suggests that estrogens regulate the expression of

cytokines, which could account in part, for the gender differences in immune capabilities.

b.) INTRODUCTION

Physiological gender differences in immune capabilities are now well recognized1,2,3,4. In

general, females have stronger B-cell mediated responses, have higher levels of serum

immunoglobulins and are more resistant to certain infections compared to males1,4,5. At a

cellular level, females have increased CD4+ T cell numbers and CD4/CD8 ratio6. Gender

differences are also evident in immunopathological conditions such as autoimmune diseases

and hypersensitivity1,2,7. Women have a higher incidence of organ-specific and non-organ

specific autoimmune diseases1,8,9. In many animal models of human autoimmune diseases,

female animals have a higher incidence and/or greater severity of autoimmune diseases than
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their male counterparts1,2,3,10. In large part, gender differences in the immune system have

been attributed to the effects of sex steroid hormones such as estrogens.

Understanding the effects of estrogen on the immune system is becoming increasingly

important since, humans and animals are exposed to the estrogenic compounds from a variety

of sources3,7. These include natural endogenous exposure, administration of synthetic

estrogenic pharmaceuticals (such as estrogen replacement therapy and oral contraceptives),

intake of phytoestrogens (legumes), and unintentional exposure to estrogenic endocrine

disrupters (found in pesticides, industrial byproducts and contaminants). Some of these

exposures can be of chronic duration. For example, postmenopausal women are given

prolonged, often life-long, estrogen replacement therapy to prevent osteoporosis and coronary

diseases. Estrogen-containing oral contraceptives are consumed recurrently throughout a

woman’s reproductive life. Chronic exposure of humans to estrogenic chemicals could

conceivably occur through drinking water that is contaminated with sewage water containing

metabolites of estrogen-containing contraceptives (ethinyl estradiol), or prolonged

occupational contact with estrogenic pesticides or chemicals in plastics. It is now recognized

that estrogens regulate not only the reproductive system, but can also affect multiple aspects

of the immune system1,2,3,4,8,10,11. It is likely that estrogens may mediate these effects, in part,

by regulating the secretion of cytokines, which are molecular messengers that coordinate and

regulate multiple types of immune cells. The effects of sustained exposure to estrogens on

cytokine gene/protein expression in lymphocytes are not known. Therefore, in this study, as a

model for other estrogens, we investigated the consequence of chronic administration of

17-b-estradiol on kinetics of expression of major cytokines (IFN-g, IL-2 and IL-4) at both

mRNA and protein levels in the splenic and thymic lymphocytes.

In this initial study, we targeted three cytokines, IFN-g, IL-2 and to less extent IL-4, that are

known to have broad effects on diverse types of cells of the immune system. Interferon-

gamma (also termed as Type II IFN or Immune IFN) secreted by T-helper 1 (Th1), CD8+

cells and NK cells, plays a central role in host defenses against intracellular infections12.

Biologically, IFN-g is known to: upregulate the expression of major histocompatibility

complex (MHC) class II molecules on target cells, potently activate macrophages, promote
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differentiation of naïve CD4+ T cells into Th1 subclass12,13,14, and induce isotype switching of

IgM to IgG2a or IgG3 antibody subclasses. This cytokine has been implicated in pathogenesis

of several diseases such as septic shock or several female-predominant autoimmune

diseases12,14.  Interleukin-2 (a Th-1 cytokine) has both autocrine and paracrine function. It

amplifies several aspects of T cell responses, augments IFN-g production, supports long-term

growth, enhances activation-induced apoptosis, and is a stimulus for antibody production15.

Interleukin-4 (a Th-2-type cytokine) induces isotype switching from IgM to IgG1 or IgE

antibodies, inhibits macrophage activation and blocks most of the macrophage activating

effects on IFN-g12,14.

Thus far, the long-term effects of natural estrogen in C57BL/6 mice on selected cytokine gene

expression and protein synthesis in lymphocytes from representative developmental lymphoid

organ (thymus) and in a mature lymphoid organ (spleen) have not been comprehensively

studied. In the present studies, we find that estrogen regulates the gene expression of IFN-g

and IL-2, but not IL-4 in C57BL/6J mice.

c.) MATERIALS AND METHODS

Mice:  Thirty two 3-week-old male C57BL/6J inbred mice were purchased from the Charles

River Animal Vendor (Wilmington, MA). Three to four-months old male and female

C57BL/6J mice were also purchased from the Charles River Animal Facility (Wilmington,

MA). These mice were gonadal-intact and are referred to as untreated male and female mice.

All mice were fed on a commercial pellet diet and water ad libitum and housed 3-5 animals

per cage in our laboratory animal facility. They were kept on a 12 h light, 12 h dark cycle.

Estrogen Treatment: Four to six week-old mice were anesthetized with sodium

pentobarbital and orchiectomized as described in our previous studies2,10. Silastic capsules

containing six to eight mg of 17-b-estradiol were surgically implanted on the dorsal side of

the neck as standard procedures that are described previously2,10,16. These implants release

estrogen gradually for several months. Control mice received empty silastic implants (placebo
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implants). Mice were euthanized by cervical dislocation after 4-6 months after

estrogen/placebo treatment.

Isolation of lymphocytes: As has been noted in previous studies2,10, the thymuses of E2-

treated mice were atrophied. Thymocytes from placebo and estrogen-treated mice were

isolated by gently meshing on a sterile 60 mesh screen and washed repeatedly before use2,17,18.

Splenic lymphocytes were isolated according to our previously reported procedures2,17.

Briefly, spleens were gently teased on sterile 60 mesh steel screen (Sigma, St Louis, MO) and

washed in RPMI 1640 media (Cell Gro, Mediatech, Herndon,VA). Lymphocytes were

enriched by either depletion of erythrocytes by ACK lysis or by centrifugation over

Lympholyte-M according to manufacturer's instructions (1,500 Xg at room temperature for 25

minutes) (Accurate Chemical & Scientific Corp. NY). Lympholyte-M procedure yielded

fewer cells, the pattern of response, however, in relation to estrogen effects on cytokines was

similar in lymphocytes derived from both isolation procedures.

Splenic T cells were enriched by negative selection using complement-mediated lysis of non-

T cells. B cells and residual RBCs in unseparated splenic cells were targeted for removal by

anti-heat-stable antigen monoclonal antibody [J11d.2 cell line produces monoclonal

antibodies (IgM isotype) against mouse cortical thymocytes, erythrocytes, neutrophils and B

(TIB-183, ATCC, MD)], while macrophages and B cells were targeted for elimination by the

binding to anti-Class II antibody [mouse anti-mouse monoclonal antibody against I-Ad (IgG2a

isotype), purified from cell line 25-9-17S II (HB-26, ATTC, MD), and mouse anti-mouse

monoclona antibody  against I-Ad (IgG2a isotype), purified from cell line MK-D6, (HB-3,

ATTC, MD)]. One ml of 1:20 diluted complement (Pel-Freez Biologicals, AK) was added to

washed 107 cells and incubated at room temperature for 15 minutes. Cells were washed and

purified T cells were resuspended in complete RPMI. Alternatively, splenic T cells were

enriched by positive selection using MACS columns. Splenic lymphocytes isolated from

Lympholyte-M method were resuspended in 90ml of MACS buffer (0.5% BSA, 0.5 mM

EDTA in PBS). Ten ml of the magnetically labeled anti-CD90 (Thy 1.2) (Miltenyi Biotec,

Auburn, CA) antibodies were added per 107 cells and incubated on ice for 15 minutes,

according to the manufacturer's instructions. The MACS separation columns were washed
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with 5 ml of MACS buffer and cells labeled with MACS anti-CD90 were added to column

reservoir and subjected to magnetic field. Effluent was collected as the negative fraction. The

trapped anti-CD90-labeled T-lymphocytes were removed by gentle washing in MACS buffer,

washed in complete RPMI, adjusted to 5 X 106 cells/ml, and kept on ice until further analysis.

Lymphocytes were counted and viability was assessed by trypan blue exclusion. The purity of

cells was assessed by staining an aliquot of cells with FITC-anti-CD90 or a cocktail of FITC-

anti-CD8 and PE-anti-CD4 antibodies and subsequently subjecting to flow cytometry

analysis. Both procedures of splenic T cell enrichment (between 85 to 93 % purity) yielded

similar patterns of expression of cytokines.

Cultures of Lymphocytes: One hundred ml of cells at a density of 5x106 cells/ml were added

to 96-well sterile plates containing 100 ml of complete RPMI-1640 or Concanavalin A (Con

A, 10 mg/ml). Cells were incubated at 370C, 5% CO2 for defined time points.  Thymocytes

were cultured for 6, 12, 24 hours, while unseparated splenic lymphocytes and enriched T cells

were cultured for 24, 48, and 72 hours. We chose to examine thymocytes at early time points

compared to splenic lymphocytes, because a significant percentage of thymocytes are known

to die by 48 hours of culture. In some studies, Con-A-stimulated splenic lymphocytes were

collected at 6, 12, 24, and 48 hours of culture. After incubation of cultures, cells were

collected and used for isolation of total RNA. Supernatants were collected for analysis of

cytokine protein levels and stored at -200C.

Cytokine Specific ELISA: Sandwich ELISA assay was used to detect IFN-g, IL-2, and IL-4

protein levels. Ninety-six well Maxisorp high binding immunoassay plates were coated

overnight with anti-cytokine antibodies (anti-IFN-g clone R4-6A2, ATCC, HB-170; anti-IL-2,

clone JES6-1A12, Pharmingen; anti-IL-4 antibody, clone 11B11, ATCC, HB-188) in PBS

and then blocked with 2% BSA for 1 hour. Plates were overlaid with 50 ml of 2% BSA and 50

ml of supernatants with necessary dilutions or 50 ml of recombinant cytokines with serial

dilutions for the development of a standard curve (r-IL2, r-IL4, r-IFN-g, Pharmingen, San

Diego, CA). Plates were incubated at room temperature for 2 hours and then washed with

(50mM Tris-HCl, 2% Tween20) washing solution. Biotin conjugated anti-cytokine antibodies
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(anti-IL-2, anti-IL-4, anti-IFN-g, Pharmingen, San Diego, CA) were applied to the plates and

incubated for 1 hour. After 1 hour incubation, plates were washed again and overlaid with

avidin-horseradish peroxidase solution (Vector Labs) for 1 hour. After a final wash, substrate

TMB was added for 30 minutes and 0.18 M sulfuric acid was added to stop the reaction.

Plates were read at 450 nm by ELISA reader (Molecular Devices). Protein amount was

calculated by the formula obtained from standards using SoftMax Pro software from

Molecular Devices Inc.

Determination of Cytokine Gene Expression: Cells were subjected to RNA isolation using

TRIzol reagent (Gibco BRL, Life Technologies) as described in our previous studies19. One

ml of TRIzol was added to pellets of 5x106 cells. Homogenized samples were incubated for 5

minutes and 0.2 ml of chloroform added. Samples were centrifuged at 12,000 Xg for 15

minutes at 2 to 80C. After centrifugation, the upper phase was transferred to a fresh tube and

RNA precipitated with 0.5 ml of isopropanol by centrifugation at 12,000 Xg for 10 min at 2 to

80C. The RNA pellet was washed with 75% ethanol and centrifuged at 7,500 Xg for 5

minutes. The RNA pellet was dried and resuspended in 50 ml of RNase free sterile water. The

RNA samples were read at 260 and 280 nm, and the amount of RNA was calculated and

stored at -700C.  The RT-PCR reaction was used to detect b-actin, IL-2, IL-4 and IFN-g

mRNA expression. For the synthesis of cDNA, total RNA was suspended in 40 ml reaction

solution containing 2.0 mg oligo (dT)12-18 (Gibco BRL, Gaithersburg, MD), 1.25 mM of

dNTP, 20 units of Rnasin (Promega Corp., Maddison, WI), 1X RT buffer, 4.0 ml of 0.1 M

DTT and 1.5 ml (300 units) of moloney murine leukemia virus reverse transcriptase (Gibco

BRL, Gaithersburg, MD). The reaction mixture was incubated at 370C for 1 hour. The PCR

reactions were performed in 25 ml volume, containing 5 ml of cDNA samples. The reaction

mixture had 2.5 mM MgCl2, 0.25 mM of dNTP, 1X PCR buffer, 1 ml of each specific primer,

and 0.2 ml (1.0 unit) of Taq DNA Polymerase (Gibco BRL, Gaithersburg, MD). The PCR

reactions were performed under the following conditions: 30 cycles of 940C for 1 minute,

annealing at 550C and amplification at 720C for 1.5 minutes. The final extension was done for

10 minutes at 720C. Twelve microliters of PCR products were electrophoresed in 1.5 %

agarose gel containing ethidium bromide (0.45 mg/ml). For analysis of cytokine mRNA
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expression, photographs were taken and RT-PCR products were evaluated using scanning

densitometry (Molecular Dynamics, CA). The data was normalized to b-actin and expressed

as relative densities.

Determination of intracellular IFN-g protein: Western blot assay was used to detect the

IFN-g protein level in whole cell lysates of placebo and estrogen-treated enriched T and

unseparated splenic lymphocytes. Enriched T and unseparated lymphocytes were cultured

with Con-A (10 mg/ml) at 370C, 5% CO2 for defined time points. Enriched T cells and

unseparated splenic lymphocytes were cultured for 24 or 48hours, respectively. At the end of

the incubation period, cells were harvested and resuspended in 25ml of lysis buffer (50mM

Tris pH: 7.4, 300mM NaCl, 2mM EDTA pH:8, 0.5% Triton X-100, freshly added

mammalian protease inhibitor cocktail (10mg/ml, Sigma), vortexed, and incubated on ice for

15 minutes. Ten ml of 3x sample buffer (150 mM Tris pH: 6.8, 30% glycerol, 6% SDS,

50mM DTT, bromophenol blue) was added to 20 ml of lysate and heated at 950C for 5

minutes. Samples were electrophoresed on a 12.5% SDS-PAGE gel at 25mA constant current

until dye runs of the bottom. The protein was transferred to nitrocellulose membrane (BioRad,

CA) by blotting for 1.5 hours at 250mA constant current. After transferring the proteins to

nitrocellulose, the membrane was blocked in TBST-5% milk for 1 hour at room temperature.

The blot was incubated with IFN-g primary antibody (goat polyclonal IgG (D-17), Santa Cruz

Inc., CA) diluted in blocking buffer (1:1000) for 1 hour on the rocking platform. The blot was

rinsed briefly in TBST, then washed 2 times for 10 minutes with TBST. The secondary HRP-

conjugated antibody (anti-goat IgG, 1:1000, Santa Cruz Inc., CA) was applied in blocking

buffer to each blot and incubated for 1 hour. After blots were washed, they were labeled using

ECL protocol (Amersham Pharmacia Biotech, NJ).

Statistics: The data were analyzed by using SAS software (SAS Institute, Cary NC, Version

6.12) at the Laboratory for Study Design and Statistical Service, VMRCVM. The ANOVA

for SPLIT-PLOT DESIGN was used to assess the statistical validity of the data.

Estrogen/placebo-treatment was considered as whole plot and time as sub-plot. Statistical

significant interactions were further investigated using SLICE option to test the simple main
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effects. A similar analysis was also performed for impact of gender on cytokine expression

profile. All values are expressed as mean and SEM.

d.) RESULTS

Estrogen increases IFN-g and IL-2 mRNA in activated thymocytes: Thymocytes activated

by Con-A had an overall increase in IFN-g mRNA and IL-2 mRNA (p<0.05) (Fig 1A).

Kinetic studies revealed that this tendency for increased IFN-g and IL-2 mRNA was evident at

all time points studied, especially by 24 hours (Fig 1B and C). In contrast to IFN-g and IL-2

mRNA, estrogen did not appear to have any noticeable effects on IL-4 mRNA gene

expression (Fig 1A and D).

Estrogen also increased IFN-g and IL-2 mRNA in splenic lymphocytes: Since estrogen

increased IFN-g mRNA and IL-2 mRNA in a primary lymphoid organ (thymus), we next

investigated whether this hormone has similar effects in a secondary mature lymphoid organ

(spleen). Con-A activated splenic lymphocytes from estrogen-treated mice had increased IFN-

g mRNA and IL-2 mRNA expression compared to placebo treated mice (p<0.05) (Fig 2A). As

noticed in thymocytes estrogen did not appear to affect IL-4 mRNA (Fig 2A). Since IFN-g is

primarily secreted by T cells, we next investigated whether estrogen augments IFN-g and IL-2

mRNA in splenic enriched T cells.  This pattern of increased IFN-g mRNA  and IL-2 mRNA

in estrogen-treated mice was also noted in enriched splenic T cells (p<0.05), (Fig 2B). IL-4

mRNA in Con-A activated splenic enriched T lymphocytes was not augmented by estrogen

(Fig 2B).

Estrogen treatment increases IFN-g protein levels: Supernatants of Con-A stimulated

thymocytes from placebo or estrogen-treated mice did not have detectable levels of IFN-g, IL-

2 or IL-4 cytokines (data not shown). In the supernatants of Con-A-stimulated splenic

lymphocyte from estrogen treated mice, the levels of IFN-g protein were appreciably

increased (Fig 3A). IL-2 protein levels, however did not differ between estrogen treated and

placebo treated mice (Fig 3A). The IFN-g protein levels in the supernatants of enriched T cells

versus unseparated splenic lymphocytes from placebo-treated mice were comparable (Mean
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IFN-g in enriched T cells was 1765.87 pg/ml, while the mean IFN-g in unseparated splenic

lymphocytes was 1405.6 pg/ml). However, the IFN-g in the supernatants of enriched T cells

from estrogen-treated mice was noticeably decreased compared to the IFN-g levels in the

supernatants of unseparated splenic lymphocytes after estrogen treatment (Mean IFN-g in

enriched T cells was 2009.11 pg/ml, mean IFN-g in unseparated splenic lymphocytes was

3666.1 pg/ml), (Fig 3A and B). Estrogen promotion of IFN-g and IL-2 was not evident in

enriched T cells (Fig 3B). IL-4 protein levels were not detectable in supernatants of all

cultures.

Gender differences in cytokine profile: To investigate the physiological effects of estrogen

on IFN-g, we next analyzed whether there are gender differences in the cytokine profiles of

untreated males and female C57BL/6 mice. In this part of the study, we also investigated

whether endogeneous female sex hormones modulate cytokine gene/ protein expression

earlier than 24 hours (6 and 12 hrs). This rationale is supported by earlier studies, which

showed that intracellular IFN-g in Con-A-stimulated splenic lymphocytes from C57BL/6 mice

was evident at low levels by 8 hrs, peak levels between 24-30 hrs and low levels at 72 hrs20.

Untreated intact female C57BL/6 mice tended to have higher IFN-g mRNA than their male

counterparts  (Fig 4A). Pronounced gender differences were not evident with regards to IL-2

mRNA (Fig 4A and C). IL-4 was not studied since in our previous experiments, estrogen

treatment did not significantly affect IL-4 either at mRNA level or at protein level. The levels

of IFN-g protein secretion was appreciably higher in the supernatants of untreated female

C57BL/6 mice compared to the males in the supernatants of Con-A stimulated splenic

lymphocytes (Fig 4D). A numerical difference in IFN-g protein levels was apparent by 24

hours of culture. By 48 hours, both sexes had high levels of Con-A induced IFN-g (data not

shown). Supernatants of Con-A-activated splenic lymphocytes from intact, untreated female

C57BL/6 mice had higher levels of IL-2 secretion by 24 hours of culture (p<0.05, Fig 4F). A

similar pattern was evident at 48 hours of culture (data not shown).
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e.) DISCUSSION

The immunological consequences of chronic estrogen exposure, particularly with regards to

the expression of cytokines are not known. To address this issue, our laboratory is actively

engaged in conducting a series of studies where 17-b-estradiol (as a model of other types of

estrogen) is given to normal mice for 4-6 months.  The present report focused on whether

estrogens modulate the expression of three major cytokines (IFN-g, IL-2 and IL-4) at both

mRNA and protein levels in the splenic and thymic lymphocytes, an aspect not

comprehensively studied thus far.

Our data shows that estrogen significantly increased the level of expression of IFN-g and IL-2

mRNA, but not IL-4 mRNA, in Con-A-stimulated lymphocytes. This pattern of estrogen-

induced increase in IFN-g and IL-2 mRNA was evident in Con-A activated lymphocytes from

both developmental lymphoid organ (thymocytes), as well as mature lymphoid organ

(unseparated lymphocytes and enriched T cells from spleen (Figures 1A, 2A and 2B). This

increase in IFN-g and IL-2 mRNA levels may suggest a skew towards T helper 1 cells. The

supernatants of Con-A-stimulated splenic lymphocyte from estrogen-treated C57BL/6 mice

also had increased levels of IFN-g indirectly suggesting increased translation of IFN-g gene.

The IL-4 protein was not detectable in the supernatants of Con-A-stimulated splenic

lymphocytes from either sham or estrogen treated C57BL/6 mice. Our observations of

estrogenic modulation of cytokines are supported by earlier studies. For e.g., direct exposure

of T cell clones from multiple sclerosis patients to 17-b-estradiol increased the secretion of

IFN-g and IL-10, but not IL-4 and TGF-b121. Short-term estrogen treatment of CD-1 mice

also increased IFN-g mRNA expression in Con-A stimulated unseparated splenic

lymphocytes22. Human peripheral blood mononuclear cells (PBMC) from non-pregnant

women that were cultured in vitro with estrogen secreted higher levels of spontaneous and

staphylococcal enterotoxin A-induced IFN-g protein compared to cultures from men23.
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As indicated above, our studies showed that unseparated splenic lymphocytes derived from

estrogen-treated mice, when activated with Con-A, had significantly increased overall

expression of IFN-g mRNA and a numerical increase in the overall levels of IFN-g. While

Con-A activated enriched splenic T cells from estrogen treated C57BL/6 mice, had

significantly increased expression of IFN-g mRNA expression (p<0.05), the levels of IFN-g

protein in their supernatants after Con A stimulation were not increased. These findings

suggest that for optimal induction of IFN-g  by estrogen, interaction of T cells with antigen

presenting cells is necessary. In this regard, it is now well-known that optimal activation of

naïve CD4+ T cell requires a first signal through TCR-CD3 complex and a second co-

stimulatory signal, which can be provided by the engagement of B7.1 or B7.2 on antigen

presenting cells with CD28 on T cells. This signal results in the production of cytokines such

as IL-2, which promotes the differentiation of cells24 that secrete cytokines such as IFN-g or

IL-424,12. Cytokines such as, IL-12 and/or IL-18 derived from antigen presenting cells are also

known to promote IFN-g. Further, studies showed that purified T cells from human peripheral

blood mononuclear cells that are stimulated via TCR/CD3 complex and a P815 mastocytoma

cell transfected with CD40 had enhanced secretion of IFN-g and IL-2 proteins compared to

purifed T cells stimulated only via TCR/CD3 complex25.  A second APC-dependent signal

such as CD40/CD40L ligand interaction is likely another pathway in optimal cytokine

secretion.  The effect of estrogen on co-stimulatory signals that regulate IFN-g is currently

under investigation in our laboratory. In this study, Con-A (the first signal) activation of

enriched T cells from estrogen treated mice may increase the expression of IL-2 and IFN-g

mRNA. A second APC-dependent signal (presumably through co-stimulatory molecules) is

needed for optimal IFN-g secretion, suggesting that estrogen may facilitate APC-derived

positive signals.

Estrogen increased IL-2 mRNA expression in activated lymphocytes, but had no significant

effects on protein levels of IL-2. One possibility is that secreted IL-2 may be biologically used

by T cells, which inturn induces the production of IFN-g.  Alternatively, the possibility that

IL-2 is bound to  soluble IL-2 receptors cannot be excluded. Statistically, estrogen had no

influence on IL-4 mRNA, although on occasion we noticed a decreased IL-4 mRNA
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expression in estrogen-treated mice. Further, IL-4 protein levels could not be detected in the

supernatants of Con-A-activated splenic lymphocytes of C57BL/6 mice. Others have also

shown that there were no gender differences in IL-4 expression in (NZB X NZW)F1 and

DBA/2 strains of mice26. Other studies have also reported that C57BL/6 splenic lymphocytes

stimulated by Con-A induced only low levels of IL-4 protein in the cytoplasm20. However,

IL-4 can be induced in C57BL/6 under certain conditions such as during pregnancy and/or

infection with Leishmania major27,28, or in lymph nodes of adult mice after diethylstilbestrol

treatment (unpublished observations).

Previous studies from our laboratory have shown that estrogen administration to normal mice

induces hyperactivity of splenic B lymphocytes, characterized by increased production of

autoantibodies to mouse erythrocytes2, dsDNA16, phospholipids10,18,29 and an increased output

of autoantibodies from plasma cells18,30. Based on these findings, we had anticipated that Th-

1-type cytokines (IFN-g and/or IL-2) to be decreased or unaltered, while a Th-2-type cytokine

(IL-4) to be increased by estrogen. It is likely that estrogen may increase other Th-2-type

cytokines such as IL-6 or IL-5 that affect B cells, an aspect that needs to be investigated in

future studies. In this regard, estrogen has been shown to increase IL-5 mRNA in a T cell line

but decrease IL-6 in bone marrow stromal cells, osteoblastic cells, and uterine epithelial

cells31. The possibility that estrogen may promote IL-4 in strains other than in C57BL/6 strain

of mouse cannot be discounted. Recent studies have ascribed a new role for IFN-g effects on

B cells. For example, IFN, including IFN-g, has been shown to increase the viability of B

cells32,33. In separate studies, we find that estrogen-treated B cells, upon activation, are

resistant to apoptosis and tend to have increased viability (unpublished studies). It is likely

that estrogen-induced increase in IFN-g may, in part, increase the survival of B cells including

autoimmune clones, an area currently being examined in our laboratory. The increase in IFN-

g by estrogen may be of significant value since, this cytokine has been incriminated in a

number of autoimmune conditions, which occur predominantly in the female gender group. In

several animal models of autoimmunity, IFN-g appears to play a role in the development of

lupus nephritis34, Sjogren’s syndrome35, autoimmune arthritis36, and autoimmune insulitis37.
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It is relevant that gender differences in levels of cytokines have also been noted. Female mice,

BALB/c, C57BL/6J, (NZB X NZW)F1 and CBA/Ca strains, produce more IFN-g protein

compared to males in response to stimulation by mycobacteria, Con-A or viruses26,38,39,40,41.

Unstimulated T cells of (NZB X NZW)F1 females also showed increased in situ expression of

IFN-g transcripts even at very early age and throughout their life42. Interestingly, in one study,

higher IL-2 levels in supernatants of Con-A-stimulated lymphocytes were evident in 26-

month old female Fischer 344 rats compared to its male counterparts, but not in 3-month old

rats43. The synthesis of IL-2 receptor (IL-2R) on unfractionated spleen cells followed a course

essentially similar to that of IL-2, i.e. higher in female rats compared to males44. The secretion

of IL-4, a prototype Th-2 cytokine, was found to be higher in female C3H/HeN strain of

normal mice compared to males45. Our studies also show that there was a noticeable trend of

increase in IFN-g mRNA, and IL-2 and IFN-g proteins in untreated female C57BL/6 mice

compared to males, implying that female sex hormones, such as estrogen, may play a

physiological role in regulating these cytokines. Taken together, our studies are a first report

to show that estrogen can regulate immunoregulatory cytokines, notably IFN-g and IL-2, in

both mature and developmental lymphoid organs.
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g.) FIGURES
Figure 1. Estrogen affects IFN-g
and IL-2 mRNA expression in
thymocytes of C57BL/6 mice.
Thymocytes, from age-matched
C57BL/6 orchiectomized mice that
were implanted with17-b-estradiol
or control (placebo) for 4–6 months,
were stimulated with Con-A (10
µg/ml). The expression of IFN-g,
IL-2, and IL-4 specific mRNA in
thymocytes cultured at 6, 12, and 24
h was detected by using RT-PCR.
The PCR products were quantified
by scanning densitometer and
normalized using b -actin (a
housekeeping gene), and were
expressed as relative densities.
Panel A depicts comparison of
overall level of cytokine specific
mRNA between estrogen- (   ) and
placebo-treated (   ) thymocytes.
The IFN-g and IL-2 mRNA (Panel
A, P <0.05) were significantly
different in long-term estrogen-
treated mice. IL-4 mRNA
expression was essentially the same
in both treatments (Panel A,
P>0.05, not significant), (placebo
n=21, estrogen n=18 for Panel A).
Panels B and C, respectively,
demonstrate that IFN-g  and IL-2
gene expression from estrogen-

treated mice showed a tendency to increase especially at 24 h of incubation with Con-A. The
expression of IL-4 mRNA in thymocytes from estrogen-treated mice was similar to thymocytes
from placebo-treated mice at all times examined (Panel D, P>0.05), (placebo n=7, estrogen n=6
at each time point for Panel B, C, and D).
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Figure 2. RT-PCR products from estrogen-treated C57BL/6 mice.   Thymocytes, from
age-matched C57BL/6 orchiectomized mice that were implanted with17-b-estradiol or control
(placebo) for 4–6 months, were stimulated with Con-A (10 mg/ml). The expression of b-actin,
IFN-g, IL-2, and IL-4 specific mRNA in thymocytes and enriched splenic T lymphocytes
cultured at 24 h was detected by using RT-PCR. The RT-PCR products were run on 1.5%
agarose gel. The picture was a representative of seven experiments. Panel A represents the
di•erences in gene expression of IFN-g, IL-2, IL-4 and b-actin (housekeeping gene) between
estrogen and placebo-treated cells thymocytes. Panel B shows the differences in gene
expression of IFN-g, IL-2, IL-4 and b-actin (housekeeping gene) in enriched T cells isolated
from the spleens of estrogen- and placebo-treated mice. The IFN-g and IL-2 mRNA were
increased in long-term estrogen-treated mice. IL-4 mRNA expression was essentially the
identical in both treatments.
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Figure 3. Splenic lymphocytes from estrogen treated C57BL/6 mice have increased IFN-
g and IL-2 mRNA expression. Unseparated splenic lymphocytes from age-matched
C57BL/6 orchiectomized mice that were given 17-b-estradiol, (black-filled bars), or placebo-
treated (empty bars) for 4–6 months were stimulated with Con-A. The expression of IFN-g,
IL-2, and IL-4 specific mRNA in lymphocytes cultured at 24, 48, and 72 h was detected by
using RT-PCR. The PCR products were quantified by scanning densitometer, and normalized
using b-actin (a housekeeping gene), and expressed as relative densities. Panel A represents
combined data from Con-A-activated splenic lymphocytes at 24, 48, and 72 h of culture. The
level of IFN-g and IL-2 mRNA expression was significantly increased in unseparated splenic
cells of estrogen-treated mice (Panel A, P<0.05). The expression of IL-4 mRNA was not
significantly altered by estrogen (Panel A, P>0.05), (placebo n=24, estrogen n=24 for Panel
A). Panel B shows the expression of IFN-g and IL-2 mRNA in Con-A-stimulated splenic
enriched T cells was also significantly increased (P<0.05) As noticed in unseparated splenic
lymphocytes, estrogen did not markedly alter the overall levels of IL-4 mRNA in Con-A-
activated splenic enriched T cells (P>0.05, not significant), (placebo n=18, estrogen n=18) for
Panel B.



75

Figure 4. Effects of estrogen on IFN-g and IL-2 protein production from splenic
lymphocytes.     Total unseparated splenic lymphocytes from age-matched C57BL/6 mice
that were implanted with 17-b-estradiol, (black-filled bars) or control (placebo) (empty bars)
for 4–6 months were stimulated with Con-A and supernatants were analyzed by ELISA as
described in Materials and Methods. A pattern of increased levels of IFN-g protein in the
supernatants of estrogen-treated splenic lymphocytes was evident compared to placebo-
treated cells (Panel A). Panel B shows the IFN-g and IL-2 protein levels in the supernatants of
enriched T lymphocytes from estrogen- and placebo-treated mice. No significant increase in
IFN-g was evident in splenic T cells from estrogen-treated mice. The P value was above 0.05
(placebo n=30, estrogen n=30 for Panel A and B).
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Figure 5. Intracellular IFN-g protein levels.    Unseparated splenic lymphocytes from age-
matched C57BL/6 orchiectomized mice that were given 17-b-estradiol or placebo treatment
for 4–6 months were stimulated with Con-A. The intracellular protein levels of IFN-g in
enriched T lymphocytes and unseparated lymphocytes cultured for 48 h were detected by
using Western blotting. Panel represents data from unseparated (media) or Con-A-stimulated
splenic lymphocytes at 48 h of culture. The level of IFN-g was increased in unseparated
splenic cells of estrogen treated mice (Panel A), representative of three experiments). Panel B
shows the levels of IFN-g protein in Con-A-stimulated enriched splenic T cells. The IFN-g
protein levels were appreciably elevated in estrogen-treated mice compared to placebo
(control) mice (representative of three experiments).
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Figure 6. Effect of gender on cytokine gene expression. Total unseparated splenic
lymphocytes from 3–4 months old male and female C57BL/6 mice were stimulated with Con-
A. IFN-g, and IL-2 mRNA expression was detected using RT-PCR as described in Materials,
(empty bars) and Methods, (black-filled bars) section. The quantified PCR products were
normalized using b-actin.The expression of IFN-g mRNA in females showed a tendency to
increase compared to males (Panel A) (male n=23, female n=23). The kinetic profile of the
expression of IFN-g showed a pattern of increase at 24 h in females (Panel B) IL-2 expression
levels were nearly the same in both genders (Panel A and C), (P>0.05). Total unseparated
splenic lymphocytes from 3–4 months old male and female C57BL/6 mice were stimulated
with Con A and supernatants were analyzed by ELISA as described in Materials and Methods
section [Male mice (6 h n=11, 12 h n=6, 24 h n=6), female mice (6 h n=9, 12 h n=6, 24 h
n=6)]. Panel D represents combined data from Con-A-activated splenic lymphocytes at 6, 12
and 24 h of culture. The protein expression of IFN-g in females was higher than in males
(Panel D; male n=29, female n=29). The protein levels of IFN-g in the supernatants of females
demonstrated an increase especially after 24 h of incubation with the T cell stimulant (Panel
E). The P value was above 0.05. The increase in IL-2 protein secretion in Con-A-activated
splenic lymphocytes from females over time points may illustrate the efect of physiological
levels of female sex hormones (Panel F). By 24 h of culture, IL-2 protein was significantly
increased in the supernatants of untreated C57BL/6 female mice (Panel F, P<0.05), [male
mice (6 h n=9, 12 h n=9, 24 h n=11), female mice (6 h n=9, 12 h n=9,24 h n=11) for Panels E
and F].
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2.2. Interferon-g levels are upregulated by 17-b-estradiol and diethylstilbestrol.

Karpuzoglu-Sahin E, Hissong BD, Ansar Ahmed S. J Reprod Immunol. 2001 Oct-Nov;52(1-

2):113-27.

Reprinted from Journal of Reproductive Immunology, Vol 52, Karpuzoglu-Sahin E, Hissong

BD, Ansar Ahmed S. Interferon-g levels are upregulated by 17-b -estradiol and

diethylstilbestrol. Pages: 113-17. Copyright (2001) with permission from Elsevier
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a.) ABSTRACT:

Gamma-interferon (IFN-g) plays an important role in the maintenance of immune homeostasis

by regulating the functions of all key cells of the immune system. Pathologically, IFN-g has

been implicated in several autoimmune diseases.  In this study, we investigated whether

immunomodulatory estrogenic hormones affects IFN-g. Concanavalin-A-stimulated splenic

lymphocytes from orchiectomized or ovariectomized C57BL/6 mice exposed to estrogen for

3-5 months secreted higher levels of IFN-g  protein compared to controls.  This increase is, in

part, due to increased levels of IFN-g  mRNA.  Kinetic studies suggested that splenic

lymphocytes from estrogen-treated gonadectomized mice had increased IFN-g mRNA and

protein as early as 6-12 hours of culture.  Estrogen also increased the expression of co-

stimulatory CD80 (B7-1) molecules on B cells.  Since natural estrogen increases IFN-g,  it

became  important to test whether diethylstilbestrol (DES, a synthetic estrogen which was

given to millions of women) also alters IFN-g levels.  Prenatally DES-exposed mice had

normal ability to secrete IFN-g.  However, a second exposure of these mice to DES (single

dose of 1 µg/g.b.w), as late as 1-1.5 years of age, led to pronounced increase in the number of

IFN-g secreting  cells and augmented secretion of IFN-g . Increased  IFN-g secretion  by

splenic lymphocytes from these mice was noted even after stimulation with a submitogenic

concentration of anti-CD3 antibodies with or without anti-CD28 antibodies.  Cell mixing

experiments suggested that DES-induced increase in IFN-g secretion is due to hormonal

effects on T cells but not on APC.  Together our studies show that: (1) estrogens upregulate

IFN-g secretion, a vital immunoregulatory cytokine, and (2) inappropriate exposure of

developing fetus to DES permanently alters the “cytokine programming” of lymphocytes.

Key Words:   Estrogen, Diethylstilbestrol, Interferon-gamma, lymphocytes, IFN-g  gene

expression
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b.) INTRODUCTION:

We and others have shown that estrogens have a marked influence on both normal and

autoimmune responses (Ansar Ahmed et al, 1985, 1999, Grossman, 1984, Olsen and Novacs,

1996).  Extensive studies have suggested that exposure to estrogenic compounds can occur

through sources other than endogenous natural estrogenic hormones (17-b-estradiol and its

metabolites) (Colburn et al, 1993, Stancel et al, 1995).  These include intake of estrogens for

medical reasons, such as estrogen replacement therapy in postmenopausal women,

diethylstilbestrol (DES) in pregnant women, and estrogen-based oral contraceptives in pre-

menopausal women.  The exposure to estrogenic compounds for medical reasons is believed

to involve millions of women.  The therapeutic use of DES is now limited and its use in

pregnant women is banned in USA.  Nevertheless, concerns of its health effects on the first

and second generation remain.  Other potential sources of estrogenic compounds include the

inadvertent exposure through contact with environmental estrogens in detergents, pesticides,

or industrial by-products.  Additionally, human exposure could potentially occur through

consumption of water contaminated with ethynil estradiol (derived from metabolites of

estrogen-based contraceptive drugs), phyto- and mycoestrogens.  It is therefore important to

investigate the immunomodulatory effects of estrogens.  The precise mechanisms underlying

the immunomodulatory effects of estrogens are not apparent.  We have reasoned that one

mechanism by which estrogens may influence the immune system is by regulating cytokines

such as interferon-g (IFN-g).

Investigations on the effects of estrogen on the induction of IFN-g are clearly important since

this cytokine is a key immunoregulatory cytokine that is secreted primarily by activated CD4

(Th-1), CD8 and NK cells.  Intensive research over the past two decades on IFN-g has

revealed that this cytokine affects all major cellular players of the immune system including

macrophages, T, B and NK cells.  For example, IFN-g directly or indirectly enhances the

expression of molecules such as MHC I, II, and B7, which are central molecules in immune

responses (Boehm et al, 1997, Ruemmele et al., 1998).  Recent studies have shown that IFN-g

increases HLA-G mRNA and protein in transfected mouse fibroblasts (Chu et al, 1999).  At a

biological level, IFN-g mediates resistance against viral, intracellular bacterial and protozoal



81

infections.  Pathologically, IFN-g has also been implicated in several autoimmune diseases

(Haas et al., 1997, Hayashi et al., 1996).

Considering the important biological effects of IFN-g, our initial goal was to determine

whether or not estrogenic hormones can alter IFN-g.  The immunological consequences of

exposure to various estrogenic compounds are likely to vary, depending upon the type of

estrogenic compounds and the life-period of exposure. Therefore, we investigated the effects

of two estrogenic compounds, a natural estrogen (17-b-estradiol) and a synthetic estrogen

(diethylstilbestrol or DES), on the induction of IFN-g.  To simulate the human condition, we

administered 17-b-estradiol to adult normal mice, while DES was given to pregnant animals

(fetal exposure).  We had hypothesized that mice prenatally exposed to DES may be more

immunologically sensitive to subsequent exposure of estrogenic compounds later in life

(Ansar Ahmed, 2000).  To test this hypothesis, prenatal DES-exposed mice were given a

second dose of DES during late-adult life.  Our studies suggest that both estrogenic

compounds induce IFN-g.

c.) MATERIALS AND METHODS:

Experimental Design:  Normal 4-5-week-old male and female mice were gonadectomized

and subcutaneously given either an empty silastic implant (placebo control) or an implant

containing estrogen as per our previously reported procedures (Ansar Ahmed et al., 1989,

Ansar Ahmed & Verthelyi , 1993) .  These standard 4 mm implants, silastic medical grade

tubing 0.062” internal diameter X 0.125” outer diameter, containing 3-5 mg of powdered 17-

b-estradiol are designed to slowly release estrogen over a period of 3-5 months (Roubinian et

al, 1978). In our previous studies, we found that the serum levels of 17-b-estradiol in

estrogen-treated orchiectomized males (211-425 pg/ml) at 3-5 months of treatment was

comparable to female mice (345pg/ml) (Ansar Ahmed et al, 1989, Verthelyi et al, 1994).  At

the time of termination, 3-5 months after treatment, all mice were checked for the presence of

estrogen implants and for biological evidence for estrogenic effects.  These include an

atrophied thymus, thick long-bones, an increased size of seminal vesicles in males and uteri in
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females, and a distended urinary bladder. Two mice did not manifest the above estrogenic

biological effects since they did not have estrogen implants, presumably implants were

removed by these mice by self-biting, and hence were not included in the study.

Based on our preliminary studies, pregnant C57BL/6 mice were s/c given 7.5 µg of DES

(Sigma, St. Louis, MO) in autoclaved corn oil (ICN, Aurora, OH), or corn oil only, at 14 and

17 days of gestation.  The male and female offspring of these mice were given a second

injection of DES, s/c, 1 µg/g.b.w. of DES (approx. 30 µg/ adult mouse) or oil at 12-16 months

of age.  Six days later, mice were terminated.  Thus, there were four treatment groups in a 2x2

factorial array, which include: (1) prenatal DES/adult DES (DES/DES);  (2) prenatal oil/adult

DES (oil/DES);  (3) prenatal DES/adult oil (DES/oil), and (4) prenatal oil/adult oil (oil/oil).

Splenic lymphocyte isolation and purification:  Splenic lymphocytes from individual mice

were gently isolated in RPMI-1640 media that is devoid of estrogenic phenol red (CellGro,

Mediatech, Herndon, VA), as per our previous studies (Ansar Ahmed et al., 1994, Donner et

al., 1999). The RBC were lysed by Tris-ammonium chloride lysis buffer (pH-7.2). The

lymphocytes were washed in complete media, viability and numbers assessed by the trypan

blue exclusion test and cells adjusted to a density of 5 X 106 cells/ml in complete RPMI.  T

cells were enriched by MACS magnetic microbeads conjugated to anti-mouse Thy1.2

antibodies (Miltenyi Biotec, Auburn, CA) and the eluted cells were enriched for antigen-

presenting cells as described previously (Karpuzoglu-Sahin et al. 2001).

Phenotyping of lymphocytes by flow cytometric analysis:  Splenic lymphocytes (100 ml of

cells at 5 X 106 cells/ml) stimulated with an optimal dose of Con-A (10 mg/ml) for 48 hours

were stained with 100 ml of an optimal concentration of PE-anti CD80 monoclonal antibodies

plus FITC-anti-CD19, or species/isotype-matched control antibodies (BD-Pharmingen, San

Diego, CA) according to our published procedures (Ansar Ahmed et al., 1994, Donner et al.,

1999).  Cells were analyzed on an EPICS XL-MXL flow cytometer (Coulter, Hialeah FL).

IFN-g ELISA:  To determine the kinetics of induction of IFN-g, the supernatants of Con-A

(10 mg/ml)-activated splenic lymphocytes (5 X 106 cells/ml) were collected at 6, 12, 24 and
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48 hours of culture and frozen until use.  In selected cultures, cells were stimulated with anti-

CD3 antibodies (YCD3, a gift of Dr. Bottomly, Yale University) at a mitogenic (10mg/ml) or

submitogenic (0.1 mg/ml) concentration).  The cells were also stimulated with anti-CD3 (0.1

mg/ml) plus anti-CD28 antibodies (10 mg/ml).  Subsequently, samples were thawed and levels

of IFN-g  assessed by a sandwich ELISA that was developed in our laboratory (Karpuzoglu-

Sahin et al., 2001). Anti-IFN-g  antibodies (BD-Pharmingen), recombinant IFN-g  (as a

positive control for obtaining the standard curve), were purchased from Pharmingen. The

plates were read at 450 nm by an ELISA reader using Softmax software (Molecular Devices,

CA).

IFN-g mRNA analysis by RT-PCR: The RNA was isolated by using TRIzol reagent

(Gibco BRL, Life Technologies) and the absorbance at 260 and 280 nm was determined to

estimate the amount of RNA and stored at -70oC, per our previous reports (Karpuzoglu-Sahin

et al., 2001, Yin Z-J et al. 1997).  The RT-PCR was performed by Ready-to-Go RT-PCR

Beads (Pharmacia Biotech) using 25 pmol of primers of IFN-g and house keeping gene, b-

actin (Maxim Biotech Inc., San Francisco, CA.).  Products were separated electrophoretically

in a 2% agarose gel stained with ethidium bromide and visualized under UV light.

Photographs of the gel were taken and the RT-PCR products evaluated using scanning

densitometry (Molecular Dynamics, CA).  The data was normalized to b-actin and expressed

as relative densities.

IFN-g ELIspot: A modification of the ELIspot procedure for antibodies, that we reported

earlier (Verthelyi & Ansar Ahmed 1998), was performed.  Briefly, Nunc Immulon 2 plates

were coated with 50 ml of anti-IFN-g (4 mg/ml, clone R4-6A2, BD-Pharmingen) in PBS,

incubated at 4°C overnight and then blocked with 200 ml of 5% BSA in PBS for 2 hours at

room temperature.  After washing 5 times with 0.025% Tween-20, 100 ml of spleen cells (1 X

104 cell/well) from DES or oil treated mice and 100 ml of Con A (10 mg/ml) added.  The

plates were incubated at 37° C, 5% CO2 for 6 h, washed and incubated with 100 ml of

biotinylated anti-IFN-g detecting antibody (0.5 mg/ml, clone XMG1.2, BD-Pharmingen) for 2

hours at room temperature.  After washing, plates were incubated with 50 ml of streptavidin-
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alkaline phosphatase (1:5000 dilution, BD-Pharmingen) for 2 hours at room temperature and

washed.  Finally, 50 µl of an agarose: 5-bromo-4-chloro-3-indolyl phosphate substrate

solution was added, the plates incubated overnight, and the resulting spots counted over a

light box using a magnifying lens.

Statistical analysis: The data were analyzed by using SAS software (SAS Institute, Cary NC,

Version 6.12) at the Laboratory for Study Design and Statistical Service, VMRCVM. The

ANOVA for SPLIT-PLOT DESIGN was employed. Estrogen/placebo-treatment was

considered as whole plot and time as sub-plot. Statistics were performed after logarithmic

transformation of the data.

d.) RESULTS:

Effects of 17-b-estradiol treatment of normal C57BL/6 mice on IFN-g:

(i) 17-b-estradiol treatment of orchiectomized male mice induces an earlier and

sustained expression of IFN-g . Supernatants of Con-A-activated splenic lymphocytes from

17-b-estradiol-treated orchiectomized males had increased levels of IFN-g  (Figure 1A).  This

increase was seen as early as 6-12 hours of culture, a pattern of estrogen-induced increase in

IFN-g  also noted at 24 and 48 hours of culture.  Analysis of data combined from 10

independent experiments, over the above time-points, showed that estrogen treatment of

orchiectomized males significantly increased the levels of IFN-g (p=0.0421) (Figure 1B).

Estrogen also stimulated IFN-g  secretion by anti-CD3 antibody-stimulated splenic

lymphocytes (data not shown).

 (ii) 17-b-estradiol treatment of ovariectomized female mice induces an earlier and

sustained expression of IFN-g.  We next performed kinetic studies to determine whether

estrogen similarly increases IFN-g in female ovariectomized mice. Figure 1C shows

representative data from a representative experiment. The levels of IFN-g  in  supernatants of

splenic lymphocytes from estrogen-treated ovariectomized mice were increased at all time
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points studied. This pattern of enhanced earlier and sustained increase in IFN-g  was similar to

that noticed in male estrogen-treated mice.  Since higher levels of IFN-g were noted at 24 and

48 hours, subsequent studies were focused at these time points.  As can be seen in figure 1D,

estrogen treatment of ovariectomized mice significantly increased the IFN-g  levels at 24 and

48 hr (p=0.0105).

(iii) 17-b-estradiol increases IFN-g mRNA.  To investigate whether the estrogen-induced

increase in IFN-g is due to enhanced activation of the IFN-g gene, the kinetics of relative

levels of IFN-g mRNA expression was determined.  Con-A activated splenic lymphocytes

from estrogen-treated orchiectomized mice exhibited increased expression of IFN-g mRNA

compared to placebo-treated mice.  In general, high levels of IFN-g mRNA were evident at 12

and 24 hours of culture (Figure 2A and 2B).  Similarly, Con-A-stimulated splenic

lymphocytes from estrogen-treated ovariectomized mice had increased IFN-g  mRNA (data

not shown).

(iv) 17-b-estradiol increases B7-1 expression:  Since co-stimulatory molecules are

thought to play a major role in the induction of IFN-g, we next investigated whether 17-b-

estradiol increases CD80 (B7-1) expression. Con-A-stimulated splenic lymphocytes from 17-

b-estradiol-treated mice had increased percentages of B cells expressing B7-1 molecules

(Figure 2C) (p<0.05). Ratios of CD80+ B cells to total number of lymphocytes are increased

by estrogen treatment (Figure 2D) (p<0.05).

