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Exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) results in both an 

enhanced inflammatory response and a suppressed antibody response following 

administration of intraperitoneal (ip) sheep red blood cells (SRBC). The objectives of 

these studies were to evaluate the role of inflammatory mediators in these immunotoxic 

responses to TCDD and to determine whether these responses are linked mechanistically 

through an alteration in levels of specific inflammatory mediators. 

The role of interleukin-1 (IL-1), tumor necrosis factor (TNF) and nitric oxide 

(NO) in the TCDD-induced enhanced peritoneal inflammatory response and suppressed 

antibody response to SRBC was evaluated in C57B1/6 mice. The inflammatory cell 

influx and the number of plaque forming cells (PFC) generated in response to ip SRBC 

were measured following exposure to TCDD and the administration of exogenous 

cytokines or specific cytokine inhibitors. The effects of exposure to TCDD on the 

production of inflammatory mediators by peritoneal cells were also measured. Finally, 

the effects of TCDD exposure on the intracellular processing and secretion of TNF was 

evaluated in cultured murine macrophages using immunohistochemistry and flow 

cytometry. 

TCDD exposure resulted in an increase in the production and secretion of TNF by 

peritoneal cells. Circulating levels of TNF also increased in mice exposed to TCDD and 

injected with SRBC. Studies using specific cytokine inhibitors demonstrated that the 

TCDD-induced increase in TNF activity is critical in mediating the enhanced 
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inflammatory response to SRBC. Interestingly, although exogenous TNF was shown to 

suppress antibody production, increased TNF activity did not affect the TCDD-induced 

antibody suppression. TCDD exposure also resulted in an increase in NO produced by 

activated peritoneal cells, and inhibition of NO production partially restored the TCDD-

induced suppression in the antibody response to SRBC. 

These studies indicate that TCDD exposure alters the profile of inflammatory 

mediators produced by peritoneal cells, and that an alteration in levels of specific 

inflammatory mediators contributes to the TCDD-induced effects of hyperinflammation 

and antibody suppression. Results suggest, however, that enhancement of the 

inflammatory response by TCDD is not linked mechanistically to suppression of the 

antibody response through an alteration in levels of the inflammatory mediators tested. 
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The Role of Proinflammatory Mediators in 
2,3,7,8-Tetrachlorodibenzo-p-dioxin Induce Immunotoxicities 

Chapter One 

Introduction 

TCDD: 
2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is the prototype for a large group of 

structurally related halogenated aromatic hydrocarbons (HAH) (fig. 1). These compounds 

are lipophilic and extremely resistant to environmental and biological degradation. As a 

consequence they tend to persist in the environment for long periods of time and 

concentrate in the food chain (Poland and Knutson, 1982). HAHs induce a similar battery 

of biochemical and toxic responses in animals which vary primarily in potency. 

Figure 1.1. Structure of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) 

TCDD, the most extensively studied HAH, is highly toxic (Poland and Knutson, 

1982) and its persistence in the environment renders this compound a potential health 

hazard. Except for its use as a prototypic ligand in scientific studies, TCDD has no known 

industrial or commercial use and is not intentionally manufactured by any industry. It is 

inadvertently produced in the industrial manufacturing of certain pesticides the most 

renowned being trichlorophenoxy acetic acid (2,4,5 TCP) or Agent Orange, the defoliant 

used in Vietnam. It is also generated in low levels during the incineration of industrial 

and municipal wastes and as a byproduct of the chlorine bleaching process. At this time, 

there is some controversy over health risks associated with human exposure (Birnbaum 

1994; Johnson 1993; Vanden Heuvel and Lucier, 1993). The best documented adverse 
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1994; Johnson 1993; Vanden Heuvel and Lucier, 1993). The best documented adverse 

response to high dose exposure to TCDD is chloracne, a disfiguring skin condition 

characterized by alterations in epithelial cell growth and differentiation (Gaido, et al., 

1991). A variety of different cancers including soft-tissue sarcoma (Fingerhut et al., 

1991) and an increase in the overall cancer death rate (Manz, 1991) have been reported in 

chemical workers exposed to TCDD. Studies of U.S. veterans exposed to TCDD-

contaminated Agent Orange found that these men also faced an increased risk of 

developing a variety of different cancers and of fathering a child with birth defects (Houk, 

1991). In studies evaluating the immunotoxic effects of TCDD on humans, there is a lack 

of consistent, significant exposure-related effects (Kerkvliet and Burlson, 1994). This is 

likely due to a number of factors including difficulties in assessing subclinical immune 

modulation in an outbred (human) population, the lack of studies on individuals with 

known documented exposure and an inappropriateness of the assays used to assess 

immune function (Kerkvliet and Burlson, 1994). The ubiquitous occurrence of TCDD in 

the environment also complicates the comparison between exposed and supposedly 

unexposed populations (Vanden Heuvel and Lucier, 1993). Consequently, the subtle 

effects of chronic, low dose exposure that might result from ingestion of contaminated 

fish or vegetables or in nursing infants (Schecter et al., 1994) are difficult to detect and 

have not been well documented. This is in contrast to the well characterized toxic effects 

that are observed in laboratory animals following exposure to TCDD under controlled, 

experimental conditions. 