Effects of DES on IFN-g

(i) Increased secretion of IFN-g by splenic lymphocytes from prenatal DES-exposed mice

becomes evident after a second exposure to DES is given during adult life:  The ability of

splenic lymphocytes from prenatal DES-exposed mice to secrete IFN-g  upon  Con-A

stimulation was largely unaltered during adult life (including at 1 to 1.5 years of age)

compared to age and gender matched controls (data not shown).  However, splenic

lymphocytes from mice, which were prenatally exposed to DES and given a single DES
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injection during adult life (DES/DES mice), had a markedly increased ability to secrete IFN-

g   when exposed to Con-A (Figure 3A). These mice had increased IFN-g:IL-4 ratios,

suggesting a bias towards development of a Th-1 phenotype (Figure 3B).  Our preliminary

studies also suggested that this increased ability to secrete IFN-g was also noted when splenic

lymphocytes from DES/DES-exposed mice were stimulated with mitogenic or submitogenic

concentration of anti-CD3 antibodies, with or without anti-CD28 (Figure 3C). These effects

were not evident in mice prenatally exposed to oil but given DES during adult life (oil/DES),

or in prenatally DES-exposed mice given oil in late adult-life (DES/oil).  These central

observations suggest that prenatal exposure to DES predispose these mice to respond

aberrantly to a subsequent exposure of DES during adult life. Flow cytometric analysis of

freshly isolated splenic lymphocytes from these mice suggested that key IFN-g-secreting cells

(CD4+, CD8+ or NK) were not selectively increased (data not shown). There were no

differences in mitogen-induced lymphocyte proliferation in adult DES-treated mice.  These

immune effects were evident in DES/DES mice of both genders, particularly in males.  Our

initial studies suggest that DES/DES-exposed mice also had increased numbers of IFN-g-

secreting cells after 6 hours of stimulation with Con A (OIL/OIL: 20 ± 1; DES/DES: 51 ± 1)

(Figure 3D).  ELIspot results are presented as numbers of IFN-g-secreting cells per 104 total

lymphocytes.

(ii) Increased IFN-g in DES/DES may be due to effects on T cells: Preliminary studies

on reciprocal mixing of T and antigen presenting cells (APC) from oil/oil and DES/DES-

exposed mice revealed that increased IFN-g secretion in T cells from DES/DES-exposed mice

was noticed regardless of co-culturing with APC from either DES/DES or oil/oil-exposed

mice (Figure 4).  This suggests an enhanced sensitivity of T cells, but not APC, to a second,

late-life exposure to DES.
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e.) DISCUSSION:

Previous studies have suggested that female autoimmune NZB/NZW mice have a higher

ability to secrete IFN-g compared to males (McMurray et al, 1997).  The resistance of female

ICR Swiss mice to the MM strain of encephalomyocarditis virus, compared to male mice, is

attributed to their increased ability to secrete IFN-g (Curiel et al, 1998).  The present studies

were designed to determine if estrogenic compounds could alter the expression of

immunoregulatory IFN-g.  We find that estrogen increased the secretion of IFN-g  by Con-A

activated splenic lymphocytes, which is in part due to enhanced expression of IFN-g  mRNA.

The increased IFN-g  mRNA in activated splenic lymphocytes is in agreement with previous

data which showed that estrogen increased IFN-g promoter activity in lymphoid cells

(Sarvetnick and Fox., 1990).  We have recently observed that estrogen treatment of normal

mice increased IFN-g  and IL-2 mRNA, but not IL-4 mRNA relative levels in activated

thymocytes. This suggests that a bias towards Th-1 phenotype is also seen in developing T-

cells (Karpuzoglu-Sahin et al. 2001). The present findings in both gonadectomized males and

females suggest that the up-regulation of IFN-g  mRNA and protein is estrogen-dependent and

not sex chromosomally determined.

Our laboratory is actively engaged in understanding the molecular mechanisms involved in

estrogen-induced increase in IFN-g . One possibility is that estrogen, in addition to having a

direct effect on IFN-g  gene regulation, could enhance B7-1 expression, which interacts with

co-stimulatory CD28 molecules to presumably increase IFN-g.  Our studies suggest that Con-

A activated lymphocytes from estrogen-treated mice had an increased percentage of CD80+

(B7-1) B cells. In a related study, we found that co-stimulation of splenic lymphocytes from

DES/DES-exposed mice with anti-CD28 plus anti-CD3 antibodies markedly enhanced the

secretion of IFN-g. An additional possibility is that estrogen-induced IFN-g  secretion may be

due to a concurrent decrease in IL-10 or inhibitory IL-12 p40 homodimers and/or an increase

in IL-12 p70.  Our preliminary studies suggested that the supernatants of Con-A-stimulated

lymphocytes did not have increased levels of IL-12 p40 homodimers. Estrogenic regulation of
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IL-10 and IL-12 is suggested in a recent report which found that the antigen presenting cells

from female SJL/J mice secreted less IL-10 and more IL-12 (Wilcoxen et al, 2000). One

consequence of increased IFN-g may be its effects on B cells. Recent studies have shown that

IFN-g enhanced the expression of the anti-apoptotic gene, bcl-xL in B cells (Hasbold et al,

1999) and promoted the survival of B cells (Johnson-Leger et al. 1997).  We have noted that

in other studies that B cells from estrogen-treated mice were resistant to apoptosis, especially

when stimulated with anti-CD40 antibodies (Ansar Ahmed et al 1999).  It is likely that IFN-

g   may account, at least in part, for the increased survival of anti-CD40-stimulated B cells

from estrogen-treated mice.  While the present studies clearly show that estrogen chronic

administration promotes the induction of IFN-g, it is not known whether estrogen

administered on a short-term basis will also similarly induce IFN-g.

Diethylstilbestrol (DES), a  synthetic estrogen was initially used as a therapeutic agent in a

variety of clinical situations in women including threatened abortions and whenever estrogen-

replacement therapy was indicated (Golden et al., 1998, Herbst et al., 1971). Five to 10

million Americans are believed to received DES during pregnancy or were exposed to the

drug in utero (Colburn et al., 1993).  Prenatal exposure of women to DES has been associated

not only with neoplastic and reproductive disorders, but also immune abnormalities (Golden

et al., 1998, Herbst et al., 1971).  Limited studies in humans have suggested that DES

exposed women developed a variety of autoimmune diseases (Noller et al., 1998).  Mothers,

daughters and sons exposed to DES reported more frequent respiratory infections (flu, colds),

asthma, arthritis, and lupus (Wingard and Turiel 1988).  Animal studies have confirmed that

DES has profound immunomodulatory effects, including the induction of autoantibodies to

cardiolipin (Frosberg, 2000).  Our provocative findings suggest that high levels of IFN-g 

secretion are noticed in prenatal DES-exposed individuals only when a second dose of DES is

given during adult life. Prenatal DES exposure appears to pre-program the highly sensitive

fetal immune system for augmented IFN-g   secretion   when  the  individual is exposed to a

second dose of an endocrine disrupting chemicals (EDC) later in life.  This is termed "EDC-

induced immunological imprinting".  We recognize that it is unlikely that individuals

prenatally exposed to DES will be subjected again to DES in adult life.  It is emphasized that
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DES is merely utilized as a model EDC, and given in a relatively low dose.  The rationale for

our studies that prenatal DES-exposed mice may respond abnormally to subsequent exposure

of estrogenic compounds is also supported by observations in reproductive tissues.  First,

vaginal adenocarcinomas and immune abnormalities in prenatal DES-exposed females are

noticed primarily in women, but not in prepubescent girls, suggesting that prenatal DES-

exposure presets conditions, which are driven towards neoplasia, or immune abnormalities

only when their endogenous female sex hormones are present at maturity.  Uterine tissue from

neonatally DES treated mice that were subsequently given estrogen had a significantly higher

percentage of estrogen receptor mRNA, c-fos and c-jun, compared to controls, implying that

prior exposure to DES alters the response to estrogen (Kamiya et al., 1996).  Reproductive

pathology was noticed only in uteri transplanted from prenatal DES, but not from control

animals, into neonatal DES-treated Syrian hamsters (Hendry et al., 1997).

Overall, our studies clearly show that both natural and synthetic estrogens markedly up-

regulate IFN-g mRNA expression and protein secretion.  These studies also suggest that

splenic lymphocytes from DES/DES mice secrete high levels of IFN-g after co-stimulation

through CD28 molecules.  Similar results were also obtained from splenic lymphocytes

stimulated with Con-A and CD28 (data not shown).  Preliminary studies suggested that the

increased IFN-g secretion by DES/DES lymphocytes is due to effects on T cells rather than on

APC. These studies also suggest that immunological alterations in prenatal DES-exposed

mice are not easily detectable by conventional immunological assays (proliferation,

lymphocyte phenotyping), but become apparent by using sensitive IFN-g  analysis   when T

cells of DES-exposed mice are stimulated through specific molecules (e.g. TCR/CD3, CD28).
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g). FIGURES

Figure 1. Normal male C57BL/6 mice were orchiectomized during prepubertal life and given
either a placebo (P) or 17-b-estradiol (E2) implants as described in the materials and methods
section. After 3–5 months of treatment, mice were terminated, splenic lymphocytes isolated
and stimulated with an optimal concentration of concanavalin-A (Con-A; 10 mg/ml). The
supernatants were collected at 6, 12, 24, and 48 h of culture and analyzed for IFN-g levels by
ELISA. Panel A is a representative experiment. Note the supernatants of splenic lymphocytes
from estrogen-treated mice had an overall increased IFN-g at the above time points studied.
Panel B: Analysis of kinetics data from 10 independent experiments revealed that estrogen
significantly increased the levels of IFN-g (P <0.05). Panel C depicts an average of two
representative experiments from normal female C57BL/6 mice were ovariectomized during
prepubertal life and given either a placebo (P) or 17-b-estradiol (E2) implants for 3–5 months.
Panel D represents data combined from 6 independent experiments from estrogen/placebo-
treated ovariectomized mice, which showed that estrogen significantly increased the levels of
IFN-g (P<0.05).
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Figure 2. Splenic lymphocytes from mice prepubertally treated with estrogen (E2) or placebo
(P) for 4 months were unstimulated or stimulated with Con-A (10 mg/ml) at the above
indicated times. IFN-g mRNA expression was determined using RT-PCR. Panel A shows RT-
PCR samples separated on a 2% agarose gel and stained with ethidium bromide (10 ml/ml).
Panel B shows relative mRNA values determined after densitometry scanning and normalized
to b-actin. Panel C shows Con-A-stimulated splenic lymphocytes were stained with FITC-
anti-CD80 plus PE-anti-CD19 monoclonals, or isotype-matched control antibodies, and
analyzed by flow cytometry. Data represent 4 independent experiments from estrogen and
placebo treated mice (P<0.05 by ANOVA). Panel D shows ratios of CD80+CD19+ B cells to
total cell numbers Data represents four independent experiments (P<0.05 by ANOVA).
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Figure 3. Late-life DES exposure increases IFN-g secretion in prenatally DES exposed
mice. One year-old C57BL6/J male mice which had been prenatally exposed to oil or DES
were treated with a second dose of either oil or DES as described in the material and methods.
(A) One week after the second exposure, splenic lymphocytes were isolated from these mice
and stimulated with Con-A and IFN-g secretion was assessed by ELISA after 72 h of culture.
n=6 to 7 mice per group. Three separate experiments are shown. ANOVA analysis revealed
that DES treatment significantly increased IFN-g  levels (P <0.05). Panel B shows a
representative experiment pertaining to IFN-g levels in the supernatants of splenic
lymphocytes from mice which had been prenatally exposed to oil or DES and then received
late-life oil or DES stimulated with anti-CD3 mAb (0.1 or 10 mg/ml) or with combined anti-
CD3 (0.1 mg/ml) plus anti-CD28 mAb (10 mg/ml) for 72 h (representative of two mice per
group). Panel C shows ELIspot data from a representative experiment on IFN-g-secreting
splenic lymphocytes from prenatal oil or DES-treated mice, which were given a second adult
dose of oil or DES. The lymphocytes were stimulated with Con-A for 6 h.
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Figure 4. Adult DES exposure affects T cells but not antigen presenting cells in prenatal
DES-exposed mice. Splenic lymphocytes from OIL/OIL and DES/DES mice were separated
into T cell and APC fractions using magnetically-labeled anti-Thy1.2 mAb according to the
manufacturer’s instructions. The fractions were mixed in equal proportions (5x105 total cells)
and stimulated with Con-A. After 72 h incubation, IFN-g levels in the supernatants were
determined by ELISA as described previously. The results are presented as pg/ml of IFN-g.
Three separate experiments are shown as A, B and C.



99

2.3. A Simpler Method to Quantify Gene Expression by Real-Time PCR: Analysis of

Estrogen-Induced IFN-g Expression (Manuscript to be submitted)

A SIMPLER METHOD TO QUANTIFY GENE EXPRESSION BY REAL-TIME PCR:

ANALYSIS OF ESTROGEN-INDUCED IFN-g EXPRESSION

Karpuzoglu-Sahin, E., Hardy C., Lengi, A.,  Ansar Ahmed, S*

Center for Molecular Medicine and Infectious Diseases

Virginia-Maryland Regional College of Veterinary Medicine

Virginia Polytechnic Institute and State University (Virginia Tech) Blacksburg, VA

24061-0342

Address Correspondence to:

*Dr. S. Ansar Ahmed

Professor of Immunology

Director, Center For Molecular Medicine and Infectious Diseases

1410, Prices Fork Road

Virginia-Maryland Regional College of Veterinary Medicine

Virginia Tech, Blacksburg, VA 24061-0342

ansrahmd@vt.edu.,

Telephone: 540-231-5591

Fax: 540-231-3426

Key Words: Real-Time PCR, estrogen, IFN-g (interferon- gamma)



100

a.) ABSTRACT

The immune system is regulated by cytokines, which regulate various processes such as

communictation between cells, activation of lymphocytes, proliferation, differentiation, and

cell death. Estrogen intensely alters the immune system. We have shown that estrogen

treatment results in increased IFN-g secretion from splenocytes.  The elevation of IFN-g, a

key immunomodulatory cytokine, can lead to increased inflammatory and autoimmune

responses, which are prevalent in females. Therefore, reliable quantification and detection of

IFN-g mRNA expression becomes crucial in analyzing the response of immune system. We

demonstrate with RT-PCR a qualitative increase of IFN-g mRNA expression in Con-A

activated splenocytes from estrogen-treated mice. The Real-Time PCR is used to allow a

direct and sensitive quantification of IFN-g mRNA expression with standards that were

developed for each target cDNA (IFN-g and b-actin). In this study, we describe a simpler

method to quantify gene expression and compared this method with the Delta Delta CT

method.
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b.) INTRODUCTION

Cytokines are immunomodulatory proteins, which regulate vital lymphocyte functions

including gene expression, signaling, activation, proliferation, differentiation, and

programmed cell death (1-3). Alterations in cytokine levels are often noticed in inflammatory,

allergic and infectious diseases. It is, thus, becoming increasingly important to determine the

levels of cytokines to clarify immune and pathological pathways (4, 5). Cytokine protein

levels are determined by ELISA, ELIspot, and intracellular cytokine staining via flow

cytometry, while the levels of cytokine gene expression are assessed by such assays as

Northern blotting, in situ hybridization, RNase protection assays, and RT-PCR (Reverse

Transcription-Polymerase Chain Reaction). After the discovery of PCR (6), which is the most

sensitive and accurate quantification method (7), various ways have been used to quantify the

results of PCR. In RT-PCR, the product is measured after interruption at a determined cycle

number of the exponential phase of PCR. The products are then run on an agarose gel stained

with ethidium bromide and the bands are scanned with a densitometer. The intensities from

the bands of target genes, such as cytokines, (8, 9) are normalized to the bands from

housekeeping genes. A major limitation of RT-PCR is that it is not a quantitative assay and is,

perhaps erroneously, referred to as a semi-quantitative gene expression assay. Real-Time RT-

PCR, on the other hand, circumvents this limitation because it offers method of absolute

quantification of gene expression. This assay measures PCR product accumulation during the

exponential phase of the reaction.  There are many different detection methods for the

quantification of the products of Real Time PCR such as the use of TaqMan Probes (10, 11),

Molecular beacons (12, 13), and SYBR Green I (14). SYBR Green I, a DNA-binding dye that

intercalates into only double stranded DNA and emits fluorescence upon binding, is now

increasingly employed. The advantage of this dye is its flexibility to be used with any primer

for any target gene. One disadvantage of this method is decreased specificity due to the risk of

amplifying non-specific PCR products (15) and primer dimers (16, 17). Therefore, the RNA

that is used during the reverse transcriptase (RT) reaction should be cleaned of genomic DNA

and the primers should be designed carefully to avoid primer dimers.  Non-specific PCR

products and primer dimers can be assessed by using the melting curve at the end of the PCR



102

reaction (18, 19). SYBR green I has been successfully utilized for the detection and

quantification of low levels of cytokine mRNA (10, 20, 21).

Data from Real Time PCR are commonly analyzed by two methods: “the comparative

threshold method” and “the standard curve method”.  Comparative threshold method is used

for relative quantification by comparing the relative amount of the target gene to the reference

value chosen such as an untreated control sample. The change in target gene expression,

which is normalized to a housekeeping gene and related to the control sample, is calculated

with the formula: 2-DDCT. In this equation, DDCT (delta delta threshold cycle)= DCT (sample)-

DCT (control sample). The DCT is the CT of the target gene subtracted from the CT of a

housekeeping gene (22). In the standard curve method, a sample of known concentration is

used to construct the standard curve. The standard curve can be constructed from plasmid ds

(double stranded) DNA, in vitro transcribed RNA, in vitro synthesized ss (single stranded)

DNA or any cDNA from the sample expressing the target gene (23, 24). The concentration of

the DNA or RNA sample is determined with a spectrophotometer at 260 nm or by using

Picogreen, a more sensitive method to determine dsDNA. The standard curve is included in

each run of PCR which is important in correction of PCR efficiency and interassay

comparison (16).

Both in comparative CT and the standard curve method, normalization with a housekeeping

gene is a central issue for accurate quantification and to correct minor variations between

samples due to the differences in input RNA or efficiencies of RT reactions. Theoretically,

ideal relative gene expressions work best when an endogenous housekeeping gene is

expressed at a constant level at different times and remains constant over different

experimental treatments (16). A housekeeping gene with all these properties has thus far not

been convincingly identified. The most commonly used housekeeping genes are b-actin,

GAPDH (glyceraldehyde-3-phosphate-dehydrogenase), 18S RNA, and HPRT (hypoxanthine

guanine phosphoribosyl transferase). GAPDH, due to increased expression in proliferating

cells, and 18S RNA, due to the absence of a poly-A tail, cannot be used in cDNA synthesis

with oligo-dT and are not highly recommended as housekeeping genes (24, 25). b-actin,
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although not ideal, is recommended as a better housekeeping gene in many circumstances

(25).  b-actin mRNA encodes a cytoskeleton protein and is expressed in almost all cells types.

In this part of our studies, we describe RT-PCR and the use of Real Time RT-PCR for

quantification of various murine cytokines, such as IFN-g. To permit direct quantification in

Real Time RT-PCR, a set of primers, which amplify target cDNA with known amounts to be

used for specific standard curves were developed for target b-actin or IFN-g cDNA, without

co-amplifying the potentially contaminating genomic DNA. In addition, to minimize variation

due to amounts of input RNA and reverse transcriptase reaction efficiency, normalization of

the assay with the housekeeping gene. b-actin was used both in RT-PCR and Real Time RT-

PCR to ensure the credibility of the results.

c.) MATERIALS AND METHODS

Mice: Three-to-four week old C57BL/6 wild-type mice were obtained from Charles

River Laboratories and housed 3-5 animals per cage. All mice were maintained at the Center

for Molecular Medicine and Infectious Diseases (CMMID) Animal Laboratory facility.  Mice

were fed on a diet devoid of phyto-estrogens and maintained with a 14/10 of light/dark cycle.

Mice were housed in standard cages and terminated by cervical dislocation in accordance with

the Virginia Polytechnic Institute and State University Institutional Animal Care guidelines.

Estrogen treatment: Four-to-five week old mice were orchiectomized and given

silicone implants which were either a placebo (empty implant as control) or contained 17-b

estradiol (estrogen; Sigma-Aldrich Inc., MO St. Louis, MO) by standard procedures as in our

previously reported procedures (26, 27).  The implants were placed under the skin on the

dorsal side approximately near the neck.  Mice were maintained 1.5 to 3 months after

implantation.

Isolation and culture of   splenic lymphocytes: Spleens were collected under

sterile conditions and lymphocytes were isolated according to our previously published

methods (28 , 29, 30).  Briefly, spleens were gently dissociated by teasing on a sterile 60-
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mesh steel screen (Sigma-Aldrich Inc., St. Louis, MO). The cell suspensions were washed in

incomplete RPMI-1640 media (CellGro, Mediatech, Herndon, VA).  Lymphocytes were

enriched via removal of red blood cells after treating with ACK lysis buffer (0.15 M NH4Cl,

1.0 mM KHCO3, 0.1 mM Na2EDTA, pH 7.4) (31). Cells were washed and suspended in

phenol red free RPMI-1640 media (Mediatech, Herndon, VA) supplemented with 10%

charcoal-stripped heat inactivated fetal bovine serum (Atlanta Biologicals, Atlanta, GA), 200

mM L-glutamine (Mediatech, Herndon, VA), 5000 IU/mL penicillin, 5000 mg/mL

streptomycin (Mediatech, Herndon, VA), and 100X non essential amino acids (Mediatech,

Herndon, VA). The isolated lymphocytes were then counted and viability was assessed by the

trypan blue exclusion method as described in our earlier studies (30). Five hundred microliters

of cells of 5x106 cells/ml were added to 24-well round flat plates containing 500 ml per well

of complete phenol red-free RPMI-1640 media with or without the T cell mitogen,

Concanavalin-A (Con-A, 10 mg/ml; Sigma-Aldrich Inc., MO). The cell cultures were

incubated for 24 hours at 37°C with 5% CO2.  Supernatants were collected in microcentrifuge

tubes and centrifuged at 5000 rpm for 5 minutes.  The cells and supernatants were frozen at

–700C.

Isolation of RNA and   cDNA   synthesis: Cells were subjected to RNA isolation

using RNase easy mini columns (QIAGEN Inc., Valencia, CA) following the manufacturer’s

instructions. Briefly, 350 ml of RLT buffer with b-mercaptoethanol were added to splenic

lymphocytes cultured for 24 hours with Con-A and homogenized by pipetting. An equal

volume of 70% molecular grade ethanol was added to the sample and the sample was applied

on a RNeasy mini column. The tube was centrifuged for 15 sec at 9100 x g and the flow

through was discarded. DNase digestion was then performed to increase the quality of RNA

isolation. Eighty ml of DNase I mix were added on the silica gel membrane of the column and

incubated at room temperature for 15 minutes. Three hundred fifty ml of RW1 buffer were

added to the column and centrifuged for 15 seconds at 9100 x g. The column was washed

twice with RPE buffer. The column was transferred to a new tube and RNA was eluted by the

addition of RNase-DNase free sterile water.  The cDNA was synthesized using the

SuperScript‰ First-strand synthesis system following manufacturer’s instructions (Invitrogen
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Corp., Carlsbad, CA). Briefly, 5 ml of random hexamers (50 ng/ml) and 1 ml of 10 mM dNTP

mix were added to isolated total RNA and incubated at 65oC for 5 minutes and then chilled on

ice. Nine ml of the reaction mixture, which consisted of 10X RT buffer, 25 mM MgCl2, 0.1

mM DTT, and RnaseOUT recombinant ribonuclease inhibitor were applied to each RNA

mixture.  Fifty units of Superscript‰ II RT were added to each mix and incubated for 10 min

at room temperature. The mixtures were incubated at 42oC for 50 min to synthesize cDNA.

The reaction was terminated at 70oC for 15 min and chilled on ice. The Rnase H was added to

degrade any remaining RNA to enhance the quality of the cDNA.

Primer design:  Primers were designed to span a large segment of the target genes using an

online program, Primer 3 (http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi).

The primers that were designed were as follows: b-actin (965 base pairs) forward 5’-

ATTGTTACCAACTGGGACGA-3’, reverse 5’-CTGCGCAAGTTAGGTTTTGT-3’; IFN-g

(966 base pairs) forward 5’-CAATGAACGCTACACACTGC-3’, reverse 5’-

CTGCTTTCTTTCAGGGACAG-3’; (One Trick Pony Oligos, Ransom Hill Bioscience,

Ramona, CA).

RT-PCR assay:  The reverse transcriptase-polymerase chain reaction was used to detect b-

actin and IFN-g mRNA expression for the generation of standards and detection of cytokine

gene expression in the samples. After cDNA synthesis, the PCR reactions were performed

using Platinium‚ PCR SuperMix (Invitrogen Corp., Carlsbad, CA) following manufacturer’s

instructions. For the construction of standards, the primers for b-actin and IFN-g that were

described in “The primer design” of the methodology were used. b-actin (yielding a product

size of 474 bp) and IFN-g  (yielding a product size of 284 bp)  primers were purchased from

Maxim Biotech Inc. (San Francisco, CA) and used for RT-PCR.  The PCR reaction for both

the construction of standards and samples was performed under the following conditions: 35

cycles of 94oC for 1 min, annealing at 58oC for 1 min, and amplification at 72oC for 1 min.

Twelve microliters of PCR products from the samples were run in a 2% agarose gel

containing ethidium bromide (10 ml per 100 ml of gel). Polaroid pictures of these gels were

taken and PCR products were quantified with a scanning densitometer (Kodak Image Station,



106

Perkin Elmer Life Sciences Inc., Boston MA), normalized using b-actin (housekeeping gene),

and expressed as relative densities. PCR products for the standard curve were run on a 0.8 %

agarose gel containing ethidium bromide (10 ml per 100 ml of gel) and visualized over UV

light. The bands of the target genes were cut out of the gel using a scalpel blade for isolation

using a MinElute Gel Extraction kit (QIAGEN Inc., Valencia, CA).

Extraction of target genes: PCR products were excised from the agarose gel and isolated a

using MinElute Extraction kit according to the manufacturer’s instructions (QIAGEN Inc.,

Valencia, CA). Briefly, each gel slice was weighed and 3 volumes of Buffer AG were added

to 1 volume of gel. The gel was incubated at 50oC for 10 min and vortexed every 2-3 minutes

during the incubation. After the gel was dissolved completely, 1 volume of isopropanol was

added, mixed via inverting, applied to a MinElute column, and centrifuged for 1 min. After

discarding the flow-through, the column was applied with Buffer QG and spun for a minute.

The MinElute column was washed with Buffer PE and DNA was eluted using Rnase-Dnase

free water.

Measurement of total cDNA after gel extraction, Picogreen:  PicoGreen (Molecular

Probes Inc., Eugene, OR) reagent, the most sensitive reagent for detecting dsDNA in solution,

such as cDNA, was used to detect the amount of target cDNAs after PCR.  A two mg/ml stock

solution of dsDNA in TE buffer was prepared and samples were diluted 20 fold in Dnase-

Rnase free TE buffer. One hundred ml of sample and Picogreen were added to a 96-well plate

and incubated in the dark for 5 mins. After incubation, the sample and standards were read

using a fluorometer (CytoFlour, PerSeptive Biosystems Inc., MA) (excitation ~480nm,

emission ~520nm). Double stranded DNA diluted 2 fold to generate a standard curve of

fluorescence versus DNA concentration was used to detect the amount of cDNA in the

samples.

Real time PCR: After cDNA synthesis, Real Time PCR was performed using Platinium

UDG PCR SuperMix (Invitrogen Corp., Carlsbad, CA) and SybrGreen I (Molecular Probes

Inc., Eugene, OR) following the manufacturer’s instructions. b-actin and IFN-g primers were

purchased from Maxim Biotech Inc. (San Francisco, CA).  The Real Time PCR reaction was
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performed under the following conditions: 35 cycles of 94oC for 30 sec, annealing at 58oC for

30 sec, and amplification at 72oC for 30 sec. Upon amplification of the target gene,

integration of the double stranded DNA binding dye, SybrGreen I into the amplification

product results in increased fluorescence, which is a direct consequence of target

amplification during PCR. Threshold cycle (Ct) values are then calculated by determining the

point at which the fluorescence exceeds the fluorescence baseline, called the threshold limit.

The comparative Delta Delta Ct (DDCt) method was used to determine the fold change of the

target gene between the Con-A stimulated cells from placebo versus estrogen treated mice.

The direct quantification of the Real Time RT-PCR products was performed by using the

standard curve generated using respective standards that had known amounts of cDNA in

femtograms  (which were 10 fold diluted). The Real Time RT-PCR reaction was performed

under the following conditions: 35 cycles of 94oC for 30 sec, annealing at 58oC for 30 sec,

and amplification at 72oC for 30 sec for both standards and unknown samples. Normalization

of the target gene IFN-g (284 bp) was done by normalizing to the housekeeping gene, b-actin

(474 bp).  Standard curves were used when the efficiency of the reaction, which is represented

by R-square of the curve, was not higher than 100%. Values were recorded as femtogram

ratios of the target gene (IFN-g) normalized to the housekeeping gene (b-actin).

Statistics:  An unpaired Student’s T-test was used to assess whether the mean of the

treatments differed from each other significantly. P-values less than 0.05 were considered as

significant. Data are represented as mean ± standard error of the mean.

d.) RESULTS

IFN-g transcription is induced after estrogen treatment detected via semi-quantitative

RT-PCR.   Supernatants from Con-A stimulated splenic lymphocytes, incubated for 24 hrs,

from both estrogen and placebo treated mice showed a significant increase of secreted IFN-g

protein as shown in previous data (28, 29). We also looked at kinetics of IFN-g gene

expression at 6, 12, 24, and 48 hours, demonstrated by a representative experiment included

in Chapter 2 (28).  The gene expression of IFN- g was determined using RT-PCR. The data
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showed that IFN- g gene expression was increased in Con-A (10 mg/ml)-stimulated splenic

lymphocytes from estrogen-treated mice after 24 hours of culture (Figure 1). It is well

established with our data that estrogen treatment does increase IFN-g both at the protein and

gene expression level.

Estrogen treatment does increase IFN-g transcription quantitatively: Real Time RT-

PCR.  By RT-PCR analysis it appears that IFN-g gene expression in splenic lymphocytes may

be increased, we then used a quantitative method, Real Time RT-PCR. We used two methods

to calculate IFN-g expression, the Comparative Ct method (DDCt method) and the Standard

curve method.  In the standard curve method, we amplified large cDNA segments both for b-

actin (965 base pairs) and IFN- g (966 base pairs) using RT-PCR. The target genes were

excised out of a 0.8% gel under UV light and purified using a MinElute kit as described in the

Materials and Methods. The amount of isolated genes, IFN-g and b-actin, were calculated

using a Picogreen Kit and diluted 1/10 with sterile Dnase-Rnase free water to construct the

standard curve. Standard curves were used when the efficiency of the reaction which is

represented  by R-square of the curve, was not higher than 100% (Figure 2). The Real Time

PCR iCycler program uses the standard curve formula to calculate the amount of b-actin and

IFN-g from the samples (Figure 2). The values obtained from the standard curve method were

recorded as femtogram ratios of the target gene (IFN-g) normalized to the housekeeping gene

(b-actin) (Figure 3). The comparative Delta Delta Ct (DDCT) method was used to determine

the fold change of the target gene (IFN-g) between the cells from placebo (control sample)

versus estrogen-treated (target sample) that were stimulated with Con-A for 24 hours (Figure

4). Fold change demonstrated the increase in expression of IFN-g cells from estrogen-treated

mice over cells from placebo-treated mice.

e.) DISCUSSION

Much attention has up until now been focused on the physiological and general effects of

estrogen and estrogenic compounds on reproductive functions.  Detailed studies addressing

immunological consequences such as cytokines associated with in vivo estrogen exposure are
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lacking.  Cytokines are immunomodulatory proteins, which regulate immune responses to

infections and other pathologies such as autoimmune diseases.

The need for more-sensitive methods for the detection of cytokines is increasing due to

immunological pathologies and immune responses to various stimulants and chemicals. In

this study, we explored the IFN-g expression in estrogen-treated splenic lymphocytes using

SYBR Green I Real Time PCR. We showed that the Real Time PCR assay correlates with the

RT-PCR assay with great sensitivity for IFN-g detection.

The RT-PCR assay is used for detecting the low expression of target gene transcription. It is

more qualitative than quantitative (or even semi-quantitative) providing a base to further

explore target genes in a quantitative fashion using different techniques like Northern Blotting

or Real Time RT-PCR analysis. It requires the detection of PCR products by assays such as

agarose gel eletrophoresis with ethidium bromide staining (17) or chemilluminecent or

radioactive labeling and Southern blotting (32), where it enables the researcher to see the

actual end-product. The disadvantage of RT-PCR is that it is not able to absolutely quantify

the levels of expression of the target gene. Unlike conventional RT-PCR, Real Time RT-PCR

allows quantitation of even the lowest levels of expression of target genes via monitoring the

product accumulation during the exponential phase (33). This technique is rapid, accurate, and

sensitive. For both RT and Real Time PCR to be reliable, they both need to be optimized

carefully and a relevant housekeeping gene should be used for normalization. Our previous

studies showed that estrogen upregulates IFN-g protein and expression (28, 29). We again

demonstrated that estrogen treatment increased IFN-g expression in Con-A stimulated

lymphocytes as detected with RT-PCR demonstrating the reproducibility of the data.

Although we showed the expression of IFN-g mRNA, we quantitated the IFN-g expression

using Real Time PCR with SYBR Green I. SYBR Green I is much cheaper than Taqman

Probes or other possible quenchers and molecular probes.  Since it is not gene specific and it

incorporates into double stranded PCR products during the reaction, SYBR Green I is a more

flexible and cheaper reagent to use in the quantification of several genes. On the other hand,

one must be careful in cleaning the total RNA of genomic DNA to avoid co-amplification of

genomic DNA along with cDNA. To prevent the co-amplification a Dnase should be used
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during RNA isolation and the primers should be designed to be RNA-specific as much as

possible. Primers could be tested against genomic DNA or a cDNA prepared from non Dnase-

treated RNA to see whether there is non-specific amplification. The non-specific

amplification could be observed on an agarose gel, which is generally larger than the PCR

product obtained from a clean cDNA preparation. Our RNA isolates were treated with Dnase

before the cDNA reaction and there was no non-specific amplification observed both on gels

from RT-PCR and Real Time RT-PCR products. The melting curve obtained at the end of

Real Time PCR reaction also indicates whether there is non-specific amplification or primer-

dimer formations. In addition, it can be used to detect allelic dissociations using SYBR Green

I (34, 35).

To quantify the Real Time RT-PCR products, we constructed standards from the RNA of

Con-A-stimulated  murine splenic lymphocytes. A standard curve was contructed for IFN-g

and b-actin to calculate the amount of the genes expressed based on the formula provided by

the program. By including a standard curve with known serial dilutions in the Real Time RT-

PCR assay, unknown amounts of expression of IFN-g is quantified both in samples from

placebo and estrogen-treated mice. In the absence of a standard curve, a DDCt method can be

used to demonstrate the fold change of the IFN-g gene in estrogen-treated samples over

placebo –treated (control) samples after being normalized to b-actin.  In this study, we

showed that estrogen-treatment significantly and quantitatively increases IFN-g expression in

Con-A stimulated murine splenocytes as calculated with Standard Curve and DDCt methods.

RT-PCR is a good tool to explore the expression of several genes as a primary line of

detection. Real Time PCR assay is important in the easy, sensitive, and quick determination of

expression of target genes and can be used to further quantify mRNA expression that is

observed by RT-PCR. Our lab currently uses these methods to detect various cytokines and

transcription factors in unstimulated and stimulated murine splenocytes from placebo and

estrogen-treated mice. In conclusion,  IFN-g and b-actin standards to establish Standard Curve

and  SYBR Green I Real Time RT-PCR assay were confirmed to be a flexible, economical,

and sensitive way for detecting IFN-g expression in estrogen treated samples. The advantages
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our methodology and analysis are the use of SYBR green I, which allows many reactions to

be performed with different primers, the analysis and calculation are less time consuming than

the plasmid approach, and it is relatively inexpensive.
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g.) Figures

Figure 1. Estrogen tended to increase IFN-g mRNA expression as detected by RT-PCR.
Splenic lymphocytes from mice treated with estrogen or placebo were stimulated with Con-A
(10 mg/ml) for 24 hours. The IFN-g mRNA expression was determined using RT-PCR. Panel
A shows RT-PCR samples separated on a 2% agarose gel and stained with ethidium bromide
(10 ml/ml). Panel B shows the relative mRNA values of RT-PCR samples in Panel A
determined after densitometry scanning and normalized to b-actin. Panel C shows the mean
relative mRNA values of IFN-g from Con-A-stimulated splenic lymphocytes. Data represents
14 independent experiments from estrogen and placebo-treated mice (p=0.0818).
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(A) b-actin Standard Curve

Correlation coefficient: 0.999, Slope -3.596,  Intercept: 26.140, Y=-3.596X+26.140, PCR

Efficiency: 89.7%.

(B) IFN-g Standard Curve

Correlation coefficient: 0.992, Slope –3.496, Intercept: 27.895, Y=-3.496X+27.895, PCR
Efficiency: 93.21%.

Figure 2. The standard curve method for quantification of the target gene, IFN-g and the
housekeeping gene, b-actin. The amplified large cDNA segments required for both b-actin
(965 bp) and IFN-g (966 bp), using RT-PCR, were isolated using a MinElute kit as described
in Materials and Methods. The amount of isolated genes was calculated and diluted 1/10 with
sterile Dnase-Rnase free water to construct the standard curve. The standard curves were used
when the efficiency of the reaction, which is represented by R-square of the curve, was not
higher than 100%. Panel A shows the standard curve for housekeeping gene, b-actin and
Panel B shows the standard curve for IFN-g. These graphs are representative of one
experiment each.
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Figure 3. Estrogen increased IFN-g mRNA expression, quantitative detection with Real
Time RT-PCR. IFN-g mRNA that was amplified with Real Time RT-PCR and normalized to
b-actin was represented as mean femtogram ratio from splenic lymphocytes stimulated with
Con-A from placebo and estrogen-treated mice. Panel A shows IFN-g expression in
unstimulated splenic lymphocytes left in media for 24 hrs (n=3, p=0.3181). Panel B shows
IFN-g mRNA expression in splenic lymphocytes stimulated for 24 hrs with Con-A (n=10
mice per placebo or estrogen treatment; p<0.01). The values were recorded as femtogram
ratios of the target gene (IFN-g) normalized to the housekeeping gene (b-actin). Data are
represented as mean ± standard error of mean.
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Figure 4. The comparative CT method (DDCT), relative quantification of the target
gene: b-actin and IFN-g were amplified with Real Time RT-PCR and relative fold change of
IFN-g expression in cells from estrogen treated mice in relation to cells from placebo treated
mice was relatively quantitated using the DDCT method.  Panel A shows Real Time RT-PCR
products after the reaction. Panel B shows the calculation of the DDCT method (Comparative
CT method) and the fold change of IFN-g, the target gene.
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CHAPTER 3. Estrogen regulation of IFN-g dependent iNOS expression

This chapter deals with addressing the central question “ Does estrogen (17-b estradiol)

alter interferon-g (IFN-g) mediated downstream events, iNOS, nitric oxide, and iNOS-

inducible COX-2?” This chapter will present evidence to show the activated splenic

lymphocytes from estrogen-treated mice upregulate IFN-g-dependent iNOS, nitric oxide,

and  iNOS-inducible COX-2.

This chapter is divided into 2 subsections, which are likely to result in two significant

publications.

(1) Subsection 1: “Estrogen upregulates IFN-g-dependent iNOS gene expression,

nitric oxide and COX-2 in splenocytes activated with T cell stimulants. Ebru

Karpuzoglu-Sahin, Jillian B. Fenaux, Rebecca Phillips, Andrea Lengi, François

Elvinger, S. Ansar Ahmed. To be submitted to The Journal Of Immunology”.

This study shows that estrogen upregulates the expression of IFN-g-dependent

iNOS, nitric oxide and COX-2. Studies in orchiectomized males demonstrated the

importance of costimulatory interaction between CD28 and B7.1/B7. for estrogen

induced increase of IFN-g, iNOS, nitric oxide and COX-2 expression by

splenocytes.

(2) Subsection 2: “Estrogen Regulation Of The Inducible Nitric Oxide Synthase

Gene And Nitric Oxide In Immune Cells: Implications For Immunity And

Autoimmunity. Ebru Karpuzoglu-Sahin and S. Ansar Ahmed. To be submitted to

Endocrine Reviews”.  This section is a brief review about the duplicitous nature

of iNOS-derived nitric oxide in immune system different tissues in relation to

cytokines, cell survival, apoptosis, and the effects of estrogen on nitric oxide were

covered in this part. The data in this section also demonstrated that estrogen

upregulated nitric oxide secretion and iNOS mRNA expression not only in males,

but also in splenocytes from estrogen-treated ovariectomized female mice.



121

3.1. Estrogen upregulates IFN-g-dependent iNOS gene expression, nitric oxide, and

COX-2 in splenocytes activated with T cell stimulants.
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a.) ABSTRACT:

Estrogen is implicated in many autoimmune diseases and is a robust immunomodulator,

including enhancing interferon-g (IFN-g), a cytokine believed to upregulate inducible

nitric oxide synthase (iNOS).  A notable gap in the literature is the lack of information on

the regulation of nitric oxide in immune tissues by estrogen.  We now show that

activation of splenocytes with T cell stimulants (Concanavalin-A or anti-CD3 antibodies)

results in copious release of nitric oxide in cultures from estrogen, but not placebo-treated

mice. Moreover, even submitogenic doses of T cell stimulants induced nitric oxide in

splenocytes from estrogen-treated, but not from placebo-treated, mice. Con-A-activated

splenocytes from estrogen-treated mice also have upregulated iNOS mRNA, iNOS

protein and COX-2 (a nitric oxide-regulated downstream pro-inflammatory protein) when

compared to controls. Our studies suggest that the induction of nitric oxide by activated

splenocytes from estrogen-treated mice is mediated through IFN-g.  First, blocking co-

stimulatory signals mediated through interactions of CD28 and B7 molecules by CTLA-

4Ig markedly decreased not only IFN-g, but also nitric oxide. Second, estrogen-treatment

of IFN-g-knockout (IFN-g(-/-)) mice or interferon regulatory factor-1 knock out (IRF-1(-

/-)) mice did neither induce iNOS protein nor nitric oxide.  Finally, in vitro addition of

recombinant IFN-g to Con-A-activated splenocytes from wild-type mice induced nitric

oxide or iNOS protein. Overall, this is a first report to show that estrogen treatment

upregulates iNOS gene expression, iNOS protein, nitric oxide, and COX-2 as an indirect

consequence of activation of T cells via IFN-g.  These findings may have wide

implications to inflammatory disorders and immunity to infections.
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b.) INTRODUCTION

It is now well appreciated that nitric oxide has broad physiological and pathological

effects on many tissues including the immune system (1, 2).  Nitric oxide, a short-lived

(t1/2 seconds) but highly reactive biomolecule, rapidly diffuses through membranes and

readily reacts with diverse substances in a wide-range of cells.  Nitric oxide is known to

interact with: aqueous oxygen (to produce relatively unreactive nitrate and nitrite),

transition metals (to form metal-nitric oxide adducts), superoxide (to generate highly

toxic peroxynitrite), heme, Fe-S clusters, Zn-S clusters and sulfadyryl clusters (to exert

distinct biological effects) (3-6). It is therefore not surprising that nitric oxide plays a

central role in the physiology and pathology in various tissues. Nitric oxide is produced

by specific enzymes referred to as nitric oxide synthases (NOS). These enzymes catalyze

the production of nitric oxide and L-citrulline from L-arginine in the presence of

NADPH-derived electrons, and O2.   There are three well-known isoforms of nitric oxide

synthases, (1) neuronal nitric oxide synthase (nNOS), (2) endothelial nitric oxide

synthase (eNOS), and inducible nitric oxide synthase (iNOS) (2).   All three main

isoforms of NOS share common structural motifs, have nearly alike catalytic

mechanisms, and require cofactors for activity including flavin adenine dinucleotide,

flavin mononucleotide, tetrahydrobiopetrin calmodulin, heme, and thiol donors. Three

distinct domains appear to be necessary for catalytic activity including, a reductase

domain at the C-terminus, a calmodulin-binding domain, and an oxygenase domain.  The

reductase domain, which has many similarities to cytochrome P-450 reductase, transfers

electrons from NADPH to the oxygenase domain.  The oxygenase domain then catalyzes

the conversion of arginine into citrulline.  Despite several common features among the

three isoforms of NOS, there are a number of key differences with respect to individual

functions.  For example, each NOS isoform has distinct transcriptional regulation and

post-transcriptional regulation of catalytic activity, anatomic location, differential ability

to release the amount of nitric oxide, and physiological functions.  nNOS is constitutively

present in the brain, the peripheral nervous system, and skeletal tissues. nNOS-derived

nitric oxide is generated at low levels (in the picomolar range) in short bursts and is
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believed to play an important role in brain-neuromodulation (7, 8).  eNOS is also

constitutively present, but its principal location is in vascular endothelial cells and

cardiomyocytes (9). Nitric oxide–derived from eNOS is also present in low picomolar

amounts and is thought to be involved in vasodilation to regulate blood flow and

pressure.  In contrast to these two NOS isoforms, iNOS is not constitutively present, but

rather is induced by cytokines (IFN-g, TNF-a) or other immunological stimuli (LPS).

Although iNOS can be induced in various immune cells, macrophages appear to be the

principal source of iNOS (1, 2, 10).  Relatively high levels of nitric oxide (in the

nanomolar range) are generated by iNOS in macrophages.

The role of nitric oxide in immunity is well appreciated (2, 11).  For example, the healing

of excisional wounds is significantly delayed in iNOS-deficient mice when compared to

wild-type mice  (2).  Nitric oxide-derived from iNOS is critical for controlling infections

(1, 12, 13).  Infected or activated macrophages produce nitric oxide derived from iNOS,

which assists in killing the invading microbes by increasing dsDNA breaks and oxidation

of lipids and DNA. Moreover, nitric oxide will interact with oxygen free radicals such as

superoxide to result in highly toxic peroxynitrite (ONOO-). Nitric oxide may also play a

pivotal role in inflammation by increasing the production and/or increasing the enzymatic

activity of cyclooxygenase-2 (COX-2), (14, 15). COX-2 is inducible directly or indirectly

by nitric oxide. It is expressed in many cells especially in macrophages and monocytes

(16-20).

While an appropriate increase in nitric oxide is critical for effective immunity, aberrant

levels of nitric oxide have been associated with many pathological conditions such as

neurodegenerative disorders, apoptosis, hypertension, hypercholestrolemia, diabetes,

heart failure, infections, autoimmune diseases, asthma, and septic shock (1, 21-23).

Autoimmune diseases such as rheumatoid arthritis (RA), multiple sclerosis (MS),

systemic lupus erythematosus (SLE), and glomerulonepthritis associated with increased

IFN-g levels demonstrate high expression of iNOS and nitric oxide (1, 22). This implies

that the level of nitric oxide and the duration of its presence must be regulated to maintain

health. Thus understanding of regulation of NOS is of biomedical importance.   One of
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the important regulators of NOS is estrogen. In several non-immune tissues estrogen has

been shown to be powerful regulator of nitric oxide that is presumably generated by

nNOS and eNOS (24, 25).   While estrogen has been shown to regulate nitric oxide in

non-immune (reproductive and nervous) tissues, there is little information on the

regulation of nitric oxide by estrogen in immune tissues, particularly in relation to T-

macrophage interactions.  Therefore, this study addresses this important aspect,

especially considering that estrogen is implicated in many inflammatory and autoimmune

diseases (26-32).  Further, we have recently reported that splenocytes from estrogen-

treated mice, when exposed to T cell stimulants (such as Concanavalin-A (Con-A)),

release high levels of interferon-gamma (IFN-g) (33, 34).  To date, there have been no

studies that have addressed the relationship between IFN-g, iNOS/nitric oxide and COX-

2 in T cell activated splenocytes.  This is the first study that establishes such a link and

demonstrates the effects of in vivo estrogen treatment on IFN-g-inducible iNOS

expression, NO production, and COX-2 expression in mouse splenic lymphocytes.

c.) MATERIALS AND METHODS

Mice:  Three-to-four week old C57BL/6 wild-type male mice were obtained from

Charles River Laboratories (Wilmington, MA) and housed 3-5 animals per cage. IFN-g

knockout mice were obtained from Jackson Laboratories (Bar Harbor, ME) and IRF-1

knockout mice were obtained from Amgen (Thousand Oaks, CA; Georgio Senaldi). Both

IFN-g(-/-) and IRF-1(-/-) were on a C57BL/6 background.  Mice were housed in standard

cages, fed on a diet that is devoid of phytoestrogens, and maintained in a 14/10 light/dark

cycle at the Center for Molecular Medicine and Infectious Diseases (CMMID) Animal

Laboratory facility. Two, four, or eight mice were introduced into experiments at any

given experiment date.  Mice were terminated by cervical dislocation in accordance with

the Virginia Polytechnic Institute and State University Institutional Animal Care

guidelines.

Estrogen treatment: Four-to-five week old mice were orchiectomized and given silastic

implants that were either placebo (empty implant as a control) or estrogen implants
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containing 17 b-estradiol (Sigma-Aldrich Inc., MO) by standard procedures that were

extensively reported previously (33-36).