General Toxicity: 

In laboratory animals, the toxic responses to TCDD exposure vary greatly. For 

example, there is a marked difference in the LD50 among species. While guinea pigs are 

extremely sensitive with an LD50 of 1 ug/kg body weight, hamsters are relatively resistant 

with an LDS() five thousand times greater (Poland and Knutson, 1982). In addition to 

variation in susceptibility among species, lethality due to TCDD exposure is intriguing 

for two reasons. First, the time from exposure to death is quite long; (2-3 weeks in mice 
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and up to six weeks in monkeys (Theobald et al 1983)), and independent of dose 

(Birnbaum, 1994). Second, the cause of death is enigmatic. Except in the rabbit where 

extensive liver necrosis develops and in monkeys that succumb to profound 

pancytopenia, it is difficult to identify what organ system failure is responsible for death 

(Poland and Knutson, 1982). In response to TCDD exposure, animals become cachetic, 

lipid and carbohydrate metabolism are altered (Lentnek, et al., 1991)(Sparrow et al., 

1994), and a profound wasting disease develops, often involving the loss of as much as 

one third to one half of the total body weight (Birnbaum, 1994). Clinically, multisystem 

effects are seen that resemble the effects of starvation, although cachexia and starvation 

alone cannot account for the lethal effects of TCDD exposure. (Theobald, 1983) 

Pathologic responses to TCDD can be grouped into three general classes: 

1) altered metabolism resulting from changes in enzyme levels; 2) altered homeostasis 

resulting from changes in hormones and their receptors; and 3) altered growth and 

differentiation resulting from changes in growth factors and their receptors (Birnbaum, 

1994) and include tissue specific hyper- and hypo-plasia, teratogenicity, hepatotoxicity, 

skin lesions, altered carbohydrate metabolism, altered hormone and hormone receptor 

levels and carcinogenesis (James et al., 1993; Lucier et al., 1993; Dickson and Buzik, 

1993; and Safe 1990). Not all effects occur in all species and many are tissue- and 

developmental-stage specific. Within a species, adverse effects vary with the strain, sex 

and age of the animal. The large quantitative differences in species sensitivity and the 

large qualitative differences in tissue specificity cannot be explained by a difference in 

metabolism or clearance of the TCDD (Poland and Knutson, 1982; Hankinson, 1995). 

However, but variation in the degree of susceptibility and response to TCDD may result 

in part from differences in distribution and/or affinity of the aryl hydrocarbon receptor 

complex (AhRC) discussed below. 

Mechanism of Action: 

The biochemical and toxic effects of TCDD appear to be mediated via binding to 

an intracellular receptor, the aryl hydrocarbon or Ah receptor (Whitlock, 1993, Van den 
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Heuvel; Lucier 1993, Kerkvliet, N.I. and Burlson, G.R. 1994.) This ligand/receptor 

interaction is analogous to the mechanism of action of steroid hormones although the 

receptor protein itself differs in structure and is not a member of the steroid-thyroid

retinoic acid receptor superfamily of proteins (Hankinson, 1995). (Figure 2) In its 

unbound form, the cytoplasmic receptor is complexed to at least two heat shock proteins 

(HSP) and possibly another 46 kDa protein (Hankinson, 1995). TCDD, lipophilic in 

nature, readily passes through the cellular membrane and binds with high affinity to the 

cytoplasmic Ah receptor (Kd=10-12M) (Lai et al., 1996). Once the ligand binds, the heat 

shock proteins dissociate and the ligand-receptor complex binds to another protein called 

ART, an acronym for Ah receptor translocating protein. ART was originally thought to 

be cytoplasmic but more recent studies leave the cellular location of ART unresolved 

(Hankinson, 1995). The exact function of this protein is also in question. In spite of its 

name, ART does not appear to be directly involved in translocating the AhRC to the 

nucleus, as ART-deficient mutants are proficient in this translocation process (Pollenz, et 

al 1994). The ART protein does function to stabilize the receptor complex and facilitates 

the binding of this complex to discrete DNA sequences, so called dioxin response 

elements (DREs) in the promoter regions of specific genes (Lai, et al., 1996). The 

activated AhRC acts as a ligand-activated transcription factor inducing transcription of 

specific genes and an increase in the synthesis of the corresponding mRNA. It is 

hypothesized that alterations in the expression of specific gene products mediates the 

biochemical and toxic effects of TCDD exposure. 