Isolation of  splenic  lymphocytes:   Spleens were collected under sterile conditions and

lymphocytes were isolated according to our previously published methods (33, 34, 37).

Briefly, spleens were gently dissociated by teasing on a sterile 60-mesh steel screen

(Sigma-Aldrich Inc., MO). The cell suspensions were washed in incomplete RPMI-1640

media (CellGro, Mediatech, Herndon, VA).  Lymphocytes were enriched by removing

red blood cells from splenocytes after treating with ACK lysis buffer (0.15 M NH4Cl, 1.0

mM KHCO3, 0.1 mM Na2EDTA, pH 7.4) (38). Care was taken to culture cells in phenol-

red deficient media (since phenol-red is estrogenic) and charcoal-stripped FBS (to

remove estrogens and estrogen-binding proteins) to ensure that estrogen exposure was

restricted to in vivo period only. Cells were thus washed and suspended in phenol red-free

RPMI-1640 media (Mediatech, Herndon, VA) that was supplemented with 10% charcoal-

stripped, heat inactivated-fetal bovine serum (Atlanta Biologicals, Atlanta, GA), 200 µM

L-glutamine (Mediatech, Herndon, VA), 5000 IU/ml penicillin, 5000 µg/ml streptomycin

(Mediatech, Herndon, VA), and 5 ml of 100X nonessential amino acids (Mediatech,

Herndon, VA). Isolated lymphocytes were then counted and cell viability was assessed

by the trypan blue exclusion method as described in our earlier studies (37). Cell numbers

were assessed with a CASY-1 Cell Counter and Analyzer System (Scharfe System

GmbH, Reutingen, Germany) and adjusted to 5 x 106 cells/ml as described in our

previous studies (37). In our experience, cells ranging from 5 to 10 microns

predominantly constitute the lymphocyte population (37, 39).

Culture of lymphocytes:  Five-hundred microliters of cells at 5x106 cells/ml were added

to 24-well round flat-bottomed plates containing 500 ml per well of complete phenol red-

free RPMI-1640 media with or without the T cell mitogen, Concanavalin-A (Con-A, 10

mg/ml or submitogenic dose of Con-A, 1 mg/ml; Sigma-Aldrich Inc., MO) or anti-CD3

antibodies (0.1, 1, and 10 mg/ml; eBioscience Inc., CA). In selected cultures, cells were

exposed to Con-A in the presence or absence of an optimal concentration of CTLA-4Ig

fusion protein (15 mg/ml) (Alexis Biochemicals San Diego, CA) or cultured with
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recombinant IFN-g (1000 pg/ml or 10 ng/ml; BDPharmingen, San Diego, CA). The

CTLA-4Ig fusion protein blocks the interaction of B7.1/B7.2 to CD28 co-stimulatory

molecules. In selected cultures, cells were exposed to Con-A for 3 hours, washed, and

then cultured with recombinant IFN-g (10,000, 1000,and 100 pg/ml; BDPharmingen, San

Diego, CA) for 24 hrs. Cell cultures were incubated for 24 or 48 hrs at 37°C with a 5%

CO2 environment. Supernatants were collected in microcentrifuge tubes and centrifuged

at 5000 RPM for 5 minutes to collect the cellular fractions and supernatants, which were

immediately frozen at –700C until use.

Determination of IFN-g protein:  Levels of IFN-g in the supernatants of activated

lymphocytes in culture were analyzed with an IFN-g specific ELISA that has been

extensively described previously (33, 34). Briefly, ninety-six well Maxisorp high binding

immunoassay plates were coated overnight with anti-IFN-g antibodies (anti-IFN-g clone

R4-6A2, ATCC, HB-170; BDPharmingen, San Diego, CA) in PBS and then blocked with

2% BSA for 1 hr. Plates were incubated for 2 hrs with either supernatants (diluted as

necessary) or serial dilutions of known concentrations of IFN-g to generate a standard

curve. Next, biotin conjugated anti-IFN-g antibodies (BDPharmingen, San Diego, CA)

were applied to the plates for 1 hr and then overlaid with avidin-horseradish peroxidase

solution (Vector Labs, Burlingame, CA). The color was developed using TMB as the

substrate (3,3’,5,5’-tetra-methylbenzidine) (KPL, Gaithersburg, MD) and 0.18 M sulfuric

acid to stop the reaction. Plates were read at 450 nm with an ELISA reader (Molecular

Devices Sunnyvale, CA). The IFN-g protein levels were calculated with the formula

obtained from the standards using SoftMax Pro software from Molecular Devices Inc.

Isolation of RNA and  cDNA synthesis, and Primer Design:    RNA was isolated from

splenic lymphocytes that were cultured for 24 hrs with Con-A with RNase easy mini

columns (QIAGEN Inc., Valencia, CA) following the manufacturer’s instructions.

Following the elution of RNA with sterile water from RNase easy columns, RNA was

used to synthesize cDNA using the SuperScript‰ First-stand synthesis system following

the manufacturer’s instructions (Invitrogen Corp., Carlsbad, CA).  Primers were designed

to span a large segment of the target genes using an online program, Primer 3
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(http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi). Primers designed

were as follows: b-actin (965 base pairs) forward 5’-ATTGTTACCAACTGGGACGA-

3’, reverse 5’-CTGCGCAAGTTAGGTTTTGT-3’; and iNOS (854 base pairs) forward

5’-TGTGTTCCACCAGGAGATGT-3’, reverse 5’-AGGTGAGCTGAACGAGGAG-3’

(One Trick Pony Oligos, Ransom Hill Bioscience, Ramona, CA).

The RT-PCR assay:The reverse transcriptase-polymerase chain reaction was used to

detect b-actin and iNOS mRNA expression for the generation of standards. After cDNA

synthesis, the PCR reactions were performed using Platinium‚  PCR SuperMix

(Invitrogen Corp., Carlsbad, CA) per manufacturer’s instructions. The b-actin and iNOS

primers were purchased from Maxim Biotech Inc. (San Francisco, CA).  The PCR

reaction was performed under the following conditions: 35 cycles of 94oC for 1 min,

annealing at 58oC for 1 min, and amplification at 72oC for 1 min. At the end of the RT-

PCR reaction 12 ml of PCR products were run on a 2% agarose gel containing ethidium

bromide (10 ml per 100 ml of gel). Photographs of the PCR products were taken and the

density of bands determined by scanning densitometry and a Kodak Image Station

(Perkin Elmer Life Sciences Inc., MA). The data were normalized to b-actin, a house-

keeping gene, and expressed as relative densities. The PCR products that were used for

the generation of the standard curve for Real Time-PCR were visualized over UV light.

Extraction of target genes:  The PCR products were excised from the agarose gel and

isolated using a MinElute Extraction kit according to the manufacturer’s instructions

(QIAGEN Inc., Valencia, CA). Briefly, the gel slice was weighed and 3 volumes of

Buffer AG were added to 1 volume of gel. The gel was incubated at 50oC for 10 min and

vortexed every 2-3 minutes during the incubation. After the gel was dissolved

completely, 1 volume of isopropanol was added, mixed via inverting, applied to the

MinElute column, and centrifuged for 1 min. After discarding the flow-through, the

column was applied with Buffer QG and spun for one minute. The MinElute column was

washed with Buffer PE and DNA was eluted using Rnase-Dnase free water.
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Measurement of total cDNA after gel extraction:  PicoGreen (Molecular Probes Inc.,

Eugene, OR) is considered to be a sensitive reagent for detecting dsDNA, such as cDNA,

in solution. Following the manufacturer’s instructions, a 2 mg/ml stock solution of

dsDNA in TE buffer was prepared and samples were diluted 20-fold in DNase-RNase-

free TE buffer. One-hundred ml of sample and Picogreen were added to a 96-well plate

and incubated in the dark for 5 min. After incubation, the sample and standards were read

using a fluorometer (CytoFlour, PerSeptive Biosystems Inc., MA) (excitation ~480nm,

emission ~520nm). Double stranded DNA, diluted 2-fold to generate a standard curve of

fluorescence versus DNA concentration, was used to detect the amount of cDNA in the

samples.

Real time PCR: After cDNA synthesis, Real Time PCR was performed using

Platinium UDG PCR SuperMix (Invitrogen Corp., Carlsbad, CA) and SybrGreen I

(Molecular Probes Inc., Eugene, OR) following the manufacturer’s instructions. The b-

actin and iNOS primers were purchased from Maxim Biotech Inc. (San Francisco, CA).

The Real Time PCR reaction was performed under the following conditions: 35 cycles of

94oC for 30 sec, annealing at 58oC for 30 sec, and amplification at 72oC for 30 sec.  b-

actin mRNA encodes a cytoskeleton protein, which is expressed among almost all cell

types. It is widely used to normalize results in Real-Time RT-PCR assays. Upon

amplification of the target gene, integration of the double stranded DNA binding dye,

SybrGreen I, into the amplification product results in an increase in fluorescence, which

is a direct consequence of target amplification during PCR. Direct quantification of the

PCR products was performed using the standard curve generated from appropriate

standards that had known amounts of cDNA in femtograms. The target gene expression

was normalized to b-actin. The fold change in iNOS expression in Con-A or Con-A and

recombinant IFN-g (rIFN-g) stimulated lymphocytes to iNOS expression from placebo

treated (control) IFN-g knockout (IFN-g(-/-)) mice was calculated using the DDCT

method: 2-DDCT. In this equation, DDCT (delta delta threshold cycle)= DCT (estrogen)-

DCT (placebo, control). DCT is the CT (threshold cycle) of the target gene, iNOS,

subtracted from the CT of b-actin.
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Detection of nitric oxide:   A Greiss Assay was used to determine the presence of nitric

oxide.  In this assay, nitrite, an end product of nitric oxide oxidation is measured in tissue

culture fluid. Greiss Assay reagents included 1% (w/v) sulfanilamide (Sigma-Aldrich

Inc., MO) and 0.1% (w/v) naphthylenediamine dihydrochloride (Sigma-Aldrich Inc.,

MO).  Both reagents were dissolved separately in 2.5% phosphoric acid.  Immediately

after collecting the tissue culture, 50 ml of both reagents were added to an equal volume

of the culture supernatant in a 96-well round bottom plate.  A serial dilution of sodium

nitrite beginning at 1000 mM to 0.5 mM was used as a standard.  Five to ten minutes after

adding the reagents, the plates were read on an optical density plate reader set at 550 nm

(Molecular Devices, Sunnyvale, CA). The levels of nitric oxide were calculated using the

formula obtained from the standards using SoftMax Pro software from Molecular

Devices Inc.

Determination of iNOS and COX-2 protein:  Western blot assays were used to detect

the iNOS and COX-2 protein levels in whole cell lysates of placebo and estrogen-treated

splenic lymphocytes that were cultured with Con-A (10 mg/ml) or Con-A (10 mg/ml) plus

CTLA-4Ig (15 mg/ml). At the end of the incubation period, cells were harvested and

resuspended in 15ml of lysis buffer (50mM Tris pH: 7.4, 300mM NaCl, 2mM EDTA pH:

8, 0.5% Triton X-100, and 30 ml of freshly added mammalian protease inhibitor cocktail

(10 mg/ml, Sigma-Aldrich Inc., MO), vortexed and incubated on ice for 15 minutes.

Fifteen ml of 2x sample buffer (Laemmli Sample Buffer; Sigma-Aldrich Inc., St Louis

MO) were added to the 15 ml of lysate and heated at 950C for 5 minutes. Samples were

electrophoresed on a 12.5% gel at 25 mA constant current until the dye ran off bottom.

The proteins were transferred to PDVF transfer membranes (Amersham Biosciences,

CA) by blotting for 1hr 15 mins at 240 mA constant current. After transferring the

proteins to a PDVF membrane, it was blocked in 5% milk in TBS-T for 1 hr at room

temperature. The blot was incubated with anti-iNOS antibody (rabbit polyclonal IgG (sc-

650), Santa Cruz Inc., CA) and COX-2 primary antibody (rabbit polyclonal IgG (sc-

1745), Santa Cruz Inc., CA) diluted in blocking buffer (1:1000) overnight on a rocking

platform. The blots were rinsed briefly in TBS-T, then washed 3 times for 10 minutes

with TBS-T. The secondary HRP-conjugated antibody (anti-rabbit IgG, 1:2000, Santa
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Cruz Inc., CA) was applied in blocking buffer to each blot and incubated for 1 hr. After

blots were washed, they were labeled using an ECL protocol (Amersham Pharmacia

Biotech, NJ) and the bands were visualized using a Kodak Image Station (Perkin Elmer

Life Sciences Inc., MA).

Statistics: Data were analyzed using SAS software (SAS Institute Inc., Cary, NC) at the

Laboratory for Study Design and Statistical Service, VMRCVM by co-author Dr. F.

Elvinger. Data distributions and variances were evaluated using the UNIVARIATE

procedure and data were logarithmically transformed when warranted. Transformed data

were evaluated by analysis of variance (ANOVA) using the MIXED and GLM

procedures. Model for the split-plot design included treatment, date of experiment, and

their interactions tested by the main plot error term (treatment x date of experiment).

Stimulant, time of measurement and interactions with treatment were tested by the

overall error term. Statistically significant interactions were further investigated using the

SLICE option to test the simple main effects. p-values less than 0.05 were considered to

be significant. The data are logarithmically transformed and geometric means and

standard errors were then back transformed for presentation in figures. Therefore, in

some cases the standard errors are non-symmetric.

d.) RESULTS

Estrogen induces IFN-g:

Consistent with our recently reported studies (33, 34), Con-A-activated splenocytes from

estrogen-treated mice tended to have increased levels of IFN-g  when compared to similar

cultures from placebo-treated mice  (p<0.05) (Figure 1, Panel A).   Since estrogen

treatment increased IFN-g  levels, we next investigated whether IFN-g-inducible iNOS

and its products were also altered in Con-A-activated splenocytes of estrogen-treated

mice.
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Activation of splenocytes with T cell stimulation upregulates the levels of nitric

oxide in estrogen-treated mice:

Activation of splenocytes with a T cell stimulant, Con-A, led to a marked increase in the

levels of nitric oxide in cultures from estrogen-treated mice when compared to placebo-

treated mice both at 24 hrs (p<0.05) and 48 hrs (p<0.005) of culture (Figure 1, Panel B

& C).   The level of nitric oxide in the supernatants of Con-A-activated splenocytes from

estrogen-treated mice was higher at 48 hrs of culture compared to 24 hrs of culture.

Interestingly, nitric oxide was not detectable in the supernatants of unstimulated cells of

even estrogen-treated mice, implying that T cell activation is necessary for nitric oxide

release.

Anti-CD3-activated splenocytes from estrogen-treated mice also demonstrated

increased levels of nitric oxide:

 We next determined whether activation of splenocytes with an optimal concentration of

anti-CD3 antibodies (10 mg/ml), also induces the release of nitric oxide.  As is apparent in

Figure 2, Panel A, anti-CD3-activated splenocytes from estrogen-treated mice released

significantly higher levels of nitric oxide when compared to cultures from placebo-treated

mice (p<0.05).  Similar results were also evident in cultures exposed to a 10x lower dose

of anti-CD3 antibodies (1 mg/ml) (Panel B, p<0.05).  Impressively, detectable levels of

nitric oxide were evident in the supernatants of splenocytes from estrogen-treated mice

when exposed to even a submitogenic dose of anti-CD3 antibodies (0.1 mg/ml) Panel C,

p<0.05). Nitric oxide was not detectable in cultures that were left unstimulated (media

only) or exposed to control antibodies (data not shown).

Estrogen treatment increases iNOS mRNA expression in Con-A-activated

Splenocytes:

Since estrogen increased nitric oxide production in the supernatants of Con-A or anti-

CD3-activated splenic lymphocytes from estrogen-treated mice, we next investigated
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whether this increase in nitric oxide is also reflected at the level of iNOS gene

transcription. Con-A-activated splenocytes from estrogen-treated mice tended to have an

apparent relative increased levels of iNOS gene expression as demonstrated by RT-PCR

analysis when compared to cultures from placebo-treated mice (Figure 3, p<0.05).

Figure 3A shows the mean relative densities of PCR products, while Figure 3B shows a

representative gel. Since RT-PCR is not a quantitative assay and merely provides a

relative rough estimate of the gene expression, we next performed Real-Time PCR

analysis for quantitative expression of iNOS gene expression.  By Real-Time PCR

analysis, Con-A-activated splenocytes from estrogen-treated mice also demonstrated

significantly increased levels of expression of the iNOS gene when compared to similar

cultures from placebo-treated mice (p<0.0001, Figure 3C).  Panel D of Figure 3 shows a

representative gel of end-product of Real Time PCR assay as an additional confirmation

of real Time PCR reaction and to demonstrate that PCR products of Real Time and RT-

PCR assay are comparable.

Estrogen treatment increases iNOS protein in Con-A or Anti-CD3-activated

splenocytes:

Given that Con-A or anti-CD3 activated splenocytes from estrogen-treated mice had

increased levels of nitric oxide and increased expression of the iNOS gene, we next

determined whether iNOS protein is also expressed at a higher level in these mice.  Con-

A-activated splenocytes from estrogen-treated mice had increased expression of iNOS

protein compared to similar cultures from placebo-treated mice (Figure 4A, p<0.005).

Similarly, splenocytes from estrogen-treated mice, when exposed to various doses of

anti-CD3 antibodies, also demonstrated increased levels of iNOS protein (Figure 4B-D,

p<0.05).   Interestingly, exposure of splenocytes to submitogenic dose of anti-CD

induced detectable expression of iNOS protein bands only in cells from estrogen-treated

mice but not in cells from placebo-treated mice (Figure 4D, p<0.05).

Activated splenocytes from estrogen-treated mice had increased nitric oxide

regulated Cox-2 protein expression:
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Several studies have shown that nitric oxide upregulates levels of COX-2 (40, 41). Given

our observation of increased levels of nitric oxide in activated splenocytes from estrogen-

treated mice, we then determined whether the expression of COX-2 protein levels in

these cells is also altered.  The relative expression of COX-2 protein was upregulated in

Con-A-activated splenocytes from estrogen-treated mice when compared to controls

(Figure 5, p<0.05).  Similarly, splenocytes from estrogen-treated mice, when activated

with anti-CD3, also had increased expression of COX-2 compared to controls (n=4 per

treatment, data not shown).

Blocking CD28 and B7 molecular interactions inhibits the secretion of IFN-g and

nitric oxide:

Since T cells require at least 2 signals for activation, the importance of molecular

interactions of the co-stimulatory molecules CD28 on T cells and B7.1 (CD80)/B7.2

(CD86) on antigen presenting cells was investigated. Remarkably, blocking the

interaction of CD28 with B7 molecules with a CTLA-4Ig fusion protein dramatically

decreased the level of IFN-g in the supernatants (Figure 6A, p<0.05).   The decrease in

IFN-g was evident in both estrogen as well as placebo-treated samples, indicating the

importance of this pathway and interaction of T cells with antigen presenting cells.

Stimulation of enriched T cells only or enriched macrophages only with Con-A did not

induce detectable levels of nitric oxide thereby indicating that physical interactions of T

cells with macrophages are necessary for nitric oxide induction (data not shown).

Blockade of CD28 and B7 interactions by CTLA-4Ig also significantly decreased the

levels of nitric oxide in the supernatants of Con-A-activated splenocytes.  The ability of

CTLA-4Ig to downregulate nitric oxide was particularly evident in samples from

estrogen-treated mice. With RT-PCR analysis, it was observed that the addition of

CTLA-4Ig also resulted in an apparent relative decrease in iNOS gene expression

(Figure 7, p<0.005). The decrease in IFN-g and nitric oxide levels due to co-culturing

with CTLA-4Ig was not due to cytotoxic effects of this fusion protein, since the viability

of cells that were cultured with and without CTLA-4Ig were comparable (Media:

Placebo=9.8x105 ± 3.9x105, Estrogen= 1.7x106 ± 9.3x105; Con-A: Placebo=5.9x105 ±



135

2.8x105, Estrogen= 6.2x105 ± 2.2x105; Con-A and CTLA-4Ig: Placebo=8.4x105 ±

1.9x105, Estrogen= 6.9x105 ± 2.4x105).

Blockade of CD28 and B7 interactions also decreases COX-2 levels:

Splenocytes from estrogen and placebo-treated mice were cultured with Con-A in the

presence or absence of CTLA-4Ig to determine the level of COX-2.   As expected, Con-A

activation of splenocytes from estrogen-treated mice, but not from placebo-treated mice,

resulted in increased expression of COX-2 protein (Figure 8A & B).   Co-culturing with

CTLA-4Ig tended to decrease the level of expression of COX-2 (Figure 8A & B;

p<0.05).

The estrogen-induced increase in nitric oxide is IFN-g-dependent: To demonstrate the

importance of IFN-g in the induction of iNOS and nitric oxide IFN-g(-/-) mice (n=5 per

treatment) were utilized. In none of the five IFN-g(-/-) mice that were treated with

estrogen (n=5) or placebo (n=5) iNOS mRNA was detectable by Real Time PCR in Con-

A activated splenocytes. Further, there were neither detectable levels of iNOS protein in

Con-A activated splenocytes from estrogen or placebo-treated IFN-g(-/-) mice nor

detectable levels of nitric oxide in the supernatants of these cultures.

Moreover, we also utilized estrogen (n=10) and placebo (n=10) treatment to Interferon

Regulatory Factor-1 (IRF-1)-deficient mice. These mice had very low levels of IFN-g

(Media: not detectable; Con-A: Placebo: 210.97±42.2 pg/ml, Estrogen: 413.33±108.3

pg/ml after 24 hrs of culture; Media: not detectable; Con-A: Placebo: 670.02 ± 116.6

pg/ml, Estrogen: 1432.8 ± 240.5 pg/ml after 48 hrs of culture; n=10 per treatment) and

undetectable levels of nitric oxide or iNOS. Overall, these data imply that estrogen-

induced expression of iNOS is dependent upon IFN-g.

Since the above data implied the importance of IFN-g in induction of iNOS/nitric oxide

(rather than direct effect of estrogen induction of iNOS/nitric oxide), we next utilized

wild-type estrogen-treated mice and splenocytes from these mice were stimulated with a
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submitogenic dose of Con-A (1 mg/ml) in the presence or absence of rIFN-g (10 ng/ml).

Interestingly, stimulation of splenocytes with a submitogenic dose of Con-A (1 mg/ml)

induced detectable levels of nitric oxide in the supernatants of estrogen-treated wild-type

mice, when compared to placebo-treated mice (Figure 9; p<0.05). No nitric oxide was

detectable in unstimulated cultures from estrogen or placebo-treated mice. Deliberate

addition of IFN-g to aliquots of these cultures induced nitric oxide (Figure 9) indicating

that nitric oxide generation is responsive to and dependent on IFN-g.

e.) DISCUSSION:

It is now recognized that human exposure to estrogens occurs through multiple means

including endogenous, pharmaceutical, and environmental sources (27, 42).  Many

studies have clearly shown that the immune system is highly responsive to estrogens (27,

28, 43-46).  All the major cells of the immune system (T, B, macrophages, and dendritic

cells) are potential targets for estrogens.  Furthermore, estrogens have been incriminated

in many inflammatory and autoimmune conditions (27, 28, 32, 44). Therefore, it is not

surprising that studies aimed at understanding the effects of estrogen on the immune

system are recognized as being of increasing biomedical importance.

A significant novel observation in this study is that splenocytes from estrogen-treated

mice, when exposed to T cell stimulants, release abundant amounts of nitric oxide in

supernatants. The levels of nitric oxide in the supernatants of Con-A-activated

splenocytes from estrogen-treated mice were particularly high after 48 hrs of culture.

Estrogen appears to sensitize splenocytes to release nitric oxide since splenocytes from

estrogen-treated mice, but not from placebo-treated mice, when exposed to even sub-

mitogenic doses of anti-CD3 antibodies or Con-A induced detectable levels of nitric

oxide. The increase in nitric oxide in Con-A or anti-CD3-activated splenocytes from

estrogen-treated mice is due to estrogen-induced up-regulation of iNOS mRNA (as

demonstrated by Real-Time PCR) and a concomitant increase in iNOS protein (as

demonstrated by Western blot assays).  Our studies show that one indirect consequence

of T cell activation is the release of nitric oxide.
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Recent studies have also shown that nitric oxide can induce the expression of

cyclooxygenase-2 (COX-2) or prostaglandin H synthase, an enzyme that catalyzes

arachidonic acid for the formation of prostaglandin in tissues (47-49).   For example,

studies in mouse skin cells have shown that the suppression of iNOS by specific

inhibitors also inhibited COX-2, while the addition of nitric oxide donors induced the

expression of COX-2 (47).  Similarly, studies in three colon cancer cell lines have shown

that nitric oxide also upregulated the expression of COX-2 (48). Further, nitric oxide is

necessary for maintaining prolonged COX-2 mRNA expression in IFN-g and LPS-

stimulated macrophage cell lines (18, 40) as well as peritoneal macrophages (19), and

iNOS and nitric oxide upregulated COX-2 in myocardial cells  (49). To our knowledge,

the relationship of nitric oxide and COX-2 in immune cells such as splenocytes has thus

far not been investigated.  Our studies clearly show that Con-A activation of splenocytes

not only upregulated nitric oxide, but also COX-2 expression.

It is noteworthy that T cell stimulation was necessary to induce the release of nitric oxide,

since nitric oxide was not released in unstimulated cultures.  It is also of note that whole

splenocytes (a mixture of T, B, and macrophages) were necessary to demonstrate the

increased release of nitric oxide, since nitric oxide was not detectable in either Con-A-

activated enriched T cells alone or Con-A-activated non-T cells (mostly macrophages)

alone from estrogen-treated mice (data not shown).  We further show that the up-

regulation of iNOS/nitric oxide by estrogen is mediated by IFN-g.  Blocking the

molecular interactions of CD28 and B7 molecules with a CTLA-4Ig fusion protein

markedly decreased not only IFN-g secretion, but also iNOS mRNA and nitric oxide.

Blocking CD28 and B7 interactions also significantly decreased COX-2 levels.   The

dependence of nitric oxide on IFN-g is also evident by the observations that estrogen

administration to either IFN-g deficient mice or IRF-1 deficient mice (which have very

low levels of IFN-g) did not upregulate the levels of nitric oxide or iNOS mRNA.

Moreover, direct addition of recombinant IFN-g to Con-A-activated splenocytes from

wild-type tended to upregulate nitric oxide or iNOS protein, respectively. Furthermore,

the kinetics of induction of IFN-g and nitric oxide also suggests that estrogen induces
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IFN-g first, which is then followed by nitric oxide. For example, intracellular IFN-g is

readily measured in freshly-isolated splenocytes from estrogen-treated mice and

detectable levels of IFN-g in the supernatants of Con-A-activated splenocytes from

estrogen-treated mice become evident as early as 6 hours of culture  (33).   High levels of

IFN-g in cultures of Con-A-activated splenocytes from estrogen-treated mice are evident

at 24 hours of culture (which continue to rise at 48 hours of culture).  In contrast to the

kinetics of estrogen-induced IFN-g, nitric oxide is not detectable in either fresh cultures

or after 6 hours of culture.  At 24 hours of culture, the levels of nitric oxide are detectable

and high levels become evident only after 48 hours of culture.

Several in vitro studies have also shown the effect of estrogen on iNOS or nitric oxide in

non-immune cells such as isolated rat aortic rings, ovine coronary artery cells, rat

myocytes, rat uterus and endothelial cells, and macrophage-like cell lines (J774, RAW-

264.7) and peritoneal macrophages (50-55).   Depending upon the cell type and the

stimulus, direct exposure of these cells to estrogen either increased or suppressed iNOS

or nitric oxide.   For example, estrogen increased iNOS expression in RAW-267.7 cells

and peritoneal macrophages (50, 55) or suppressed IL-1 induced iNOS expression in

isolated rat aortic cells (52).  Our studies differed from these studies in several important

respects.  First, to date no studies have been conducted on the in vivo effects of estrogen.

Second, our studies examined the consequence of T cell activation in splenocytes by

studying the interactions of T cells and macrophages. The use of splenocytes simulates as

natural state as possible, where lymphocytes (T, B) and antigen presenting cells (e.g.

macrophages, dendritic cells) physically co-exist and interact to influence one another.

This later point is highlighted by the fact that blocking the interactions of T and antigen

presenting cells through CTLA-4Ig markedly decreased IFN-g and nitric oxide.  In this

experimental setting, in vivo estrogen treatment did not directly induce iNOS or nitric

oxide rather these effects were mediated through induction of cytokines such as IFN-g.

These studies provide a new understanding of estrogen modulation of the immune system

via release of nitric oxide, especially considering that nitric oxide has potent effects on

the immune system including defense against microbial agents, cellular proliferation,
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apoptosis, and cell survival (2, 56, 57).  Further, one of the downstream nitric oxide-

induced events is the induction of COX-2 (47-49), which suggests that estrogen also

modulates eicosanoid production that is involved in inflammation.  Thus, estrogen

promotion of inflammation and certain autoimmune diseases may be mediated by

upregulation of pro-inflammatory IFN-g, which in turn can induce iNOS and nitric oxide

(Figure 10).  Nitric oxide in turn can induce COX-2, which is largely responsible for

prostaglandin-E2 secretion (58).   These are new observations that may provide insights

into mechanisms of estrogen-induced promotion of inflammatory diseases and aid design

of new therapeutic interventions to manipulate levels of nitric oxide (Non-steroidal anti-

inflammatory drugs (NSAID-NO)).
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g.) FIGURES

Figure 1. Estrogen induces IFN-g and augments the levels of IFN-g-inducible nitric
oxide:  Splenocytes were isolated from estrogen or placebo-treated orchiectomized mice.
Cells were stimulated with an optimal concentration of Concanavalin-A (Con-A; 10
mg/ml) or left unstimulated (media only) and the levels of IFN-g and nitric oxide in the
supernatants were determined by a specific ELISA and a Griess Assay, respectively.
Supernatants of Con-A-activated splenic lymphocytes cultured for 24 hrs from estrogen-
treated mice had significantly higher levels of IFN-g compared to placebo controls (Panel
A; n=15 mice per placebo or estrogen-treatment, p<0.05). Panel B shows the levels of
nitric oxide in the supernatants from splenocytes cultured with Con-A for 24 hrs (n=14
mice per placebo or estrogen-treatment; p<0.05). Panel C shows the levels of nitric oxide
in the supernatants from splenocytes cultured with Con-A for 48 hrs (n=13 mice per
placebo or estrogen-treatment; p<0.005). In the supernatants of splenic lymphocytes left
unstimulated in media IFN-g or nitric oxide were not detectable. Data are presented as
geometric means with standard errors.
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Figure 2. Anti-CD3 activation of splenocytes from estrogen-treated mice induces
increased levels of nitric oxide: Splenocytes from estrogen or placebo-treated
orchiectomized mice were stimulated in vitro with anti-CD3 antibodies (10, 1, or 0.1
mg/ml) or left unstimulated (media only) for 48 hrs. The level of nitric oxide was
measured with Griess Assay. Panel A shows levels of nitric oxide in the supernatants
from splenic lymphocytes cultured with 10 mg/ml of anti-CD3 antibody (Placebo: n=7
mice, estrogen: n=7 mice; p<0.05). Panel B shows the levels of nitric oxide in the
supernatants from splenic lymphocytes cultured with 1 mg/ml of anti-CD3 antibody
(Placebo: n=13 mice, estrogen: n=13 mice; p<0.05). Panel C shows the levels of nitric
oxide in the supernatants from splenic lymphocytes cultured with 0.1 mg/ml of anti-CD3
antibody (Placebo: n=11 mice, estrogen: n=11 mice; p<0.05). Nitric oxide was not
detectable in the supernatants of splenocyte cultures that were not stimulated (i.e. in
media only). Nitric oxide was also not detectable in selected cultures, which were
exposed to control antibodies. Data are presented as geometric means with standard
errors.
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Figure 3. Estrogen upregulates iNOS mRNA expression: Splenic lymphocytes from
estrogen or placebo-treated orchietomized mice were stimulated with Con-A (10 mg/ml)
for 24 hrs and the relative expression of iNOS mRNA was determined by RT-PCR
(Placebo: n=22 mice, estrogen: n=22 mice; p<0.05) (Panel A).  RT-PCR products were
scanned with a scanning densitometer and normalized to their own b-actin, a house-
keeping gene. Panel B shows a representative result for of iNOS mRNA expression after
RT-PCR. Panel C shows the quantitative detection of iNOS mRNA expression by the
Real Time PCR assay. The Real Time PCR products were calculated in femtograms
using the standard curve derived from cDNA standards of the respective genes, iNOS and
b-actin. The expression of iNOS mRNA was normalized to b-actin. The data are
presented as geometric means of femtogram ratios with standard error bars (Placebo: n=8
mice, estrogen: n=8 mice; p<0.0001). Panel D shows representative end product of Real
Time PCR. Data are presented as geometric means of relative densities with standard
error bars.
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Figure 4.  The expression of iNOS protein is increased in estrogen-treated splenic
lymphocytes: Splenic lymphocytes from estrogen or placebo-treated mice were
stimulated with Con-A (10 mg/ml), anti-CD3 antibodies (10, 1, or 0.1 mg/ml), or left
unstimulated (media) for 24 hrs.  The expression of iNOS protein was determined by the
Western blot analysis. The top portion of Panel A shows a representative experiment with
unstimulated (media) or Con-A-stimulated cells from estrogen or placebo-treated
orchiectomized male mice. The bottom portion of Panel A shows mean relative
densitometry data for iNOS protein expression (Media: Placebo: n=6 mice, estrogen: n=6
mice; Con-A: Placebo: n=6 mice, estrogen: n=6 mice; p<0.005). The top portion of Panel
B shows a representative experiment for iNOS protein from splenocytes from estrogen or
placebo-treated orchiectomized mice, which were stimulated with 10 mg/ml of anti-CD3
antibodies. The bottom portion of Panel B shows mean relative densitometry data for
iNOS protein expression (Placebo: n=3 mice, estrogen: n=3 mice; p<0.05). Panel C: the
bottom portion shows mean relative densitometry data for iNOS protein expression
(Placebo: n=4 mice, estrogen: n=4 mice; p<0.05). The top portion shows a representative
experiment of 1 mg/ml of anti-CD3 antibody-stimulated cells from estrogen or placebo-
treated orchiectomized mice. The bottom portion of Panel D shows mean relative
densitometry data for iNOS protein expression (Placebo: n=5 mice, estrogen: n=5 mice;
p<0.05). The top portion of Panel D shows a representative experiment of 0.1 mg/ml of
anti-CD3 antibody-stimulated cells from estrogen or placebo-treated orchiectomized
mice. All data are presented as geometric means with standard error bars.
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 Figure 5. Cox-2 expression is increased in estrogen-treated splenic lymphocytes:
Splenic lymphocytes from estrogen (n=4) or placebo (n=5)-treated mice were stimulated
with Con-A (10 mg/ml) and cultured for 48 hrs.  The expression of Cox-2 protein was
determined by Western blot analysis. Panel A shows Cox-2 protein expression from 4
different experiments.  Panel B shows the relative densitometry data of Cox-2 expression
presented [geometric means with standard error bars (Placebo: n=5 mice, estrogen: n=5
mice; p<0.05)] for Con-A stimulated cells from estrogen or placebo-treated
orchiectomized mice.
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Figure 6. Blocking CD28-B7 molecular interactions inhibits IFN-g and IFN-g-
inducible nitric oxide: Splenic lymphocytes isolated from estrogen or placebo-treated
gonadectomized male mice were cultured with Con-A (10 mg/ml) in the presence or
absence of CTLA-4Ig fusion protein (15 mg/ml) for 24 or 48 hrs. The levels of IFN-g in
the supernatants of Con-A stimulated splenic lymphocytes were significantly decreased
in cultures with CTLA-4Ig. This was particularly evident in cultures from estrogen-
treated mice as shown in Panel A (Con-A: Placebo n=15 mice, estrogen n=20 mice; Con-
A and CTLA-4Ig: Placebo n=15 mice, estrogen n=15 mice; p<0.05).  Similarly, blocking
CD28 and B7 interactions with CTLA-4Ig also abrogated nitric oxide release as shown in
Panel B (Con-A: Placebo n=15 mice, estrogen n=20 mice; Con-A and CTLA-4Ig:
Placebo n=15 mice, estrogen n=15 mice; p<0.0001). Data are presented as geometric
means with standard errors. IFN-g and nitric oxide were only detected in Con-A or Con-
A and CTLA-4Ig activated cells but not in unstimulated (media only) cells.
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Figure 7. iNOS mRNA expression is drastically reduced in the absence of
costimulation: Splenic lymphocytes from estrogen or placebo-treated orchietomized
male mice were stimulated with Con-A (10 mg/ml) or Con-A and CTLA-4Ig (15 mg/ml)
for 24 hrs. The iNOS RT-PCR products were scanned with a scanning densitometer and
normalized to b-actin, a house-keeping gene. The expression of iNOS mRNA is
presented as geometric means of relative densities with standard error bars (Placebo: n=5
mice, estrogen: n=5 mice; p<0.005).
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 Figure 8. Cox-2 expression is increased in estrogen-treated splenic lymphocytes:
Splenic lymphocytes from estrogen or placebo-treated mice were stimulated with Con-A
(10 mg/ml) or Con-A (10 mg/ml) and CTLA-4Ig (15 mg/ml) for 48 hours of incubation.
The expression of Cox-2 protein was determined by Western blot analysis. Panel A
shows three representative experiments of Cox-2 protein expression in cells stimulated
with Con-A or Con-A and CTLA-4Ig or left unstimulated in media for 48 hrs. Panel B
shows the relative densitometry data for Cox-2 protein expression (Placebo: n=3 mice,
estrogen: n=3 mice; p<0.05). Data are presented as geometric means with standard error
bars.
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Figure 9. Low doses of Con-A and rIFN-g stimulation increase nitric oxide: Splenic
lymphocytes from estrogen or placebo-treated mice were stimulated with  submitogenic
doses of Con-A (1 mg/ml)  with or without recombinant IFN-g (rIFN-g, 10 ng/ml) for 24
hours of incubation. Levels of nitric oxide in the supernatants of Con-A and rIFN-g-
stimulated splenic lymphocytes were significantly increased (Placebo: n=8 mice,
estrogen: n=8 mice; p<0.05). Data are presented as geometric means with standard error
bars.
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 Figure 10.  The effect of estrogen activated splenocytes IFN-g, IFN-g-inducible
iNOS, nitric oxide, and nitric oxide-stimulated Cox-2: Panel A: Signaling through T
cell receptor (TCR) and co-stimulatory molecules such as CD28 and B7.1/B7.2, is
critical to the activation of lymphocytes. Concanavalin–A (Con-A), a strong pan-T cell
stimulant, results in increased levels of IFN-g protein in the supernatants of splenic
lymphocytes from estrogen-treated mice. IFN-g has been shown to: activate
macrophages, increase inducible nitric oxide synthase (iNOS) activity, induce Cox-2 via
IFN-g inducible nitric oxide, and confer immunity against intracellular pathogens.
Antigen presenting cells (mostly macrophages) are important target cells for IFN-g. IFN-
g binds to specific IFN-g receptors, which often exist as heterodimers of IFN-g-Ra and
IFN-g-Rb chains.  The binding of IFN-g to its receptors results in the activation of
members of the Janus Kinase family, Jak-1 by IFN-g-Ra and Jak-2 by IFN-g-Rb, which
in turn leads to activation of STAT-1 (signal transducers and activators of transcription-
1) pathway.  Activation of cells by IFN-g results in activation of IFN-g-inducible genes,
such as iNOS. Under the influence of iNOS, there is conversion of L-arginine to L-
citrulline resulting in the generation of nitric oxide (NO). The increase in Nitric Oxide
(NO) could also result in increased Cox-2 protein expression. Blocking CD28-B7.1/B7.2
interactions of Con-A activated splenocytes with CTLA-4Ig results in decreased IFN-g
secretion, which in turn decreases the activation of iNOS genes and nitric oxide release.
Diminished nitric oxide levels also decrease Cox-2 protein.
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a.) INTRODUCTION

Intense research in many biological disciplines have revealed that nitric oxide has a

pleiotropic effects on diverse tissues, implying a fascinating broad biological role (1-3).

A wide-range of tissues, including the immune system, are targets of nitric oxide. The

levels of nitric oxide must be carefully regulated to maintain homeostasis. Appropriate

levels of nitric oxide (NO) derived from inducible nitric oxide synthase (iNOS) assists in

mounting an effective defense against invading microbes. Conversely, inability to

generate nitric oxide results in serious, even fatal, susceptibility to infections (4). Further,

dysregulation or overproduction of nitric oxide has been implicated in the pathogenesis of

many disorders, including atherosclerosis, neurodegenerative diseases, inflammatory and

autoimmune diseases, and cancer. Therefore, depending upon the levels of nitric oxide

generated, a potential exists for nitric oxide to behave like a “double-edged” biological

sword. Thus, it is pivotal to understand the regulation of nitric oxide. In this review, we

focus on the regulation of nitric oxide levels in lymphoid cells by estrogen, a subject of

burgeoning interest and broad ramifications. Prior to dwelling on this subject, it is

pertinent to discuss the physiology of nitric oxide and the role of nitric oxide in the

immune system.

Biochemistry of Nitric Oxide Synthases:

Nitric oxide, a small molecule with a very short life span (t=1/2 second), diffuses through

cell membranes and interacts with various targets.  It exerts its biological functions by

interacting with heme groups, Iron-Sulfur (Fe-S) or Zinc-Sulfur (Zn-S) clusters, and

sulfhydryl moieties directly or indirectly via its intermediates (5-7). Nitric oxide can S-

nitrosylate and regulate the activity of various proteins such as transcription factors by

binding to zinc fingers or cysteine residues in these molecules. Nitric oxide forms

intermediates such as nitrite (NO2
-) and nitrate (NO3

-), as well as more reactive products

such as peroxynitrite (ONOO-) when reacted with O2 in aqueous solutions.

Nitric oxide is synthesized by three different Nitric Oxide Synthases (NOS), which

catalyze the formation of nitric oxide and L-citrulline by oxidation of L-arginine in the
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presence of cofactors such as nicotinamide adenine dinucleotide phosphate (NADPH),

flavin-adenine dinucleotide (FAD), flavin mononucleotide (FMN), tetrahydrobiopterin

(BH4), and thiol donor (Figure 1).

There are three known isoforms of Nitric Oxide Synthases: neuronal NOS (nNOS,

NOS1), inducible NOS (iNOS, NOS2), and endothelial NOS (eNOS, NOS3). Their

molecular weights are 160, 135, and 130 kDa, respectively. These enzymes have similar

structures but different catalytical properties (8-11). The catalytic activity of NOS is

provided by 3 different domains: reductase, calmodulin-binding, and oxygenase. The

calmodulin domain is flanked by a reductase domain at the C-terminal end and an

oxygenase domain at the amino-terminal end. The reductase domain at the C-terminal

region, interacts with the cofactors FMD and FAD which are important in the transfer of

electrons from NADPH to the oxygenase domain. The second region, called the

calmodulin-binding domain, is important in the activity of all isoforms of NOS by

sensing the intracellular concentration of Ca2
+, although it acts differently depending on

the type of NOS isoforms. The oxygenase domain has a key role in catalyzing the NOS

substrate, L-arginine that results in the generation of nitric oxide (Figure 2).



159

Figure 1.

Figure 2. General Structure of NOS
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 Key similarities and dissimilarities among the three NOS isoforms, nNOS, eNOS, and

iNOS are summarized in Table 1. Neuronal NOS is expressed in the nervous system and

in skeletal muscles. Depending on where nNOS is expressed, it can act as a

neuromodulator in the central nervous system, as a neurotransmitter in the peripheral

nervous system, and as a key molecule in the regulation of neuroendrocrine functions and

control of smooth muscles (12-14). Although it is constitutively expressed at low levels

(in the picomolar range) in these tissues, nNOS expression can alter depending on

pathological and physiological stimulation (15, 16) (Table 1). Dysregulation of nitric

oxide production by nNOS results in neurodegenerative disorders in peripheral and

central nervous system.

Endothelial NOS is found primarily in cardiomyocytes and endothelial cells. Similar to

nNOS, a low output of nitric oxide is sustained by constitutive expression of endothelial

NOS (eNOS). Basal levels of nitric oxide generation by eNOS are required for normal

homeostasis of the vasculature system, such as maintaining blood flow and pressure (13,

17), inhibiting platelet aggregation, and regulation of vascular smooth muscle

proliferation (17, 18) (Table 1). The distruption in eNOS derived nitric oxide levels

causes several disorders such as hypertension, hypercholesterolemia, diabetes, and heart

failure.

The third isoform is inducible NOS. This differs from nNOS and eNOS in that it is not

constitutively present rather it is induced in activated antigen presenting cells (mostly

macrophages) and various other types of cells in response to inflammatory cytokines (19,

20). Further, unlike nNOS and eNOS, very low concentrations of intracellular Ca2
+ bind

to calmodulin (3, 8) and is often referred to as not dependent on Ca2
+ for its enzymatic

activity. Another distinguishing feature of iNOS from the other two NOS (nNOS and

eNOS) is that it is capable of inducing high levels of nitric oxide (in the nanomolar range)

(3). High levels of nitric oxide produced by iNOS exert potent anti-microbial and

cytotoxic effects on the immune system (Table 1).  The dysregulation of iNOS derived

nitric oxide production takes place in a wide range of cases such as infections,

Rheumatoid Arthritis (RA), Crohn’s Disease, asthma, and septic shock.
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Table 1. Key Features of Three Nitric Oxide Synthases
nNOS eNOS iNOS

Distribution

Brain, Peripheral
(PNS) and Central
Nervous System

(CNS), and skeletal
muscles

Vascular endothelial
cells, Cardiomyocytes

Macrophages

Known
functions

Brain-
Neuromodulator

PNS-
Neurotransmittor
Skeletal muscles-

Regulation of smooth
muscle control and

neuroendocrine
functions

Vasodilator
Regulation of blood
flow and pressure

Activation of APCs
against infections

and microbes
Cell death

Expression Constitutively
present

Constitutively
present Inducible

Concentration In picomolar range In picomolar range In nanomolar range

Calcium
dependence Ca2

+ dependent Ca2
+ dependent

Small quantities of
Ca2

+ are sufficient.
Mostly considered as

Ca2
+ independent

Cellular
location Cytosol (?)

Found in Caveolae of
membrane bound to
Calveolin-1

Cytoplasm

Associated
disorders

Dysregulation
associated with

neurodegenerative
disorders

Hypertension,
hypercholesterolemia,
diabetes, heart failure.
At low concentrations
prevents apoptosis of

endothelial cells,
inhibits platelet
aggregation, and
smooth muscle

proliferation

Infections,
Rheumatoid Arthritis,

Crohn’s disease,
asthma, septic shock
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c.) iNOS, NITRIC OXIDE, and IMMUNITY

The iNOS-derived nitric oxide is principally generated from the cells of the macrophage-

monocyte lineage. This includes: monocytes, macrophages (21), peritoneal macrophages

(22, 23), microglia, and Kupffer cells. In addition, certain T (24) and B cell lines (25, 26),

optic nerve astrocytes (27), hepatocytes, neutrophils, vascular smooth muscle cells, and

endothelial cells (28) can also release nitric oxide derived from iNOS. Nitric oxide has

potent effects on the immune system including the following.

The iNOS gene is activated by selected immunological stimuli especially cytokines such

as IFN-g. Studies show that IFN-g, secreted by T cells, is required for the production of

nitric oxide and the expression of iNOS (3, 29).  Macrophages are notable target cells for

IFN-g. This cytokine has been shown to activate macrophages, increase iNOS activity

(3), induce MHC class I and II expression (30), and confer immunity against intracellular

pathogens (31).  IFN-g binds to specific IFN-g receptors (heterodimers of IFN-gR1 or

IFN-gRa and IFN-gR2 or IFN-gRb chains) (32-34) and activate members of the Janus

Kinase family. Jak-1 binds IFN-gRa and Jak-2 binds IFN-gRb. Activated Jaks in turn,

phosphorylate tyrosine residues of signal transducers and activators of transcription-1

(STAT-1) (35). Activated STAT-1 dimerizes and binds to specific DNA response

elements to regulate STAT-1-controlled genes including the iNOS gene culminating in

the induction of the enzyme iNOS protein (Figure 3). iNOS subsequently catalyzes the

generation of nitric oxide, which upregulates proinflamatory Cyclooxygenase-2 (COX-2)

and diffuses out of macrophages to affect various other cells in the cellular level.
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Figure 3. Induction of iNOS and Nitric Oxide (NO) in Con-A stimulated cells
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Nitric oxide functions as a cytotoxic agent against invading microbes (4, 36), it regulates

the functions of diverse cells of the immune system (1, 2, 4, 37, 38), and it modulates

apoptosis and cell viability (39, 40).  The level of nitric oxide is important in the

enhancement or retardation of inflammation. Healing of excisional wounds takes longer

in iNOS deficient mice compared to wild type mice (3). There is substantial evidence

suggesting that increased nitric oxide is involved in human and rodent septic shock (41),

which results in decreased blood pressure, vascular hyporeactivity, platelet aggregation,

and neutrophil adhesion (42). Enhanced levels of nitric oxide has been incriminated in

tissue injury in several autoimmune diseases including rheumatoid arthritis (RA),

multiple sclerosis (MS), systemic lupus erythematosus (SLE), and glomerulonepthritis (4,

43). Interestingly, these autoimmune diseases, which demonstrate upregulation of

iNOS/nitric oxide also exert higher levels of production of Th1 type cytokines: IFN-g, IL-

1b, and TNF-a (2, 44).

One of the most important roles of nitric oxide is to control infection by inhibiting the

growth of bacteria, viruses, and parasites. Increased activity of iNOS is observed in

monocytes or macrophages from hosts with infectious or inflammatory diseases (3).

Some of the infections that are controlled by iNOS include Herpes simplex virus type 1

(45), Coxsackie virus B3 (46), Listeria monocytogenes (47), Mycobacterium tuberculosis

(48), Mycoplasma pulmonis (49), Leishmania donovani (50), Leishmania major (51-53),

Tryposonoma cruzi (54), and Toxoplasma gondii (55).

iNOS has  an important role in the regulation of the immune system because it influences

antigen-presenting cells. Infected or activated macrophages can produce iNOS derived

nitric oxide, which results in Reactive Oxygen Intermediates (ROI): O2
-, H2O2, and OH..

ROI kill infectious agents such as viruses, bacteria, protozoa, fungi, by decreasing

glutathione, increased double-stranded DNA breaks, and oxidation of lipids and DNA

(56). Superoxide produced by macrophages or neutrophils in inflamed tissues will react

with nitric oxide to form reactive nitrogen intermediates (RNO) such as peroxynitrite

(ONOO-), these molecules will directly affect invading pathogens and confine them in

the infected area to be eliminated with minimal tissue damage to the host. These ROI
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may further enhance nitric oxide synthesis by these macrophages (57).  An elevation in

NO level is not always beneficial to the host. It may become detrimental to cells and

tissues. Reaction initiated by ROI can result in tissue destruction by necrosis or apoptosis

(1, 4). Nitric oxide can also have an inhibitory effect on protein synthesis, phagocytosis,

and MHC class II expression on peritoneal macrophages (58). Nitric oxide also plays an

important role in controlling tumor growth. For example, nitric oxide has also been

shown to have a cytotoxic effect on some tumor cells (3, 19, 59). Further, excessive

production of nitric oxide may result in the suppression of solid tumor growth (60)

preventing metastasis of neoplastic cells.

At a cellular level, nitric oxide can have selective effects on different T cell subsets. For

example, nitric oxide inhibits the expansion of Th1 but not Th2 clones (3, 24). Further,

nitric oxide inhibits the secretion of IFN-g by Th1 cells, but has no appreciable effects on

IL-4 secretion by Th2 cells (24).  The observations that nitric oxide inhibits IFN-g is

interesting (and has potentially significant implications) considering that IFN-g potently

activates nitric oxide.  The ability of nitric oxide in turn to switch off IFN-g, provides a

means of regulation of pro-inflammatory IFN-g. This “turning off” of IFN-g may be an

effective way of preventing generation of dangerous levels of IFN-g. The effect of nitric

oxide on T cells is dependent upon the level of exposure of nitric oxide as well as the

timing of exposure (i.e. naïve versus activated T lymphocytes). For example, addition of

high concentrations of the nitric oxide donor S-nitroso-N-acetylpenicillamine (500mM;

SNAP) to Th1 cells inhibits IFN-g production, while exposure of these Th1 cells to a

lower concentration of SNAP (10mM) leads to an increased secretion of IFN-g (52). In

support of the latter, it has been shown that in the absence of nitric oxide (as noticed in

iNOS knockout mice), enhanced IFN-g and IL-12 secretion were evident (51, 61) and

higher levels of IFN-g production were observed in Leishmania major infected iNOS

mice compared to wild-type (52). It also appears that the effect of nitric oxide on T cells

is dependent upon when exposure of nitric oxide occurs. For example, exposure of

human T cells first to various nitric oxide donors, SNAP, Dipropylenetriamine NONOate

(DPTA-NONOate), (Z)-1-[-2-(aminoethyl)-N-(2-ammonioethyl)amino]diazen-1-ium-

1,2-diolate (DETA-nonoate), subsequently followed by activation with anti-CD3 and
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anti-CD28 antibodies resulted in a significant decrease in IFN-g secretion, without

affecting Th2 cytokines, IL-4 and IL-5 (62). However, coincubation of nitric oxide

donors (i.e. SNAP, SIN-1) (addition of nitric oxide) with anti-CD3 or PMA/ionomycin-

activated human T cells has no effect on the levels of IFN-g or IL-12 (63).  Although the

precise mechanisms underlying these observations are not clearly evident, these studies

suggest that exposure of cells to nitric oxide, prior to T cell activation may blunt key

signaling events (possibly S-nitrosylation) that are involved in transcription and/or

synthesis of IFN-g.

While IFN-g is known to upregulate iNOS, other cytokines such as TGF-b, IL-4, IL-13,

and IL-10 act to prevent excessive production of nitric oxide by iNOS (64-66).

c.) iNOS, NITRIC OXIDE, and APOPTOSIS

In addition to the central role of nitric oxide in immunoregulation, immunity against

infections, and cell differentiation, nitric oxide also influences apoptosis. Intense research

in apoptosis has revealed that tightly regulated apoptosis is essential for viability in both

unicellular and multicellular organisims. Physiologically, apoptosis is critical in the

regulation of developmental tissues, and removal of damaged cell populations in many

organ systems such as neuronal, cardiac, and immune cells. Further, apoptosis is essential

for maintanence of immune homeostasis. This includes death of dangerous autoreactive

and defective lymphocytes during development (also regarded as negative selection),

elimination of clonally-expanded immune cells after effectively countering infection, and

death of infected or abnormal cells by cytotoxic lymphocytes. Any defects or

dysregulation of apoptosis of cells in the immune system may result serious health

consequences, including the development of autoimmunity and/or cancer. Excessive

apoptosis of lymphocytes can result in immunological and developmental defects, and

immunodeficiency disorders. Given that apoptosis is central to homeostasis, the ability of

nitric oxide to regulate apoptosis adds another dimension of physiological and/or

pathological role of nitric oxide. iNOS-derived nitric oxide is capable of inducing or

preventing cell death depending on the cell type, the stimulation, and the level of nitric
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oxide production.  Therefore, the effects of nitric oxide can be divided into two types,

pro-apoptotic and anti-apoptotic.

The Pro-Apoptotic Effects of Nitric Oxide, The Product of inducible NOS

iNOS-derived nitric oxide has been shown to induce apoptosis in several cell types (67-

74). Augmented levels of nitric oxide can initiate apoptotic pathway by membrane

permeabilization, altering the balance in expression of pro and anti-apoptotic genes,

leading to caspase activation, which results in nuclear condensation and fragmentation.

Increased concentrations of either exogenous or endogenous nitric oxide, compared to

physiological levels of nitric oxide present in the cell, result in decreased cell viability. In

vitro addition of with increasing concentrations of nitric oxide donors (0.6-1mM) such as

sodium nitroprusside (SNP), S-nitroso-N-acetyl-DL-penicillamine (SNAP), S-

nitrosogluthatione (GSNO), and S-nitroso-N-acetyl-cysteine (SNAC) to various cell

types such as embryonic chick cardiomyocytes (75), human neuroblastoma cells (SHSY-

5Y) (76), human myeloid leukemia cells (77), and serum-starved primary cultures of

neonatal and adult rat ventricular myocytes (38) has been shown to enhance the incidence

of apoptosis.

Nitric oxide alters the balance between anti- and pro- apoptotic genes: The

rate and extent of apoptosis appears to depend upon alterations in the cellular balance of

the pro-apoptotic proteins (e.g. Bax and Bak) with the anti-apoptotic proteins (e.g. Bcl-2

and Bcl-xL). Selective expression of these genes is also regulated by nitric oxide alone

(either added exogenously via nitric oxide donors or physiologically induced by

cytokines) or in combination with the oxidant species produced as a result of increased

nitric oxide.  In many (but not all) cells undergoing apoptosis, there is an increase in the

expression of pro-apoptotic genes, Bax or Bak, while there is a concomitant decrease in

Bcl-2 and Bcl-xL genes.  Expression of the pro-apoptotic genes, such as Bak and Bax, is

increased after treatment with increased concentrations of nitric oxide donors in cardiac

myocyte cells (38), enterochromaffin-like (ECL) cells (neuroendocrine cells) (78), Meg-

01 and HEL megakaryocytoid cell lines (79), and bone marrow macrophages (80). This
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increase is detected at both mRNA and protein levels of these genes using RT-PCR and

Western blot assays. Escalation of endogenous nitric oxide levels by the induction of

iNOS protein in cardiac myocytes by cytokines such as recombinant IL-1b  and

recombinant IFN-g, is associated with increased expression of Bax (81). Nitric oxide-

mediated cell death in myocytes is attenuated by the use of non-specific or specific iNOS

inhibitors, which demonstrates the direct effect of nitric oxide in these cells (81). The

rebalance of Bcl-2 to Bax is critical to the recovery of cells from programmed cell death.

Neurons co-cultured with astrocytes, which undergo cell death, experience increased

iNOS production from astrocytes and upregulation of Bax protein levels (82). The same

profile of increased nitric oxide in relation to decreased levels of anti-apoptotic Bcl-2 or

Bcl-xL expression is observed in many cells such as megakaryocytoid cell lines (79),

U937 cells  (77), neurons (82), and RAW 264.7 macrophages (83).  Inhibition of nitric

oxide production with iNOS inhibitors such as N(G)-monomethyl-L-arginine (L-NMMA)

suppresses neuronal cell death (82) in enterochromaffin-like cells (78) and increases the

Bcl-2 to Bax ratio (82). Nitric oxide donors promote apoptosis via cytotoxic products

formed when nitric oxide reacts with superoxide.

Nitric oxide causes release of Cytochrome-c and activation of caspases: This

review is not intended to provide detailed molecular events involved in apoptosis. Rather,

only key events that are crucial to the understanding of the regulation of apoptosis by

nitric oxide are discussed. Downregulation of anti-apoptotic Bcl-2 and/or upregulation of

Bax homodimers generally result in mitochondrial changes and the release of

Cytochrome-c (84-86). The release of cytochrome-c regulates the downstream events that

culminate in apoptotsis. Free cytochrome-c in the cytoplasm binds to ATP-dependent

activation of the death regulator apoptotic protease-activating factor-1 (APAF-1),

Caspase-9, and an ATP-forming complex called an apoptosome, which activates caspases

(Figure 4) (86).
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Figure 4. Molecular Mechanisms of Apoptosis
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Caspases are found as inactive pro-caspases (zymogens) in viable cells (87) and are

activated in response to many pathways such as Fas-FasL, TNFR1-TNF-a, which

activate precursor Caspases such as Caspase-8 or Caspase-10 (84, 85, 87-89).  A receptor

free caspase activation pathway occurs by release of cytochrome-c from mitochondria to

the cytoplasm. Cytochrome-c released into the cytoplasm triggers the activation of

initiator caspases such as Caspase-9, which in turn stimulates downstream pro-effector

caspases (90, 91). Effector caspases that are activated by initiator caspases and their own

active forms are Caspase-3, Caspase-7, and Caspase-6. Activation of Caspase 3 (CPP32,

apopain) causes the activation of a nucleosomal DNase that results in DNA laddering and

cell death.

Studies performed in relation to elevated levels of nitric oxide and a disturbance in the

balance of Bcl-2 to Bax proteins suggest the presence of increased cytochrome-c in the

cytosol and elevated Caspase-3 activity. Treatment of RAW 264.7 macrophages with the

nitric oxide donors, S-nitrosoglutathione or spermine-NO, causes cytochrome-c to be

released into the cytosol (83).  When the rat pheochromocytoma cell line (PC12) is

cultured with the nitric oxide donors, 1 mM S-nitroso-N-acetyl-DL-penicillamine

(SNAP) or 1 mM diethylenetriamine-NO adduct (NOC-18), cytochrome-c is released

from mitochondria into the cytosol, accompanied by activation of caspases (92).

Various cells and cell lines such as the rat PC12 cell line (92), neonatal rat cardiac

myocyte cells  (38), rat neurons (82), RAW 264.7 (macrophage cell line) (83), and HL-60

cell line (human promyelocytic leukemia cell line) (93) cultured with exogenous nitric

oxide, exhibited an increase in the enzymatic activity of Caspase-3. Cleavage of inactive

pro-Caspase-3 (32 kDa) to active Caspase-3 (17 kDa) upon exposure to nitric oxide and

inhibition of the activation of pro-Caspase-3 by the nitric oxide inhibitor, L-NAME in

AK-5 tumor cell cultures confirmed the action of nitric oxide on caspases (94).

Once the effector caspases (Caspase-3, Caspase-7, or Caspase-6) are activated, they start

to inactivate the proteins that protect viable cells from apoptosis, such as inhibitor of
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caspase-activated DNase (ICAD) and Poly-ADP-Ribose polymerase (PARP). ICAD

(DFF45) is an inhibitor of nuclease Caspase-activated deoxyribonuclease (CAD), which

is responsible for DNA fragmentation (85, 89). Caspase-3 releases CAD from the

inactive ICAD/CAD complex and therefore initiates the formation of DNA breaks (85,

86, 89).  Another substrate of Caspase-3, PARP, synthesizes homopolymers of ADP-

ribose in response to DNA damage and is responsible for the maintenance of genomic

integrity. The activation of Caspase-3 results in cleavage of PARP and therefore

increases DNA fragmentation. Proteolytic cleavage of PARP (from 116 kDa to a 85 kDa

product) is associated with the presence of iNOS expression demonstrating the effect of

endogenous nitric oxide production on cells. Cardiac rat myocytes, treated with IL-1b,

and AK-5 macrophage tumor cells cultured with natural killer cells have increased

endogenous nitric oxide production and increased PARP cleavage (38, 94).

Changes in DNA fragmentation and nuclei in response to nitric oxide:

Apoptosis has been noticed in cells exposed to relatively high levels of nitric oxide, either

exogenously (delivered through increased concentrations of nitric oxide donors) or

endogenously (after stimulation of cells with inflammatory cytokines such as TNF-a, IL-

1b, IFN-g).  Nitric oxide-mediated cell death that is primarily due to apoptosis can be

confirmed by DNA fragmentation. The characteristic cleavage of chromatin DNA during

apoptosis into nucleosomes of 180 base pairs can be assayed by DNA gel electrophoresis,

enzymatic labeling of DNA strands [terminal deoxynucleotidyl transferase biotin-

mediated dUTP nick-end labeling (TUNEL)], or fluorescent microscopic analysis with

nuclei staining.

Exposure of several cell lines to high levels of exogenous nitric oxide, nitric oxide donors

induced apoptosis, characterized by increased levels of nuclei showing apoptotic bodies,

chromatin condensation, and DNA fragmentation. These include adult rat and human

islet cells (95), human neuroblastoma cells (SHSY-5Y) (76),  embryonic chick

cardiomyocytes (75), bone marrow macrophages (80), neonatal rat cardiac myocyte cells

(38), megakaryocytoid cell lines (Meg-01 and HEL) (79), the human myeloid leukemia

U9 cell line (77, 89), AK-5 tumor cells (94), the human leukemia cell line, HL-60 cell
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line(93), and CD4+CD8+ thymocytes, (96). The elevation in endogenous nitric oxide

levels by inflammatory cytokines (recombinant IL-1b, TNF-a, and IFN-g), in serum-

starved neonatal rat ventricular myocytes (81), megakaryocytoid cell lines (79), and

RAW 264.7 cells results in augmented DNA fragmentation analogous to that observed in

the presence of nitric oxide donors.  Data show that apoptosis is caused by increased

hydrogen peroxide formation in the J774 macrophage cell line cultured with the nitric

oxide donors, diethylenetriamine/NO adduct (DETA/NO) and S-nitrosoglutathione

(GSNO) (77, 97).

The effect of endogenous or exogenous nitric oxide treatment on the cell viability is also

demonstrated by the addition of nitric oxide scavengers like hemoglobin or nitric oxide

inhibitors (L-NAME, L-nitroarginine) to neonatal or adult rat ventricular myocytes (81,

98), which results in decreased DNA laddering and chromatin condensation.

High levels of nitric oxide derived from iNOS switches programmed cell

death to necrosis:  In healthy cells, the mitochondrial membrane potential is a good

indicator of the energy status of mitochondria, cellular homeostasis, and cell viability. A

collapse in membrane potential has been associated with apoptosis. Maintenance of

membrane potential is important for cell survival since disruption results in the release of

cytochrome-c to the cytosol and the activation of caspases. Apoptosis is a process that

requires ATP and depletion of ATP in addition to collapse in the membrane potential of

mitochondria can switch the process into necrosis. The amount of nitric oxide and status

of the cells are both extremely important in determining the fate of cells, whether they

enter into apoptosis or necrosis. Stimulation of RAW 264.7 cells with LPS/IFN-g results

in production of endogenous nitric oxide up to 100 mM. At these concentrations of nitric

oxide, apoptosis is detected. Lactate dehydrogenase (LDH) leakage from cells, an

indicator of necrosis, is not observed at these concentrations probably demonstrating the

need for a higher concentration of nitric oxide to drive cells into necrosis (99).   In the

absence of glucose, PC12 cells (rat pheochromocytoma cell line) (92) and the HL-60 cell

line (93), as well as RAW264.7 (83) and J774 macrophage cell lines (77, 97), which are

depleted of ATP, show a shift from apoptosis to necrosis, with LDH release and lack of
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caspase activation upon addition of high concentrations of nitric oxide donors (>1mM).

In the presence of glucose, the number of apoptotic cells is much higher in nitric oxide

donor treated PC12 cells. Overall, it appears that nitric oxide-induced necrosis is

mediated by energy failure in these cells.

The Effect of Nitric Oxide on the Survival of Cells from Apoptosis

Remarkably, in relation to apoptosis and cell survival, nitric oxide behaves like a

“double-edge” sword. In contrast to the pro-apoptotic effects of nitric oxide discussed

above, nitric oxide has also been reported to inhibit apoptosis in eosinophils, murine and

human lymphocytes, certain tumor cell lines, human endothelial cells, and rat cardiac

muscle cells subjected to mechanical stress (100-107). The mechanisms responsible for

these responses to nitric oxide have not been defined in detail.

Increased expression of anti-apoptotic genes in the presence of nitric oxide:

There is substantial evidence for the effect of nitric oxide on the expression of anti-

apoptotic genes and proteins in various cell types. Both endogenously produced nitric

oxide by the cytokine challenge and exogenously applied nitric oxide result in an increase

of anti-apoptotic Bcl-2 mRNA in UVA treated endothelial cells (104), murine peritoneal

macrophages (PEC), and endothelial cells (105). Nitric oxide-treated cells do not have an

increase in Bax mRNA demonstrating the importance of the Bcl-2/Bax ratio to the

control of the onset of apoptosis. Immortalized porcine endothelial cells cultured in the

presence of iNOS derived nitric oxide are resistant to TNF-a-induced apoptosis and there

is a sustained expression of Bcl-2 and Bcl-xL (76, 108).

Addition of inhibitors of nitric oxide production to cultures of PEC, RAW 264.7, or

UVA-treated endothelial cells protects these cells from nitric oxide induced cell death in

the presence of high levels of the nitric oxide donor, SNAP (2mM for 8 hrs or 24 hrs)

(104, 109). These cells have normal levels of bcl-xL and bcl-2 expression. Inhibition of

endogenous nitric oxide by a specific iNOS inhibitor in melanoma cell lines and by 6-



174

mercaptopurine (6-MP) in LPS-activated enriched B cells downregulates the level of Bcl-

2 proteins and increases the expression of Bax  (101, 110).

The Inactivation of Caspases by S-nitrosylation:   Although increased levels of

endogenous or exogenous nitric oxide can lead to increased enzyme activity of caspases

resulting in apoptosis in different cell types, physiological or low doses of iNOS-derived

nitric oxide or nitric oxide donors can result in rescue of cells from programmed cell

death. Nitric oxide is capable of modifying proteins such as Caspases that contain

cysteine residues via S-nitrosylation of the thiol group (Figure 5). The decrease in

Caspase-3 enzyme activity can be credited to this modification seen after in vitro

incubation with nitric oxide donors. Dithiothreitol (DTT) is able to reverse the nitric

oxide inhibition of apoptosis, indicating direct S-nitrosylation of the caspase catalytic

cysteine residue, Cys163, a functionally essential amino acid conserved among ICE/CPP-

32-like proteases by nitric oxide (111).
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Figure 5. S-nitrosylation by Nitric Oxide and Apoptosis
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Activity of Caspase-3 in the cell lysates of human umbilical vein endothelial cells  (112),

melanoma cell lines (110), and primary rat hepatocytes (113) is significantly decreased

when exposed to low concentrations of nitric oxide donors, which resembles native

endogenous nitric oxide production. The decrease in Caspase-3 activity is detected by

checking for the active cleavage product (17 kDa) and enzymatic activity. Physiological

levels of nitric oxide prevent apoptosis by interfering with the activation of the caspase

cascade in human endothelial cells (111). Caspase-3 activity is increased in melanoma

cell line lysates in the presence of increasing concentrations of iNOS inhibitors.

Expression of Caspase-3 mRNA is also increased after iNOS inhibitor treatment (110).

Cell lysates from rat hepatocytes, which are stimulated to express iNOS by IFN-g, IL-1b,

and TNF-a, or exposed to nitric oxide donors and then incubated with DTT, demonstrate

increased Caspase-3 activity compared to control cells (110).  The increase in Caspase

activity in response to DTT, which removes thiol bound nitric oxide groups from proteins

and causes “de-S-nitrosylation” of the proteins, specifically shows the S-nitrosylation

effect of NO on these cysteine proteases (110).

While high doses of nitric oxide lead to direct DNA damage or exhibit cytotoxic effects,

the posttranslational modification of Caspase-3 by S-nitrosylation in the presence of low

concentrations of nitric oxide causes the inactivation of caspase and therefore, prevents

cells from apoptosis (113).

The Inhibitory Effect of Nitric Oxide on DNA Fragmentation Factors:   The

inhibitory effect of nitric oxide on Caspase-3 activity by S-nitrosylation of the enzyme is

observed in two substrates of caspase-3, PARP, and ICAD. The cleavage of intact PARP

(85 kDa) by Caspase-3 to an inactive fragment (31 kDa) is suppressed by the pre-

incubation of recombinant Caspase-3 with the nitric oxide donor, SNAP (26). The

activity of Caspase-3 is restored after incubation with DTT, which disturbs S-

nitrosylation of the enzyme (26). In primary rat hepatocytes, PARP is cleaved in response

to TNF-a/Act-D treatment (113). The exogenous and endogenous nitric oxide produced
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by iNOS suppresses Caspase-3 and Caspase-8 activity and PARP cleavage (113). The

basal NOS activity in human leukocytes inhibits Fas-induced cleavage of poly (ADP-

ribose) polymerase (114). Inhibition of Fas induced apoptosis by basal levels of nitric

oxide in human cell lines takes place by S-nitrosylation on the cysteine catalytic site

(114). S-nitrosylated inactive caspases in unstimulated human cell lines could be

stimulated via the Fas pathway resulting in denitrosylation and activation of cell death

(115). Therefore, it appears that the level of nitric oxide and the apoptotic signals

determine cell viability.

Cleavage of ICAD (DFF-45), another indicator of Caspase-3 activity, is decreased in

MCF-7 cells incubated with TNF-a/Act-D and nitric oxide donors as detected with

Western blot assays (116).

Nitric Oxide Decreases DNA Laddering and Other Morphological

Characteristics of Apoptosis:  Several studies have shown that the presence of nitric

oxide in these cells leads to decreased DNA laddering and increased cell viability. For

example,  protection against TNF-a/Act-D, anti-Fas monoclonal antibodies, 6-

mercaptopurine or UVA (UV light) induced cell death is achieved after the incubation of

gd T cells (117), LPS-stimulated mature splenic B cells (101), eosinophils from the

human nasal polyps (100), human umbilical venous endothelial cells (HUVEC) (107),

and primary rat hepatocytes (113) with nitric oxide donors or increased endogenous

iNOS-derived nitric oxide levels.

Spontaneous apoptosis can occur in vitro in some cell types as a result of nutrient

inadequacy and withdrawal of growth factors (118). The spontaneous apoptosis can be

countered in several cell types such as splenic enriched B cells from BALB/c mice (102),

B-cell chronic lymphocytic leukemia (B-CLL) cells (119), rat hepatocytes (26), rat

preovulatory follicles  (23), melanoma cell lines and adult human melanocytes (110) by

increased endogenous nitric oxide levels or after incubation with nitric oxide donors such

as SNAP.  Further, anti-apoptotic effect of nitric oxide on B-cell chronic lymphocytic
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leukemia cells (119), melanoma cell lines, and adult human melanocytes (110) are

counteracted by NOS inhibitors.

To date, the data on the effect of estrogen on apoptosis in relation to iNOS/ nitric oxide is

inconclusive. For example, anterior pituitary cells from ovariectomized rats cultured in

the presence of estrogen (10-9 M) with TNF-a and nitric oxide inhibitor, NAME (0.5

mM), have increased apoptosis and enhanced the pro-apoptotic action of TNF-a in the

absence of nitric oxide (120). This particular study does not specify which NOS (nNOS,

eNOS, or iNOS) is responsible for this action. On the other hand, subcutaneous one-time

estrogen treatment (100 mg/ml) of ovariectomized female rats with ischemic damage

demonstrates a protective effect on neuronal cells from apoptosis (121). In this case,

estrogen treatment results in diminished NF-kB, IkB, and iNOS expressions, which are

rapidly activated during ischemia/reperfusion. In summary, the discrepancy between

these studies can be due to the effect of estrogen and/or the nature of nitric oxide (either

cytotoxic or cytoprotective) on different cell types or experimental conditions, a subject

that needs further investigation. We are currently investigating the effects of estrogen on

apoptosis of splenocytes in relation to iNOS and nitric oxide.

d.) iNOS, NITRIC OXIDE, and ESTROGEN

Nitric oxide is regulated by many endogenous factors including hormones such as

estrogens.  The effects of estrogen on iNOS and nitric oxide have been investigated in

non-immune tissues such as aortic cells (122, 123), cardiac myocytes (124), and kidney

epithelial cells (125). Whereas estrogen has a suppressive effect on iNOS expression

from rat isolated aortic endothelial cells (85, 122, 123), microglial cells (44, 126), and

vascular endothelial cells (89, 127), while in other tissues such as rat uterus (in vivo E2)

(128), ovine coronary artery cells (single dose of E2 in vivo) (129), and rat cardiac

myocytes (in vitro E2) (124, 130) estrogen increased the levels of iNOS expression

and/or nitric oxide. Divergent effects of estrogen on nitric oxide could be due to

differences in cell types, the dose of estrogen, and the difference in the time of

administration and culture.
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A notable observation in endocrinology is the recognition that estrogen is not merely a

reproductive hormone. Rather, it has potent effects (physiological and pathological) on

diverse non-reproductive tissues including the immune system. While the effects of

estrogen on reproductive tissues are well established, the influence of estrogens on the

immune system is increasingly being appreciated over the years.  While the effects of

estrogen on non-immune tissues is reported, there are only a limited number of studies,

that have demonstrated the effect of estrogen on iNOS/NO by immune cells. The

regulation of nitric oxide by estrogen is clearly important considering that estrogen is a

potent immunomodulator including modulating the activity of macrophages, that are

important producers of iNOS-derived nitric oxide.  Estrogen treatment activates

phagocytic activity (131) and enhances Fc-gR expression on splenic-macrophage (132).

In vitro exposure of peritoneal macrophages (133, 134) or macrophage-monocyte-like

cell lines (RAW 264.7) (135) to 17-b  estradiol has been shown to increase iNOS

expression and release nitric oxide.

Since there were no studies on in vivo effects of estrogen on iNOS expression and nitric

oxide release by splenocytes, we addressed this gap in our recent studies.  We showed

that Con-A-activated splenic lymphocytes from outbred CD-1 mice exposed to short-

term, relatively low doses of subcutaneous injections of estrogen (2 and 4 mg/ 100 g body

weight) treatment increased nitric oxide in the supernatants (In press). This increase is

especially apparent with higher doses of 17-b estradiol (4 mg/ 100 g body weight).

Further, in our recent studies we have shown that splenocytes from orchiectomized

C57BL/6 mice given estrogen implants (1-3 months) when activated in vitro with T cell

mitogens [Concanavalin-A (Con-A) or anti-CD3 antibodies] released copious amounts of

nitric oxide in the supernatants (To be submitted) This increase in nitric oxide in

splenocytes from estrogen treated (but not placebo-treated) mice was in part due to

increased transcription of iNOS mRNA as determined by Real Time PCR and increased

levels of iNOS protein as determined by Western blot assay (To be submitted). This is the

first study to show that in vivo estrogen treatment leads to activated splenocytes to secrete

proinflammatory nitric oxide and iNOS gene upregulation.  To further determine whether
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estrogen also enhances iNOS/NO in female mice, we next prepubertally ovarietomized

C57BL/6 mice and gave either placebo and estrogen implants. After 2-3 months of

treatment, splenic lymphocytes from these mice were cultured in the presence or absence

of Con-A. Similar to our findings in gonadectomized male mice given estrogen, we find

that the level of nitric oxide was significantly increased in the supernatants from Con-A

activated splenocytes from estrogen-treated ovariectomized female C57BL/6 mice when

compared to similar cultures from placebo-treated mice (p<0.001; Figure 6). It is

important to note that high levels of nitric oxide was detectable only in splenocytes from

estrogen-treated mice that were activated with a T cell mitogen (e.g. Con-A) and not in

unstimulated (media only) cells. This implies that estrogen is not directly stimulating

splenocytes to induce iNOS, rather it is mediated through activated cells. In our recent

elaborate studies, we find that estrogen-induced upregulation of iNOS /nitric oxide in

activated splenocytes is likely to be mediated through IFN-g. This is based on the

following findings: (1) Estrogen treatment of IFN-g knockout mice did not induce iNOS

or nitric oxide. (2) Estrogen treatment of Interferon Regulatory Factor-1 (IRF-1)

knockout mice (in collabration with G. Senaldi), which also have low levels of IFN-g did

not induce detectable levels of nitric oxide. (3) Direct addition of recombinant IFN-g to

splenocytes (that were briefly activated with Con-A) from estrogen-treated but not

placebo-treated mice resulted in upregulation of iNOS protein. (4) Blocking of CD28-B7

interactions with CTLA-4Ig markedly diminishes IFN-g levels as well as nitric oxide.

Similarly in this study, we find that splenocytes from ovariectomized estrogen-treated

mice, the increase in nitric oxide levels in Con-A activated splenocytes from estrogen-

treated mice can be abrogated by blocking CD28 and B7 interactions (Figure 6). Thus,

implying the importance of this pathway in regulating nitric oxide levels. There was an

apparent increase in the relative levels of iNOS mRNA in Con-A activated splenocytes

from ovariectomized estrogen-treated mice (Figure 7). In our previous studies, using

Con-A activated splenocytes from estrogen-treated gonadectomized male mice, we had

shown by the Real Time PCR assay that iNOS mRNA was significantly increased

compared to the placebo-treated mice (in press). In the present studies, the RT-PCR data

needs to be confirmed with Real Time PCR assay. These results demonstrate the in vivo

effect of estrogen on iNOS expression and iNOS derived nitric oxide from splenic
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lymphocyte cultures and support our previous data observed in estrogen-treated

gonadectomized male inbred C57BL/6 mice as well as short-term estrogen treatment of

intact out-bred CD1 male mice.

Overall, these studies demonstrate that estrogen regulates iNOS expression and/or release

of nitric oxide in many non-immune and immune (splenocytes) cells. The precise effects

of estrogen on nitric oxide are dependent upon several factors including different cell

types, the dose of estrogen, the duration of cell culture period, and the response to IFN-g.
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Figure 6. Estrogen-treated female mice have increased nitric oxide levels Splenic
lymphocytes isolated from gonadectomized female mice given placebo or estrogen
implants were stimulated with: Con-A (10 mg/ml) or Con-A + CTLA-4Ig fusion protein
(15 mg/ml; Alexis Biochemicals San Diego, CA), or left unstimulated (media) for 48 hrs.
Supernatants were collected and measured indirectly to determine the levels of nitric
oxide with Griess Assay. Amount of nitric oxide was determined using the formula
obtained from the standard curve. Data are presented as means with standard error bars.
Estrogen treatment increases nitric oxide levels in the supernatants from Con-A
stimulated splenocytes when compared to that from placebo-treated mice (Panel A;
Media n=8 mice per placebo or estrogen treatment, Con-A n=8 mice per placebo or
estrogen treatment; ***p<0.001). Blocking with Con-A+CTLA-4Ig fusion protein leads
to a decrease in nitric oxide levels when compared to that from Con-A stimulated
splenocytes from estrogen-treated mice (Panel B; Media n=6 mice per placebo or
estrogen treatment, Con-A n=6 mice per placebo or estrogen treatment; ***p<0.001,
Con-A+CTLA-4Ig n=6 mice per placebo or estrogen treatment;***p<0.001).
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Figure 7. Estrogen increases iNOS mRNA expression in ovariectomized female mice
Splenic lymphocytes from ovariectomized female mice that were given estrogen or
placebo implants were stimulated with Con-A (10 mg/ml). The expression of iNOS
mRNA was detected using RT-PCR after 24 hours of culture. RT-PCR products were
scanned with a scanning densitometer and normalized to b-actin. The expression of iNOS
is expressed as means of relative densities with standard error bars. Panel A represents
the data for iNOS expression from Con-A stimulated splenic lymphocytes after 24 hours
of culture (n=7 mice per placebo treatment, n=8 mice per estrogen treatment *p<0.05).
Panel B shows a representative scan.
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e.) NITRIC OXIDE, COX-2, and ESTROGEN

iNOS derived-nitric oxide can induce several genes and their products in various cell

types. One of these iNOS-inducible genes is Cyclooxygenase-2 (COX-2).  COX-2, a

member of cyclooxygenases family, is also known as prostaglandin H synthase. It

catalyzes for the formation of prostaglandin PGE2 from arachidonic acid in tissues (136).

COX-2 is expressed in activated cells and as a result of pathologic stimuli. COX-2 is also

upregulated in several pathological conditions including cancer and autoimmune

diseases. COX-2 mRNA and protein are induced in a time and dose-dependent manner in

inflammatory cells, such as human macrophages and polymorphonuclear leukocytes in

response to IL-1b, IL-8, TNF-a, and IFN-g (137, 138), murine and rat macrophages

stimulated with LPS and IFN-g(139-141). Studies show that iNOS and COX-2 are

frequently expressed together in tumor cells (142) and various cells such as keratinocytes,

macrophage cell lines and endothelial cells (140, 143). Prolonged COX-2 mRNA

expression in IFN-g and LPS activated murine macrophages is maintained by endogenous

nitric oxide (144). In addition to the increased COX-2 enzyme activity, due to iNOS-

derived nitric oxide in macrophages, elevated COX-2 expression is observed in murine

cholangiocytes (145), mouse keratinocytes (143), mouse myocardiocytes (146), and

colon cancer cell lines (142). The relationship between IFN-g, iNOS, and COX-2 can be

deciphered in studies using iNOS knockout and IFN-g knockout mice. Peritoneal

macrophages from iNOS knockout mice that are stimulated with IFN-g and LPS have no

nitric oxide production (147). Moreover, IFN-g knockout mice have not only decreased

nitric oxide levels but also the formation of the COX-2 product PGE2 (Prostaglandin E2)

is significantly decreased (80%) (147). Interestingly, although COX-2 product PGE2 is

decreased in IFN-g knockout mice, the levels of COX-2 itself are not different compared

to control mice (147). These results indicate that absence of iNOS-derived nitric oxide

affects the formation of PGE2 from the COX-2 enzyme, rather than protein expression of

COX-2 (148). Other studies have shown that the suppression of LPS and IFN-g mediated

nitric oxide and iNOS via capsaicin treatment of the murine macrophage cell line

(RAW264.7) decrease COX-2 mRNA expression and PGE2 secretion (148).
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The effect of estrogen on COX-2 in various tissues is demonstrated by several studies.

Estrogen treatment of vascular endothelial cells (149), as well as human umbilical vein

endothelial cells (150) increases COX-2 expression. Egan et al (151) have shown that

estrogen upregulates COX-2 activity and PGE2 production via Estrogen Receptor subunit

alpha (ERa) providing atheroprotection. Although it was shown that macrophage PGE2

production was increased in burn-traumatized pro-estrus female mice compared to

traumatized males or control pro-estrus female mice (152, 153), there is no relevant data

that demonstrates the effect of estrogen on COX-2 expression in non-autoimmune and

non-traumatized immune system.  We have previously shown that estrogen upregulates

IFN-g, IFN-g-inducible iNOS and its end-product nitric oxide from splenocytes compared

to controls. Therefore, we evaluated the effect of estrogen treatment on iNOS-inducible

COX-2 expression in the immune system. Our studies demonstrated that estrogen

treatment increased iNOS-inducible COX-2 protein expression in Con-A stimulated

splenocytes that correlates with the increased iNOS expression (in press). These data

imply that estrogen upregulates iNOS and nitric oxide which may have a vital impact in

inflammatory disorders.

f.) CONCLUSIONS

It is now recognized that estrogen has profound effects on the immune system of normal

and autoimmune individuals that are exposed to this hormone through various sources.

Multiple sources of exposure to estrogenic compounds are recognized. These include,

natural endogenous estrogens, intentional exposure to pharmaceutical estrogen (such as

oral contraceptives and estrogen replacement therapy), and inadvertent human exposure

to estrogenic compounds including environmental estrogens.  Environmental estrogens

are a large part of endocrine-disrupting chemicals, such as pesticides, insecticides, and

industrial chemicals, are capable of mimicking or blocking the effects of estrogen (154).

These estrogenic compounds include methoxychlor, dioxin, DDT, and bisphenol A.

Estrogenic exposure also occurs through consumption of phytoestrogens that are found in

soybeans, cabbage, and other edible plants (154, 155). The precise impact of estrogenic
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compounds on health is therefore of significant health concern. One mechanism by which

estrogens could modulate the immune system is through affecting cytokines and/or

altering the response to cytokines. For example, 17-b estradiol markedly increases the

promoter activity of IFN-g as well as IFN-g secretion from splenic lymphocytes (156).

We showed that estrogen treatment of gonadectomized male C57BL/6 mice results in a

significant increase of the IFN-g, in Con-A stimulated splenic lymphocytes (157, 158).

Increased levels of IFN-g protein are also observed in the supernatants of splenic

lymphocytes from outbred CD-1 mice that are treated with relatively low doses of 17-b

estradiol for short durations followed by an increase in nitric oxide in supernatants from

Con-A-activated splenocytes from estrogen-treated mice as well (in press).  Our studies

show that estrogen upregulates IFN-g and IFN-g-inducible Nitric Oxide Synthase (iNOS)

and nitric oxide which are both key molecules in physiological processes such as

immunity against intracellular infections and pathological processes such as autoimmune

diseases and cancer.  Although nitric oxide is synthesized by many cell types that are

involved in inflammation and innate immunity, nitric oxide demonstrates a dual character

depending on the levels produced. At moderately high levels, nitric oxide can be

constructive for the immune system with a cytoprotective character as being anti-

bacterial, anti-parasitic and anti-viral and anti-apoptotic for immune cells, whereas in the

presence of prolonged or severe pathological conditions, very high levels of iNOS-

derived nitric oxide can demonstrate a destructive character leading to apoptosis or even

necrosis of immune cells. There is also evidence that high concentrations of nitric oxide

can suppress the IL-2 and IFN-g secretion and macrophage activity resulting in the

upregulation of IL-4 and driving the T cell differentiation into a Th2 profile (43).  This

double nature of nitric oxide helps to maintain the homeostasis of the immune system.

Our studies are the first to demonstrate profound effects of estrogen and the link between

IFN-g, iNOS, and nitric oxide in splenic lymphocytes. These results are significant due to

the fact that increased IFN-g and IFN-g-induced nitric oxide have been associated with

autoimmune diseases such as Systemic Lupus Erythematosus (SLE) (159-162),

Rheumatoid Arthritis (RA) (163-167), where estrogen has detrimental effects in the

progress of these particular autoimmune diseases accompanied with a higher incidence in
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females than males. Therefore, mechanistic studies that decipher the molecular and

cellular pathways of estrogen-induced IFN-g, iNOS, and the cellular responses due to

exposure to these molecules, are critically important in understanding how estrogens

influence healthy individuals and the induction or progression of the disease.

The complexity and intricate nature of immunomodulatory effects of estrogen requires

detailed and through investigation of several molecular and cellular pathways to explore

key questions such as: what kind of cells are overstimulated to produce IFN-g and iNOS-

derived nitric oxide, what are the consequences of increased nitric oxide on different cells

of the immune system after estrogen treatment.  These data will provide new information

to focus on molecular mechanisms of estrogen treatment and nitric oxide in the immune

system. It is hoped that these new findings of linking estrogen with IFN-g and IFN-g

induced iNOS/nitric oxide and iNOS-induced COX-2 may have important implications to

certain inflammatory, autoimmune diseases, and neoplastic disorders. It is conceivable

that new therapeutic approaches can be designed to disrupt or regulate the sequence of

events.
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CHAPTER 4. Effects of Estrogen on IFN-g-Inducing Cytokines, Transcription

Factors, and Costimulatory Molecules.

a.) INTRODUCTION

The differentiation of naïve T helper cells into T helper 1 (Th1) or T helper 2 (Th2) cells

is critical to mount an effective and appropriate immune response.  A disturbance in the

balance of Th1 and Th2 cells and their products may lead to several disorders such as

autoimmune diseases, susceptibility to infections, fetal loss, and even cancer. T helper

subsets (Th1 and Th2) are distinguished by the patterns of cytokines they secrete, the

expression of unique surface markers, and their expression of specific transcription

factors (Table 1).

Table 1. Molecular Markers for Th1 and Th2 Cells

The defining key cytokines for Th1 and Th2 cells are IFN-g  and IL-4, respectively.   The

development or promotion of naïve T cells into effector Th1 cells occurs in relation to

several factors. It is now apparent that induction of IFN-g is dependent upon several

factors including activation, IFN-g-inducing cytokines, costimulatory signals, and IFN-g-
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inducing transcription factors. Given that presented data in previous chapters

demonstrates that estrogen treatment tends to result in increased IFN-g (protein and

mRNA) as well as increased levels of IFN-g-inducible iNOS and nitric oxide production,

this part of the dissertation focuses on how estrogen regulates IFN-g production.

Specifically, this chapter will focus on the effects of estrogen on IFN-g-inducing

cytokines, IFN-g-inducing transcription factors, and selected costimulatory molecules.

Therefore, this chapter is divided into three subsections:

Subsection 1. IFN-g-inducing cytokines and receptors

Subsection 2. Induction of IFN-g-inducing transcription factors

Subsection 3. Costimulatory molecules
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4.1. Effects of Estrogen Treatment on IFN-g-Inducing Cytokines and Their

Receptors on Murine Splenocytes

a.) ABSTRACT

There are several cytokines that are known to modulate the secretion of IFN-g by T cells

(IFN-g-inducing cytokines), including IL-12, IL-18, IL-15, and the newly discovered IL-

27. Sex hormones, such as 17-b-estradiol, are believed to play a major role in the

dichotomy of immune responses between sexes. Previously, we have shown that estrogen

treatment tends to induce IFN-g and upregulate IFN-g end-products, such as iNOS.   The

effect of estrogen on IL-12p70, IL-18, IL-15, IL-27, and their respective receptors is

unknown. In this study, we demonstrate that Con-A-stimulated splenocytes from

estrogen-treated mice have increased levels of IL-18 and IL-15 proteins, whereas IL-

12p70 protein levels are decreased. The mRNA expression levels of IL-18, IL-15, and IL-

27 are increased in Con-A-stimulated splenocytes from estrogen-treated mice as detected

by RT and/or Real Time PCR. Interestingly, estrogen treatment increases expression of

the signaling subunits: IL-12Rb2 and IL-18Rb from Con-A-stimulated splenocytes.

Deliberate addition of IFN-g to low dose Con-A-stimulated (1mg/ml) splenocytes results

in increased IL-12Rb2 from estrogen treated mice. The possibility of increased response

due to estrogen treatment was explored with the addition of rIL-12p70 addition to

splenocytes. We found that such cultures from estrogen-treated mice that were stimulated

with submitogenic dose of Con-A have increased levels of IFN-g, iNOS mRNA, and

nitric oxide in comparison to controls. This is the first report to show that estrogen

increases IFN-g-inducing cytokines (IL-18, IL-15, IL-27) as well as enhanced IL-18Rb,

and IL-12Rb2 in response to IFN-g. We conclude that in this model estrogen alters the

expression of IFN-g inducing cytokines and their receptors.
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b.) INTRODUCTION

To date, there are several cytokines (principally secreted by antigen presenting cells) that

are known to modulate the secretion of IFN-g by T cells. These IFN-g-inducing cytokines

include IL-12, IL-18, IL-15, and the recently discovered IL-27. Although IL-12, IL-18,

IL-27, and IL-15 are all involved in the induction of IFN-g they do not seem to act

independently. Rather, they appear to work in concert or in a cascade fashion. For

example, in mouse and human cells, IL-12 by itself does not induce IFN-g production

even at very high doses (1), emphasizing the need for other cytokines such as IL-18 or

IL-27 for the induction of IFN-g.

Interleukin-27 (IL-27)

Recently, a new member of the heterodimeric family of cytokines, called Interleukin-27

(IL-27) was described (2). IL-27 consists of a p40 protein that is called Epstein-Barr virus

(EBV)-induced gene 3 (EIB3) and p28, which is related to IL-12p35.  It is produced early

by activated antigen presenting cells and works synergistically with IL-12 to induce the

proliferation of naive T cells and IFN-g (2). IL-27 binds to an orphan receptor called

TCCR (WSX-1), which is mainly expressed on naive T cells, but is also expressed at a

low level on differentiated Th1 cells (3). TCCR (WSX-1) knockout mice show decreased

IFN-g levels and increased susceptibility to intracellular pathogens and gram-negative

bacteria (3-5). TCCR together with another subunit called gp130 is responsible for the

binding and signaling of IL-27 (6). TCCR-IL-27 signaling induces the expression of IL-

12Rb2 and the Th1 transcription factor T-bet in naïve T and NK cells regardless of IFN-g

preparing them to be differentiated into Th1 lymphocytes for IFN-g secretion (7-9).

Induction of T-bet by IL-27 results in increased IL-12Rb2 expression (8). The

upregulation of IL-12Rb2 expression on these naïve T cells suggests that IL-27 acts

earlier than IL-12. Signaling through TCCR induces phosphorylation of STAT-1 and

STAT-3 (7, 8). The activation of STAT-1 by IL-27 results in the suppression of GATA-3,

a Th2 type transcription factor, which facilitates the effects of T-bet and IFN-g-inducing
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transcription factor. On the other hand, IL-27 can induce T-bet in a STAT-1 independent

fashion as well (7). Although IL-27 can stimulate T-bet expression, it cannot increase

IFN-g secretion from these cells by itself (7). IL-27 does not directly induce IFN-g

production from CD4+ T naïve cells but it does do so in the presence of IL-12 (9).

In addition to directing naïve T cells toward a Th1 type response, IL-27 also regulates Ig

class switching in B cells. The IL-27 receptor, TCCR, is expressed on naïve mouse

splenic B lymphocytes (10). Activation of B cells with anti-CD40 or LPS in combination

with IL-27 causes STAT-1 phosphorylation, increased T-bet expression, and IgG2a class

switching.  T-bet, but not IFN-g, is necessary for IgG2a class switching in LPS-activated

B cells (10). The primary roles of IL-27 are to prepare T cells for early Th1 commitment,

to activate B lymphocytes for class switching, and to increase responsiveness to IL-12.

Interleukin-12 (IL-12) and IL-12 Receptors

Interleukin-12 is an immunomodulatory cytokine, which is important for protective

immunity against intracellular pathogens and for the differentiation of naive CD4+ cells

into Th1 cells.  This heterodimeric cytokine is composed of two subunits, p40 and p35,

which form the active p70 dimers (11). The p40 subunit is constitutively produced by

macrophages. This subunit can dimerize with itself to form a IL-12p40 homodimer,

which in turn binds to the IL-12 receptors and appears to block the IL-12 signaling

pathway. On the other hand, the p35 subunit is expressed ubiquitously and constitutively

at very low levels. It is also upregulated upon stimulation or infection (12, 13). The p35

subunit is biologically inactive and cannot homodimerize with itself (14).  IL-12p70

heterodimers are produced by activated macrophages, neutrophils, and dendritic cells. IL-

12p70 induces IFN-g production from T (15-17), NK (18) and other cells such as B cells

(19). Natural killer cells respond to IL-12 and IL-18 by secreting large amounts of IFN-g

to be used during early immune defense.  IFN-g, in turn, upregulates the secretion of IL-

12p70 resulting in a positive feedback loop (20).  IL-12 also induces the expression of the

IL-18 receptor on T cells, which is considered to be a Th1-specific marker (18) (Figure
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1). IL-12 acts together with IL-18 to induce the secretion of IFN-g in antigen presenting

cells and T cells (21, 22).

IL-12 binds to its receptors, IL-12Rb1 and IL-12Rb2, to induce signaling in T cells. IL-

12Rb2 is strictly expressed on Th1 cells (Figure 1), which is necessary for lineage

commitment and maintaining IL-12 responsiveness (23). IL-12Rb1 is more important for

ligand binding (24), while IL-12Rb2 serves a critical role as the signal transducing

subunit of the receptor heterodimer. Both subunits are required for the signal transduction

in the presence of active IL-12p70 (25). The IL-12p40 subunit interacts with IL-12Rb1

while the IL-12p35 subunit of the IL-12p70 heterodimer specifically interacts with IL-

12Rb2 (24). Resting T cells do not express IL-12Rb1 or b2 on the cell surface. During

Th2 type cell differentiation, the expression of IL-12Rb2 is significantly decreased and

this loss can be reversed by addition of IFN-g to mouse cell cultures (26). Further, IL-12

itself appears to upregulate IL-12 receptors since the addition of recombinant IL-12 to

mouse lymph node cultures resulted in increased mRNA of both IL-12 receptor subunits.