TCDD has been shown to modulate the expression of a large array of genes in 

different tissues and cells lines. The best characterized among these is the induction of the 

CYP1A 1 family of mixed function oxidases (Nebert et al., 1993; Hankinson, 1995). 

Other gene products regulated by transcriptional activation by the AhRC include other 

enzymes of xenobiotic metabolism (Phase 1; CYP1A2 and CYP1B1, and Phase 11; 

NADP(H):oxidoreductase, aldehyde dehydrogenase (ALDH) (Nebert et al., 1993), 

proteins involved in the processes of cell growth and activation (plasminogen activator 

inhibitor (PAI-2), transforming growth factors a and 132 (TGFa, TG932) (Gaido and 
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Maness, 1994; Gaido et al., 1992), c-fos, Jun-B, c-jun and Jun-D (Puga, et al., 1992)), 

and aminolevulinic acid synthase (ALAS) (involved in porphyrin biosynthesis and 

essential for oxygen and electron carrying proteins) (Hankinson, 1995). 

A number of other proteins or mRNAs have been shown to be modulated by 

TCDD exposure in particular tissues or cells although it has not yet been confirmed that 

these alterations are direct effects of TCDD or that they are AhR dependent (Hankinson, 

1995; Lai et al., 1996). TCDD-dependent alterations in mRNA and/or proteins involved 

in inflammatory processes are of particular interest in these studies and include 

interleukin-1 p (IL-113), (Sutter, et al., 1991; Yin, et al., 1994; Vogel and Abel 1995; Lai 

et al., 1996) tumor necrosis factor a (TNFa) (Vogel and Abel, 1995; Lai et al., 1996) and 

prostaglandin G/H synthase (responsible for the synthesis of prostaglandin from 

arachidonic acid) (Olnes et al, 1994). 

Figure 1.2. The Ah Receptor Model 
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Immunotoxicity of TCDD: 

The immune system appears to be one of the most sensitive targets for the toxicity 

of TCDD. Although best characterized in the mouse, the immunosuppressive effects of 

HAH have been described in numerous species including rodents, guinea pigs, rabbits, 

monkeys, marmosets, cattle and chickens (Kerkvliet and Burleson, 1994; Poland and 

Knutson, 1982). The profile of immunotoxicity is complex and suggests that a number of 

different cell types and immunologic processes may be targeted by TCDD and contribute 

to the observed immunosuppression following exposure (Vos and Luster, 1989; 

Holsapple, 1991; Holsapple et al., 1991; Kerkvliet and Burleson, 1994; Kerkvliet, 1995). 

Involution of the thymus gland in response to TCDD exposure is considered a 

hallmark of TCDD toxicity in many animal species (Poland and Knutson, 1982; 

Holsapple, 1991). Exposure to relatively low doses results in a dramatic reduction in 

size and weight of the thymus characterized histologically by a loss of cortical 

lymphocytes (Poland and Knutson, 1982). Because the thymus is a central organ for T 

cell maturation, initial immunotoxic studies focused on the effects of TCDD on T cell-

mediated immunity. In vivo exposure to TCDD results in suppression of delayed type 

hypersensitivity (DTH) responses, graft-vs-host responses, allospecific cytotoxic T 

lymphocyte (CTL) activity, and host defense responses to viral challenge (Reviewed by 

Vos and Luster, 1989;Vos et al., 1991; Hindsill et al., 1980; Holsapple et al., 1991). 