IFN-g secretion is also elevated after treatment with recombinant IL-12 (rIL-12) in these

cultures (26). Splenic lymphocytes from IL-12Rb2 knockout mice, when stimulated in

vitro with Con-A, fail to produce IFN-g, implying that the IL-12Rb2 subunit is critical for

IL-12 induction of IFN-g (24). In contrast, the Th2 cytokine, IL-4 inhibits expression of

IL-12Rb2 (23, 27).
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Figure 1. A model for IFN-g inducing cytokines and their respective receptors
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The binding of IL-12 to IL-12Rb2 results in phosphorylation and activation of STAT-4, a

transcription factor that links IL-12 receptors to IL-12 induced gene transcription (23).

Following binding of IL-12p70 to the IL-12 receptor complex, the receptor bound

proteins Tyk2 and Jak1 are phosphorylated, which in turn phosphorylate STAT-4.  After

activation, STAT-4 subunits dimerize and translocate to the nucleus where they bind to

the murine IFN-g gene and modulate its expression (28).  IFN-g secretion, in the presence

of IL-12 and STAT-4 activation, is enhanced by increased promoter binding activity of c-

Jun/AP-1 in T cells (29).  The significance of STAT-4 in IFN-g induction is highlighted

by the fact that STAT-4 deficient mice have minimal levels of IFN-g secretion upon

stimulation (18, 30, 31) and impaired Th1 cell development (32, 33).

Interleukin-18 (IL-18) and IL-18 Receptors

Interleukin-18 (interferon gamma (IFN-g)-inducing factor) is produced in an inactive

form, pro-IL18 precursor, which is cleaved by caspase-1 to form the active form of IL-

18. Since it is capable of inducing IFN-g, it is defined as one of the IFN-g inducing

cytokines.  Active IL-18 is produced by murine splenic macrophages, peritoneal exudate

cells, keratinocytes, and alveolar macrophages after stimulation (34-36). Various

stimulants of IL-18 include numerous macrophage stimulants such as LPS, endotoxins

from gram-negative bacteria, and cytokines, which include IL-1, TNF, and IL-6. IL-18

directly regulates the development and activity of cytotoxic T and NK cells by

upregulating perforin dependent cytotoxic activity and FasL expression (37-40). IL-18

plays an important role in the clearance of intracellular bacteria by activated antigen

presenting cells and polarization of naïve T cells to Th1 lymphocytes (41, 42).

Although IL-18 is considered to be an IFN-g-inducing cytokine like IL-12, individually,

neither IL-18 nor IL-12 alone are effective in inducing optimal levels of IFN-g. However,

IL-18 in combination with IL-12 does induce IFN-g secretion from Th1 cells. The

addition of exogenous IL-18 to naïve T cells in the absence of IL-12 cannot induce IFN-

g, while the combination of IL-12 and IL-18 increase the level of IFN-g protein, which is
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accompanied by an increase in IL-12Rb2 and differentiation of naïve T cells into IL-18R

expressing Th1 cells (43-45). Pretreatment of B or T cells with IL-12 makes them

responsive to IL-18 resulting in increased proliferation and IFN-g secretion, presumably

due to increased expression of IL-18 receptors (46, 47). The IL-18 receptor complex is a

heterodimer consisting of IL-18Ra and IL-18Rb. The IL-18 binding subunit IL-18Ra is

constitutively expressed on CD4+ T cells and freshly isolated thymocytes (48) and its

expression is increased in the presence of IL-12 and IFN-g  (49). The non-binding

stimulatory receptor subunit IL-18Rb has increased expression upon stimulation of fresh

thymocytes with IL-12 and Con-A (48). After the binding of IL-18 to IL-18Ra, the

signaling subunit, IL-18Rb binds and forms a heterodimer. IL-18 receptor proteins and

mRNA are specifically expressed in murine Th1 cells after stimulation, especially in the

presence of IL-12 (50). IL-12-driven upregulation of IL-18Ra for the binding of IL-18

and IL-18Rb for signaling results in activation of the IL-18 signaling pathway. This

activation augments IL-12Rb2 expression on Th1 cells and results in more upregulation

of IL-12 secretion leading to a positive feedback loop, which is critical to the

development of IFN-g secreting cells (51). Th2 cells did not express IL-18 receptors.

While stimulation of Th1 cells with anti-CD3, IL-12, and IL-18 results in IFN-g

production, Th2 cells do not show a response (46). Although IL-18Ra  and b  are

constitutively expressed in the human natural killer cell line, NKO, in the absence of IL-

12, IL-18 does not induce IFN-g implying the cooperation of IL-18 and IL-12 in inducing

IFN-g(52).  An increase in IL-18Rs, due to IL-12, leads to enhanced IL-18-induced

activation and sensitizes the cells to respond to lower concentrations of IL-18. Although

studies have shown that IL-18, in combination with IL-12, induces IFN-g and Th1

responses, IL-18 can also induce Th2 responses in the absence of IL-12p70 (41, 42).

Unlike IL-12/IL-12 Receptor binding, binding of IL-18 to the IL-18 Receptor

heterodimer does not induce the JAK/STAT pathway in Th1 cells (15).  Rather, it results

in the binding of MyD88, which in turn results in the autophosphorylation and

dissociation of IL-1R-associated kinase (IRAK) from its receptor complex (53-55).  The

interaction of IRAK with TNFR-associated factor-6 (TRAF-6) leads to the formation of
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active NF-kB, which is composed of either a p65 homodimer or a p50/p65 heterodimer.

Activated NF-kB is translocated into the nucleus where it binds to specific regulatory

DNA sequences in the promoter of the IFN-g gene (53-56).  Although IL-18 treatment

can induce NF-kB activation in Th1 cells, it was not enough to induce IFN-g (57). These

results suggest that IL-18 activation of NF-kB and IL-12 activation of the STAT-4

pathway work in harmony for the enhancement of IFN-g expression and for the

development of Th1 cells.

Interestingly, IL-18 and IL-12 can also induce IFN-g in B cells and bone marrow

macrophages. IL-18 in combination with IL-12 induces IFN-g and IgG2a production

from anti-CD40 stimulated B cells (19). In addition to B cells,  IL-18, and IL-12

stimulate bone marrow macrophages to produce enhanced levels of IFN-g (58, 59).

Interleukin-15 (IL-15)

Interleukin 15, another IFN-g inducing cytokine, is a 14-15 kDa polypeptide.  The mRNA

of IL-15 is barely detectable in T cells and it is mainly expressed in the placenta, skeletal

muscle, kidney, lung, heart, fibroblasts, epithelial cells, monocytes, macrophages and

dendritic cells (DCs) (60-62). Secretion of biologically active IL-15 by monocytes and

macrophages is regulated post-transcriptionally (61, 63). IL-15 is an important cytokine

for: memory and activated CD8+ T cells as a growth factor (62), for the development and

survival of NK cells (64), NKT cells, TCRgd+ intestinal intraepithelial lymphocytes, and

for the functional maturation of dendritic cells and macrophages (60). Although T cells,

NK cells, and antigen presenting cells have IL-15 Receptors, the role of IL-15/IL-15

Receptor signaling is not clear in the development of these cells (65).

IL-15 upregulates IFN-g secretion by CD4+ T blast cells but not naïve T cells (66).

Upregulation of IFN-g secretion by CD4+ cells in the presence of IL-15 producing

monocytes may be due to increased IL-12Rb1 and IL-12 expression where it synergizes

with IL-12 (67). Expression of IL-15 may be regulated by IFN-g since IL-15 expression

is increased in anti-CD3 stimulated splenic lymphocytes from wild-type mice, while there
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is no detectable IL-15 mRNA expression from the stimulated lymphocytes from IFN-g

Receptor knockout mice (68). IFN-g mRNA expression is increased in human CD4+ and

CD8+ T cells after exposure to Con-A and IL-15 (69). The combination of IL-15 and IL-

12 is found to be less potent than IL-18 and IL-12 treatment of resting NK cells for

increased IFN-g production (70). Signaling through IL-15 receptors results in the

translocation of STAT-1, STAT-3, STAT-4, and STAT-5 to the regulatory sites of the

IFN-g gene (71). The mRNA expression of T-bet, IFN-g, IL-12Rb, and IL-18Rb are

rapidly upregulated after stimulation with IL-15 in the human natural killer cell line, NK-

92, and in peripheral blood T cells (71, 72). Pretreatment of the NK-92 cell line with IL-

15 augments IL-12-stimulated STAT-4 binding to the IFN-g-activated sequence (GAS) of

the IL-2 Receptor (71). Although treatment of human T and NK cells with IL-15 leads to

increased IFN-g protein secretion, the addition of IL-18 and IL-21 enhances IL-15-

induced IFN-g gene expression even more, further supporting the hypothesis that multiple

cytokines work in concert for upregulation of IFN-g (72).

c.) MATERIALS AND METHODS

Mice: Three-to-four week old C57BL/6 wild-type mice were obtained from Charles

River Laboratories and housed 3-5 animals per cage. All mice were maintained at the

Center for Molecular Medicine and Infectious Diseases (CMMID) Animal Laboratory

facility.  Mice were fed on a diet that is devoid of synthetic or phyto-estrogens and

maintained in 14/10 hrs of a light/dark cycle.  Mice were housed in standard cages and

terminated by cervical dislocation in accordance with Virginia Polytechnic Institute and

State University Institutional Animal Care guidelines.

Estrogen Treatment:  Four-to-five week old mice were orchiectomized and given

silicone implants prepared as either a placebo (empty implant as a control) or as estrogen

implants containing 17-b estradiol (Sigma-Aldrich Inc., MO St. Louis, MO) by standard

procedures described previously (73, 74) as described in Chapter 3.
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Isolation and Culture of   Splenic Lymphocytes: Spleens were collected under

sterile conditions and lymphocytes were isolated as described in Chapter 3. Five hundred

microliters of cells (5x106 cells/ml) were added to 24-well round flat plates containing

500 ml per well of complete phenol red free RPMI-1640 with or without the T cell

mitogen, Concanavalin-A (Con-A, 10 mg/ml; Sigma-Aldrich Inc., MO). Splenic

lymphocytes were also cultured with Con-A (1 mg/ml), Con-A (1 mg/ml) and

recombinant IL-12p70 (20 ng/ml, 419-ml/cf, R&D Systems Inc., Minneapolis, MN.), or

Con-A (1mg/ml) and recombinant IFN-g (10 ng/ml, BDPharmingen San Diego, CA) for

24 hrs.  Cell cultures were incubated for 24 hrs at 37°C with 5% CO2.  They were

collected in microcentrifuge tubes and centrifuged at 5000 rpm for 5 minutes.  The cells

and supernatants were frozen at -700C until use.

Isolation of RNA and cDNA Synthesis:  Isolation of total RNA and cDNA synthesis

were performed as described in Chapter 3.

Primer Design:   Primers were designed to span a large segment of the target genes to be

used during the construction of standard curves for Real Time PCR was described in

Chapter 3. The primers that were designed were as follows: b-actin (product: 965 bp)

f o r w a r d  5 ’ - A T T G T T A C C A A C T G G G A C G A - 3 ’ ,  r e v e r s e  5 ’ -

CTGCGCAAGTTAGGTTTTGT-3’; IL-18 (product: 320 bp) forward 5’-

CTTTGGCCGACTTCACTGTA-3’, reverse 5’-GTCCTGGAACACGTTTCTGA-3’; IL-

15 (535 bp) forward 5’-GCATCATGAAAAGGGACATT-3’, reverse 5’-

CTGTAAGAAGACACAAAACCAAG -3’ (One Trick Pony Oligos, Ransom Hill

Bioscience, Ramona, CA). The primers for IFN-g and iNOS were explained in previous

sections.

RT-PCR Assay:  The reverse transcriptase-polymerase chain reaction (RT-PCR) was

used to detect mRNA expression of IFN-g inducing cytokines (IL-18, IL-15, IL-27) and

the housekeeping gene, b-actin, for the generation of standards or/and detection of

cytokine gene expression in the samples were described in detail in Chapter 3. For the

construction of standards, the primers for b-actin, IL-18, and IL-15 that were described in
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“The primer design” section of the methodology were used. b-actin (product: 349 bp),

IL-18 (product: 325 bp), and IL-15 (product: 138 bp) primers were purchased from

Maxim Biotech Inc. (San Francisco, CA). The IL-27 primer (product: 204 bp) was

purchased from R and D Systems Inc, and used according to the PCR program as

instructed by the manufacturer: 35 cycles of 94oC for 45 sec, annealing at 55oC for 45

sec, and amplification at 72oC for 45 sec. The same PCR program was used for the

primers designed and purchased from Maxim Biotech Inc.. The PCR reaction for both the

construction of standards and samples was performed under the following conditions: 35

cycles of 94oC for 1 min, annealing at 58oC for 1 min, and amplification at 72oC for 1

min. Twelve microliters of PCR products from the samples were run in a 2% agarose gel

containing ethidium bromide (10 m l per 100 ml of gel). The PCR products were

quantified with a scanning densitometer (Kodak Image Station, Perkin Elmer Life

Sciences Inc., Boston MA), normalized using b-actin, and expressed as relative densities

as described in Chapter 3.

Extraction of Target Genes and Measurement of Total cDNA after Gel Extraction,

Picogreen:   The extraction and quantification (with Picogreen) of the PCR products used

for the standard curve was explained in detail in Chapter 3.

Real Time PCR:   The Real Time PCR using SybrGreen I was performed as explained in

detail in Chapter 3. b-actin, IFN-g, iNOS, IL-18, and  IL-15 primers were purchased from

Maxim Biotech Inc. (San Francisco, CA).  The Real Time PCR reaction was performed

under the following conditions: 35 cycles of 94oC for 30 sec, annealing at 58oC for 30

sec, and amplification at 72oC for 30 sec for both standards and unknown samples. Direct

quantification of the Real Time RT-PCR products was performed by using the standard

curve generated using respective standards that had known amounts of cDNA in

femtograms  (which were 10 fold diluted). Normalization of the target genes was done by

normalizing to the housekeeping gene, b-actin. Values were recorded as femtogram ratios

of the target gene (IFN-g, iNOS, IL-18, or IL-15) normalized to b-actin.
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Detection of IL-12Rb1 and IL-12Rb2  Expression:  For flow cytometric analysis,

splenic lymphocytes from estrogen or placebo-treated gonadectomized male C57BL/6

mice were cultured with or without mitogenic Con-A (10 mg/ml), or submitogenic Con-A

(1 mg/ml) with or without recombinant IFN-g (rIFN-g, 10 ng/ml, BDPharmingen San

Diego, CA) and/or recombinant IL-12 p70 (rIL-12p70, 20 ng/ml, R and D Systems Inc.)

for 24 hrs. One-hundred microliters of 5 x106 cells/ml were plated and cultured in 96-

well round bottom tissue culture plates (Corning, NY). The cultured cells were stained

with appropriate monoclonal antibodies and analyzed by flow cytometry according to

previously reported procedures (73, 75).  The following monoclonal antibodies (mAbs)

were used in this study: fluorescein isothyocynate (FITC)- or phycoerythrin (PE)-

conjugated anti-Thy1.2 (CD90.2, clone 53-21), anti-CD45RB (B220) (clone RA3-6B2)

(eBioscience Inc. San Diego, CA), and anti-IL12-Rb1 (CD212, clone 114)

(BDPharmingen, San Diego, CA). After the addition of purified anti-IL-12Rb2 antibody

(clone HAM10B9), PE-conjugated anti-hamster IgG (clone G94-905, G70-204;

BDPharmingen, San Diego, CA) was added to IL-12Rb2. For the detection of cell

surface markers on cultured lymphocytes, 100 ml of each fluorochrome-conjugated

monoclonal antibody in PBS were added to each well followed by incubation at 4°C in

the dark for 30 minutes.  Samples were washed with PBS followed by analysis on an

EPICS XL-MXL flow cytometer (Coulter, Hialeah, FL).  Forward scatter (FS) and side

scatter (SS) analysis was also included for both splenic lymphocytes in order to visualize

various lymphocyte subsets. Data were represented as mean relative percent expression

of surface marker.

Detection of cytokines with ELISA: IL-12p70 and IL-18:  Protein levels of active IL-

12p70 in the supernatants of Con-A (10 mg/ml)-stimulated splenic lymphocytes from

placebo or estrogen-treated gonadectomized male mice were determined using a Mouse

IL-12p70 ELISA Readt-SET-go! kit following the manufacturer’s instructions

(eBioscience Inc. San Diego, CA). Concisely, 96-well flat-bottom high-binding NUNC

Maxisorp plates were coated with Capture IL-12 antibody (clone C18.2) overnight in

coating buffer and then blocked with Assay Diluent for 1 hr at room temperature

subsequently washing with commercial Wash Buffer (Mouse IL-12p70 ELISA Readt-
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SET-go! Kit). Plates were overlaid with 100 ml of supernatants or 100 ml of recombinant

IL-12p70 as a standard with serial dilutions for the development of a standard curve.

Plates were incubated at 4oC overnight, washed with Wash Buffer, and biotin-conjugated

IL-12 antibody (clone C17.8) was applied to the plates and incubated for 1 hr. Following

the incubation, plates were thoroughly washed and overlaid with avidin-horseradish

peroxidase solution for 30 mins. After a final wash, the wells were incubated with 100 ml

of Substrate Solution for 15 mins and 50 ml of Stop Solution were added to stop the

reaction. Plates were read at 450 nm on an ELISA reader and the values of 570 nm were

subtracted from values obtained at 450 nm (Molecular Devices, Sunnyvale, CA). The

levels of free IL-12p70 in the supernatants were calculated by the formula obtained from

standards using SoftMax Pro software from Molecular Devices Inc.

Levels of IL-18 protein in the supernatants of splenic lymphocytes stimulated with or

without Con-A (10 mg/ml) from placebo or estrogen-treated gonadectomized male mice

were detected using a Mouse IL-18 ELISA kit following the manufacturer’s instructions

(MBL LTD, Nagoya, Japan). Briefly, 100 ml of samples or standards were added to

mouse anti-IL-18 antibody coated wells and incubated for 1hr at room temperature. After

the incubation, wells were washed and incubated with conjugated anti-IL-18 antibody for

1 hr. One-hundred ml of substrate TMB (3,3’,5,5’-tetra-methylbenzidine) were added to

each well for 30 mins and the reaction was terminated  by final addition of stop solution

(0.5 mol/L sulfuric acid) to the wells. Plates were read at 450 nm with an ELISA reader

(Molecular Devices Sunnyvale, CA). IL-18 protein levels were calculated by the formula

obtained from the standards using SoftMax Pro software from Molecular Devices Inc.

Determination of Intracellular IL-15 protein: Western blot assays were used to detect

the IL-15 protein levels in whole cell lysates of placebo and estrogen-treated unseparated

splenic lymphocytes at 5x 106 cells/ml, which were cultured with Con-A (10 mg/ml) for

24 hrs. At the end of the incubation period, cells were harvested and resuspended in 15ml

of lysis buffer (50mM Tris pH: 7.4, 300 mM NaCl, 2mM EDTA pH: 8, 0.5% Triton X-

100, 30 ml of freshly added mammalian protease inhibitor cocktail (10 mg/ml, Sigma-

Aldrich Inc., MO), vortexed and incubated on ice for 15 minutes. Fifteen ml of 2x sample
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buffer (Laemmli Sample Buffer, Sigma-Aldrich Inc., St Louis MO) were added to the 15

ml of lysate and heated at 950C for 5 minutes. Samples were electrophoresed on a 15.5%

gel at 25 mA constant current until the dye ran off bottom. The proteins were transferred

to PDVF transfer membranes (Amersham Biosciences, CA) by blotting for 1hr at 240

mA constant current. After transferring the proteins to a PDVF membrane, it was blocked

in 5% milk in TBST for 1 hr at room temperature. The blot was incubated with anti-IL-15

antibody (rabbit polyclonal IgG, eBioscience Inc. San Diego, CA) diluted in blocking

buffer (1:1000) overnight on a rocking platform. The blots were rinsed briefly in TBST,

then washed 3 times for 10 mins with TBST. The secondary HRP-conjugated antibody

(anti-rabbit IgG, 1:2000, Santa Cruz Inc., CA) was applied in blocking buffer to each blot

and incubated for 1 hr. After blots were washed, they were labeled using the ECL

protocol (Amersham Pharmacia Biotech, NJ) and the bands were visualized using a

Kodak Image Station (Perkin Elmer Life Sciences Inc., MA).

Detection of nitric oxide and IFN-g protein:   Levels of nitric oxide and IFN-g in the

supernatants of splenic lymphocytes  cultured with Con-A (1 mg/ml) or Con-A (1 mg/ml)

and recombinant IL-12p70 (20 ng/ml, 419-ml/cf, R&D Systems Inc., Minneapolis, MN.)

for 24 hrs were detected  using a Griess Assay and an IFN-g specific ELISA, as described

in Chapter 3 and previous sections.

Statistics: Data were analyzed using SAS software (SAS Institute Inc., Cary, NC). Data

distributions and variances were evaluated using the UNIVARIATE procedure and data

were logarithmically transformed when warranted. Transformed data were evaluated by

analysis of variance (ANOVA) using the MIXED and GLM procedures.  The model for

the split-plot design included treatment, date of experiment, and their interactions tested

by the main plot error term mouse ID (treatment x date of experiment).  Stimulant, time

of measurement and interactions with treatment were tested by the overall error term.

Statistically significant interactions were further investigated using the SLICE option to

test the simple main effects. P-values less than 0.05 were considered to be significant.

Logarithmically transformed data means and standard errors were back transformed for



219

presentation in graphs; representation of standard errors therefore is non-symmetric about

the means.

d.) RESULTS

The mRNA Expression of IL-27 is Elevated in Con-A Activated Splenocytes from

Estrogen-Treated Mice

In addition to IL-12, IL-18, and IL-15, a newly discovered cytokine, IL-27, has been

found to be important in the initiation of Th1 responses by induction of IFN-g, T-bet, and

IL-12Rb2 expression (2, 7, 8, 76).  Since estrogen increased the expression of IFN-g

inducing cytokines and their respective receptors, we investigated whether estrogen

treatment affected the expression of IL-27 in Con-A stimulated splenic lymphocytes.

Con-A stimulated splenic lymphocytes from estrogen-treated mice appeared to express

increased IL-27 mRNA when compared to placebo-treated mice (p<0.05) (Figure 2,

Panel A). RT-PCR products for IL-27 also had a visual increase as shown in the gel

picture (Figure 2, Panel B).

Con-A-Activated Splenocytes from Estrogen-Treated Mice Have Decreased Levels

of the IFN-g Inducing Cytokine IL-12p70

Interestingly, Con-A-activated splenocytes from estrogen-treated mice had decreased

levels of IL-12p70 when compared to similar cultures from placebo-treated mice after 24

or 48 hrs of culture as demonstrated by a specific ELISA (p<0.05) (Figure 3, Panel A &

B). Since these results were unexpected, we confirmed the assay with another kit

(Quantikine M IL-12p70 Immunoassay, R&D Systems, Minneapolis, MN) and similar

trends were also noted (data not shown). There was no detectable IL-12p70 protein in the

media after 48 hrs of culture.

Activation of Splenocytes Via T Cell Stimulation Upregulates the Expression of IL-

12Rb2 in Estrogen-Treated Mice
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Since estrogen treatment decreased IL-12p70 protein levels, we next investigated whether

IL-12 receptors, specifically IL-12Rb1, the binding subunit, and IL-12Rb2, the signaling

subunit, were also altered in Con-A-activated splenocytes from estrogen-treated mice.

The expression of IL-12Rb2, the signal transducing subunit, on splenic lymphocytes

activated with the pan-T cell stimulant, Con-A (10 mg/ml), was increased in cultures from

placebo (p<0.01) and estrogen-treated (p<0.001) mice when compared to the expression

of IL-12Rb on unstimulated (media) cells (Figure 4, Panel A). Expression of IL-12Rb2

was significantly increased on Con-A stimulated lymphocytes from estrogen-treated mice

in comparison to placebo-treated mice implying an upsurge in IL-12p70 signal

transduction (p<0.05) (Figure 4, Panel A). The level of IL-12Rb1 expression, the IL-12

binding subunit, on Con-A-activated splenocytes from estrogen-treated mice was higher

than the expression on unstimulated cells suggesting increased binding of IL-12 on the

IL-12 receptor complex in estrogen-treated mice upon stimulation (p<0.05) (Figure 4,

Panel B). There was no remarkable difference between the IL-12Rb1 expression on

lymphocytes from both estrogen and placebo-treated mice after stimulation with or

without Con-A (Figure 4, Panel B).

The Estrogen-Induced Increased Expression of IL12Rb2, But Not IL-12Rb1, Is

Enhanced By Recombinant IFN-g and/or Recombinant IL-12p70.

In this part of the study, we chose to use a submitogenic dose of Con-A (1 mg/ml) rather

than an optimal dose of Con-A (10 mg/ml) to better dissect the effects of various IFN-g-

inducing cytokines and/or their receptors. The addition of recombinant IL-12 (rIL-12, 20

ng/ml) to splenic lymphocytes, stimulated with a submitogenic dose of Con-A (1 mg/ml),

led to detectable expression of IL-12Rb2 on the cells from estrogen-treated mice, when

compared to placebo-treated mice (p<0.05) (Figure 5, Panel B).  IL-12Rb2 expression

on unstimulated splenocytes (media) from estrogen-treated mice was not different when

compared to that from placebo-treated mice (data not shown) (Figure 4, Panel A).

Deliberate addition of recombinant IFN-g (rIFN-g, 10 ng/ml) in combination with Con-A

(1 mg/ml) elevated IL-12Rb2 expression on lymphocytes from estrogen-treated mice with
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regard to the expression from placebo-treated mice (p<0.05) (Figure 5, Panel C). There

was a significant difference in the expression of IL-12Rb2 on cells from estrogen-treated

mice upon addition of rIFN-g compared to the expression on cells stimulated with only

Con-A (p<0.001) (Figure 5, Panel A) or Con-A and rIL-12 (p<0.01).  The expression of

IL-12Rb2 was higher on cells from estrogen-treated mice (p<0.05) in Con-A (1 mg/ml)

stimulated lymphocytes supplemented with both of the recombinant cytokines, rIFN-g

(10 ng/ml) and rIL-12 (20 ng/ml) (Figure 5, Panel D). Representative flow cytometric

analysis, as determined by forward and side scatter analysis, are shown in Figure 6.

Although the IL-12Rb2 levels were higher on cells stimulated with Con-A, rIFN-g, and

rIL-12 than the level expressed on Con-A or Con-A and rIL-12 activated cells, there was

no difference between the estrogen-treated cells stimulated with Con-A and rIFN-g or

Con-A, rIFN-g, and rIL-12 implying the importance of IFN-g in the amplification of IL-

12Rb2 and increased IL-12 signaling. The activation of placebo or estrogen treated cells

with Con-A, Con-A and rIL-12, Con-A and rIFN-g, or Con-A, rIL-12, and rIFN-g for 24

hrs did not affect the expression of IL-12Rb1 (Figure 5, Panels E, F, G, and H).

Representative flow cytometric analysis of IL-12Rb1 expression as determined by

forward and side scatter analysis were shown in Figure 7.

Addition of rIL-12p70 Alters the Expression of IFN-g and Its End-Product Nitric

Oxide From Estrogen-Treated Mice

Since deliberate addition of rIFN-g and/or rIL-12 in the presence of a submitogenic dose

of Con-A (1 mg/ml) altered IL-12Rb2 expression on lymphocytes from estrogen-treated

mice, we investigated whether addition of rIL-12 will affect the levels of IFN-g mRNA

and IFN-g protein expression of IFN-g inducible Nitric Oxide Synthase (iNOS) and IFN-g

inducible nitric oxide (NO) as a result of estrogen treatment. Con-A (1 mg/ml) and rIL-12

(20 ng/ml)-activated splenocytes from estrogen-treated mice tended to have increased

levels of IFN-g gene expression as demonstrated by Real Time-PCR analysis compared

to the expression from placebo-treated mice and other stimulations of Con-A (1 mg/ml) or

Con-A (1 mg/ml) and rIFN-g (10 ng/ml)  (Figure 8, Panel A).  As noticeable in Panel B,
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the activation of estrogen-treated splenic lymphocytes with Con-A (1 mg/ml) and rIL-12

resulted in augmentation of the iNOS mRNA expression in comparison to placebo treated

mice (p<0.05). The expression of iNOS was also increased in cells stimulated with Con-

A (1 mg/ml) and rIFN-g (10 ng/ml) demonstrating the effect of IFN-g on iNOS gene

expression (p<0.05) (Figure 8, Panel B).  Protein levels of IFN-g were significantly

increased in the supernatants of Con-A and rIL-12 stimulated splenic lymphocytes both

from placebo and estrogen-treated mice (p<0.001) (Figure 9, Panel A), but there was no

apparent difference in IFN-g protein levels between supernatants from placebo and

estrogen-treated mice. This lack of detectable difference upon addition of rIL12 may be

due to usage of IFN-g secreted as bound to receptors and taken inside the cell. On the

other hand, the levels of IFN-g inducible NO were considerably increased in the

supernatants of lymphocytes from estrogen-treated mice activated with Con-A (1 mg/ml)

(p<0.05) or Con-A (1 mg/ml) and rIL-12 (p<0.05) for 24 hrs of culture (Figure 9, Panel

B). Addition of rIL-12 increased nitric oxide secretion in the supernatants of lymphocyte

cultures from both placebo and estrogen-treated mice implying the effect of IL-12p70 on

IFN-g inducible nitric oxide.

Estrogen Treatment Increases IL-18 at mRNA and Protein Levels

We next explored whether Con-A (10 mg/ml) activation of splenic lymphocytes from

estrogen or placebo-treated lymphocytes altered another IFN-g inducing cytokine, IL-18.

The level of IL-18 gene expression was increased in Con-A-activated splenocytes from

estrogen-treated mice as demonstrated by RT-PCR analysis when compared to cultures

from placebo-treated mice (p<0.05) (Figure 10, Panel A). A representative gel picture of

RT-PCR products is shown in Panel B.  In view of the fact that RT-PCR offers an

approximate and mostly qualitative estimation of gene expression, we used Real Time

PCR analysis for quantitative detection of expression of the IL-18 mRNA expression.

Levels of expression of the IL-18 gene in Con-A-activated splenocytes from estrogen-

treated mice were also increased when compared to similar cultures from placebo-treated

mice as demonstrated by Real-Time PCR analysis (p≤0.05) (Figure 10, Panel C). The

protein level of IL-18 was also notably increased in the supernatants of Con-A (10
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mg/ml)-activated splenic lympocytes from estrogen-treated mice when compared to that

of placebo-treated mice after 24 hrs of culture (p<0.05) (Figure 11). IL-18 protein was

not detectable in the supernatants of unstimulated (media) lymphocytes.

IL-18Rb Gene Expression Is Altered Upon Estrogen Treatment

Since estrogen increased the gene expression and protein levels of IL-18 after Con-A

stimulation, we next investigated the expression of IL-18Rb, an important subunit of the

IL-18 Receptor complex and a Th1 marker, which takes part in the formation of a

functional IL-18 Receptor heterodimer and regulation of IL-18 signaling. The relative

gene expression of IL-18Rb appeared to be increased in Con-A-activated splenocytes

from estrogen-treated mice as demonstrated by RT-PCR analysis in comparison to the

expression from placebo-treated mice suggesting increased signaling through the IL-18

Receptor complex (p<0.005) (Figure 12, Panel A). Panel B exhibits a representative gel

picture of RT-PCR analysis.

Con-A Stimulated Splenic Lymphocytes From Estrogen-Treated Mice Have

Increased IL-15 mRNA and Protein Expression

Besides IL-12 and IL-18, IL-15 is another inducer of IFN-g mRNA and protein in human

and murine lymphocytes alone or upon T cell stimulation (69, 77, 78). Therefore, we

subsequently examined the alterations in gene expression and protein levels of IL-15

upon estrogen treatment. The relative IL-15 mRNA expression was noticeably elevated

as verified with RT-PCR in Con-A stimulated splenic lymphocytes from estrogen-treated

mice after 24 hrs of incubation (p<0.05), (Figure 13, Panel A).  A representative gel

picture of RT-PCR analysis was shown in Panel B. Similarly, Con-A activated cells from

estrogen-treated mice tended to show an increase in IL-15 gene expression as confirmed

with Real Time PCR  (Figure 13, Panel C). Since there is no available commercial

ELISA available for the detection of murine IL-15 protein in supernatants, we performed

a Western Blot assay to demonstrate whether estrogen treatment altered the intracellular

levels of IL-15 protein in unstimulated (media) and Con-A stimulated splenic
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lymphocytes. The relative expression of IL-15 protein was upregulated in unstimulated

splenocytes from estrogen-treated mice when compared to placebo controls (p<0.05;

Figure 14, Panel B). Panel A shows representative pictures of Western blot assay for IL-

15. IL-15 protein expression was noticeably increased in Con-A activated splenocytes

from estrogen-treated mice compared to controls (p<0.05, Figure 14, Panel D) and

representative western blot pictures are shown in Panel C.

e.) DISCUSSION

In our previous studies, we have shown that estrogen regulates IFN-g (79, 80) and IFN-g

dependent iNOS and nitric oxide. In this study, we further extend our earlier observations

to explore the regulation of IFN-g-inducing cytokines and their receptors by estrogen.

The recently identified IL-27 can enhance the early production of IFN-g by naïve CD4+ T

cells and NK cells (3, 4). This study is the first to demonstrate that estrogen treatment

markedly upregulates the relative IL-27 mRNA expression in Con-A stimulated

splenocytes. IL-27 can induce naïve T cells to produce high amounts of IFN-g and

upregulate T-bet and IL-12Rb2 expression via JAK1/STAT1 activation (7, 8, 81). The

studies performed by others, combined with our data discussed above (IL-12Rs), suggest

that estrogen regulates Th1 commitment at very early stages affecting IL-27, which acts

prior to IL-12 and is important for early Th1 differentiation.

Contrary to our expectations, we found that IL-12p70 protein levels were decreased in the

supernatants from Con-A-activated lymphocytes from estrogen-treated mice at 24 hrs and

that the level of IL-12p70 protein was drastically reduced by 48 hrs of culture. Given that

the IL-12p70 protein detected in the supernatants is free-unbound protein, it is very

possible that the decrease in the level of IL-12p70 after estrogen treatment may be due to

increased levels of IL-12R and possibly to enhanced binding to the IL-12Receptor

complex.  Although, it is known that mice that are deficient in IL-12p70 demonstrate

reduced Th1 responses and IFN-g levels (33, 82), in our study, we did not observe

decreased levels of IFN-g or changes in nitric oxide, rather we found the opposite to be
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the case. It is also possible that enhanced levels of IL-12p70 protein levels in

supernatants of splenocytes from estrogen-treated mice might have been expressed at an

earlier time point than 24 hours of culture.

We further explored the IL-12 receptors by investigating its subunits separately. Since

binding of IL-12p70 protein to the IL-12Receptor complex is important in signaling

through STAT-4, we explored the expression of b1, the binding subunit, and b2, the

signaling subunit, on splenocytes from placebo and estrogen-treated mice. The expression

of IL-12Rb2 subunit was noticeably increased on Con-A-activated splenocytes from

estrogen-treated mice. The IL-12b2 subunit is expressed on Th1 cells in mice and

considered to be a Th1 differentiation marker (27). Increased levels of IL-12Rb2 on

splenocytes from estrogen-treated mice in the presence of optimal dose of Con-A (10

mg/ml) suggest that the responsiveness of lymphocytes to IL-12 signaling can be

upregulated, and therefore, increase IFN-g secretion upon estrogen treatment.

Recent studies demonstrate that the expression of IL-12Rb2 on cells of the immune

system is induced by IFN-g and IL-12p70, where as the IL-12Rb1 subunit is

constitutively expressed on CD4+ T cells after TCR stimulation (25, 83). In addition, in

the absence of IL-4, IL-12 is enough to upregulate IL-12Rb2, while in the presence of IL-

4, IFN-g is required in combination with IL-12 to induce IL-12Rb2 expression (51).  IL-

12Rb2 expression and responsiveness to IL-12 are both decreased when IFN-g levels are

diminished (51). These data suggest that IFN-g is required to suppress the negative effect

of IL-4 on Th1 differentiation by upregulation of IL-12Rb2. The role of IFN-g in the

regulation of IL-12Rb2 expression on splenocytes from estrogen-treated mice was clearly

demonstrated by deliberately adding recombinant IFN-g  in the presence of a

submitogenic dose of Con-A (1mg/ml).  Activation of splenocytes with a submitogenic

dose of Con-A (1 mg/ml) from placebo or estrogen-treated mice provides enough signal

to achieve primary stimulation of lymphocytes resulting in low levels of IL-12Rb1 and

b2 expression. Addition of recombinant IL-12 and/or recombinant IFN-g with a

submitogenic dose of Con-A results in increased IL-12Rb2, but did not affect IL-12Rb1
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expression on splenocytes from estrogen-treated mice. Therefore, we believe that IFN-g,

combined with IL-12, is an important factor for regulating IL-12Rb2 expression and for

regulating the responsiveness of lymphocytes to IL-12 in estrogen-treated mice.

It is notable that estrogen treatment upregulates many IFN-g-inducing cytokines and their

receptors on splenic lymphocytes. We further showed that estrogen treatment renders

splenic lymphocytes hyperresponsive to IFN-g and the IFN-g inducing cytokine, IL-12.

Stimulation of splenocytes with a submitogenic dose of Con-A (1mg/ml) and recombinant

IL-12 markedly increased the expression of IFN-g and iNOS mRNA. Addition of

recombinant IFN-g did not affect IFN-g mRNA, but iNOS mRNA was increased in

response to IFN-g. Levels of IFN-g and nitric oxide were significantly elevated due to

stimulation with recombinant IL-12 and Con-A (1mg/ml). Nitric oxide levels in the

supernatants from recombinant IL-12 and Con-A (1mg/ml) activated lymphocytes were

noticeably higher from estrogen-treated mice compared to control mice. We showed that

IL-12Rb2 expression was upregulated in estrogen-treated mice. In addition to this, a

possible reason for hyperresponsiveness of splenocytes from estrogen-treated mice could

be enhanced IL-12 activation of STAT-4.  Studies have shown that in TCR activated T

cells stimulated with IL-12, STAT-4 complexed with c-Jun interacts with AP-1 and

induces a high binding form of AP-1.  Since STAT-4 cannot bind to the IFN-g promoter

by itself, the presence of AP-1, a potent transcription factor for IFN-g, is required to bind

and activate the IFN-g promoter (29, 84, 85). Furthermore, stimulation of naïve T cells

(CD4+ and CD8+) from C57BL/6 mice via the TCR and IL-12 increases histone

hyperacetylation, which is involved in the function of genomic nuclear matrix attachment

regions and other nuclear functions that regulate gene transcription (86). This further

upregulates the transcription of the IFN-g gene by 100 fold under Th1 differentiation

conditions (87-90). Therefore, the possibility that estrogen-treated mice may have more

histone hyperacetylation of the IFN-g gene in splenocytes compared to placebo-treated

mice cannot be excluded.
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IL-18, another important IFN-g inducing cytokine, is unlike IL-12, in that it cannot drive

Th1 responses by itself, but synergizes with IL-12 to upregulate the production of IFN-g

and Th1 differentiation (15). The treatment of EAE mice with estrogen implants for 7

days (2.5 mg E2 (1500–2000 pg/ml serum, 20–50% of pregnancy levels) before the start

of disease led to increased expression of IL-18 mRNA in fresh splenocytes as detected

with a GeneArray (91).  In this study, we have shown that estrogen treatment of non-

autoimmune, wild-type mice demonstrated a significant increase in IL-18 mRNA

expression as shown with RT and Real Time RT-PCR, as well as IL-18 protein

expression from Con-A stimulated splenocytes.

Similar to the IL-12 and IL-12 Receptor complex, binding of IL-18 to its receptor

complex, which is composed of IL-18Ra , the binding subunit, and IL-18Rb , the

signaling subunit, results in activation of IFN-g (46, 92, 93). It has been shown IL-18Rb

is an important subunit in the regulation of cellular responses to IL-18. For example,

stimulation of thymocytes with Con-A and recombinant IL-12 upregulates IL-18Rb

expression resulting in cells hyperreactive to IL-18 stimulation in terms of both IFN-g

production and cell proliferation (48). Furthermore, NK cells and T cells from MRL/lpr

mice that overexpress the IL-18Receptor are hypersensitive to IL-18 (94). We found that

estrogen treatment upregulated IL-18Rb  mRNA expression in Con-A activated

splenocytes. Due to the absence of a successful antibody for the detection of IL-18Rb on

splenocytes at the time, we were not able to detect the expression of IL-18Rb on the cell

surface. We expect that the increase in IL-18Rb mRNA expression due to estrogen

treatment will be reflected in the expression of IL-18Rb on lymphocytes. Induction of

IFN-g by IL-12 and IL-18 is associated with the regulation of GADD45b and GADD45g

protein expression (95-97). The increase in IFN-g expression and IFN-g inducing

cytokines due to estrogen treatment could be a result of elevation of GADD45b or

GADD45g proteins.

IL-15, an IFN-g inducing cytokine, modulates many immunological functions such as

induction of T cell proliferation, activation of cytotoxic effector cells and monocytes, Ig
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synthesis by B cells, and differentiation and activation of NK cells (61, 98-100). The

relationship between estrogen treatment and IL-15 has not been throughly investigated.

Okada et al demonstrated that in vitro incubation of human endometrial stromal cells

with progesterone and estrogen results in upregulation of IL-15. This increase was not

observed in human endometrial cells cultured only with estrogen (101). Although IL-15

mRNA is widely expressed constitutively, many researchers have difficulties

demonstrating IL-15 protein in the supernatants of many cells that express IL-15 mRNA

(102, 103).  Our study is the first to demonstrate that in vivo estrogen treatment

upregulated IL-15 mRNA in unstimulated lymphocytes left in media and Con-A

activated splenocytes. Since, there is no available commercial IL-15 ELISA for the

detection of murine IL-15, we used Western blot analysis to demonstrate intracellular IL-

15 protein levels. In addition to IL-15 mRNA, IL-15 protein expression was significantly

augmented both in Con-A activated cells and unstimulated lymphocytes from estrogen-

treated mice. The level of IL-15 protein in unstimulated cells was more than the IL-15

protein detected in Con-A activated splenocytes from estrogen-treated mice. Although

precise reasons for this is not clear, one possibility is in unstimulated (media) samples IL-

15 is not used up and retained in the cell, whereas after Con-A stimulation there may be

increased secretion of IL-15, which led to decreased levels of IL-15 protein inside the

cell.  Our results may differ from the results obtained by Okada et al due to estrogen

treatment (in vivo versus in vitro), tissue specific responses to estrogen, and/or the

differences in species (human versus mouse).

Overall, our studies provide a new insight into how estrogen modulates immune system

by regulating IFN-g inducing cytokines and as a result, IFN-g and IFN-g-inducible nitric

oxide. In this study, we report that estrogen treatment enhances IFN-g inducing cytokines,

IL-18, IL-15, IL-27, and upregulates the receptors, IL-12Rb2 and IL-18Rb, both

quantitatively and qualitatively. Estrogen-treated mice appeared to be more responsive to

recombinant IL-12 resulting in increased IFN-g and iNOS. All in all, this study is the first

to report that estrogen can regulate IFN-g inducing cytokines, notably IL-18, IL-15, and

IL-27 in splenic lymphocytes. Bearing in mind that estrogen is a potent
immunomodulator, it is critical to decipher the molecular components of Th1
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differentiation and to shed light on the estrogen-modulated changes in the immune

system which may be linked to a number of pathological conditions, including the
d e v e l o p m e n t  o f  a u t o i m m u n e  a n d  n e o p l a s t i c  d i s o r d e r s .
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g.) FIGURES

Figure 2. Estrogen treatment increases IL-27 mRNA Expression:  Splenocytes
stimulated with Con-A (10 mg/ml) from placebo and estrogen-treated mice were cultured
for 24 hrs. Panel A shows relative densities of IL-27 gene expression was determined
with RT-PCR after normalized to b-actin. The IL-27 mRNA expression was increased in
splenocytes from estrogen-treated mice (Placebo: n=19 mice, estrogen: n=17 mice;
p<0.05). Data were presented as   means with standard error bars. Panel B illustrates two
representative experiments for RT-PCR assay.
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Figure 3. Con-A Activated Splenocytes from Estrogen-Treated Mice Have
Decreased Levels of the IFN-g Inducing Cytokine, IL-12p70: Splenic lymphocytes,
which were treated with either estrogen or placebo-treated gonadectomized male mice
were stimulated with Concanavalin-A (Con-A; 10 mg/ml) or left unstimulated (media)
and the level of IL-12p70 in the supernatants was determined with a specific ELISA.
Supernatants of Con-A-activated splenic lymphocytes from estrogen-treated mice had
significantly decreased level of IL-12p70 compared to placebo controls (Panel A; n=8
mice per placebo or estrogen treatment, p<0.05), where as IL-12p70 protein levels in the
supernatants from unstimulated splenic lymphocytes showed no difference between
placebo and estrogen-treated mice. Panel B shows the level of IL-12p70 in the
supernatants from splenic lymphocytes cultured with Con-A for 48 hrs (n=6 mice per
placebo or estrogen treatment; p<0.05). Supernatants of Con-A-activated splenic
lymphocytes from estrogen-treated mice had significantly decreased level of IL-12p70
compared to placebo controls after 48 hrs of culture. The level of IL-12p70 was not
detectable in the supernatants of splenic lymphocytes left unstimulated in media after 48
hrs. Data are presented as means with standard errors.
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Figure 4. Activation of Splenocytes Via T Cell Stimulation Upregulates the
Expression of IL-12Rb2 in Estrogen-Treated Mice: Splenic lymphocytes from placebo
or estrogen-treated mice that were cultured with Con-A (10 mg/ml) or left unstimulated
(media) for 24 hrs were stained with PE-anti-IL-12Rb1, purified anti-IL-12Rb2 antibody
and PE-conjugated anti-hamster IgG monoclonal antibodies, or isotype-matched control
antibodies, and analyzed by flow cytometry.  The mean percent expression of IL-12Rb2
was significantly increased on Con-A stimulated splenocytes when compared to
unstimulated lymphocytes from placebo-treated  (p<0.01, n=6 mice per placebo or
estrogen treatment; Panel A) and estrogen-treated mice (p<0.001, n=6 mice per placebo
or estrogen treatment; Panel A). Panel B shows the mean percent expression of IL-
12Rb1 on splenocytes from placebo and estrogen-treated mice. IL-12Rb1 expression was
increased on Con-A stimulated lymphocytes when compared to unstimulated cells from
estrogen-treated mice (n=6 mice per placebo or estrogen treatment, p<0.05). There was
no noticeable difference of IL-12Rb1 expression on unstimulated and Con-A stimulated
lymphocytes from placebo or estrogen-treated mice.
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Figure 5. Estrogen-Induced Increase of IL12Rb2 Expression, but not IL-12Rb1, Is
Enhanced by Recombinant IFN-g and/or Recombinant IL-12p70: Splenic
lymphocytes from placebo or estrogen-treated mice were stimulated with Con-A (1
mg/ml) with or without recombinant IFN-g (rIFN-g, 10 ng/ml) and/or recombinant IL-12
p70 (rIL-12p70, 20 ng/ml) for 24 hrs, and then were stained with PE-anti-IL-12Rb1,
purified anti-IL-12Rb2 antibody and PE-conjugated anti-hamster IgG monoclonals, or
isotype-matched control antibodies, and analyzed by flow cytometry. Although the
expression of IL-12Rb2 was not changed on Con-A (1 mg/ml, n=6 mice per placebo or
estrogen treatment) stimulated lymphocytes (Panel A), IL-12Rb2 expression was
significantly increased on Con-A stimulated lymphocytes after addition of rIL12, rIFN-g,
and rIL-12 and rIFN-g from estrogen treated mice (p<0.05, Panels B, C, and D: n=6
mice per placebo or estrogen treatment; n=3 mice per placebo or estrogen treatment, n=3
mice per placebo or estrogen treatment respectively). The mean expression of IL-12Rb1
did not differ on Con-A (1 mg/ml, Panel E) stimulated lymphocytes from placebo or
estrogen-treated mice despite the addition of recombinant proteins (rIL-12: Panel F;
rIFN-g: Panel G; rIL-12 and rIFN-g: Panel H).
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Figure 6. Representative Flow Cytometric Analysis for IL-12Rb2 Expression
Enhanced By Recombinant IFN-g and/or Recombinant IL-12p70 on Estrogen-
Treated Splenocytes: The figure depicts a representative experiment IL-12Rb2 on
lymphocytes from placebo (top row) and estrogen-treated (bottom row) mice stimulated
with Con-A (1 mg/ml, Panel A  & E), and deliberate additions of rIL-12 (20 ng/ml, Panel
B & F), rIFN-g (10 ng/ml, Panel C & G), or rIL-12 (20 ng/ml) and rIFN-g (10 ng/ml,
Panel D & H).
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Figure 7. Representative Flow Cytometric Analysis for IL-12Rb1 Expression
Enhanced By Recombinant IFN-g and/or Recombinant IL-12p70 on Estrogen-
Treated Splenocytes:  The figure shows a representative experiment for IL-12Rb1 on
lymphocytes from placebo (top row) and estrogen-treated (bottom row) mice stimulated
with Con-A (1 mg/ml, Panel A & E), and deliberate additions of rIL-12 (20 ng/ml, Panel
B & F), rIFN-g (10 ng/ml, Panel C & G), or rIL-12 (20 ng/ml) and rIFN-g (10 ng/ml,
Panel D & H).
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Figure 8. IFN-g Inducing Cytokine rIL-12p70 Alters Gene Expression of IFN-g and
Its End-Product Nitric Oxide From Estrogen-Treated Mice: Splenic lymphocytes
from placebo and estrogen-treated mice were cultured with Con-A (1 mg/ml) with or
without rIFN-g (10 ng/ml) or rIL-12 (20 ng/ml) for 24 hrs. The quantitative detection of
gene expressions of IFN-g and iNOS were performed with Real Time PCR. The
expression of IFN-g and iNOS mRNA were normalized b-actin. As demonstrated in
Panel A, the expression of IFN-g gene showed a tendency to increase in Con-A (n=3
mice per placebo or estrogen treatment) stimulated splenocytes especially after deliberate
addition of rIL-12p70 (n=3 mice per placebo or estrogen treatment, p=0.3) from after
estrogen treatment. The IFN-g expression did not vary due to addition of rIFN-g (n=3
mice per placebo or estrogen treatment, p=0.4). The iNOS gene expression was
significantly increased in consequence of rIFN-g (n=5 mice per placebo or estrogen
treatment, p<0.05) or rIL-12 (n=5 mice per placebo or estrogen treatment, p<0.05) in
Con-A activated lymphocytes from estrogen-treated mice compared to placebo-treated
mice (Panel B) Con-A activated lymphocytes did not have significant change in iNOS
gene expression between treatments (n=5 mice per placebo or estrogen treatment, p=0.22;
Panel B).  Data are presented as means of femtogram ratios with standard error bars.
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Figure 9. rIL-12p70 induces IFN-g Protein and Nitric Oxide: Splenic lymphocytes
from placebo and estrogen-treated mice were cultured with Con-A (1 mg/ml) with or
without rIFN-g (10 ng/ml) or rIL-12 (20 ng/ml) for 24 hrs. The levels of IFN-g and nitric
oxide in the supernatants were determined with ELISA and Griess Assay, respectively.
Addition of rIL-12 to Con-A stimulated splenocytes (n=6 mice per placebo or estrogen
treatment, p<0.05; Panel A) from placebo and estrogen-treated mice upregulated IFN-g
protein when compared to the supernatants from Con-A stimulated splenocytes. There
was no apparent difference in IFN-g protein secretion due to estrogen treatment (Panel
A). Panel B shows the levels of nitric oxide in the supernatants from splenic lymphocytes
cultured with Con-A with or without rIL-12 for 24 hr (n=8 mice per placebo or estrogen
treatment; p<0.05). Estrogen treatment upregulated nitric oxide secretion from Con-A
stimulated lymphocytes as compared to controls (n=8 mice per placebo or estrogen
treatment, p<0.05). Nitric oxide production was significantly increased in the
supernatants from Con-A stimulated splenocytes from estrogen-treated mice in response
to rIL-12 addition (n=8 mice per placebo or estrogen treatment, p<0.05). Levels of IFN-g
protein or nitric oxide were not detectable in the supernatants of splenic lymphocytes left
unstimulated in media. Data are presented as   means with standard errors.
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Figure 10. Estrogen Upregulates IL-18 mRNA Expression: Splenic lymphocytes from
estrogen or placebo-treated gonadectomized male mice were stimulated with Con-A (10
mg/ml) for 24 hr and relative the expression of iNOS mRNA after normalized to b-actin
determined with RT-PCR (n=16 mice per placebo or estrogen treatment, p<0.05) (Panel
A) Data are presented as   means of relative densities with standard error bars. Panel B
shows the representative of IL-18 mRNA expression after RT-PCR. Panel C shows the
quantitative detection of IL-18 mRNA expression after normalized to b-actin with the
Real Time PCR assay. Real Time PCR products were calculated in femtograms using the
standard curve derived from cDNA standards of respective genes, IL-18 and b-actin.
Data are presented as means of femtogram ratios with standard error bars (n=6 mice per
placebo or estrogen treatment, p≤0.05).
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Figure 11.  Expression of IL-18 protein is increased in estrogen-treated splenic
lymphocytes: Splenic lymphocytes from estrogen or placebo-treated mice were
stimulated with Con-A (10 mg/ml) or left unstimulated (media) for 24 hrs.  The
expression of IL-18 protein was determined with ELISA.  IL-18 protein level was
appreciably increased in the supernatants from Con-A stimulated splenocytes from
estrogen-treated mice when compared to placebo-treated mice (n=21 mice per placebo or
estrogen treatment; p<0.05). IL-18 protein was not detectable in the supernatants from
unstimulated lymphocytes. Data were presented as   means with standard error bars.
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Figure 12. Estrogen Treatment Alters IL-18Rb  Gene Expression:  Splenic
lymphocytes from estrogen and placebo-treated mice were stimulated with Con-A (10
mg/ml) for 24 hrs.  The expression of IL-18R mRNA was determined with RT-PCR and
normalized to b-actin. Panel A shows mean relative densities of IL-18Rb expression
presented in Con-A stimulated cells from estrogen or placebo-treated orchiectomized
male mice (n=7 mice per placebo or estrogen treatment; p<0.005). Data were presented
as   means with standard error bars. Panel B depicts a representative gel picture of RT-
PCR analysis.
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Figure 13. Estrogen Treatment Alters IL-15 Gene Expression: The relative the
expression of iNOS mRNA in Con-A (10 mg/ml) stimulated splenic lymphocytes from
estrogen-treated mice after 24 hrs of culture was noticeably increased in comparison to
placebo-treated mice as determined with RT-PCR (n=10 mice per placebo or estrogen
treatment, p<0.05; Panel A). The RT-PCR product, IL-15 was scanned by scanning
densitometer and normalized to b-actin. Data were presented as means with standard
error bars. Panel B shows two representative experiments of IL-15 mRNA expression
after RT-PCR. Panel C shows the quantitative detection of IL-15 mRNA expression
normalized to b-actin as detected with Real Time PCR assay. Data are presented as
means of femtogram ratios with standard error bars (n=7 mice per placebo or estrogen
treatment; p=0.5).
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Figure 14. The IL-15 Protein expression is increased in estrogen-treated splenic
lymphocytes: Splenic lymphocytes from estrogen or placebo-treated mice were
stimulated with Con-A (10 mg/ml) for 48 hours of incubation.  The expression of IL-15
protein was determined by the Western Blot assay. Panel A shows mean relative densities
of IL-15 protein in unstimulated (media) lymphocytes (n=4 mice per placebo or estrogen
treatment; p<0.05). Panel B depicts four representative blots from Western blot assay of
IL-15 in unstimulated cells. Panel C shows mean relative densitometry results of IL-15
protein in Con-A stimulated splenic lymphocytes (n=8 mice per placebo treatment, n=9
mice per estrogen treatment; p<0.05). Seven representative experiments of IL-15 protein
expression in cells stimulated with Con-A as western blot pictures are demonstrated in
Panel D.
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4.2. Effects of Estrogen Treatment on IFN-g-Inducing Transcription Factors in

Splenocytes of Male C57BL/6 Mice.

a.) ABSTRACT

One important mechanism by which 17-bestradiol modulates the immune system is via

alteration of expression of IFN-g and IFN-g inducing cytokines.  Studies have shown that

the induction of these cytokines is associated with selective expression or repression of

various transcription factors such as T-bet, HLX, Eomes, and IRF-4, which play a critical

role in Th1/Th2 differentiation. In addition to these factors, activation of STAT-4,

following IL-12 and IL-12 receptor induction, is important in the induction of IFN-g and

differentiation into T helper 1 (Th1) type cells. In our previous studies, we found that

estrogen treatment tended to augment in IFN-g and markedly increase IFN-g-dependent-

iNOS, and IFN-g inducing cytokines. To further explore the role of estrogen, the potential

role of transcription factors involved in IFN-g synthesis in Con-A stimulated splenocytes

from gonadectomized mice treated with placebo or estrogen implants was investigated.

We demonstrate that estrogen treatment increases the expression of T-bet mRNA, but not

of HLX and Eomes in Con-A stimulated splenocytes. Increased activation of STAT-4

and decreased IRF-4 protein expression in splenocytes from estrogen-treated mice also

enables these cells to produce considerable amounts of IFN-g. These studies confirm the

concept that estrogen stimulates Th1 cells to secrete IFN-g by altering T-bet, STAT-4,

and IRF-4 expression.
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b.) INTRODUCTION

T-bet

A notable finding in molecular immunology is that the induction of IFN-g in CD4+ T

cells is dependent upon the expression of a specific transcription factor, T-bet. T-bet

belongs to the homeobox protein family which is important in the commitment,

differentiation, and maintenance of Th1 cells (104). T-bet, a Th1-specific T box

transcription factor (Tbx-21), controls the expression of IFN-g, a hallmark Th1 cytokine

(104).

The expression of T-bet is limited to the immune system. T-bet is expressed at very low

levels in unstimulated naïve CD4+ T cells and its levels are upregulated following

activation through the TCR. While T-bet is essential for the induction of IFN-g, the levels

of T-bet are further increased by IFN-g demonstrating a positive feedback loop (104).

The absence of T-bet in CD4+ T cells results in decreased IFN-g production, a decrease in

the number of IFN-g producing cells, as well as an increase in Th2 type cytokines (105).

Increased expression of T-bet also ensures the progress of Th1 polarization by

suppressing GATA-3, a Th2 type transcription factor. The strong role of T-bet in IFN-g

induction is demonstrated by the fact that T-bet transfection of Th2 type murine cells

results in decreased IL-4 and IL-5 expression redirecting them to a Th1 type profile

(104). Further, human Th2 cells transfected with T-bet, also secrete high levels of IFN-g

and have decreased IL-5 expression. Expression of T-bet also induces IL-12Rb2

expression on human Th2 cells (106).  T-bet knockout mice that exhibit spontaneous

reactive airway disease, similar to asthma, (107) with increased Th2 type cytokines show

the importance of T-bet in Th1 differentiation (105).

Increased levels of IFN-g in the cellular environment lead to B cell activation and Ig class

switching from IgM to IgG2a and IgG1 (108, 109). The levels of IgG2a, IgG2b, and

IgG3 produced by B cells from T-bet knockout mice are diminished and cannot be
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recovered in response to IFN-g (110). Ectopic expression of T-bet in these cells activates

IgG2a class switching (110, 111).  The induction and regulation of IgG2a class switching

takes place in anti-CD40 stimulated B cells from wild-type and IFN-g knockout mice

after the induction of T-bet expression by IL-27 stimulation. There is no activation of Ig

class switching from IL-27 and anti-CD40 stimulated B cells from T-bet knockout mice

suggesting the importance of T-bet in B cell activities (10). Since T-bet plays an

important role in antibody production from B cells from healthy subjects, it is possible

that it may have a role in autoimmune diseases. B cell dependent responses such as

autoantibody production, hypergammaglobulinemia, and IFN-g mediated IgG2a

production are reduced in lupus prone T-bet knockout mice (110).

Szabo et al. showed that T-bet is critical to the production of IFN-g from primary splenic

NK cells, which had decreased cytotoxic ability in the absence of T-bet (105).  Dendritic

cells, potent antigen presenting cells with an ability to strongly activate naïve T cells

(112, 113), help to initiate primary immune responses and can also produce IFN-g (21,

114, 115). Expression of IFN-g in both CD8a+ and CD8a- murine dendritic cells has been

shown to be dependent on T-bet expression. Dendritic cells (DC) from T-bet deficient

mice have diminished levels of IFN-g even after stimulation with IL-12 and IL-18 (116).

Curiously, unlike the critical role of T-bet in IFN-g induction by CD4+ T cells, NK, and

DC cells, there is no change in the levels of IFN-g or IFN-g-producing CD8+ T cells in

the absence of T-bet (105).  This suggests that CD8+ cells may utilize another, possibly

yet unidentified, transcription factor.

IFN-g inducing cytokines such as IL-12, IL-15, IL-27, and IFN-g itself, contribute to the

activation of T-bet by activating various STATs, such as STAT-1 and STAT-4 (71, 72,

104, 117). Recent data show that the activation of T-bet expression is followed by a

sequence of events starting with IL-27 (Figure 1):

1. IL-27 induces T-bet expression, which then induces chromatin remodeling of the IFN-

g gene (7-9). Interestingly, IL-27 effects take place prior to IL-12 and STAT-4 (118).
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2. Elevated T-bet expression increases IL-12Rb2 expression on lymphocytes, especially

T cells, making them more responsive to IL-12 and subsequent STAT-4 activation (118).

3. IL-12/IL-12R signaling results in increased IFN-g production, which further augments

IL-12Rb2 expression as well as IL-18Ra and b. Further amplification of the chromatin

remodeling of the IFN-g gene happens via IL-12 and IL-18 signaling (27, 118-121).

4. IL-12, in combination with IL-18 and/or IL-15, augments IFN-g expression from NK,

T, and even B cells (71, 72). An increase in IFN-g may result in a positive feedback loop

thus enhancing the expression of T-bet to stabilize the Th1 response (117).

In summary, T-bet influences the generation of Th1 dependent immunity by controlling

the commitment of naïve T cells to Th1 polarization, directly affecting potent antigen

presenting cells such as dendritic cells (DCs) to produce IFN-g, increasing the

cytotoxicity of NK cells and inducing class switching and/or autoantibody production of

B cells.
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Figure 1. A model for T-bet induction by IL-27 and IL-12 in relation to IFN-g:
Activated Antigen Presenting Cells (APCs) produce IL-27, which binds to its receptor
TCCR composed of EBI3, p28, an unknown subunit, and WSX-1, which upregulates T-
bet expression in TCR stimultated T cells (#1). T-bet induces IFN-g via chromatin
remodeling and upregulates IL-12Rb2 (#2) leading to STAT-4 phosphorylation. Ligation
of IL-12p70 to the IL-12R complex results in increased IFN-g production promoted by
STAT-4. IFN-g positively regulates the expression of IL-12Receptors and IL-12 (#3).
IFN-g upregulates IL-18Rb, which complexes with IL-18Ra bound to IL-18 secreted by
APCs. This results in increased IL-18 signaling (#4). This results in IRAK dissociation to
interact with TRAF-6 leading to activation of NF-kB and up-regulation of IFN-g. IFN-g
can bind to its receptor complex resulting in further augmentation of T-bet.
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HLX

In addition to T-bet, another protein, HLX, from the homeobox family was found to be

important in the induction of IFN-g expression in immature T helper cells and T cell

clones (122, 123) (Figure 2, Panel A).  The inhibition of T-bet expression in primary

naïve cells, stimulated under Th1 conditions, diminishes HLX expression suggesting that

T-bet induces the homeobox factor, HLX (123). Ectopic expression of HLX cannot

induce IFN-g by itself, while T-bet with or without HLX induces IFN-g expression. IFN-g

expression is greater in the presence of HLX (123).  The biochemical and protein

interactions of HLX and T-bet are not yet clear but studies show a genetic interaction

between these factors resulting in activation of T-bet target genes such as IFN-g and

endogenous T-bet (123). Chromatin remodeling of the IFN-g gene is modulated first by

T-bet and, in following cell divisions, by the presence of HLX, which also augments

IFN-g expression (123).  HLX expression is also found to be upregulated in immature T

helper cells (122). Introduction of HLX in T helper cells at a later stage does not result in

increased IFN-g secretion, implying that the ability of HLX to upregulate IFN-g  is

restricted to the immature stages of T helper cell development (122). The importance of

HLX induction of IFN-g is further supported by the findings that overexpression of HLX

in Th2 cells leads to increased IFN-g production in CD4+ T cells. Furthermore, HLX

transgenic mice have abnormal thymic development and reduced numbers of the

CD4+CD8+ double-positive population (122).

Eomesodermin (Eomes)

The production of IFN-g in the absence of the transcription factor T-bet in CD8+ T cells

from T-bet knockout mice implies a possible T-bet independent mechanism for the

regulation of IFN-g expression. Another T-box-factor, called Eomesodermin (Eomes) that

is selectively expressed in CD8+ T cells, but not in CD4+ T cells was recently identified

(124) (Figure 2, Panel B). The ectopic expression of Eomes in developing Th2 cells with

T-bet expression enhances IFN-g levels without affecting IL-4 protein levels. The

introduction of Eomes in T-bet deficient CD4+ T cells induces IFN-g suggesting that
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Eomes is able to induce effector functions in the absence of T-bet (124).  Although

Eomes is able to induce IL12Rb2, it was not superior to T-bet in the induction of this

receptor subunit (124). In summary, the data suggest that Eomes is an important factor in

regulating several functions of CD8+T cells, such as IFN-g production and lytic activity

in the absence of T-bet.

Figure 2.  Supplementary IFN-g-inducing transcription factors:  In addition to T-bet,
there are two newly discovered transcription factors. Panel A: IFN-g acts on the IFN-g
Receptor complex (IFN-gRa and IFN-gRb) to activate Jak-1 and Jak-2, which, in turn
phosphorylate Stat-1 and induces T-bet expression. The homeobox protein HLX, which
is expressed after T-bet induction, upregulates IFN-g in combination with T-bet in CD4+

T cells. Panel B: The expression of Eomes in the absence or presence of T-bet leads to
IFN-g production in activated CD8+ T cells.
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Signal Transducers and Activators of Transcription: STAT-4

Signal Transducers and Activators of Transcription, STATs, constitute another group of

transcription factors and they activate the transcription of various genes in response to

stimuli such as cytokines (125, 126). One of the most well known of the STATs is STAT-

1, which takes part in the signal transduction activities of the IFN-g-IFN-g receptor

complex and leads to the activation of IFN-g-inducible genes (127). Briefly, IFN-gRa,

the cytokine binding subunit, and IFN-gRb, the signal transduction subunit, which are

coupled with Jak-1 and Jak-2, are activated upon the binding of IFN-g to its receptors.

The IFN-g-IFN-g Receptor complex phosphorylates Jak-1 and Jak-2, which in turn leads

to the binding of STAT-1. Docking of STAT-1 to the Jaks causes activation of STAT-1

via phosphorylation, which then forms homodimers in the cytosol (128). Homodimers are

translocated to the nucleus where they bind to IFN-g activation sites, called GAS, in the

promoters of target genes resulting in alteration of the expression of IFN-g induced genes

(127, 129).

STATs are critical to the development of Th1 or Th2 differentiation of naïve

lymphocytes. For example, STAT-4 is strictly expressed in lymphocytes, macrophages

(21, 22, 130), dendritic cells (130), natural killer, and T cells (32, 131).  IL-12, a cytokine

important to the regulation of IFN-g, phosphorylates STAT-4 through Jak2 and Tyk2

docked to the IL12-Receptor complex (23, 132, 133). Newly discovered IL-27

phosphorylates STAT-4 (7). Jaks phosphorylate STAT-4 and result in activated STAT-4

homodimers that migrate to the nucleus where they bind DNA sequences in the

promoters of IL-12-inducible genes (134) such as IFN-g (85, 135) or IRF-1 (136). There

are multiple STAT-4 sites for tyrosine phosphorylation. In addition to tyrosine

phosphorylation, STAT-4 can be phosphorylated on serine 721 by IL-12, which is

important for maximum activation (137). Phosphorylation of Ser721 mediated through

IL-12-IL-12 Receptor interactions, is regulated by p38 mitogen activated kinase (p38-

MAPK). Further, disruption of this serine residue results in decreased STAT-4 activation

and IFN-g production (Figure 3) (137, 138).
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STAT-4 phopshorylation via IL-12 takes place in Th1 cells, but not in Th2 cells, since

Th2 cells do not express high levels of IL12-Rb2 (27), the subunit responsible for

effective IL-12 signalling (24). The absence of STAT-4, accompanied with a diminished

cell mediated immune response, defective development of Th1 cells, decreased IFN-g

levels (33, 82), and decreased NK cytotoxicity, (32) suggests the importance of STAT-4

in the differentiation of Th1 lymphocytes. The mechanisms that control how estrogen

alters STAT-4 signaling to induce Th1 differentiation are inadequately described. Bao et

al.  show that in vitro estrogen treatment of pre-Con-A stimulated CD4+ T cells results in

increased phosphorylation of STAT-4 after 20 mins incubation with recombinant IL-12

(20 ng/ml) (139). This suggests increased response to IL-12-induced STAT4 activation

by estrogen.

Figure 3.  A model for IFN-g induction via the STAT-4 and IL-12 pathway: IL-12p70
secreted from activated APCs binds to IL-12Rb1, the binding subunit, and IL-12Rb2, the
signaling subunit to activate Tyk-2 and Jak-1, which in turn recruit and phosphorylate
STAT-4 on the tyrosine residue (~700 amino acid, pY). Dimerized and activated STAT-4
is phosphorylated at the serine residue (~727 amino acid, pS) by serine kinases.
Activated STAT-4, in turn, alters the expression of target genes by binding to the
promoter of target genes or upregulating other transcription factors such as AP-1.
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Interferon Regulatory Factors: IRF-4

Interferon regulatory factors are another group of transcription factors involved in the

regulation of the immune system through the JAK-STAT pathway, which is activated by

IFN-g and other cytokines leading to transcription of their target genes (140). IRF-1 and

IRF-2 are the most well known and characterized members of the IRF family (141-146).

Seven other IRFs have been defined to date: IRF-3 (147, 148), IRF-4 (Pip/

LSIRF/ICSAT) (149), IRF-5 (150), IRF-6 (151), IRF-7 (152), IRF-8 (ICSBP) (153, 154),

and IRF-9 (ISGF3g/p48) (155). IRF transcription factors, in general, bind to IFN-

stimulated response elements (ISRE), IFN-consensus sequence (ICS), or IFN-regulatory

elements (IRF-E) in the promoters of target genes through their DNA binding domains, in

which they have homology between different IRF members (156, 157).  IRF-1 is

expressed by most cell types (141, 144) and is important in IFN-g signaling and

homeostasis of T cells. IRF-1 expression can be induced by IFN-a (158), IFN-g  (159,

160), Con-A (144), and phorbol 12-myristate 13-acetate (PMA) (158) resulting in

activation of several genes such as IFN-a (142), iNOS (161), and IRF-2 (162).  IRF-4 is

expressed mainly in cells of the immune system such as B cells, macrophages, and T

cells (163-165). IRF-4 is induced by Con-A, TCR crosslinking via CD3, anti-IgM, PMA,

anti-CD40 antibodies, and IL-12 (164, 166-168). IRF-4 can act as an activator or

repressor in the development of a Th1 or Th2 profile. The absence of IRF-4 results in

severe lymphadenopathy, decreased immunoglobulin levels in sera, impaired T cell

cytotoxicty, decreased IFN-g production, and impaired T and B cell functions (163).

IRF-4 is also important in the transition of pre-B cells into the pro-B cell stage as well as

the production of light chains of immunoglobulins (169). IRF-4 is also involved in

controlling Th2 lymphocyte differentiation. While IRF-4 activates the expression of IL-4

inducible genes (166), it acts as a repressor in the transcription of IFN-g inducible genes

(149). IRF-4 deficient T cells in the presence of IL-12 for Th1 development do not skew

towards Th1, similarly IL-4 for Th2 differentiation do not skew towards Th2 profiles

suggesting its role in T cell differentiation (170). IRF-4 deficient mice infected with L.

major produce IFN-g but the numbers of lymphocytes decline suggesting the need for
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IRF-4 to sustain an immune response. T-bet is expressed in CD4+ T cells from IRF-4

deficient mice accompanied with IFN-g production in vitro in response to Th1

polarization (IL-12 and anti-IL4) but not in the presence of Th2 inducing cytokines (IL-4

and anti-IL12) (170, 171). On the other hand, addition of IL-4 to IRF-4 deficient T cell

cultures leads to increased IFN-g production due to decreased GATA-3 protein

expression, a key Th2 transcription factor that counters IFN-g production (170). In

conclusion, T lymphocytes from IRF-4 knockout mice can differentiate into Th1 but not

Th2 cells. Overall, IRF-4 is essential to the development and differentiation of B cells

and is necessary for proper Th2 cell responsiveness to IL-4.

c.) MATERIALS AND METHODS

Mice: Three-to-four week old C57BL/6 wild-type mice were obtained from Charles

River Laboratories and maintained as described in first section of this chapter.

Estrogen Treatment: Four-to-five week old mice were orchiectomized and given

placebo (control) or 17-b-estradiol implants as described previously in Chapter 3 and

previous sections.

Isolation and Cultures of  Splenic Lymphocytes:  Splenic lymphocytes were collected

and cultured with Con-A or left unstimulated in media as previously described in Chapter

3.

Isolation of RNA and cDNA Synthesis:  Cells were subjected to RNA isolation and

cDNA synthesis was performed as described in the previous sections.

Primer Design:   Primers were designed to span a large segment of the target genes to be

used during the construction of standard curves for Real Time PCR as explained in

Chapter 3. The primers that were designed were as follows: b-actin (product: 965 bp)

f o r w a r d  5 ’ - A T T G T T A C C A A C T G G G A C G A - 3 ’ ,  r e v e r s e  5 ’ -

CTGCGCAAGTTAGGTTTTGT-3’; T-bet (932 base pairs) forward 5’-



254

CCAACAGCATCGTTTCTTCT-3’, reverse 5’-AGGGGACACTCGTATCAACA-

3’(One Trick Pony Oligos, Ransom Hill Bioscience, Ramona, CA).

The RT-PCR Assay:  The reverse transcriptase-polymerase chain reaction was used to

detect mRNA expression of the IFN-g inducing transcription factors (T-bet, HLX,

Eomes) and the housekeeping gene, b-actin, for the generation of standards and/or for the

detection of gene expression in samples were described in detail in Chapter 3. For the

construction of standards, the primers for b-actin and T-bet that were described in “The

primer design” section of the methodology were used. b-actin (product: 349 bp) and T-

bet (product: 254 bp) primers were purchased from Maxim Biotech Inc. (San Francisco,

CA). IFN-g inducing transcription factors HLX and Eomes were designed using the

Primer 3 program: HLX (product: 234 bp) forward 5’-ATCTCACATCGCTGCTAACC-

3’, reverse 5’-GCTTCCGCTTGTATGTCTGT-3’; Eomes (product: 205 bp) forward 5’-

ACACGGATATCACCCAGCTA-3’, reverse 5’-TGAGGCAAAGTGTTGACAAA-3’

(Invitrogen Inc., CA). The same PCR program was used for the primers designed and

primers purchased from Maxim Biotech Inc. as described previously. The PCR products

of the target genes were quantified with a scanning densitometer and normalized using b-

actin. These were expressed as mean relative densities with standard errors in the figures.

Extraction of Target Genes and Measurement of Total cDNA after Gel Extraction,

Picogreen:   PCR products were isolated and purified as described in the previous section

(Chapter 3) of this dissertation. PicoGreen (Molecular Probes Inc., Eugene, OR) was used

to detect cDNA in the samples as described in the previous section.

Real Time PCR:  Real Time PCR was performed as previously described in Chapter 3.

b-actin and T-bet primers were purchased from Maxim Biotech Inc. (San Francisco, CA)

and the Real Time PCR reaction was performed under the conditions as previously

described in Chapter 3 for both the standards and unknown samples. Normalization of the

target genes were performed by normalizing to the housekeeping gene, b-actin.  Standard

curves were used to calculate the amount of T-bet and b-actin in femtograms. Data were

recorded as femtogram ratios of the target gene, T-bet, normalized to b-actin.
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Determination of pSTAT-4 and IRF-4 Protein Levels:   Western blot assays were used

to detect STAT-4, pSTAT-4 and IRF-4 proteins in whole cell lysates of placebo and

estrogen-treated unseparated splenic lymphocytes, which were cultured with Con-A (10

mg/ml) or left unstimulated (media) at 37oC with 5% CO2 for 24 hrs. At the end of the

incubation period, cells were harvested and resuspended in 15ml of lysis buffer (50mM

Tris pH: 7.4, 300mM NaCl, 2mM EDTA pH: 8, 0.5% Triton X-100, 30 ml freshly added

mammalian protease inhibitor cocktail (10 mg/ml, Sigma-Aldrich Inc., MO), vortexed,

and incubated on ice for 15 mins. For the detection of phosphorylated STAT-4, cells were

lysed with 1 mM sodium vanadate included in the lysis buffer, which is important to

inhibit serine and tyrosine phosphatases. Fifteen ml of 2x sample buffer (Laemmli Sample

Buffer, Sigma-Aldrich Inc., St Louis MO) were added to 15 ml of lysate and heated at

950C for 5 mins. Samples were electrophoresed on a 12.5% SDS-PAGE gel at 25 mA

constant current until the dye ran off the bottom. Proteins were transferred to PDVF

transfer membranes (Amersham Biosciences, CA) by blotting for 1 hr 30 mins at 240 mA

constant current. After transfer, the membranes were blocked in 2% BSA in TBST for

phosphorylated proteins or 5% milk in TBST (blocking buffer) for 1 hr at room

temperature. Blots were incubated with pSTAT-4 primary antibody (rabbit polyclonal

IgG; 1:2000; Ser-721, sc-22160R; Santa Cruz Inc., CA), STAT-4 (rabbit polyclonal IgG;

1:1000, sc-486; Santa Cruz Inc., CA), or IRF-4 (goat polyclonal IgG; 1:1000; clone M-

17, sc-6059; Santa Cruz Inc., CA) diluted in blocking buffer for overnight on a rocking

platform.  Blots were rinsed briefly in TBST, then washed 3 times for 10 mins with

TBST. The secondary HRP-conjugated antibody (anti-rabbit; 1:4000, or anti-goat IgG;

1:2000; Santa Cruz Inc., CA) were applied in blocking buffer to each blot and incubated

for 1 hr. After the blots were washed, the bands were visualized using the ECL protocol

(Amersham Pharmacia Biotech, NJ) and quantitated as relative densitometry values using

a Kodak Image Station (Perkin Elmer Life Sciences Inc., MA).

Statistics:  Data were analyzed using SAS software (SAS Institute Inc., Cary, NC). Data

distributions and variances were evaluated using the UNIVARIATE procedure and data

were logarithmically transformed when warranted. Transformed data were evaluated by
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analysis of variance (ANOVA) using the MIXED and GLM procedures. The model for

the split-plot design included treatment, date of experiment, and their interactions tested

by the main plot error term mouse ID (treatment x date of experiment).  Stimulant, time

of measurement and interactions with treatment were tested by the overall error term.

Statistically significant interactions were further investigated using the SLICE option to

test the simple main effects. p-values less than 0.05 were considered to be significant.

The data are logarithmically transformed and geometric means and standard errors were

then back transformed for presentation in figures. Therefore, in some cases the standard

errors are non-symmetric.   Data were represented as means and standard error of means.

d.) RESULTS

Estrogen Upregulates the Key Th1 Transcription Factor T-Bet in Splenocytes

T-bet regulates IFN-g production and is an important transcription factor in the

differentiation of Th1 cells. To date, it is not known whether estrogenic hormones affect

the expression of T-bet. Data show that increased T-bet expression leads to effector

functions associated with Th1 cells such as enhanced expression of IL-12Rb2 and IFN-g

(8, 118). In the previous part (Subsection 4.1) of this chapter, We have shown that IFN-g

and IFN-g inducing cytokines such as IL-18 and IL-27, as well as the signaling subunit

IL-12Rb2 are significantly increased upon estrogen treatment in Con-A activated

splenocytes.  Given its key role in the development of Th1 and IFN-g production, we

therefore, investigated the expression of T-bet after estrogen treatment. Expression of T-

bet mRNA in splenic lymphocytes from estrogen and placebo-treated mice was measured

after stimulation with Con-A or left unstimulated for 24hrs.  Induction of T-bet mRNA

expression was observed in Con-A stimulated splenic lymphocytes from estrogen-treated

mice as an approximate estimate as detected by RT-PCR. (Figure 4, Panel B; p<0.01).

Figure 4.A depicts a representative gel picture for b-actin and T-bet. The remarkable

induction of T-bet gene expression was also observed in Con-A stimulated splenocytes

from estrogen-treated mice when compared to placebo-treated mice as detected by Real

Time PCR assays (Figure 5, Panel B; p<0.001).  Even in unstimulated cells (media only)
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from estrogen-treated mice T-bet mRNA was upregulated, albeit lower than Con-A

stimulated cells when compared to placebo controls (Figure 5, Panel A).

Expression of the Transcription Factors Eomesodermin and HLX Are Not Altered

After Estrogen Treatment

Since estrogen increased T-bet expression in Con-A activated lymphocytes, we next

investigated whether expression of HLX, which is another homeobox transcription factor

upregulated during early Th1 cell differentiation in combination with T-bet (123), was

altered upon estrogen exposure.  Estrogen treatment did not appear to alter the expression

of HLX in Con-A activated splenic lymphocytes as demonstrated by RT-PCR (Figure 6,

Panel B). Figure 6.A depicts a representative gel picture of RT-PCR analysis. This aspect

needs to be confirmed by Real Time PCR assay.

Since estrogen treatment increased T-bet expression, we explored whether

Eomesodermin (Eomes) gene expression was also altered in Con-A activated splenocytes

of estrogen-treated mice.  As was the case for HLX, the apparent relative Eomes gene

expression was not remarkably changed in splenocytes from estrogen-treated mice when

stimulated with Con-A (Figure 6, Panel D). A representative gel picture of RT-PCR

analysis is shown in Figure 6.C.

Estrogen Upregulates STAT-4 Phosphorylation In Splenic Lymphocytes

The activation of STAT-4 through IL-12 and IL-12Rb2 (120) is important to maintain

Th1 differentiation and IFN-g production.  Activation with Con-A caused a noticeable

upregulation in the relative expression of serine (S-727) phosphorylation of STAT-4

protein in splenic lymphocytes from estrogen-treated mice compared to placebo treated

mice (Figure 7, Panel A & B; p<0.05). The relative expression of total STAT-4 protein

was similar in Con-A stimulated lymphocytes from estrogen and control-treated mice

(Figure 7, Panel C & D). Although the expression of total STAT-4 was diminished in

unstimulated lymphocytes from estrogen-treated mice (Figure 7, Panel C & D), estrogen
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treatment altered the relative expression of phosphorylated STAT-4 in unstimulated

splenic lymphocytes as compared to placebo treated mice (Figure 7, Panel A & B).

Expression of IRF-4 Is Diminished In Splenocytes From Estrogen-Treated Mice

In addition to T-box transcription factors such as T-bet, expression of Interferon

Regulatory Factors (IRF) such as IRF-4 is important to the development of Th2 cells and

IL-4 secretion (172). Since in the absence IRF-4 expression, cells develop into Th1 but

not Th2 type cells (171), we examined whether expression of IRF-4 was altered by

estrogen treatment.  The decrease in the relative expression of IRF-4 protein was evident

in Con-A stimulated splenic lymphocytes from estrogen treated mice when compared to

placebo treated mice (Figure 8, Panel A & B; p<0.05). IRF-4 protein expression was

also diminished in unstimulated (media only) lymphocytes from estrogen and control

treated mice (Figure 8, Panel A & B). In summary, these data suggest that decreased

IRF-4 expression results in suppression of Th2 type cells, whereas low levels of IRF-4

may help in maintenance of a Th1 profile in estrogen-treated mice.

e.) DISCUSSION

In our previous studies, we have shown that splenic lymphocytes from estrogen-treated

mice tended to have higher levels of IFN-g, and markedly upregulated IFN-g dependent

iNOS, and iNOS derived nitric oxide when compared to placebo-treated controls. In

addition, we have also demonstrated that splenocytes from estrogen-treated mice had

elevated levels of IFN-g inducing cytokines; IL-18, IL-15, IL-27, and the receptors IL-

12Rb2 and IL-18Rb implying a strong polarization into Th1 type cells.  The polarization

of naïve T cells into Th1 cells is mediated by the “master” transcription factor T-bet. It is

known to regulate the production of IFN-g and the induction of other key Th1 mediators

such as IL-12Rb2 (27, 104), which were all found to be upregulated due to estrogen

treatment. This study is the first to show that estrogen treatment clearly upregulates the

mRNA expression of T-bet in Con-A-activated splenocytes as demonstrated qualitatively

with RT-PCR as well as quantitatively with Real Time PCR following 24 hours of
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culture.  T-bet expression in unstimulated lymphocytes was significantly lower than that

observed in Con-A stimulated lymphocytes from estrogen-treated mice demonstrating the

importance of stimulation and the need for IFN-g in the cellular environment. Others

have demonstrated that T-bet protein by culturing CD4+ T cells for 2 or 3 days with plate-

bound anti-CD3 and anti-CD28 antibodies in the presence of recombinant IL-2,

recombinant IL-12, and anti-IL-4 antibodies using immunoblot assay (104). Since we

preferred to detect the T-bet protein in unseparated splenocyte cultures that are as close to

a natural state as possible, rather than artificially drive the culture conditions, we only

cultured splenocytes with Con-A for 24 hrs for primary activation. The protein

expression of T-bet was not detectable in both the cellular and nuclear extracts from Con-

A stimulated splenocytes cultured for 24 hrs (data not shown).

Although it has been suggested that T-bet regulates Th1 development in TCR stimulated

cells through the IFN-g-IFN-R/STAT-1 pathway, but not the IL-12/STAT-4 pathway

(117), it has also been shown that T-bet induces the expression of the IL-12Rb2 chain

and other factors, such as GADD45g, which are involved in IL-12 signaling via STAT-4

activation (106). In the previous part of this chapter, we showed that IL-27, which takes

part in the early regulation of Th1 initiation and induction of T-bet and IL-12Rb2

expression, was also increased in Con-A stimulated lymphocytes from estrogen-treated

mice after 24 hours of culture. This could be the initial event in upregulation due to

estrogen treatment. Subsequently, the increase in T-bet expression may be due to early

induction by IL-27 accompanied by IFN-g which may resulting in the amplification of

Th1 responses in splenocytes from estrogen-treated mice.

A newly discovered transcription factor homeobox protein HLX, is expressed in Th1

cells and is required to enhance T-bet-induced IFN-g expression (123). Zheng et al

demonstrated that the kinetic expression of HLX followed three phases: the constitutive

expression of HLX in naive CD4+ T cells, initial reduction of HLX expression through

Th1 and Th2 cell differentiation, and up-regulation upon commitment to the Th1 lineage

(122). Interestingly, Con-A-activated splenocytes from estrogen-treated mice

demonstrated a tendency to have decreased HLX mRNA expression when compared to



260

placebo-treated mice. Since the result was more qualitative than quantitative due to

detection with RT-PCR assays, Real Time PCR should be used to obtain the absolute

levels of HLX expression. That being noted, based on the kinetic data from Zheng et al.

(122), our results imply that Con-A stimulated splenocytes from estrogen-treated mice

may be at the second phase; a decision stage for Th1 vs Th2 response. On the other hand,

all the data we have so far indicate that splenocytes from estrogen-treated mice may have

already committed to the Th1 type lineage. The discrepancy in this matter could be

explained by the use of unseparated splenic lymphocyte cultures from wild-type mice in

our study versus the use of T cells, which artificially overexpress HLX, that were

differentiated into Th1 or Th2 cells in vitro.

Eomesodermin (Eomes) a T-box factor is induced strictly in CD8+ cells and takes part in

T-bet–independent IFN-g induction in CD8+ T cells (124). The inhibition of Eomes

results in decreased cytotoxicity and IFN-g production. Interestingly, Eomes expression

was not altered in Con-A stimulated splenocytes from estrogen-treated mice as compared

to control mice. This indicates estrogen treatment induces T-bet expression more than it

does Eomes. Given that, IFN-g production may be mostly regulated by CD4+ T cells and

T-bet expressing CD8+ T cells, but not by Eomes expressing CD8+ T cells.

In addition to T-bet, Eomes, and HLX, IFN-g production and Th1 development also

depend on other factors such as stimulation through the IL-12/STAT-4 pathway.

Although it has been shown that T-bet and IFN-g expression can take place in the absence

of STAT-4 (118, 120), IFN-g induced T-bet expression in TCR-triggered T cells induce

IL-12Rb2, an important player in Th1 development (117, 120) and increase

responsiveness of cells to IL-12 by activating the STAT-4 pathway via phosphorylating

the STAT-4 homodimers (106). It has been shown that serine phosphorylation of STAT-4

is important for optimum transcriptional regulation and production of IFN-g.  On the

other hand, tyrosine phosphorylated STAT-4 exhibits normal nuclear translocation and

DNA binding (138). Serine phosphorylation of STAT-4 is found to be regulated by p38

mitogen-activated protein kinase (MAPK) and can be induced by GADD45b  (95) and

GADD45g, regulators of cell cycle progression and differentiation (97). These
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intermediates regulate activation of p38 MAPK pathway, effector functions of Th1 cells,

cytokine (IL-12 and/or IL-18) and TCR-induced IFN-g production (95, 97). We have

shown that estrogen treatment noticeably increased pSTAT-4 expression (phosphorylated

on Serine 727 residue) in Con-A activated splenic lymphocytes when compared to cells

from control mice.  The expression of total STAT-4 was not altered in Con-A activated

splenocytes from estrogen and placebo-treated cells. Although total STAT-4 expression

seemed to diminish in unstimulated cells from estrogen-treated mice, the unstimulated

cells from estrogen-treated mice demonstrated a higher trend in pSTAT4 expression

compared to controls. Based on other studies, estrogen treatment may induce IFN-g

production via the GADD45g-b/MAP kinase/pSTAT-4 pathway. Overall, our studies

suggest that estrogen treatment may induce IFN-g expression through increased T-bet

expression that in turn induces the IL-12Rb2/pSTAT-4 pathway.

Recent studies have shown that IRF-4 can induce Th2 differentiation (166) and repress

IFN-g inducible genes and Th1 development (149), however in the absence of IRF-4,

CD4+ T cells under Th1 conditions produced IFN-g and expressed T-bet (171). To our

knowledge, this is the first study to show that IRF-4 expression was decreased in Con-A

stimulated cells from estrogen-treated mice compared to control (placebo-treated mice)

implying another mechanism in the elevation of IFN-g.

In summary, our work demonstrates the multi-faceted molecular regulation of IFN-g

expression by estrogen in splenic lymphocytes. Since the complexity of IFN-g expression

is ever-increasing, our data may help to better explain the affect of estrogen on IFN-g

production by exploring IFN-g inducing T-bet, STAT-4, and IRF-4 expression and might

be beneficial for the treatment of IFN-g related inflammatory and autoimmune diseases.
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g.) FIGURES

Figure 4. Estrogen upregulates T-bet expression, RT-PCR: Splenic lymphocytes from
placebo and estrogen-treated mice were cultured with Con-A (10 mg/ml) for 24hrs. T-bet
gene expression was detected with RT-PCR and normalized to the housekeeping gene, b-
actin.  As demonstrated in Panel B, estrogen treatment increased T-bet gene expression
in Con-A stimulated splenocytes (n=12 mice per placebo or estrogen treatment, p<0.01).
Data are presented as means with standard error bars. Panel B illustrates two
representative experiments for RT-PCR assay.
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Figure 5. T-bet gene expression is quantitatively increased in estrogen-treated
splenocytes, Real Time PCR: Splenic lymphocytes from placebo and estrogen-treated
mice were cultured with Con-A (10 mg/ml) or left unstimulated (media) for 24 hrs. The
quantitative detection of T-bet gene expression was executed with Real Time PCR and
was normalized to b-actin. Data are presented as means of femtogram ratios with
standard error bars. Panel A demonstrates the T-bet expression in unstimulated
lymphocytes (n=3 mice per placebo or estrogen treatment). T-bet expression was
noticeably increased in Con-A stimulated lymphocytes from estrogen-treated mice
compared to control mice (Panel B; Placebo: n=8 mice, estrogen: n=9 mice, p<0.001).
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Figure 6. Expression of HLX and Eomes mRNA are not altered in splenocytes from
estrogen-treated mice: Splenic lymphocytes from placebo and estrogen-treated mice
were cultured with Con-A (10 mg/ml) for 24 hrs. HLX and Eomes gene expression were
detected with RT-PCR and normalized to the housekeeping gene, b-actin. HLX mRNA
expression was not changed in lymphocytes from estrogen-treated mice (n=9 mice per
placebo or estrogen treatment, p=0.17; Panel B). Panel A shows a representative
experiment for RT-PCR assay of HLX. As demonstrated in Panel D, estrogen treatment
did not affect the expression of Eomes mRNA gene expression in Con-A stimulated
splenocytes (n=9 mice per placebo or estrogen treatment, p=0.7). Data are presented as
means with standard error bars. Panel C shows a representative experiment for RT-PCR
assay of Eomes.
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Figure 7. pSTAT-4 protein expression is increased in estrogen-treated splenic
lymphocytes whereas STAT-4 is not affected: Splenic lymphocytes from estrogen or
placebo-treated mice were stimulated with Con-A (10 mg/ml), Con-A (10 mg/ml) and
CTLA-4Ig (15 mg/ml) or left unstimulated in media for 24 hrs.  Expression of pSTAT-4
(serine phoshorylated) and STAT-4 protein were determined with Western Blot assays.
pSTAT-4 protein expression had a tendency to increase in unstimulated cells (n=5 mice
per placebo or estrogen treatment) and demonstrated a significant increase in Con-A-
activated splenocytes (n=5 mice per placebo or estrogen treatment, p<0.05; Panel B)
from estrogen-treated mice. Panel A depicts a representative picture of pSTAT-4 protein.
As shown in Panel D, STAT-4 expression was not altered in Con-A stimulated
splenocytes (n=7 mice per placebo or estrogen treatment), whereas it was diminished in
unstimulated cells from estrogen treated mice (n=7 mice per placebo or estrogen
treatment, not significant). Data are presented as means with standard error bars. A
representative experiment for a STAT-4 Western Blot assay is shown in Panel C.
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Figure 8. Estrogen treatment downregulates IRF-4 protein in Con-A stimulated
splenocytes: Splenic lymphocytes from estrogen or placebo-treated mice were stimulated
with Con-A (10 mg/ml) or left unstimulated in media for 24 hrs.  IRF-4 protein
expression was detected with Western Blot assays. IRF-4 protein was decreased in Con-
A stimulated lymphocytes (n=4 mice per placebo or estrogen treatment, p<0.05; Panel
B). The level of IRF-4 protein was lower in unstimulated cells compared to stimulated
lymphocytes (n=4 mice per placebo or estrogen treatment; Panel B). Panel A depicts a
representative picture of a Western Blot assay of IRF-4 protein.
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4.3. Effects of Estrogen Treatment on IFN-g-Inducing Costimulatory Molecules: the

PD-1/PD-Ligand Pathway.

a.) ABSTRACT

Programmed Death-1 (PD-1) and its respective ligands PD-L1 and PD-L2, members of

the B7 family, are important costimulatory molecules expressed on a variety of cells of

the immune system. Their main role is to modulate B and T cell responses via regulating

the production of cytokines such as IFN-g. Estrogen, an important sex hormone, has been

shown to exert pleiotropic effects on immune system. Our previous data indicate that

estrogen upregulates IFN-g, nitric oxide, IFN-g inducing cytokines, and antibody

production from splenocytes. Optimal activation of T cells involves molecular

interactions with other cells, notably antigen-presenting cells (APCs). Costimulatory

molecules on APC and cytokines released by these cells play a critical role in regulating

the threshold of T cell activation. In this study, we examined the role of recently

identified costimulatory molecules, PD-1/PD-L1-PD-L2. So far, there is no available

information on whether estrogen alters the expression of PD-1 or its ligands: PD-L1, and

PD-L2. We found that estrogen treatment significantly decreased PD-1 expression on B

cells, but not on T cells. The overall PD-L1, PD-L2, and PD-1 expression was increased

on macrophages from estrogen treated mice. In summary, these results suggest that

estrogen treatment alters splenocyte activation through the PD-1/PD-L1-L2 pathway.
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b.) INTRODUCTION

CD28 and B7 Costimulation

Activation of naïve T cells depends on at least two signals. The first signal takes place

through the TCR (T cell receptor) when ligated with antigenic peptides that are bound to

MHC-peptide complex. The second signal is provided by costimulatory molecules that

can be divided into two groups depending on their nature as being either positive or

negative costimulatory signals.  The positive costimulatory signals are important for full

activation of T cells after antigen recognition. One type of positive costimulatory

molecule is CD28 which is found on T cells, and binds to B7.1 (CD80) or B7.2 (CD86)

on antigen presenting cells (173, 174). The interaction between B7s and CD28 increases

cytokine production and aids in the survival of T cells (175). Blocking the interaction of

CD28 and B7 with a CTLA-4Ig fusion protein, which has a stronger affinity for B7 than

does CD28, suppresses auto-aggressive T cells, prolongs graft survival in animal models,

and decreases cytokine levels (176-178). CTLA, a member of the CD28/B7 family, binds

to B7 molecules and serves as a negative costimulatory receptor, by inhibiting T cell

responses and activities such as cytokine production and proliferation (179).  Negative

co-signaling of lymphocytes drives lymphocytes into anergy or apoptosis by suppressing

the necessary signals for survival such as cytokine signaling (180). We showed earlier

that blocking CD28 and B7 interactions between splenocytes from estrogen-treated mice

with a CTLA-4Ig results in markedly decreased levels of IFN-g-dependent nitric oxide.

PD-1 and PD-Ligand Costimulation

Recent findings confirm that there is another potentially important negative costimulatory

pathway mediated through Programmed Death-1 (PD-1) and its ligands, PD-L1 (B7-H1)

and PD-L2 (B7-DC) (181-184).