Exposure to TCDD also produces a profound suppression of humoral immune 

responses in different species (Vos and Luster, 1989; Holsapple, 1991; Kerkvliet and 

Burleson, 1994). One of the most sensitive indicators of TCDD immunotoxicity in the 

mouse is suppression of the macrophage and T cell-dependent antibody response to sheep 

red blood cells (SRBC) with an acute single dose ED50 of approximately 0.7 ug/kg 

(Vecchi et al., 1980; Davis and Safe, 1988; Kerkvliet and Brauner, 1990). The targeted 

cell(s) and the specific mechanisms underlying TCDD-induced suppression of the 

antibody response are poorly understood. The anti-SRBC response depends on the 

concerted interactions of antigen presenting cells (APC), regulatory T cells and B cells. In 

vivo studies designed to evaluate target cell sensitivity to TCDD demonstrated an 
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increased sensitivity of antibody responses to T cell-dependent compared to T cell-

independent antigens suggesting that TCDD may target regulatory T cells and/or APC 

(Kerkvliet et al., 1990). In contrast, ex vivo studies suggest that B cells from TCDD-

exposed mice are functionally compromised in in vitro antibody production while T cells 

and APC are not (Dooley and Holsapple, 1988; Dooley et al., 1990). The basis for the 

different responses to TCDD in vivo versus ex vivo and in vitro has not been established. 

A number of studies have examined the effects of TCDD exposure on innate 

immunity. Characterized by non-antigen-specific responses to immune challenge, innate 

immunity involves the interaction of a number of different effector cells including 

neutrophils, macrophages, eosinophils and natural killer cells as well as proteins of the 

complement system. Although TCDD exposure can decrease complement activity and 

serum C3 levels (White et al., 1986; Lin et al., 1991) and cause an inhibition of phorbol 

ester-activated tumor cell lysis by neutrophils (Ackerman et al., 1989), the innate immune 

responses appear overall to be relatively resistant to the suppressive effects of TCDD 

(Kerkvliet, 1995). Natural killer cell activity, macrophage-mediated phagocytosis and 

tumor cell lysis, (House et al., 1990; Mantovani et al., 1980), and the oxidative reactions 

and degranulation capabilities of neutrophils (Ackerman et al., 1989) are not altered by 

TCDD. TCDD exposure may activate innate immune responses as pathologies associated 

with TCDD exposure often involve an inflammatory reaction characterized by an 

accumulation of neutrophils and activated macrophages (Puhvel and Sakamoto, 1988). 

There is increasing experimental evidence to suggest that TCDD exposure may actually 

enhance inflammatory responses (Kerkvliet and Oughton, 1993; Theobald et al., 1983). 

The Acute Inflammatory Process: 

Pathophysiology: The acute inflammatory process involves a well orchestrated 

series of responses initiated by an irritation or injury and resulting in a local increase in 

blood flow and permeability of the vasculature. Plasma and inflammatory cells travel 

across the vascular wall and accumulate in the perivascular space. The end result of this 

process is production of the classical signs rubor (redness), tumor (swelling), dolor 
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(pain), and calor (heat), and functio laesa (loss of function) that characterize acute 

inflammation. 

The events of acute inflammation are initiated and maintained by a variety of 

chemical mediators. Potent proinflammatory cytokines, IL-1 and TNF produced locally 

in response to an inflammatory insult stimulate endothelial cells to produce a cascade of 

soluble mediators including platelet activating factor (PAF), arachidonic acid (AA) 

metabolites, nitric oxide (NO) and interleukin-8 (IL-8), and to upregulate the expression 

of adhesion molecules on the endothelial cell surface (Fig. 3) (Dinarello et al., 1993). 

Arterioles, capillaries and venules dilate in response to histamine produced from mast 

cells, PAF, AA and NO and an increase in blood flow and permeability result in the 

exudation of fluids and plasma proteins into the perivascular space. IL-8, a potent 

neutrophil chemotractant recruits circulating neutrophils and stimulates adherence of 

these cells to the endothelial cell surface (Dinarello, 1993; Van Zee et al., 1991; Rot, 

1992). By a process of diapedesis, neutrophils migrate into the perivascular space where 

they phagocytize and digest microbial agents and necrotic tissue. Monocytes are 

subsequently recruited by a similar process from the circulation to the site of 

inflammation (Stein and Keshav, 1992) and upon entering the tissues, are transformed 

into macrophages. Initially the macrophages participate jointly with neutrophils to rid the 

body of the injurious substance. If the inflammatory stimulus persists, macrophages will 

become the dominant inflammatory cell, lymphocytes will be recruited to the site of 

injury, and the character of the response will shift from an acute to a chronic 

inflammatory response. 
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Figure 1.3. Acute Inflammatory Response: Endothelial Cell Activation (from Dinarello, 

1993). 