Expression and Function of PD-1
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Programmed death (PD-1) is an inhibitory receptor expressed mostly on activated T cells

(both CD4+ and CD8+ T cells) (185) and on B cells activated by anti-IgM and anti-CD40

antibodies (184, 186). It is constitutively expressed on double negative thymocytes (3-5%

of thymocytes, mainly CD4-CD8- T cells) (187). PD-1 expression is detected primarily in

the T cell zone of the spleen and is co-localized with CD3 expression. PD-1 is also

expressed on regulatory CD4+CD25+ T cells but their function is not yet clearly known

(188).

Expression and Function of PD-L1 and PD-L2

PD-L1 (B7-H1) and PD-L2 (B7-DC) are ligands for PD-1 (182, 189-191). The PD-L1

protein is broadly expressed on antigen presenting cells such as dendritic cells,

macrophages, B cells (183, 186), hematopoietic cells, and non-hematopoietic tumor cells

(183, 186). PD-L1 is expressed on freshly isolated and unstimulated antigen presenting

cells (macrophages and dendritic cells), splenic T and B cells with the strongest

expression in the marginal zone of the spleen. PD-L1 expression on antigen presenting

cells is upregulated by IFN-g and LPS upon stimulation (186, 192).  PD-L1 mRNA

expression is constitutively observed and upregulated in non-lymphoid tissues (heart,

lung, placenta, kidney, liver) (182, 189, 193), spleen, thymus (189), endothelial cells

(194), monocytes, and keratinocytes (182, 189). Freshly isolated T and B cells express

negligible amounts of PD-L1 mRNA, but upon activation, the majority of the CD3+ T

cells and 5% of the CD19+ B cells express PD-L1 (195).

PD-L2 (B7-DC) is another member of the B7 family, but its expression is strictly limited

to dendritic cells and some macrophages after stimulation (183, 190, 191). PD-L2

expression is not detected within the spleens of naive BALB/c mice (192). While human

mRNA for PD-L2 is expressed in nonlymphoid tissues, the expression of PD-L2 in

murine tissues is weaker and more restricted than murine PD-L1 (190, 196). The mRNA

expression of PD-L2 is seen in murine bone marrow DCs, splenic DCs, macrophages,

and in macrophage lines (191).



270

Since PD-L1 and PD-L2 have distinct expression patterns in murine cells and tissues, it is

likely that these ligands differentially regulate their target cells. Addition of IL-12 or IL-4

to dendritic cells upregulates the expression of PD-L1 and PD-L2, respectively (192).

However, dendritic cells obtained from STAT-4 or STAT-6 knockout mice do not exhibit

altered basal levels of PD-L1 or PD-L2 (192). Nevertheless, exposure of dendritic cells

from STAT-6 knockout mice to exogenous IL-4 for 24 hrs results in lower PD-L2

expression compared to wild-type dendritic cells, but PD-L1 expression is not affected

(192). This implies that PD-L2 upregulation in response to IL-4 in macrophages is

dependent on STAT-6 (197).

The PD-1/PD-L Pathway and T Cell Function

The stage of immune response is important to the function of the PD-1/PD-L pathways.

The constitutive expression of PD-L1 in peripheral tissues suggests that signaling

between PD-L1 on antigen presenting cells and PD-1 on activated T cells happens at the

effector phase of the immune response, which occurs after T cells migrate to the site of

inflammation (193). It has been shown that effector T cells, which migrate into non-

lymphoid tissues, are able to produce cytokines but cannot proliferate (198).  The PD-

1/PD-L1 pathway permits effector T cells to perform primary functions such as cytokine

secretion but inhibits proliferation to prevent excessive immune reaction and

autoreactivity in peripheral tissues (193). The whole mechanism of how the PD-1 /PD-L1

pathway regulates homeostasis of the immune system is not entirely apparent.  The

question of whether the PD-1/ PD-L pathway is costimulatory or inhibitory is currently a

subject of debate. The mechanism of PD-L1 interaction in cell-mediated responses

depends upon the phase of T cells.  PD-L1 can stimulate naïve or resting T cells, whereas

it can induce tolerance, anergy of T cells, or apoptosis of activated T cells in peripheral

tissues (189, 195). By this means, PD-L1 can prevent inadvertent activation of self-

reactive T cells and protect peripheral tissues from antigen specific destruction by either

inducing anergy at their priming stage or delivering death signals to effector T cells

through the PD-L1 receptor or PD-1 (195).
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Studies on interactions of endothelial cells and T cells show that blockade of PD-L1 on

endothelial cells using the PD-L1-Fc fusion protein allows PHA-stimulated naïve T cells

to secrete high levels of IL-2 and IFN-g (194, 199) and to increase the cytolytic activity

of CD8+ T cells in response to endothelial peptide antigen presentation (194). IFN-g-

induced upregulation of PD-L1 on macrophages and mouse endothelial cells depends on

activation through TRL-4 and STAT-1 (194). Therefore, enhancement of PD-L1

expression on lymphocytes by increased levels of Th1 cytokines may be one of the

responsible pathways in turning off Th1 type responses. On the other hand, purified T

cells (CD4 or CD8) cultured in suboptimal doses of anti-CD3 antibody (TCR signaling)

and a constant amount of PD-L2-Ig fusion protein have higher T cell proliferative

responses compared to costimulation via B7-1 alone (191). PD-L2 costimulation in the

presence of suboptimal TCR signaling also results in increased IFN-g and repressed IL-4

and IL-10 protein levels. These results suggest that PD-L2 can drive cells into a Th1

response in the presence of low antigenic TCR stimulation (191). At higher optimal

concentrations of anti-CD3 antibody increased PD-1 expression appears to inhibit T cell

activation and induce apoptosis (191).  The intensity of antigen stimulation through the

TCR is important in the determination of the outcome of T cell responses. At low antigen

concentrations, PD-L2/PD-1 costimulation inhibits strong costimulation through

CD28/B7. As the concentration of the antigen increases, interaction of PD-L2 with PD-1

is no longer able to inhibit CD4+ T cell proliferation, but partially suppresses cytokine

production (190). In the presence of low antigenic stimulation, PD-1 engagement with

PD-L2 inhibits IL-2, but does not drastically affect mRNA expression of IL-4 and IL-13,

which implies that Th2 cytokines, unlike Th1 cytokines, may not be as sensitive to the

PD-1 pathway (190).

PD-L2 knockout mice do not show signs of autoimmunity for up to one year of age. The

phenotypes of the spleen, thymus, and lymph nodes, as well as cell numbers, are normal

in the knockout mice.  The bone marrow dendritic cells isolated from PD-L2 deficient

mice cultured with unstimulated CD4+ T cells with different concentrations of OVA323-339

peptide show decreased proliferation and IFN-g levels compared to wild-type BMDC
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cultures (200). PD-L2 also potentiates dendritic cell function by increasing MHC

complexes and IL-12p70 secretion, an important Th1 stimulating cytokine (201). Th2

type cytokines can increase PD-L2 expression on lymphocytes. The expression of PD-L2

on macrophages is enhanced by IL-4, which depends on activation via IL-4Ra and

STAT-4 (197).

PD-L1 and PD-L2 bind to PD-1 and it was proposed that they fulfill their actions through

PD-1 (182). The addition of PD-L1 results in inhibition of T cell proliferation and IFN-g

production in the presence of optimal and submitogenic stimulation with anti-CD3

antibodies (182). PD-1 knockout mice demonstrate splenomegaly and increased

cellularity of both lymphoid and myeloid cells (202). Functions of T cells from PD-1

knockout mice are not blocked by PD-L1 demonstrating that PD-1 is important in

delivering the inhibitory signals of PD-L1 to T cells (203).

The PD-1/ PD-L Pathway, B cells, and Autoimmunity

PD-1 is expressed on the surface of pro-B cells and may contribute to the differentiation

of naïve B cells (204). Activated B cells also express PD-1 on their surface. The PD-

1/PD-L pathway suppresses T cell function as well as B cell function. In the absence of

PD-1, B cells produce increased levels of IgG2b, IgA, and IgG3 as detected in the sera of

PD-1 knockout mice (202). IgG3 antibodies, also called nephritogenic antibodies, are

deposited in kidneys and lead to autoimmune diseases such as lupus in MRL/lpr mice

(205). CD5 expression, a negative regulator for B cell receptor (BCR)-mediated signaling

in B-1 cells (206), is decreased on Mac-1+B-1 peritoneal cells from PD-1 knockout mice

suggesting a suppressive effect of PD-1 on the effector functions of B-1 cells (202). The

suppressive effect of PD-1 on BCR-mediated signaling occurs as a result of coligation of

receptors on B cells and by recruiting the scr homology 2-domain-containing tyrosine

phosphatase-2 to phosphotyrosine (207). PD-1 knockout mice show a tendency to

develop diverse symptoms of autoimmune diseases in different strains of mice. For

example, PD-1 knockout mice with a C57BL/6 background develop lupus-like arthritis,

glomerulonephritis, splenomegaly with increased numbers of B cells and myeloid cells,
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increased serum IgG3, IgG2b, and IgA, as well as augmented B cell responses (203),

while PD-1 deficient mice with a BALB/c background demonstrate auto-antibody-

mediated cardiomyopathy with increased auto-antibody levels to cardiac proteins (207,

208).

In our previous studies, we have shown that blocking the interactions of CD28 on T cells

with B7.1/B7.2 on APCs with a CTLA-4Ig fusion protein markedly downregulated the

levels of IFN-g and IFN-g inducible iNOS/nitric oxide. This implies that the interactions

of CD28 with B7.1/B7.2 molecules have a positive effect on IFN-g and the IFN-g-

inducible iNOS gene. More recently, additional new costimulatory molecules have been

identified that have been shown to influence IFN-g and other aspects of the immune

system. In an effort to understand more about the immunomodulatory effects of estrogen

on the activation of splenic lymphocytes and the production of IFN-g, we explored the

PD-1/PD-L1-PD-L2 pathway. PD-1 and its ligands, PD-L1 and PD-L2, can determine the

fate of cells of the immune system by affecting proliferation and differentiation, cell

cycle arrest, cell death, or autoimmunity.

c.) MATERIALS AND METHODS

Mice: Three-to-four week old C57BL/6 wild-type male mice were obtained from

Charles River Laboratories and maintained as described in first section of this chapter in

accordance with the Virginia Polytechnic Institute and State University Institutional

Animal Care guidelines.

Estrogen Treatment: Four-to-five week old male mice were orchiectomized and

given placebo (control) or 17-b estradiol implants as explained previously in the first

section of this chapter.

Isolation and Culture of   Splenic   Lymphocytes: Splenic lymphocytes were

collected and cultured with Con-A or left unstimulated in media as explained in the first

section of this chapter.
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Detection of PD-1, PD-L1, and PD-L2 Expression:  For flow cytometric analysis,

freshly isolated or cells that were cultured with or without Con-A (10 mg/ml) for 24 hrs

were stained with appropriate monoclonal antibodies (mAbs) and analyzed by flow

cytometry according to previously reported procedures (73, 75).  The following mAbs

were used in this study: fluorescein isothiocynate (FITC)- or phycoerythrin (PE)-

conjugated anti-Thy1.2 (CD90.2, clone 53-21), anti-CD45RB (B220) (clone RA3-6B2)

(BDPharmingen, San Diego, CA), anti-PD-1 (clone J43), anti-PD-L1 (B7-H1, clone

MIH-5), and anti-PD-L2 (B7-H1, clone MIH-5) (eBioscience Inc. San Diego, CA).  One-

hundred microliters of 5 x106 cells/ml were plated in 96-well round bottom tissue culture

plates (Corning, NY).  For the detection of cell surface markers on fresh cells or

lymphocytes, which were cultured with or without Con-A for 24 hrs, 100 m l of

fluorochrome-conjugated monoclonal antibody in PBS were added to each well, followed

by incubation at 4°C in the dark for 30 minutes.  The samples were washed with PBS

followed by analysis on an EPICS XL-MXL flow cytometer (Coulter, Hialeah, FL).

Forward scatter (FS) and side scatter (SS) analysis was also included for both splenic

lymphocytes in order to visualize various lymphocyte subsets. The data were represented

as means of relative percent expression of the surface markers.

Statistics:   Data were analyzed using SAS software (SAS Institute Inc., Cary, NC). The

analysis method was described earlier in this chapter. P-values less than 0.05 were

considered to be significant. Data are represented as means and standard error of means.

d.) RESULTS

PD-1 expression is decreased on B cells, increased on macrophages, but not altered

on T cells from estrogen-treated mice:

The PD-1 expression showed a tendency to increase on whole unstimulated and Con-A-

activated splenocytes from estrogen-treated mice when compared to placebo-treated mice

(Figure 1, Panel A). Expression of PD-1 was significantly decreased on B cells (CD45
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B220+ cells) from unstimulated (p<0.001) and Con-A (p<0.01) stimulated whole splenic

lymphocyte cultures from estrogen-treated mice (Figure 1, Panel B). Activation of

splenic lymphocytes with Con-A led to an increase in the expression of PD-1 on B cells

from placebo (p<0.001) or estrogen-treated mice (p<0.001) when compared to

unstimulated cells. Although estrogen treatment did not alter PD-1 expression on T cells

(Thy1.2+ cells) from unstimulated or Con-A activated whole lymphocytes (Figure 1,

Panel C), PD-1 expression was noticeably increased on unstimulated (p<0.001) and Con-

A activated (p<0.01) predominantly macrophages (CD11b+ cells) from estrogen-treated

mice (Figure 1, Panel D) after 24 hrs of culture.

Estrogen treatment alters PD-L1 expression on B cells and macrophages but not on

T cells:

We next examined the expression of PD-L1 (B7-H1) on macrophages, B, and T cells, an

inhibitory molecule for T cell activation, which is able to downregulate T cell activation

and functions though PD-1 (182) from whole splenic lymphocytes stimulated with or

without Con-A for 24 hrs. Although there was no marked difference in PD-L1 expression

on whole unstimulated and Con-A-activated splenocytes from estrogen-treated mice

when compared to placebo-treated mice, the Con-A activation significantly increased the

PD-L1 expression on splenocytes when compared to stimulated cells (media) (p<0.001;

Figure 2, Panel A). As shown in Figure 2, Panel B, PD-L1 expression was decreased on

unstimulated B cells (CD45 B220+ cells, media, p<0.05) and has a tendency to decline on

B cells after Con-A stimulation of splenocyte culture from estrogen-treated mice.

Activation with Con-A elevated the expression of PD-L1 on B cells from placebo

(p<0.01) and estrogen-treated mice (p<0.001) in comparison to the expression observed

in unstimulated cells. T cells (Thy1.2+ cells) from unstimulated or Con-A activated

splenocytes from estrogen-treated mice did not exhibit a notable change in PD-L1

expression as compared to control mice (Figure 2, Panel C). Estrogen treatment clearly

increased PD-L1 expression on predominantly macrophages (CD11b+ cells) stimulated

with (p<0.001) or without Con-A (p<0.01) (Figure 2, Panel D).
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Expression of PD-L2 is upregulated on macrophages from estrogen-treated mice:

The expression of PD-L2 on macrophages from whole splenocytes stimulated with or

without Con-A from placebo and estrogen-treated mice was next investigated. PD-L2

expression was markedly upregulated in Con-A activated splenocytes from estrogen-

treated mice (p<0.01, Figure 3, Panel A). As shown in Figure 3, Panel B estrogen

treatment upregulated PD-L2 expression on unstimulated predominantly macrophages

(p<0.05) as well as Con-A-stimulated macrophages (p<0.001) detected as CD11b+ cells

from whole splenic lymphocyte cultures.

e.) DISCUSSION

Although existing data have shown that estrogen regulates the immune system

influencing all the major cells such as T, B, macrophages, and dendritic cells (209-213),

the specific immunological effects of estrogen treatment especially in reference to the

expression of the costimulatory molecules are yet studied. The present study focused on

whether estrogen regulates the expression of costimulatory molecules, PD-1, PD-L1, and

PD-L2.

The complete activation of lymphocytes requires both antigen-specific signals, delivered

via the T cell receptor (TCR), known as the “primary signal”, and classical costimulatiory

molecules such as the well known CD-28/B7.1 (CD80), B7.2 (CD86) molecules, which

deliver the “secondary signal” to both T and antigen presenting cells, (173). After

activation of naïve T cells, activated and effector T cells can migrate to the sites of

inflammation and activate major inflammatory cell macrophages resulting in innate

immunity.  The over activation of macrophages in the peripheral tissues by activated T

cells can have serious consequences for the system. Therefore, costimulatory molecules

such as the recently identified PD-1/PD-L1/L2 molecules are important in

downregulation of immune responses to maintain immune homeostasis.
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PD-1, which is expressed by activated B and T cells, myeloid cells, and low levels of NK

cells, is classified as an inhibitory costimulatory molecule because its absence is

associated with autoimmune diseases such as lupus like disease and arthritis in C57BL/6

mice (202, 203) or autoantibody mediated dilated cardiomyopathy in Balb/c mice (214).

Recent investigations show that the PD-1/PD-L pathway has an important role in the

development and/or regulation of autoimmune diseases. For example in NOD mice, a

model for spontaneous autoimmune diabetes, blocking of PD-1 and PD-L1, but not PD-

L2, suppresses symptoms in female prediabetic NOD mice. In the male NOD mice,

inhibition of PD-1/PD-Ll signaling initiates early onset of insulitis with increased levels

of IFN-g secretion from splenic lymphocytes (215). The blockade of PD-L2 does not

affect the progress of disease in male NOD mice.   PD-1 blockade in mice with

experimental autoimmune encephalomyelitis (EAE), which is largely a Th1-mediated

disease in which IL-12 and IL-23 play crucial roles in development and maintenance of

disease (216), resulted in accelerated and severe disease associated with increased

lymphocyte infiltration into the central nervous system. C57BL/6 mice with MOG

(myelin oligodendrocyte glycoprotein)-induced EAE develop severe EAE symptoms

accompanied with increased PD-1 and PD-L1 expression but not PD-L2. The blocking of

PD-1 and PD-L2, but not PD-L1, results in augmentation of EAE with increased IFN-g

producing T cells and anti-MOG antibody levels (217).

Unlike in mice, in humans, the expression of PD-1 on CD4+T cells is also elevated in

synovial fluid (218) and the PD-1 gene is significantly associated with the onset of

disease in patients with Rheumatoid Arthritis (RA) (219). CD4+PD-1+ T cells from RA

patients also produce higher levels of IL-10 compared to controls (218). In human SLE

(systemic lupus erythematosus) patients, one single-nucleotide polymorphism (SNP) in

PD-1 is associated with the progress of SLE in Europeans and Mexicans. In addition, the

expression of PD-1 is increased on T cells in SLE (220, 221). In other autoimmune

diseases, such as Sjögren's syndrome (222), inflammatory disease ulcerative colitis, and

Crohn's disease (223), the level of PD-1 expression in patients is higher than in controls.
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Overall, the obstruction or deficiency of PD-1 or PD-Ligands results in autoimmunity or

worsening of the disease followed by increased B cell activity and Ig production. The

previous studies in our laboratory demonstrated that estrogen treatment increased IgG

secretion, anti-cardiolipin antibody levels, and plasma cell differentiation when compared

to placebo-treated mice (224-226).  Our present data clearly show that estrogen treatment

diminishes the expression of PD-1 and PD-L1 on B lymphocytes, which can lead to

augmentation in immunoglobulin secretion from splenic lymphocytes. This study is the

first to demonstrate the immunomodulatory effect of estrogen on PD-1 and PD-Ligand

molecules.

Loke and Allison found that increased PD-L1 expression on peritoneal macrophages

correlated with increased levels of nitric oxide secretion upon stimulation with LPS and

IFN-g (197). These macrophages can be primed with low doses of IFN-g (227) suggesting

that PD-L1 is a marker for primed macrophages. In this study, we found that PD-L1

expression was significantly increased on CD11b+ cells, which constitue a significant

percentage of macrophages from estrogen-treated mice. Thus, estrogen treatment can

“prime” splenic macrophages via increased IFN-g production which is followed by

increased nitric oxide levels in the supernatants of Con-A stimulated splenocytes from

estrogen-treated mice (to be submitted).  Estrogen treatment also increased PD-L2

expression on splenic macrophages. The expression of PD-L2 was lower than the

expression of PD-L1 on macrophages from estrogen treated mice. Previous data showed

that PD-L2 is mostly expressed on macrophages activated by IL-4 in the presence of Th2

cells suggesting an alternative method of activation (197). Blockade of increased PD-L2

expression on DCs from OVA-induced allergic asthmatic mice with anti-PD-L2

antibodies results in increased Th2 type cytokines, IL-5 and IL-13, and decreased IFN-g

(228), which suggests the importance of PD-L2 in IFN-g production and Th1 cell

differentiation. On the other hand, treatment with anti-PD-L1 or anti-PD-1 antibodies

does not alter these particular cytokines (228).  We find that the expression of PD-L2 is

increased on CD11b+ cells from estrogen-treated mice.
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Furthermore, the expression of PD-1 on both unstimulated and Con-A-stimulated

macrophages from estrogen-treated mice was significantly increased compared to

controls. This elevation in PD-1 expression can lead to increased binding of PD-L1 or

PD-L2 expression on neighboring macrophages or on self-macrophages. Overall, higher

PD-L expression is paralleled with increased macrophage activity.

The expression of the proteins, PD-1 and PD-L1, on unstimulated or Con-A activated T

cells was not altered due to estrogen treatment. Some studies suggest that PD-L1 can

inhibit T cell mediated immune responses and T cell proliferation (182, 185), on the other

hand in the presence of suboptimal doses of anti-CD3 stimulation of T cells and

immobilized PD-L1-Ig fusion protein, supernatants from these cultures demonstrated an

increase in IL-10 and IFN-g secretion (189) and proliferation (229).  Studies involving

PD-L1 or PD-L2 and their fusion proteins demonstrated to regulate T cell activation; then

again reports on whether they up or downregulate T cell cytokine synthesis are differing.

This could be due to different stimulations of the cells, different cell types or stages of

cells, or even culturing of cells in the presence of stable plate-coated or soluble fusion

proteins. One other theory about the discrepancy between the data may be linked to PD-L

stimulation of naïve T cells versus activated effector T cells. In our study, the expression

of PD-1 and PD-L1 on unstimulated or Con-A activated T cells was not altered due to

estrogen treatment. Wang et al have shown the presence of another receptor that binds

PD-L1 and PD-L2 in the absence of PD-1, which maintains the costimulatory activity of

T cells (230).

The studies performed using fusion proteins and conflicting data about the inhibitory or

stimulatory role of PD-L1 and PD-L2 molecules suggest a possibility of another

unknown and unnamed ligand. Since PD-L1 and PD-L2 bind to PD-1, the elevation of

both PD-L1 and PD-L2 on macrophages from estrogen-treated mice may imply: 1. PD-

L1 predominantly binds to PD-1, bypasses the effect of PD-L2, and induces Th1

responses (197), 2. IFN-g-primed (due to estrogen treatment) or estrogen-primed

macrophages from estrogen-treated mice can express PD-L1 earlier than PD-L2, 3.

Increased levels of IFN-g can induce macrophages to express PD-L2 to promote the
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differentiation into Th2 cells. 4. The presence of this new unnamed receptor can be

expressed on T cells from estrogen-treated mice and deliver the costimulatory signals

from PD-Ligands on antigen presenting cells.

We have recently shown that splenic lymphocytes from estrogen-treated mice generate

higher levels of IFN-g, and especially macrophage derived IFN-g inducible nitric oxide,

iNOS, and Cox-2 when compared to that from placebo-treated control mice implying

increased macrophage activity. The number of macrophages was increased in splenic

lymphocyte cultures from estrogen-treated mice compared to controls.

We hypothesize that increased PD-1 expression helps to induce the secretion of Th1

cytokines such as IFN-g, which in turn upregulate the expression of PD-L1. Increased

PD-L1 bound to PD-1 results in diminished levels of IFN-g and upregulation of Th2

cytokines,  such as IL-4.  IL-4 stimulates the expression of PD-L2 on antigen presenting

cells, that upregulates PD-1.  Further studies may be beneficial to investigate this

complex loop of events.  Therefore, it will be useful to explore whether: 1. naïve T cells

will behave differently compared to activated T cells due to PD-L1 expression after

estrogen treatment, 2. PD-L2 Ig fusion protein will behave like a stimulant in the

presence of submitogenic TCR stimulation via anti-CD3 antibodies, which may result in

increased IFN-g and/or nitric oxide levels in cultures from estrogen-treated mice, 3.

Addition of PD-L1Ig fusion protein may alter the levels of IFN-g secretion from

estrogen-treated mice compared to cultures from control mice.

Overall, our results propose the presence of an alternate signaling pathway between PD-

1, PD-L1, PD-L2, and raise the possibility of a new PD-Ligand binding costimulatory

molecule for induction of Th1 responses and IFN-g as a response to estrogen treatment.

Estrogen has been related to many IFN-g related autoimmune diseases and inflammatory

disorders (231-235). Therefore, these new observations may have profound repercussions

in the therapeutic manipulation of several diseases and transplantation due to the

importance of costimulatory molecules.
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In summary, PD/PD-L costimulation of T, antigen presenting cells and whole splenocytes

due to estrogen exposure may be important not only for homeostasis of the immune

system but for autoimmune and inflammatory diseases as well.
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g.) FIGURES

Figure 1. Estrogen alters expression of PD-1 on B  cells and macrophages, but not on
T cells. Splenic lymphocytes from placebo and estrogen-treated mice were cultured with
or without Con-A (10 mg/ml) for 24hrs and subjected to FACS analysis with PD-1 mAb
and mAb to CD45 B220 (B cells), Thy1.2 (T cells) and CD11b (predominantly
macrophages). Panel A shows the whole expression of PD-1 on splenocytes (n=11 mice
per placebo or estrogen treatment). The numbers indicate the percentage of PD-1 and
CD45B220 (Panel B), Thy1.2 (Panel C), or CD11b (Panel D) double positive cells.
Panel B shows that PD-1 expression on B cells was decreased on unstimulated and Con-A
activated splenocytes from estrogen treated mice compared to controls
(Media***p<0.001; Con-A **p<0.01; n=12 mice per placebo or estrogen treatment).
Panel C shows PD-1 expression on T cells in unstimulated and Con-A activated
splenocytes from placebo and estrogen treated mice (n=11 mice per placebo or estrogen
treatment). Panel D depicts increased PD-1 expression on macrophages from unstimulated
and Con-A activated splenocytes from estrogen treated mice compared to controls (media
*p<0.05, Con-A ***p<0.001; n=4 mice per placebo or estrogen treatment). Data are
presented as means with standard error bars.

Splenocytes

B cells T cells Macrophages
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Figure 2. Estrogen alters expression of PD-L1 on B cells and macrophages but not
on T cells. Splenic lymphocytes from placebo and estrogen-treated mice were cultured
with or without Con-A (10 mg/ml) for 24hrs and subjected to FACS analysis with PD-L1
mAb and mAb to CD45B220 (B cells), Thy1.2 (T cells) and CD11b (predominantly
macrophages). Panel A shows the whole expression of PD-L1 on splenocytes (n=11 mice
per placebo or estrogen treatment). The numbers indicate the percentage of PD-L1 and
CD45B220 (Panel B), Thy1.2 (Panel C), or CD11b (Panel D) double positive cells.
Panel B that shows PD-1 expression on B cells was decreased from unstimulated but not
from Con-A activated splenocytes from estrogen treated mice compared to controls
(Media**p<0.01; n=12 mice per placebo or estrogen treatment). Panel C shows that PD-
L1 expression on T cells in unstimulated and Con-A activated splenocytes from placebo
and estrogen treated mice (n=11 mice per placebo or estrogen treatment). Panel D depicts
increased PD-L1 expression on predominantly macrophages from Con-A-activated
splenocytes from estrogen-treated mice compared to controls (media not significant,
Con-A ***p<0.001; n=4 mice per placebo or estrogen treatment). Data are presented as
means with standard error bars.

*

Splenocytes

B cells T cells Macrophages
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Figure 3. Estrogen upregulates PD-L2 expression on macrophages. Splenic
lymphocytes from placebo and estrogen-treated mice were cultured with or without Con-
A (10 mg/ml) for 24 hrs and subjected to FACS analysis with PD-1 mAb and CD11b
(predominantly macrophages) mAb. Panel A shows the whole expression of PD-L1 on
splenocytes (n=4 mice per placebo or estrogen treatment). As demonstrated in Panel B,
estrogen treatment noticeably increased PD-L2 expression on macrophages from Con-A
activated splenocytes when compared to controls (Con-A **p<0.01; n=4 mice per
placebo or estrogen treatment). Data are presented as means with standard error bars.

Splenocytes Macrophages
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CHAPTER 5. GENERAL CONCLUSIONS and FUTURE WORK

Intense research in several disciplines, coupled with the availability of molecular

techniques including gene knockout mice, revealed broad effects of estrogen on diverse

tissues (including the immune tissues) in both sexes. It is clear that estrogen can no

longer be “pigeon-holed” as merely a reproductive hormone and there is an accumulating

data on the effects of estrogen on tissues such as the immune system of normal and

autoimmune individuals (1-3).  Today, due to increased exposure to estrogen via oral

contraceptives in pre-menopausal women and estrogen replacement therapy in

menopausal women, as well as the increased risk of exposure to environmental and/or

phyto-estrogens in the general population have raised health and concerns including its

effects on the immune system. It is acknowledged that estrogen has complex effects on

the immune system (1, 2, 4, 5).  One mechanism by which estrogen affects the immune

system is through alteration of levels or response to cytokines such as IFN-g. This Ph.D.

dissertation focused on effects of estrogen on IFN-g and IFN-g-mediated downstream

events. Alteration of IFN-g by estrogen is a significant finding, since IFN-g is a master

cytokine that affects all key cells of the immune system. It is critical for intracellular

immunity and is incriminated in several autoimmune and inflammatory disorders.

Therefore, it is critical to decipher the effects of and the molecular mechanisms by which

estrogen affects IFN-g. For the most part, neither the molecular means by which estrogen

modulates IFN-g nor the cellular and molecular immune outcomes of estrogen-induced

IFN-g are known. Furthermore, upregulation of IFN-g-inducing cytokines and

transcription factors as a result of estrogen treatment, which results in estrogen-induced

IFN-g and/or nitric oxide, may provide an explanation for the increased incidence of

autoimmune diseases in females.

We found that estrogen treatment tended to increase the secretion of IFN-g protein and

mRNA expression from splenic lymphocytes when activated by the pan T cell stimulant,

Con A (Chapter 2). This upregulation of IFN-g by estrogen is in agreement with other

studies, which employed either an in vitro system (6) or in vivo (7). However, no studies

thus far have looked at the molecular effects of estrogen on IFN-g-inducing cytokines,
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transcription factors, or downstream IFN-g-mediated events. IFN-g can induce the

expression of various proteins such as iNOS, iNOS-inducible nitric oxide, and COX-2.  It

is currently well established that IFN-g-inducible iNOS-derived nitric oxide and

Cycloxygenase-2 (COX-2), produced primarily by macrophages, play important roles in

the physiological functions of various tissues and are involved in pathological situations.

In spite of this, there is little information on the physiological or pathological role of

iNOS, nitric oxide, or COX-2 in cells of the immune system relative to gender or sex

hormones such as estrogen. Since IFN-g is known to induce iNOS and iNOS-derived

nitric oxide, it became important to investigate the effects of natural estrogen, 17-b

estradiol, on the functions of macrophages, particularly on the release of nitric oxide and

the expression of iNOS and COX-2. We showed that Con-A activated splenic

lymphocytes from estrogen-treated mice had higher levels of nitric oxide and increased

expression of iNOS protein and mRNA, as well as COX-2 protein compared to placebo-

treated mice. We further demonstrated the importance of the CD-28/B7 costimulatory

pathway by using a CTLA-4Ig fusion protein. Blocking with the CTLA-4Ig fusion

protein diminished IFN-g, nitric oxide, and the expression of iNOS mRNA and COX-2

protein in Con-A-stimulated splenocytes from both placebo and estrogen-treated mice

(Chapter 3).

Since we have shown that estrogen treatment promotes IFN-g, the role of IFN-g was

further examined using IFN-g knockout mice.  Preliminary results showed that these

mice, did not release nitric oxide nor did they express iNOS suggesting that estrogen is

not directly acting on macrophages to cause release of nitric oxide. The deliberate

addition of rIFN-g to splenic lymphocytes stimulated with Con-A for a brief period of

time from estrogen-treated wild type resulted in elevated expression of iNOS protein,

which implies the importance of IFN-g to nitric oxide induction.  IFN-g, iNOS, and COX-

2 are known to be regulated and induced by Interferon Regulatory Factor-1 (IRF-1) (8).

Estrogen treatment of IRF-1 knockout mice marginally increased IFN-g protein but does

not induce iNOS protein or nitric oxide in Con-A-stimulated splenocytes (Chapter 3).
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Analysis of IFN-g inducing cytokines showed that in vivo estrogen treatment results in

increased mRNA and/or protein expression of IFN-g inducing cytokines and their

receptors: IL-18, IL-15, IL-27, IL-12Rb2, and IL-18Rb. The decreased IL-12p70 protein

levels observed in the supernatants from Con-A-activated splenocytes from estrogen-

treated mice may be due to increased binding or turnover of the protein (Chapter 4, Part

1).  We also found that T-bet, a critical Th1 transcription factor, and STAT-4

phosphorylation, a key in IL-12 signaling, are both increased.  Not suprisingly, IRF-4, an

important player in Th2 differentiation, is diminished in Con-A activated splenocytes

from mice treated with estrogen (Chapter 4, Part 2).

Taken all together, these studies report that estrogen regulates IFN-g and therefore the

immune system via altering IFN-g inducible genes, IFN-g inducing cytokines, and

transcription factors in normal C57BL/6 mice. Importantly, these are the first studies to

demonstrate estrogen upregulation of iNOS, nitric oxide, and IFN-g inducing cytokines:

IL-27, IL-15, and IL-18, as well as the receptors of IFN-g inducing cytokines: IL-12Rb2

and IL-18b, transcription factors: T-bet, phosphorylated STAT-4, and downregulation of

IRF-4 in splenic lymphocytes.

The modulation of the immune system by estrogen could induce susceptibility or

resistance to autoimmune diseases, infections, allergies, and cancer, and as a consequence

has extensive repercussions. Since estrogen-induced IFN-g and/or nitric oxide, and IFN-g

inducing cytokines function as molecular messengers between lymphoid and non-

lymphoid cells of the immune system to perform various functions such as cell

differentiation and regulation, we hope this study will bring to light and explore one

aspect of the “Pandora’s Box”: The immunomodulatory effects of estrogen on IFN-g,

which may influence the state of cancer, inflammatory, and autoimmune diseases.

These studies, thus, add new and valuable knowledge regarding the effects of estrogen on

the normal immune system, a concept that is not yet well understood. The information

provided in this dissertation is especially important since IFN-g plays a critical role in
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normal functions of the immune system as well as in many autoimmune, inflammatory,

and infectious conditions.

Future studies

Future investigations of the immunomodulatory effects of estrogen can focus on

following areas:

1. Determination of IFN-g secreting cells: We have recently shown that Con-A or anti-

CD3-activated splenic lymphocytes from estrogen-treated mice secrete higher levels of

IFN-g compared to similar cultures from placebo-treated mice. The precise mechanisms

underlying this estrogen-induced increase in IFN-g secretion and the secretors of IFN-g

are not known. It is known that the major IFN-g secreting cells are CD4+ T cells, CD8+ T

cells, natural killer cells, dendritic cells, and macrophages (9-11). It was recently found

that B cells (“effector” Bel cells) can also produce IFN-g (12). Therefore, it is critical to

decipher whether estrogen-treated mice have increased numbers of IFN-g secreting cells

and/or individual T cells or even B cells that are secreting more IFN-g by using

intracellular staining and flow cytometric analysis.

2. Expression of IFN-g receptors:  IFN-g binds to IFN-g receptors that exist as

heterodimers of IFN-gRa and IFN-gRb chains (13-15) resulting in activation of members

of the Janus Kinase family, Jak-1 by IFN-gRa and Jak-2 by IFN-gRb in turn activating

STAT-1 via phosphorylation. As a result, phosphorylated STAT-1 dimerizes and binds to

specific DNA response elements of target genes to regulate STAT-1-regulated genes.

We have shown that the expression of iNOS and nitric oxide, which are inducible by

IFN-g, were increased from Con-A or anti-CD3-activated splenocytes from estrogen-

treated mice. For that reason, it is important to determine whether splenic lymphocytes

(macrophages, CD4+ and CD8+ T cells, and B cells) from estrogen-treated mice have

increased expression of IFN-gRa and/or IFN-gRb receptors and/or enhanced signaling.
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3. iNOS and COX-2 activity: Complete activation of lymphocytes requires both antigen-

specific signals delivered via the T cell receptor (TCR) and costimulatory signals both on

T and antigen presenting cells, while TCR stimulation alone leads to an unresponsive

state, called anergy (16, 17).  One of the well known costimulatory pathways is between

CD28 and B7.1 (CD80)/B7.2 (CD86) molecules (18), which can be blocked by a fusion

protein called CTLA-4Ig. Our study demonstrates that obstruction of the CD28-

B7.1/B7.2 pathway by CTLA-4Ig inhibits the production of IFN-g and IFN-g inducible

nitric oxide, relative iNOS mRNA expression, and COX-2 protein from lymphocytes

stimulated with Con-A from both estrogen and placebo treated mice (Chapter 3). Protein

expression of iNOS was not affected by CTLA-4Ig treatment (data not shown).  Due to

the fact that iNOS can be transcriptionally regulated (19, 20), the decrease in mRNA, but

not in the protein of iNOS, could be due to decreased levels of the iNOS-inducer, IFN-g.

Other possibilities include diminution in arginine supply by arginase (21-23), decreased

arginine uptake by cells (24, 25), or altered levels of iNOS cofactor tetrahydrobioptherin

(BH4), which post-transcriptionally stabilizes iNOS mRNA (26, 27). Therefore, the

activity of iNOS enyzme should be investigated in Con-A and Con-A with CTLA-4Ig

stimulated splenic lymphocytes from placebo and estrogen-treated mice to explore these

possibilities. The activity of COX-2 and the production of PGE2 can also be investigated

in Con-A and CTLA-4Ig stimulated splenic lymphocytes from estrogen-treated mice to

emphasize the effect of costimulation on various functions of the cells.

4. Absolute quantification with Real Time PCR:  We showed, using RT-PCR, that IL-27

and IL-18Rb are increased in Con-A activated splenocytes from estrogen-treated mice

when compared to placebo controls. The expression of other Th1 inducing transcription

factors such as Eomes and HLX were also determined with RT-PCR. Since RT-PCR

provides only a relative estimate of gene expression, Real Time PCR assays should be

done to achieve absolute quantification of these genes.

5. Detection of expression of IL-12p70 and IL-18-mediated signaling:  The decrease in

IL-12p70 protein in supernatants from Con-A stimulated splenocytes from estrogen

treated mice was suprising and could be due to: late time point (24 hours of incubation)
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and/or internalization of IL-12p70.  Therefore, a kinetic incubation of cells with time

points such as 3, 6, 12, and 24 hours (as control) should be performed to determine

whether the increase in the amount of free IL-12p70 in the supernatants takes place at an

earlier time point.   The detection of intracellular IL-12p70 can also be performed by

intracellular cytokine staining and flow cytometric analysis at these time points. Cells

exposed to estrogen may have enhanced signaling in response to IL-18. The signaling

through IL-18 and IL-18 Receptors could be deciphered via analyzing intracellular

signaling components including MyD88 and Interleukin-1 receptor-associated kinase

(IRAK).

6. Determination of Th1 defining markers:  Since IFN-g organizes a vast array of cellular

responses through transcriptional regulation of immunologically relevant genes, it is

important to explore transcription factors other than T-bet or transcription factors that

work in combination with T-bet such as E26 transformation-specific-1 (Ets-1) which

helps T-bet to induce interferon-gamma production. This could be accomplished by using

the Mouse Th1-Th2 Gene Array, which includes various Th1 markers and cytokines such

as Igsf6, IL-12Rb2, IL-18ra, Il2, Il2ra (CD25), IRF-8, T-bet, TCCR (IL-27 receptor),

Timd3, TNF, and Tim-3.

7. T-bet silencing:  The importance of T-bet in the induction of IFN-g in splenocytes from

estrogen-treated mice can be explored by suppressing T-bet expression using siRNA

assays. Small interfering RNA (siRNA) is a short RNA duplex between 15 and 21

nucleotides in length, which once transfected into cells, targets messenger RNA

molecules containing an identical sequence for degradation in a catalytic manner. The

degradation of mRNA of the target gene leads to loss of protein therefore, silencing the

corresponding gene. The effects of silencing can be assayed by a number of different

molecular and cellular assays to understand the role of the target gene.  To determine if

suppression of T-bet may downregulate IFN-g production in splenocytes from estrogen-

treated mice, small interfering RNAs (siRNA) specific for T-bet can be designed, which

will silence genes utilizing an evolutionarily conserved mechanism of degrading mRNA

complementary to any double-stranded RNA in the cell. The presence of T-bet mRNA
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expression can then be evaluated with Real-Time PCR assays. We expect to see

decreased IFN-g and IFN-g induced nitric oxide levels in siRNA T-bet-suppressed

splenocytes from estrogen-treated mice compared to untreated cells from estrogen-treated

mice. It is also possible that estrogen treatment may induce an unknown transcription

factor or directly control gene transcription by binding to ERE elements and in return

upregulate IFN-g production. If the latter is the case, the effect of estrogen receptors, ER-

a and/or ER-b, can be explored using placebo or estrogen-treated ER-a and/or ER-b

knockout mice.

8. Switching from Th1 to Th2 type response:  Although the cellular effects of IFN-g

(including increased antigen processing and presentation, induction of the antiviral state,

activation of microbiocidal effector functions inhibition of cellular proliferation and

effects on apoptosis, immunomodulation, delayed-type hypersensitivity, and leukocyte

trafficking) the prolonged secretion of IFN-g, IFN-g induced nitric oxide, and other Th1

cytokines can likely result in severe dysregulation of the normal immune system. For an

effective and stable Th1 response, inflammatory cytokines are produced simultaneously

by Th1 type cells to suppress the expression of anti-inflammatory cytokines.  In return,

increased levels of nitric oxide are able to suppress IFN-g and IL-2, and induce

costimulatory molecules, cytokines such as IL-4, to induce a Th2 response (28). In

addition, recent studies have shown that prolonged nitric oxide release by nitric oxide

releasing-nonsteroidal anti-inflammatory drugs (NO-NSAIDs), widely prescribed drugs

with anti-inflammatory, antipyretic, and analgesic properties, suppresses production of

IFN-g and IL-18 as well as nitric oxide inducible COX-2 (29, 30). Therefore, we

hypothesize that increased levels of IFN-g and IFN-g-inducible nitric oxide can “switch”

Con-A-stimulated splenic lymphocytes from estrogen-treated mice from Th1 type cells

into Th2 type cells after long periods of incubation. Splenocytes from placebo or

estrogen-treated mice should be cultured for 48, 72, and 96 hours in the presence or

absence of Con-A. Cells can be washed at 72 hours and new media or Con-A can be

added to supplement these cell cultures. At the end of the incubation, key cytokines for

Th1, IFN-g, other Th1 cytokines, and markers as stated above can be examined.  Th2

markers and cytokines such as IL-4 can be explored, as well as CIITA, RANTES, MCP-
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3, MCP-1, GATA-3, IL-10, IL-13, IL-13Ra1, IL-13Ra2, IL-5, IL-9, c-Maf, and STAT-6

both at protein and gene transcription levels in splenocytes from both placebo and

estrogen-treated mice.

These studies may provide valuable information about how estrogen induces progression

of several autoimmune and inflammatory diseases and how the immune system regulates

itself in the presence of estrogen.  Furthermore, these will lay the ground work for

understanding and assisting in the design of NO-NSAIDs for women, which have anti-

inflammatory, analgesic and anti-thrombotic properties with protective effects in terms of

cardiovascular and renal tissues and a number of inflammatory disorders.
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APPENDIX RELATED TO DISSERTATION

“Short-Term Administration of 17-b Estradiol to Outbred Male CD-1 Mice induces changes

in the Immune System, but not in Reproductive Organs. E. Karpuzoglu-Sahin, R. M. Gogal

Jr, C. Hardy , P. Sponenberg., S. Ansar Ahmed. Immunological Investigations, 34 (1): 1-26

2005 “ In this paper, we demonstrate that short-term administration of relatively low doses of
estrogen to a less estrogen-responsive outbred mouse strain, CD-1, also upregulated IFN-g.

This increase in IFN-g secretion was accompanied by increase in nitric oxide and was not

related to alterations in cell numbers. Copyright (2005) From (Short-Term Administration of

17-b Estradiol to Outbred Male CD-1 Mice Induces Changes in the Immune System, but not
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a.) ABSTRACT

The magnitude of an immune response to many foreign and/or self-antigens is known to be
gender-dependent and influenced by sex hormones. While the immune consequences of long-

term exposure (3 to 5 months) to natural 17-b estradiol in an in-bred mouse model (e.g.

C57BL/6, Balb/c) are relatively well-documented, the immunological effects of shorter-term
17 b-estradiol exposure in an out-bred mouse model (CD-1) have not been thoroughly

evaluated. The male out-bred-CD-1 mouse was chosen as a relevant human model for
endocrine disruption by 17-b estradiol, because it is considered to be less 17-b estradiol-

responsive (in terms of reproductive changes) compared to the in-bred mouse.  In the present

study, CD-1 male mice were dosed with vehicle, or 17-b estradiol at 2 or 4 µg / 100g body

weight on alternate days over a seven day period. The immune changes in the developmental
organ (thymus) and mature lymphoid organ (spleen) were determined. Thymic organ weight /

body weight ratio and thymocyte cellularity decreased with increasing 17-b estradiol,

reaching significance at the 4µg dose. Although 17-b estradiol decreased thymocyte numbers,

no differences were measured in the relative percentages of major thymocyte subsets

(CD4+CD8-, CD4-CD8+, CD4+CD8+, CD4-CD8-) and no evidence of enhanced apoptosis was

found. In contrast to the diminished thymocyte numbers, 17-b estradiol increased splenic

lymphocyte cellularity, especially in mice given the at 4 µg 17-b estradiol dose. The

functionality of splenocytes from mice exposed to 17-b  estradiol was also altered.

Supernatants from Con-A activated splenocytes from 17-b estradiol-treated mice had

increased IFN-g and decreased IL-4 levels (P<0.05 at the 4 µg dose). This increase in IFN-g

in 17-b estradiol treated mice was not due to an increase in the relative percentages of T cells,

since they were comparable to relative percentages of T cells from oil-treated control mice. In

addition, supernatants from cultured splenocytes (both Con A-activated and unstimulated)
also had significantly higher levels of nitric oxide activity, especially at the 4 µg 17-b

estradiol dose. These results indicate that short-term 17-b estradiol treatment in out-bred

mice, at relatively modest doses (2-4 mg / 100 g body weight), altered both thymocytes and

splenocytes. These immune changes are compelling, since in these mice, post-17-b estradiol
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exposure did not demonstrate robust changes in the male reproductive system (testicular and

seminal vesical weights to body weight ratios).

b.) INTRODUCTION

It is now well accepted that there are marked sex differences in the level of immune
responsiveness including susceptibility to autoimmune diseases. For example, in many

autoimmune diseases involving both human and animal models, females have a higher

predisposition to develop these disorders compared to males (Ansar Ahmed et al., 1989;
Ansar Ahmed et al., 1985; Ansar Ahmed et al., 1999; Ansar Ahmed et al., 1985). These sex

differences in immune response to a variety of antigens are thought to be largely due to the
effects of sex hormones.

Many studies have shown that sex hormones such as 17-b  estradiol are profoundly

immunomodulatory (Ansar Ahmed et al., 1999; Cutolo et al., 1995). The 17-b estradiol has

been shown to affect all major cells of the immune system. Thymic atrophy is a common

consequence of long-term 17-b estradiol exposure in wild type C57BL/6 mice (Ansar Ahmed,

2000; Mor et al., 2001; Screpanti et al., 1991; Screpanti et al., 1989; Staples et al., 1999; Yao

and Hou, 2004). The 17-b estradiol promotes B cell hyperactivity in wild type mice as

demonstrated by the increased secretion of immunoglobulins and autoantibodies to mouse

erythrocytes (Ansar Ahmed et al., 1989), dsDNA (Verthelyi and Ahmed, 1994), and anionic

phospholipids (Ansar Ahmed and Verthelyi, 1993; Verthelyi and Ansar Ahmed, 1997). This

implies that 17-b estradiol can break B cell tolerance, even in normal mice, an aspect also

shown in Balb/c mice transgenic for the heavy chain of pathogenic anti-double stranded DNA

antibodies (Bynoe et al., 2000). Further, 17-b estradiol appears to enhance B cell

differentiation, as evidenced by the increased number of plasma cells in the spleen (Verthelyi,

2001; Verthelyi and Ahmed, 1998). In mice or rodents, the administration of 17-b estradiol to

mice decreases natural killer cell (NK) activity (Ansar Ahmed et al., 1989; Seaman et al.,

1978; Seaman and Gindhart, 1979), and in female mice a reduction in NK cell numbers and

activity correlates with increased levels of 17-b estradiol (Furukawa et al., 1984; Hrushesky et
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al., 1988). Furthermore, 17-b estradiol has been shown to affect macrophages by altering

proliferation, phagocytosis (Schreiber et al., 1988; Vernon-Roberts, 1969; Zuckerman and

Bryan, 1996), and lysosomal activities (Yu et al., 1996), and enhancing the levels of IL-1

(Flynn, 1984; Flynn, 1986; Hu et al., 1988).

The mechanisms by which 17-b estradiol modulates the immune system are complex. One

important mechanism is through the regulation of the secretion and/or response to cytokines.
Studies from our laboratory, as well as others, have shown that 17-b estradiol markedly

augment the secretion of IFN-g (Fox et al., 1991; Karpuzoglu-Sahin et al., 2001; Sarvetnick

and Fox, 1990).  These observations are of biological and clinical importance, since IFN-g

(primarily secreted by T-helper 1 (Th1), CD8+ cells, and NK cells), plays a central role in the
host defense against intracellular infection (Gallin et al., 1995; Trinchieri, 1997) and many

proinflammatory conditions including autoimmune diseases (Sarvetnick and Fox, 1990;
Theofilopoulos et al., 2001). Other investigators have shown that 17-b estradiol also

suppresses the production of T helper 2 type cytokines, such as IL-6 (Koka et al., 1998;

Messingham et al., 2001), and TNF-a (Ito et al., 2001).

Taken together, the above findings demonstrate that studies addressing the
immunomodulatory effect of 17-b estradiol on the immune system are of high health

significance, since this hormone affects all of the major players of the immune system, and

regulates normal and autoimmune responses. Of clinical relevance, humans are exposed to

estrogenic compounds through diverse sources. Women are exposed, not only to endogenous
17-b estradiol, but also exogenous estrogens in the form of oral contraceptives or estrogen

replacement therapy. Moreover, both men and women, and animals are inadvertently exposed

to estrogenic compounds that are universally present in the environment, both naturally and as
contaminants. Humans are likely exposed to estrogenic compounds, either acutely or

chronically, thus exhibiting different sensitivities. Immunomodulation by an estrogenic

compound is dependent upon both the dose and duration of exposure (Ansar Ahmed, 2000).
In this study, we investigated the immunological consequences of short-term exposure to

relatively modest doses of 17-b estradiol in out-bred CD-1 mice which are considered to be
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less sensitive to even high doses of 17-b estradiol compared to in-bred mice (Spearow et al.,

1999; Spearow et al., 2001).

c.) MATERIALS AND METHODS

Mice:  Nine-month-old male CD-1 out-bred mice (Charles River, Wilmington, MA) were
housed in standard cages (3-4 animals per cage) at the Center for Molecular Medicine and

Infectious Diseases (CMMID) Laboratory Animal Facility. All mice were fed on a
commercial pellet diet devoid of synthetic estrogens (Special diet # 7013 Harlan Teklad,

Madison, WI) with water ad libitum. The mice were kept on a 14 h light, 10 h dark cycle. All

procedures and treatments were performed in accordance with the guidelines of the Animal
Care Committee of the Virginia Polytechnic Institute and State University.

The 17-b Estradiol Treatment: Commercial estrogen, 17-b estradiol (Sigma, St. Louis, MO)

was dissolved in autoclaved, tocopherol-stripped corn oil (ICN, Auro, Ohio). Mice were given
three subcutaneous injections of 17-b estradiol at 2 or 4 mg / 100g body weight (b.w.) in 50 ml

on alternate days. The mice that received oil vehicle only served as controls. Mice were

euthanized by cervical dislocation 7 days post-treatment and bled before termination.

Analysis of Reproductive Organ Changes by 17-b Estradiol: Reproductive organs

(seminal vesicles and testes) were removed, trimmed of excess body fat, and pre-weighed.

The net wet weight and the ratio of reproductive organ to body weight were analyzed.

Seminal vesicles and testes were placed in 10 % buffered formalin (Sigma, St. Louis, MO)

and processed in a coded fashion for histopathologic analysis by staining paraffin-embedded

tissue sections with hematoxylin and eosin. The height of the epithelial cells was measured by

micrometer in a coded fashion. The data were then decoded and statistical analyzed.

Isolation of Lymphocytes: Thymus and spleen were collected under aseptic conditions and

weighed. The lymphoid organ weights of each individual mouse were normalized to their

respective body weight. The cells from thymus, and spleen were isolated by gently
dissociating on a 60-mesh steel screen (Sigma, St. Louis, MO) in sterile phenol-red free
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incomplete RPMI-1640 media (CellGro, Mediatech, Herndon, VA), as described in our

previous studies (Donner et al., 1999). Splenic lymphocytes were enriched by removing
erythrocytes using lysis in ACK lysis buffer (0.15 M NH4Cl, 1.0 mM KHCO3, 0.1 mM

Na2EDTA, pH 7.4) (Ansar Ahmed et al., 1994). Thymocytes and enriched-splenocytes were
resuspended in complete RPMI-1640 free of estrogenic phenol red supplemented with 10%

charcoal-stripped fetal bovine serum (Atlanta Biologicals, Atlanta, GA), 2 mM L-glutamine

(ICN, Costa Mesa, CA), 50 IU/ml penicilin (Mediatech, Herndon, VA), 50 mg/ml

streptomycin (Mediatech, Herndon, VA), and non-essential amino acids (Fisher, Pittsburg,
PA).  The enriched lymphocytes were then enumerated with a CASY-1 Cell Counter and

Analyzer System (Scharfe System GmbH, Reutingen, Germany). In our experience, cells

ranging from 5 to 10 microns constitute the major lymphocyte populations (Calemine et al.,
2002; Donner et al., 1999). The cells were then adjusted to a concentration of 5x106 cells/ml

in complete phenol-red free complete RPMI as described in our earlier studies (Donner et al.,
1999).

Determination of Cell Surface Marker Expression and Apoptosis via Triple-Color 7-
AAD Method: Staining of thymocytes with 7-amino-actinomycin (7-AAD, Molecular

Probes, Eugene, OR) is a reliable and sensitive method for identifying apoptotic thymocytes,
and in particular thymocytes in early stages of apoptosis (Donner et al., 1999; Schmid et al.,

1994).  Cells that do not take up 7-AAD dye are identified as  “live cells” or 7-AADdull, the

cells that are in early stages of apoptosis are identified as 7-AADintermediate, while the cells in

the late stage of apoptotic or necrotic phase are identified as 7-AADbright (Schmid et al.,

1994). To identify whether 17-b estradiol selectively affects apoptosis of thymocyte subsets,

thymocytes were triple stained with FITC-anti-CD8a, PE-anti-CD4 antibodies (BD

Pharmingen, San Diego, CA) and 7-AAD (Molecular Probes, Eugene, OR). Briefly, 7-AAD
at 10 mg/ml in PBS supplemented with 0.1% sodium azide, 0.1% BSA, and 1% FBS was

added to 100 ml of thymocytes (5x106 cells/ml) from control, and. 17-b estradiol-treated (2

and 4 mg / 100g body weight) mice and incubated 20 min at 4°C in the dark. These stained

cells were subjected to triple-color on an EPICS XL flow cytometer using Immuno 4

program. The gates were set on each thymocyte subset (CD4-CD8+, CD4+CD8-, CD4+CD8+,
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CD4-CD8-) and the percentage of live, early apoptotic, and late apoptotic/necrotic cells were

determined according to 7-AAD uptake, which is directly proportional to the extent of

apoptosis (Donner et al., 1999). The percentages of live, early and late apoptotic cells were
also determined in the total population of thymocytes. The effects of 17-b estradiol treatment

on apoptosis of mature B cells (CD45RB+ cells) and T cells (CD90+ cells) in the spleen were

also determined.  The absolute recoveries of the cells were obtained via multiplying mean

percent relative expression with cell recoveries. Briefly, freshly-isolated and 48 hours Con-A

(10 mg/ml) activated splenic lymphocytes were analyzed by triple staining with FITC-anti-

Thy1.2, PE-anti-CD45RB (B220) antibodies (BD Pharmingen, San Diego, CA) and 7-AAD
method as described above.

Detection of Cytokines: The levels of IFN-g, and IL-4 protein were determined by a

sandwich, enzyme linked immunosorbent assay (ELISA) as per our previous publications.
(Karpuzoglu-Sahin et al., 2001; Karpuzoglu-Sahin et al., 2001). Briefly, 500 ml (2.5x106

cells/well) of splenic lymphocytes from 17- b estradiol and control treated mice were

stimulated for 24 or 48 hrs with an equivalent volume of Con-A (10 mg/ml) or left

unstimulated in complete phenol-red free RPMI-1640 media. Following this incubation, the

supernatants were collected and stored at –200C until assayed. Ninety-six well Maxisorp high
binding immunoassay plates were coated overnight with anti-cytokine antibodies (anti-IFN-g

clone R4-6A2, ATCC, HB-170; or anti-IL-4 antibody, clone 11B11, ATCC, HB-188, BD
Pharmingen, San Diego, CA) in PBS and then blocked with 2% BSA for 1 hr. Plates were

incubated for 2 hrs with supernatants or recombinant cytokines with serial dilutions. Biotin
conjugated anti-cytokine antibodies (anti-IL-4 or anti-IFN-g; BD Pharmingen, San Diego,

CA) were aliquoted into wells and incubated for 1 hr. Avidin-horseradish peroxidase solution

(Vector Labs, Burlingame, CA) was added and incubated for 30 mins. The development of

color was initiated with substrate TMB (3,3’,5,5’-tetra-methylbenzidine), (KPL, Gaithersburg,
MD)  followed with 0.18 M sulfuric acid to stop the reaction. Plates were washed between

each step with wash buffer (50mM Tris, 0.2% Tween 20). Plates were read at 450 nm by
microplate ELISA reader (Molecular Devices Sunnyvale, CA). The IL-4 and IFN-g protein
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levels were calculated by the formula obtained from standards using SoftMax Pro software

from Molecular Devices Inc.

Detection of Nitric Oxide: The levels of nitric oxide in the supernatants derived from the
splenic lymphocyte cultured for 24 or 48 hr were determined by the Greiss Assay, which

measures nitrite, an end product of oxidation of nitric oxide. Briefly, 50 ml of nitric oxide

standards with serial dilutions beginning at 1000 mM to 0.5 mM or supernatants were added to

a 96-well plate. Equal volumes of Griess assay reagents, 50ml 1%(w/v) sulfanilamide (Sigma

St. Louis, MO) and 50 ml 0.1% (w/v) naphthylenediamine dihydrochloride (Sigma, St. Louis,

MO) were then added to an optical density plate. The color change in the plates was

immediately measured at 550 nm by ELISA reader (Molecular Devices Sunnyvale, CA). The
nitric oxide levels in the supernatants were calculated using SoftMax Pro software from

Molecular Devices Inc.

Detection of Immunoglobulins: A sandwich enzyme linked immunosorbent assay was

employed to measure IgG, IgM, and IgG2a levels in the blood (Verthelyi and Ansar Ahmed,

1997). Briefly, peripheral blood obtained from each CD-1 mice retro-orbitally, was allowed to
clot, then centrifuged at 7000 rpm for 7 min. Sera were collected from each sample then

frozen at –70oC until analyzed. Medium binding plates (Costar, Cambrigde, MA) were coated
with 50 ml of IgG, IgG2a, or IgM (0.25 mg/ml, Southern Biotech, Birmingham, AL) in

bicarbonate buffer and incubated overnight at 4oC. The plates were rinsed with PBS with

Tween 20 between each step. The plates were blocked with 1% BSA in PBS and incubated at

room temperature for 1 hour in a humidified chamber. After blocking, the sera were diluted in
1% BSA in PBS and the standards (Southern Biotech, Birmingham, AL) were prepared. A

100 ml aliquot of sera or standard were added to each well incubated for 3 hrs at room

temperature in a humidified chamber. One hundred microliters of AP-conjugated goat anti-
mouse IgG, IgG2a, or IgM (Southern Biotech, Birmingham, AL) in 1% BSA PBS was added

per well and incubated at 37oC for 1 hr in a humidified chamber. Plates were washed with

PBS with 5% Tween between each step. The color was determined using pNPP (Sigma,
St.Louis, MO) after incubating for 45 min and plates were read at 405 nm by ELISA reader
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(Molecular Devices Sunnyvale, CA). The IgG, IgG2a, or IgM antibody levels were calculated

by the formula obtained from standards using SoftMax Pro software from Molecular Devices
Inc.

Statistics: Data were analyzed by using INSTAT software (GraphPad Software Inc., San

Diego, CA). The analysis of variance (ANOVA) was used to assess main effects of doses and

their interaction. The treatments were compared to each other using Bonferroni multiple
comparisions test. Data are represented as mean ± standard error of mean (S.E.M.).

d.) RESULTS

Short-Term 17-b Estradiol Treatment does not affect Body Weights, Reproductive

Organ Weight or Organ/Body Weight Ratio: Low-dose, short-term 17-b estradiol

treatment of intact male CD-1 mice did not affect body weight (Vehicle control-0 mg /100g

body weight (b.w.) 43.93 g ± 1.95; 17-b estradiol - 2 mg / 100g body weight  45.28 g ± 1.41;

17-b estradiol - 4 mg / 100 g body weight  45.77 g ± 3.04). The 17-b estradiol treatment of

male CD-1 mice did not alter the seminal vesicle net weights (Vehicle control-0 mg / 100g

body weight  0.45 g ± 0.03; 17-b estradiol - 2 mg / 100g body weight  0.45 g ± 0.03; 17-b

estradiol - 4 mg / 100 g body weight  0.49 g ± 0.05). The ratios of seminal vesicle weights to

body weights were also not changed (Vehicle control - 0 mg / 100g body weight  0.01 g ±

0.01; 17-b estradiol - 2 mg / 100g body weight  0.01 g ± 0.01; 17-b estradiol - 4 mg / 100 g

body weight 0.011 g ± 0.01).  The testicular net weights (Vehicle control - 0 mg / 100g body

weight 0.32 g ± 0.02; 17-b estradiol - 2 mg / 100g body weight 0.3 g ± 0.02; 17-b estradiol - 4

mg / 100 g body weight 0.34 g ± 0.02) or their ratio to the body weight were not changed after

administration of 17-b estradiol for 7 days (Vehicle control-0 mg / 100g body weight  0.01 g ±

0.01; 17-b estradiol -2 mg / 100g body weight 0.01 g ± 0.01; 17-b estradiol - 4 mg / 100 g

body weight 0.01 g ± 0.01). The histologic changes in the seminal vesicles were unremarkable

and not significant.  There was an increasing, but not significant, trend in epithelial cell height
with increasing dose of 17-b estradiol (Vehicle control - 0 mg / 100g body weight  6.33 mm ±
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0.48; 17-b estradiol -2 mg / 100g body weight 7.15 mm ± 0.56; 17-b estradiol -4 mg / 100 g

body weight 7.32 mm ± 0.78, statistically not significant).

Short-Term 17-b Estradiol Treatment decreases Thymocyte Cellularity: The total thymic

cellularity was significantly decreased in CD1 mice given 4 mg of 17-b estradiol / 100g body

weight. Thymic-body weight ratio was decreased in mice given 4 mg / 100g body weight of

17-b estradiol when compared to controls (Figure 1).

The Effect of Short-Term 17-b Estradiol Treatment on the Subset Composition and

Apoptosis of Thymocytes:  Since short-term 17-b estradiol treatment in out-bred CD-1

mouse decreased the thymocyte cellularity, we next explored whether there was an alteration
in thymocyte subsets or increased apoptosis in these subsets. Short-term 17-b estradiol

treatment did not alter the relative mean percentages of thymic subsets of CD4+CD8-, CD4-

CD8+, CD4+CD8+, CD4-CD8- T cells (Table 1). Although the relative percentages of these

subsets were unchanged by 17-b estradiol, since this hormone decreased the thymocyte

cellularity, the absolute numbers of thymocytes subsets per thymus were decreased (Table 1).

The 7-AAD triple color analysis of these subsets revealed no significant change in the relative

percentages of live or apoptotic cells (Table 2).

The Cellularity, Cellular Composition, and Apoptosis of Fresh Splenic Lymphocytes:
The 17-b estradiol treatment at 4 mg / 100g body weight showed a significant increase in the

cellularity of splenic lymphocytes gated between 5.0 and 10 mm of size. A trend toward
increased splenic cellularity was also observed in mice treated with 2 mg of 17-b estradiol

(Figure 2). The cell numbers between 5.0 and 7.5 mm were also significantly increased with

increasing doses of 17-b estradiol. Lymphocytes at 7.5 to 10 microns, representing increased

size, were significantly increased after treatment with 4 mg of 17-b estradiol dose for 7 days.

The number of cells in the quadrant between 2.5 and 5.0 mm, which may reflect increase in
number of erythrocytes, platelets, debris or apoptosis cells, was also increased by 17-b

estradiol -treatment (Figure 2).
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The Effect of Short-Term 17-b Estradiol Treatment on the Subset Composition and

Apoptosis of Fresh Splenic Cells:    In the spleen, the percentages of lymphocytes expressing

T cell marker, Thy1.2+ (CD90+), or B cell marker CD45RB+ (B220+) were not altered after

short-term of 17-b estradiol treatment. Even though 17-b estradiol treatment of out-bred CD-1

mice had increased numbers of splenocytes, there were no relative differences in the

percentages of Thy1.2+ (pan T cells) or CD45R (B220+, pan B cells). The absolute numbers of

subpopulations per spleen were increased in the numbers of non-T and non-B cells in both

doses, 2 and 4 mg of 17-b estradiol / 100g body weight, but not in T or B cells (Table 3). The

short-term 17-b  estradiol treatment of freshly-isolated splenic lymphocytes did not alter

viability of total splenocytes or T or B splenic subsets when compared to controls (Table 4).

Short-Term 17-b Estradiol Treatment alters IFN-g and IFN-g: IL-4 Ratios: Even though

the relative percentages of splenic T cells were not altered by 17-b estradiol, it is likely that

these cells may be functionally altered. We, therefore, measured the levels of IFN-g in Con-A

activated splenocytes of mice given short-term 17-b  estradiol treatment.  Interferon-g was

chosen, because in our previous long-term 17-b estradiol studies (3-5 months), we reported

that this cytokine is upregulated by this hormone (Karpuzoglu-Sahin et al., 2001; Karpuzoglu-
Sahin et al., 2001). In the present study, IFN-g protein levels were significantly increased in

the supernatants of Con-A-stimulated splenic lymphocytes from mice given 4 mg 17-b

estradiol dose (P<0.05, Figure 3A). There was a significant decrease in IL-4 protein levels in

these 24 hour cultures of Con-A activated splenocytes from mice exposed to increasing doses

of 17-b estradiol (Figure 3B). The ratio of IFN-g to IL-4 protein was increased significantly

in 17-b estradiol-treated mice, after 4 mg of 17-b estradiol treatment (Figure 3C).

Short-Term 17-b Estradiol Treatment induced IFN-g-Dependent Nitric Oxide, a Product

of Inducible NOS: Given that 17-b  estradiol increased IFN-g levels, we next determined

whether nitric oxide levels were also increased following short-term 17-b estradiol treatment,

since macrophages are known to release nitric oxide in response to IFN-g. Low levels of nitric

oxide were detected even in the supernatants of unstimulated cultures from 17-b estradiol -
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treated mice. The levels of nitric oxide were significantly increased in the supernatants of

Con-A-stimulated splenocytes from 4 mg of 17-b estradiol-treated mice (Figure 4).

Cellular Composition and Apoptosis of Splenic Lymphocytes from 17-b Estradiol

Treated Mice were not altered after 48 Hr of Culture: The17-b estradiol treatment of mice

did not alter the mean relative expression of splenic T or B cell subsets that were cultured for

48 hr (Table 5). Apoptosis seemed to be variably influenced by culturing conditions and

treatment. Cells cultured in medium showed a trend toward increased apoptosis. However,
when the same cells when stimulated with Con-A, they were rescued from apoptosis , but on

the other hand the controls had increased apoptosis  (Table 6).

Effect of Short-Term 17-b  Estradiol Treatment on the Serum Immunoglobulins: As

shown in Figure 5, the levels of IgM, IgG and IgG2a were decreased in the sera from mice

treated with 2 mg 17-b estradiol dose.

e.) DISCUSSION

This study was performed to explore whether short-term, low-dose 17-b estradiol treatment (4

mg 17-b  estradiol / 100g body weight over 7 days) would alter the immune system of

“estrogen-resistant” out-bred CD-1 male mice (Spearow et al., 1999; Spearow et al., 2001).
Our findings demonstrate that even a short period of treatment with 17-b estradiol produced

significant qualitative and quantitative effects on primary (thymus) and secondary (spleen)

lymphoid organs in these “estrogen-resistant” mice. Spearow et al, 1999 (Spearow et al.,

1999) demonstrated the differential effects of 17-b estradiol on the disruption of reproductive

development in different strains of mice, including the CD-1 strain, as an out-bred mouse
model, and the C57BL/6J strain, as an in-bred mouse model.The magnitude of reproductive

organ changes varied between C57BL/6 and CD-1 mice, when exposed to same dose and

duration of 17-b estradiol. Although C57BL/6 mice had susceptibility to 17-b estradiol at

doses as low as 0.25 mg / gram body weight, CD-1 mice were resistant to 17-b estradiol levels

as high as 40 mg / gram body weight. CD-1 mice were shown to be 16X more resistant to the

endocrine disruption of male reproductive development in relation to the effect of estrogen on



334

the inhibition of testes and vesicular gland weight, and on spermatogenesis (Spearow et al.,

1999; Spearow et al., 2001). In agreement with these studies, our studies with low-doses of
17-b estradiol given for a short-term show that, CD-1 mice are resistant to the effect of 17-b

estradiol on gonadal functions; 17-b estradiol did not cause any change in the body weights or

net weights of the seminal vesicles or testes, or in the reproductive organ to body weight

ratios. In contrast, our studies show that CD-1 mice are sensitive to immunomodulatory

effects of even these short- term low-doses of 17-b estradiol. Interestingly, while this dose of

17-b estradiol had no obvious effects on the reproductive system, the immune changes were

clearly evident.

One important mechanism by which 17-b estradiol (estrogen) could modulate the immune

system is via its effect on thymic and splenic cellularity and on the rate of apoptosis of thymic

and splenic lymphocytes. Long-term estrogen treatment (3–5 months) has been shown to
diminish thymic cellularity, decrease thymic weight, induce thymic atrophy, and alter the

subsets of thymocytes, such CD4+CD8+ T cells, which were decreased (Forsberg, 1996;

Okasha et al., 2001; Seiki and Sakabe, 1997; Silverstone et al., 1994; Staples et al., 1999). In
our study, we observed that short-term treatment of out-bred CD-1 mice with 4 mg 17-b

estradiol / 100g body weight resulted in a significant decrease in thymic cellularity and

thymic to body weight ratio. Possible mechanisms by which estrogen could induce thymic

atrophy are by altering the thymocyte subsets, accelerating thymocyte emigration, decreasing
thymocyte proliferation, or increasing the apoptosis of thymocytes. Therefore, we evaluated

the effect of short-term low-dose 17-b estradiol on the T cell subsets and apoptosis of freshly-

isolated thymocytes from 17-b estradiol and corn oil (control)-treated CD-1 male mice.

Previous studies (Rijhsinghani et al., 1996; Screpanti et al., 1989; Staples et al., 1999),

showed that long-term estrogen treatment depletes subsets of CD4+CD8+ double-positive

(DP) thymocytes and alters the relative proportion of CD4+CD8- and CD4-CD8+ single-

positive (SP) thymocytes.  In our study, short-term 17-b estradiol treatment did not alter the

relative percentages of CD4+CD8-, CD4-CD8+, CD4+CD8+, and CD4-CD8- thymocyte

subsets. However, the absolute numbers of fresh-thymocyte subsets per thymus showed a
significant decrease in all subsets after treatment with 4 mg 17-b estradiol / 100g body weight.
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The differences in the effect of 17-b estradiol on the percentage of thymic subsets between

this study and the previous studies could be due to differences in the strains of mice (for

example: the use of out-bred CD-1 strain in this study compared to in-bred strains, C57BL/6
Balb/c, employed in other studies), in the dose and duration of estrogen administration. A

possible reason for the decreased thymic cellularity in our study and the previous studies (Mor
et al., 2001; Okasha et al., 2001) could be due to spontaneous or steroid-induced apoptosis.

Although our data demonstrate decreased thymic cellularity after 17-b estradiol treatment, no

significant change was measured in the apoptosis of whole fresh thymocytes by, the 7-AAD

analysis. The possibility that 17-b estradiol -induced apoptotic cells were engulfed prior to

analysis still needs to be considered. Silverstone et al. 1994 (Silverstone et al., 1994)
demonstrated that a single 17-b estradiol dose (7.5 mg / 100g body weight) resulted in thymic

atrophy and a persistent decrease in the thymic Rag1+ TdT+ CD4+8+3+ population. This 17-b

estradiol dose also caused a slow reduction in the bone marrow stem cell markers, Rag-1 and
TdT. This effect of estrogen on thymic atrophy was found to be driven by an alteration in the

bone marrow thymocyte precursors, rather than by apoptosis (Silverstone et al., 1994).

Furthermore, estrogen treatment also decreased bone marrow RAG-1 mRNA, which is
important in thymus development. Thus, a decrease in thymic cellularity following short-term

17-b estradiol exposure could be due to alterations in bone marrow thymocyte precursors.

In contrast to the effect of short-term, low-dose 17-b estradiol treatment (4mg /100 g body

weight over 7 days) on thymic cellularity, our studies showed that this treatment produced a
significant increase in splenic cellularity in out-bred male CD-1 mice. Mice treated with 17-b

estradiol at 2 mg / 100 g body weight also showed a similar non-significant trend.

Interestingly, this increase in the splenic cellularity was not attributed to an increase in

Thy1.2+ or CD45R+ cells based on the relative percentages of these cells in from fresh

lymphocyte preparations. The absolute numbers of splenic lymphocyte subsets that were

calculated, using the cell numbers from each spleen, demonstrated, instead, that the double

negative cells (non-B and non-T cells/CD45RB- Thy1.2-) increased with 17-b estradiol

treatment. These double negative cells could be macrophages or plasma cells, or B and/or T
cells that shed their markers after treatment. Studies in our laboratory demonstrated that long-
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term 17-b estradiol treatment [3-5 months using silastic implants (7 mm long, containing 4-6

mg of 17-b estradiol)] of gonadectomized mice decreased the number of CD45RB+ (B220+)

cells and small lymphocytes, while the number of plasma cells increased (Verthelyi and

Ahmed, 1998). Medina et al (1993, 1994) showed that high-dose of estrogen (2.5 mg of 17-b

estradiol pellets given for 21 days) or pregnancy suppress B lymphopoesis and B lineage

precursors in bone marrow (Medina and Kincade, 1994; Medina et al., 1993). They also
showed that mature splenic B cell subsets are not changed during pregnancy (Medina and

Kincade, 1994; Medina et al., 1993). On the other hand, mice that were deficient in sex

steroids had increased B cell numbers (Masuzawa et al., 1994).

The levels of sex hormones, such as 17-b estradiol, have been shown to influence the outcome

of apoptosis in a number of cell types (Ansar Ahmed, 2000; Ansar Ahmed et al., 1999).
Previous in-vitro estrogen treatment studies showed that estrogen modulates apoptosis,

increasing in T cell death and promoting the survival of B cells (Jenkins et al., 2001;

McMurray et al., 2001), and breast cancer cells (LTED cell line) (Song and Santen, 2003).
Zajchowski and Hoffman-Goetz (Zajchowski and Hoffman-Goetz, 2000) showed that supra-

physiological levels of 17-b estradiol (pellets releasing 71.4 mg per day for 14 days), given in

vivo to gonadectomized female C57BL/6 mice, induce the apoptosis of lymphocytes.  At

physiological levels, 17-b estradiol plays a critical role in the protection from apoptosis of

several cell types and tissues, such as brain, endothelium, testes, uterus, aortic endothelial
cells (Liu et al., 2002; Sudoh et al., 2001), bone marrow mesenchymal stem cells (Zhou et al.,

2001), neuronal cells (PC12 cell line) (Hosoda et al., 2001), cortical neuronal cells (Honda et
al., 2001), osteocytes (Tomkinson et al., 1998), B lymphocytes (Grimaldi et al., 2002;

Verthelyi, 2001) In contrast to these studies, the current study did not show any significant

effect of short-term, low-dose 17-b estradiol (2-4 mg 17-b estradiol / 100g body weight over 7

days) on the apoptosis of the splenic lymphocyte subsets. Further studies should be performed
using multiple assays for apoptosis to definitely ascertain the effect of short-term, low-dose

17-b estradiol treatment on the apoptosis of splenic lymphocytes. In the present study, 7-AAD

was employed, which cannot distinguish between late apoptosis and necrosis. Further, this

assay does not provide precise information on DNA fragmentation.
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Extensive studies from our laboratory (Ansar Ahmed, 2000; Ansar Ahmed et al., 1999) and
others (Bilbo and Nelson, 2001; Cutolo et al., 1995; Olsen and Kovacs, 1996) have

recognized the sensitivity of the immune system to the effects of estrogen. One important
mechanism by which estrogen modulates the immune system is by altering the secretion

and/or response to cytokines. Studies in our laboratory have demonstrated that chronic

exposure to 17-b estradiol results in increased IFN-g mRNA expression and protein secretion

(Karpuzoglu-Sahin et al., 2001; Karpuzoglu-Sahin et al., 2001). We showed that female
C57BL7/6 mice had more IFN-g protein levels than males (Karpuzoglu-Sahin et al., 2001).

Fox et al (1991) demonstrated that in vitro 17-b estradiol treatment (10-7 M of 17-b estradiol

for 10 hrs) increased IFN-g mRNA expression in Con-A-treated spleen cells from CD-1 mice

through a direct effect on the IFN-g promoter (Fox et al., 1991).  The current study

demonstrated that short-term, low-dose 17-b estradiol treatment (2-4 mg 17-b estradiol / 100g

body weight over 7 days) increased the level of IFN-g protein, which is a T helper 1 cytokine,

and decreased the level of IL-4, which is a T helper 2 cytokine. This study shows that short-
term, low-dose 17-b estradiol treatment leads to functional alterations in cytokine release by

splenic lymphocytes.

In the present study, we also found that the supernatants of Con-A activated splenic

lymphocytes treated with 4 mg 17-b estradiol / 100 g body weight had increased nitric oxide

levels after 48 hours of incubation compared to supernatants from cells treated with 2 mg 17-b

estradiol / 100g body weight or corn oil (vehicle control). The level of nitric oxide in

unstimulated cultures (media instead of Con-A) also increased in splenic lymphocytes treated
with the 4 mg dose. Nitric oxide (NO), an end product of the IFN-g-inducible iNOS (inducible

nitric oxide synthase), plays an important role in immune regulation and cell differentiation.

For example, it provides both, anti-microbial and cytotoxic effects for the immune system

(MacMicking et al., 1997). The activity of iNOS is controlled at the transcription level and
regulated by steroid hormones, such as glucocorticoids and progestrone (Kunz et al., 1996;

Miller et al., 1996; Radomski et al., 1990). Dixit and Parvizi (Dixit and Parvizi, 2001) showed

that nitric oxide secretion from peripheral blood lymphocytes was significantly increased in
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all stages of pregnancy compared to that in cyclic and cystic cows. These investigators also

showed that physiological concentrations of estrogen caused the release of NO by iNOS in
macrophages, but that iNOS protein was decreased in IFN-g and LPS stimulated J774 cells

that were co-incubated with 17-b estradiol. The 17-b estradiol has been shown to increase

iNOS expression in cardiac myocytes (Nuedling et al., 1999), ovine coronary artery (Mershon

et al., 2002), and uterine leukocytes (Hunt et al., 1997).

Many previous studies have demonstrated that estrogen alters B cell differentiation and/or

function. We previously showed that chronic 17-b estradiol treatment [3-5 months using

silastic implants (7 mm long, containing 4-6 mg of 17-b estradiol)] induces hyperactivity in B

cells, resulting in increased immunoglobulins, autoantibodies, and plasma cells (Verthelyi and
Ahmed, 1998). Although the long-term 17-b estradiol treatment of C57BL/6 mice caused a

decrease in numbers of CD45+ (B220+) cells, it increased the serum titers of IgG by 6-fold

and IgM by 3-fold (Verthelyi and Ahmed, 1998). This may be due to a direct effect of
estrogen on mature B cells or the regulation of the synthesis of T cell-derived cytokines that

in turn regulate B cell functions.  In the present study, the levels of IgG, IgG2a and IgM were
not significantly increased by treatment with 4mg 17-b estradiol / 100g body weight. Possible

explanations for the differences between our study and the previous study (Verthelyi and

Ahmed, 1998) may involve the shorter duration of exposure, the lower 17-b estradiol dose,

and the different strain of mice used in out current study.

Taken together, this study demonstrates that the immune system is a sensitive target for 17-b

estradiol even in CD-1 mice whose reproductive tissues are less responsive to this hormone.

Short-term, low-dose 17-b estradiol treatment induced both qualitative (decreased thymocyte

cellularity and increased splenic cellularity) and quantitative (enhanced IFN-g and nitric oxide

levels) changes to the immune system.
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g.) FIGURES

A. Mean relative expression                 B. Mean absolute thymocyte numbers (106 cells)

Table 1. Mean relative expression (Panel A) and mean absolute cell numbers (Panel B) of fresh thymocyte subsets after short-term

estrogen treatment. Freshly isolated thymocytes were stained with anti-CD4, T helper cell marker and anti-CD8, marker for cytotoxic T

cells and analyzed by flow cytometry. Panel A demonstrates the mean relative expression of fresh thymocyte subsets (CD4+CD8-).

Panel B shows the absolute recoveries of thymic subsets from male CD1 mice (mean of % expression multiplied with cell recovery).

The data are presented as means ± S.E.M. Means with different superscript per row differed at P<0.05 (a, b) or P<0.01 (c, d).

17-b-estradiol (mg/100 g b.w.) 17-b-estradiol (mg/100g b.w.)

 0 2 4  0 2 4

CD4+CD8- 18.5±1.13 a 14.04±1.15 b 15.32±1.23 b CD4+CD8- 2.12±0.45 c 1.32±0.38 cd 0.18±0.06 d

CD4-CD8+ 4.6±0.58 3.03±0.39 3.71±0.82 CD4-CD8+ 0.56±0.14 a 0.27±0.08 ab 0.03±0.01 b

CD4+CD8+ 69.38±3.09 78.06±2.74 75.85±2.48 CD4+CD8+ 8.46±2.26 a 8.29±2.67 ab 0.51±0.08 b

CD4-CD8- 7.50±2.06 4.87±1.41 5.08±0.54 CD4-CD8- 0.79±0.26 0.39±0.12 0.05±0.01
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Table 2. Effects of short-term estrogen treatment on apoptosis of total thymocyte and thymocyte

subsets: Isolated thymocytes from 6 CD1 mice per treatment group of short-term 17-b-estradiol

with 0, 2, 4 mg/100 g body weight were stained with anti-CD4 and anti-CD8-FITC antibodies

and 7-AAD. The whole thymocyte population was analyzed for apoptosis via gating on 7-AAD
staining. The 7-AAD defines programmed cell death via binding DNA and identifies as 7-

AADdull, live, 7-AADintermediate, early apoptotic, or 7-AADbright, late apoptotic/ necrotic cells.  The

thymocyte populations were analyzed by flow cytometer. The data are presented as means ±
S.E.M.  Means with different superscripts per row differed at P<0.05 (a, b).

 17-b-estradiol (mg/100 g b.w.)
! 0 2 4

Total thymocytes
Live cells 89.75 ± 0.49 89.80 ± 1.9 91.97 ± 0.87

Early apoptotic cells   6.42 ± 1.09     4.62 ± 0.40  3.12 ± 0.29
Late apoptotic cells   3.12 ± 0.29     3.77 ± 0.84  3.40 ± 0.48

Thymocyte subsets
CD4-CD8-

Live cells 85.20 ± 0.94 87.36 ± 2.3 87.82 ± 1.83
Early apoptotic cells   8.07 ± 0.87     5.81 ± 1.18  5.39 ± 0.42
Late apoptotic cells   6.73 ± 0.71     6.81 ± 1.54  6.80 ± 1.44

CD4+CD8-

Live cells 90.72 ± 0.23 88.16 ± 1.79 89.55 ± 1.17
Early apoptotic cells   5.54 ± 0.19 7.10 ± 1.0   4.94 ± 0.63
Late apoptotic cells   3.75 ± 0.22    4.75 ± 1.06   5.51 ± 0.60

CD4-CD8+

Live cells    93.72 ± 0.38 a    90.88 ± 0.96 b     92.12 ± 0.98 ab

Early apoptotic cells      3.83 ± 0.40 a      5.86 ± 0.58 b      4.44 ± 0.46 ab

Late apoptotic cells    2.44 ± 0.27   3.26 ± 0.49   3.43 ± 0.58

CD4+CD8+

Live cells 90.33 ± 0.67 90.52 ± 2.01 93.20 ± 0.81
Early apoptotic cells  6.50 ± 0.55  5.43 ± 0.75   4.54 ± 0.75
Late apoptotic cells  3.17 ± 0.42  4.03 ± 1.14   3.43 ± 0.58
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A. Mean relative expression           B. Mean absolute splenocyte numbers (106 cells)

Table 3. Effect of short-term estrogen treatment on th e subsets of fresh splenic lymphocytes-based on live cells. Freshly isolated

splenic lymphocytes from 6 mice per treatment group were stained with anti-CD45R (B220) and anti-Thy1.2 antibodies and analyzed

by flow cytometry. Panel A shows the mean relative expression of fresh lymphocyte subsets. Panel B shows the absolute recoveries of

splenic lymphocyte subsets from male CD1 mice (% relative expression multiplied with total recovery of splenic lymphocytes). The

data are presented as means ± S.E.M.

17-b-estradiol (mg/100 g b.w.) 17-b-estradiol (mg/100g b.w.)

 0 2 4  0 2 4

CD45R
+ 

Thy1.2
-

63.45 ± 1.77 62.70 ± 3.43 61.13 ± 4.26 CD45R
+ 

Thy1.2
-

13.42±2.09 24.40±5.33 24.73±4.58

CD45R
- 
Thy1.2

+
22.67 ± 1.03 13.39 ± 4.82 21.40 ± 4.69 CD45R

- 
Thy1.2

+
4.95±1.16 4.85±1.62 8.40±1.95

CD45R
- 
Thy1.2

-
10.89 ± 0.73 20.12 ± 3.86 14.71 ± 4.75 CD45R

- 
Thy1.2

-
2.40±0.55 7.70±1.76 6.90±3.30
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Table 4.  Effect of short-term estrogen treatment on apoptosis of fresh splenic

lymphocytes: Freshly isolated splenic lymphocytes from six CD1 mice per treatment
group of 17-b estradiol with 0, 2, 4 mg/100 g body weight were stained with anti-CD45R

(B220), and anti-Thy1.2 antibodies, and 7-AAD and analyzed by flow cytometry. The
data are presented as means ± S.E.M.

 17-b-estradiol (mg/100 g b.w.)
! 0 2 4

Total splenocytes
Live cells 77.72 ± 2.7 75.90 ± 5.22 74.88 ± 5.04

Early apoptotic cells   16.38 ± 1.95 13.17 ± 1.71 20.44 ± 2.48
Late apoptotic cells     5.90 ± 0.76 10.94 ± 4.17   8.70 ± 1.87

CD45R+ Thy1.2-

Live cells 73.60 ± 4.85 73.05 ± 5.82 70.60 ± 6.49
Early apoptotic cells 19.52 ± 3.64 15.01 ± 2.35 19.20 ± 4.08
Late apoptotic cells 6.90 ± 1.2 11.94 ± 4.44 10.20 ± 2.46

CD45R - Thy1.2+

Live cells 90.40 ± 2.93     82.43 ± 5.40    85.05 ± 2.50
Early apoptotic cells  7.06 ± 1.80      8.28 ± 1.95     7.13 ± 2.55
Late apoptotic cells   2.54 ± 1.14      9.30 ± 3.54     7.06 ± 1.10

CD45R - Thy1.2-

Live cells 85.80 ± 0.91 84.75 ± 2.44 84.75 ± 2.19
Early apoptotic cells  9.93 ± 1.17   8.82 ± 0.78 10.04 ± 1.81
Late apoptotic cells  4.28 ± 0.60   6.42 ± 1.81    5.21 ± 0.65
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Table 5 Mean relative expression of splenocyte subsets after 48 hours of culture.  Freshly isolated splenocytes from six CD-1 mice per

treatment group were cultured with or w ithout Con-A (10 mg/ml) for 48 hours. The cultured cells were stained with anti-CD45R

(B220) and anti-Thy1.2 antibodies and evaluated by flow cytometer. The relative expression of media-alone and Con-A-stimulated
lymphocyte subsets are presented as means ± S.E.M.

17-b-estradiol (mg/100 g b.w.)
! 0 2 4

Media

CD45R+ Thy1.2- 19.62 ± 0.39 20.90 ± 1.7 20.88 ± 2.03
CD45R- Thy1.2+   5.23 ± 0.37     3.89 ± 0.67   4.48 ± 0.63
CD45R- Thy1.2- 72.88 ± 105   72.44 ± 2.15 72.08 ± 2.17

Concanavalin-A (Con-A)
CD45R+ Thy1.2- 17.23 ± 1.29 19.60 ± 1.7 20.90 ± 1.01
CD45R- Thy1.2+   4.16 ± 0.35     3.68 ± 0.76   5.01 ± 0.90
CD45R- Thy1.2- 72.84 ± 1.43 70.84 ± 2.3 70.03 ± 0.21
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A. Media B. Con-A

Table 6  Effect of short-term estrogen treatment on splenocytes cultured for 48 hours: Splenic lymphocytes that were isolated from

nine month old out-bred CD1 mice treated for short-term with 17-b-estradiol 0, 2, 4 mg/100 g body weight were cultured in phenol red

free complete RPMI for 48 h rs and stained with anti-CD45R (B220) and anti-Thy1.2 antibodies and 7-AAD. The total splenic

population, the B and T cell subsets were analyzed for apoptosis via gating on 7-AAD staining. The data are reprinted as means ±

S.E.M.

 17-b-estradiol (mg/100g bw)  17-b-estradiol (mg/100g bw)
 0 2 4  0 2 4

Total splenocytes Total splenocytes
Live cells 37.5±3.04 24.88±4.11 25.83±5.16 Live cells 27.85±1.01 28.50±3.24 27.20±5.15

Early apoptotic cells 63.92±2.25 70.83±3.46 70.50±5.18 Early apoptotic cells 70.50±0.52 68.70±2.8 70.0±4.11
Late apoptotic cells 2.3±1.03 4.31±0.67 3.69±0.61 Late apoptotic cells 1.66±0.53 2.82±0.67 2.82±1.08
Total apoptotic cells 66.23±3.04 75.14±4.11 74.18±5.17 Total apoptotic cells 72.16±0.99 71.52±3.23 72.82±5.16

Splenic subsets Splenic subsets

CD45R (B220) +Thy1.2- CD45R (B220) +Thy1.2-

Live cells 54.77±4.89 34.60±7.67 39.65±5.18 Live cells 45.90±2.71 38.30±6.7 43.75±7.56
Early apoptotic cells 33.88±2.07 43.50±7.97 41.08±3.12 Early apoptotic cells 35.77±1.08 39.55±5.74 33.42±2.14
Late apoptotic cells 11.36±3.97 21.88±4.0 19.26±4.06 Late apoptotic cells 18.30±1.81 22.05±1.24 22.80±5.57
Total apoptotic cells 45.24±4.88 65.38±7.67 60.34±5.19 Total apoptotic cells 54.08±2.69 61.60±6.75 56.23±7.57

CD45R (B220)
 -Thy1.2+ CD45R (B220)

 -Thy1.2+

Live cells 73.0±6.52 45.78±10.95 55.15±13.43 Live cells 66.50±4.22 50.70±8.98 58.33±14.39
Early apoptotic cells 19.77±3.12 37.03±9.52 31.58±9.2 Early apoptotic cells 24.95±2.72 31.35±6.7 25.03±5.81
Late apoptotic cells 7.22±3.63 17.17±5.0 13.3±5.45 Late apoptotic cells 8.55±2.11 17.95±2.53 16.69±8.82
Total apoptotic cells 26.99±6.53 54.19±10.95 47.38±15.93 Total apoptotic cells 33.49±4.22 49.30±8.98 41.72±14.38

CD45R (B220) -Thy1.2- CD45R (B220) -Thy1.2-

Live cells 29.12±2.06 24.22±3.64 22.73±4.73 Live cells 27.88±0.51 31.33±3.01 24.92±4.37
Early apoptotic cells 67.98±0.85 70.93±3.01 72.38±5.07 Early apoptotic cells 70.28±0.63 66.22±3.14 71.98±3.11
Late apoptotic cells 2.91±1.23 4.84±0.67 4.93±0.8 Late apoptotic cells 1.81±0.67 2.43±0.19 3.10±1.3
Total apoptotic cells 70.89±2.05 75.77±3.62 77.30±4.71 Total apoptotic cells 72.08±0.51 68.65±3.0 75.07±4.37
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Figure 1: Immunomodulatory effects of short-term 17-b estradiol treatment on the thymus of
CD1 mice. Three subcutaneous doses of 17-b estradiol at 2 mg/100g body weight or 4
mg/100g body weight were given to 6 mice per treatment group on alternate days. Control
mice received an equivalent volume of oil only (0 mg/100g body weight; n=5 mice).
Thymocytes were isolated and cells were analyzed using a CASY cell counter. The cells
gated between 5.0 and 10 mM were quantitated. Panel A demonstrates representative
thymocyte cell counts and profiles from vehicle-control 0, 2 and 4 mg/100g body weight 17-b
estradiol given male CD-1 mice. Panel B shows the thymic weights per body weight and
thymocyte cell counts. Data are represented as mean ± standard error of mean (S.E.M.).
Means with superscripts differ at P<0.05.
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Figure 2: Immunomodulatory effects of short-term 17-b estradiol treatment on the spleen of
CD1 mice. Isolated splenocytes were analyzed with a CASY cell counter from 6 or 7 mice
per treatment group. Panel A demonstrates representative profiles of splenocyte counts from
vehicle-control (0), 2 and 4 mg/100g body weight 17-b  estradiol given to mice. Panel B
shows the splenic cell counts by gate. Data are represented as mean ± standard error of mean
(S.E.M.).  Means with different superscript per row differ at P<0.05.
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Figure 3. Short-term 17-b estradiol treatment affects levels of IFN-g, IL-4 and IFN-g/IL-4
ratio. Splenic lymphocytes isolated from 6 male CD-1 mice per treatment group of 17-b-
estradiol (2 and 4 mg/100g body weight) or oil were stimulated with Con-A (10 mg/ml) for 24
hrs. The supernatants were collected and analyzed for concentrations of IFN-g (pg/ml) and
IL-4 (pg/ml). The 17-b-estradiol treatment affected IFN-g (P=0.03; Panel A), IL-4 (P=0.09;
Panel B), and the ratio of IFN-g/IL-4 (P=0.009; Panel C). Bars represent means ± S.E.M.
Bars marked with different letters differ at P<0.05.
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Figure 4. Short-term 17-b estradiol treatment increases nitric oxide levels. Splenic
lymphocytes isolated from 6 male CD-1 mice per treatment group of 17-b estradiol (2 and 4
mg/100g body weight)  or oil as control were cultured in media alone Panel A or with Con-A
(10 mg/ml) Panel B for 48 hrs. The 17-b estradiol treatment affected the level of nitric oxide
in the supernatants which were measured with the Griess Assay after incubation with media
(P=0.005, Panel A) and Con-A (P=0.04, Panel B). Bars represent means ± S.E.M. Bars
marked with different letters differ at P<0.05.
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Figure 5. Short-term 17-b estradiol treatment and levels of IgM, IgG and IgG2a. Three
subcutaneous doses of 17-b estradiol at 2 mg/100g body weight or 4 mg/100g body weight
were given to 6 mice per treatment group on alternate days. Control mice received an
equivalent volume of oil only (0 mg/100g body weight; n=5 mice). Sera from 6 male CD-1
mice per treatment group were analyzed for levels of Panel A IgM; Panel B IgG; and Panel C
IgG2a. Data are represented as mean ± standard error of mean (S.E.M.).

m
g/

m
l

17b-estradiol(mg/100g b.w.)

(A) IgM (B) IgG

0 2 4
0

5

10

15

20

25

30

35

40

45
(C) IgG2a

0 2 4
0

10

20

30

40

50

60

70

0

10

20

30

40

50

60

70

0 2 4



357

VITA

Ebru Karpuzoglu-Sahin was born on March 6, 1971, in New York, USA. She received her

high school diploma from Antalya Anatolian High School in Antalya, Turkey, in 1989. She

graduated with her Bachelors of Science degree in Biology with Honors from Middle East

Technical University Ankara, Turkey, 1994. She enrolled in a Masters of Science program in

Biotechnology in Akdeniz University, Antalya, Turkey. She completed her M.Sc. Thesis

“Early identification of CMV infections due to immunosuppressive drug therapy in kidney

transplant patients by PCR” in 1996 with Honors. During her masters, she received a

fellowship funded by UNIDO for scientific research and training program at Institute G.

Gaslini Genoa, Italy to work on RET gene of Hirschsprung disease. Subsequently, she

enrolled in a Doctor of Philosophy program at the VA-MD Regional College of Veterinary

Medicine, Department of Biomedical Sciences and Pathobiology. She continued her

academic pursuit under Dr. S. Ansar Ahmed’s supervision in immunology. She is the

daughter of Tuncer Karpuzoglu, Professor of General Surgery, and Gulten Karpuzoglu,

Professor of Pathology in Akdeniz University, Antalya, Turkey.