Proinflammatory Mediators: 

Cytokines are potent polypeptides that act in an autocrine, paracrine or 

occasionally in an endocrine fashion, via specific cell surface receptors to regulate cell 

function. Cytokines participate in the regulation of the immune response, in the 

processes of inflammation and wound healing, and are involved in normal homeostatic 

processes. Produced by a wide variety of cell types in response to infection, injury or 

inflammation, cytokines are highly conserved across species boundaries (Stein and 

Keshav, 1992). They are extremely potent, often active at femtomolar concentrations 

(Dinarello, 1993) and they are pleiotropic in nature a single cytokine may have multiple 

tissue targets and result in a broad array of physiologic effects. A further feature that 

characterizes cytokines is their redundancy, that is different cytokines often share the 

same broad spectrum of activities. Redundancy is particularly characteristic of the 

proinflammatory cytokines IL-1 and TNF. These inflammatory mediators are critical 
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components of normal host defenses and serve as major host-derived inducers of 

important inflammatory and immunoregulatory processes. While cytokine activity is 

generally considered beneficial to the host, dysregulation of these potent mediators can 

lead to deleterious effects (Dinarello, 1991). The predominant manifestations of certain 

disease states including cachexia and endotoxic shock, for example, are directly 

attributable to a deranged cascade of cytokine effects (Tracey and Cerami, 1993). 

IL-1: The IL-1 family consists of three structurally related peptides, IL -la, IL-113, 

and IL-lra. IL-1 a and IL-1I3 are separate gene products produced by the same cells in 

response to identical stimuli. Evidence suggests that IL-la remains membrane associated 

while IL-1 p is secreted into the extracellular fluid (Dinarello, 1988). Membrane bound 

IL-la facilitates the ability of IL-1 to participate in autocrine and paracrine events 

without inducing the systemic effects that occur when IL-1 gains access to the circulation. 

Although IL-la and IL-1f3 share only 25% homology at the amino acid level, they share 

the same receptors and mediate the same spectrum of biological activities (Dinarello, 

1992) including inflammatory, metabolic, immunologic and hematopoietic processes 

(Fenton, 1992). 

The biological effects of IL-1 can be divided into local (paracrine or autocrine) 

and systemic (endocrine) effects. First identified in the 1940's as an "endogenous 

pyrogen", systemic IL-1 includes fever, neutrophilia, anorexia, hypotension and shock 

(Dinarello, 1992). The local effects of IL-1 include neutrophil migration, an increase in 

production of prostaglandin, activation of B and T lymphocytes, induction of acute phase 

proteins from hepatocytes, fibroblast proliferation, and differentiation and proliferation of 

bone marrow cells (Dinarello and Wolff, 1993). 

The third member of the IL-1 family, IL-1 receptor antagonist (IL -IRA) is a 

specific inhibitor of IL-1 activity that acts by blocking the binding of IL-1 to its cell-

surface receptors. Structurally related to IL-la and IL-1I3, IL -IRA binds both type 1 and 

type 11 IL-1 receptors with high affinity and exhibits no agonist activity. Initially purified 

from the urine of patients with fever or monocytic leukemia (Arend, 1991), IL-1RA can 
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be measured in the circulation following experimental inflammation and clinical disease 

(Fisher et al., 1992). The synthesis of IL -IRA is a natural part of the resolution or 

containment of the inflammatory process and inhibition of IL-1 activity helps to maintain 

a balance between the beneficial and deleterious effects of this potent cytokine. A large 

number of studies have demonstrated the ability of recombinant IL-1RA to block IL-1 

activity both in vitro and in vivo (Dinarello and Thompson, 1991), and IL -IRA is 

currently in clinical trials for treatment of IL-1 mediated diseases. 

TNF: Initially characterized by its ability to promote tumor cell lysis, TNF is a 

multifunctional cytokine capable of influencing the growth, differentiation and function 

of a broad range of cells (Sherry and Cerami, 1988, Vassalli, 1992). TNFa is produced by 

macrophages (MAC) (Beutler et al., 1985) as well as by other activated cells including T 

cells, B cells, NK cells, mast cells (which are unique in that they contain TNF in stored 

granules), PMN, keratinocytes, astrocytes and microglial cells (Vasselli, 1992). Like IL

1, TNF mediates a broad range of biological responses, exerts both systemic and local 

effects and, although an essential element of normal host defense, excessive or 

overproduction of TNF can be detrimental to the host. (Van Zee et al., 1992). 

Systemically, TNF is a critical mediator of endotoxic shock, induces fever mediated 

through an increase in prostaglandin biosynthesis in the hypothalamus, and causes the 

cachexia of chronic disease characterized by protein catabolism, organ failure and 

suppressed immunologic function (Tracey and Cerami, 1993). On a local level, TNF 

plays an integral role in immune and inflammatory responses, and affects multiple 

different cells. Endothelial cells, considered a primary target of TNF, respond to 

exposure with an increased production of inflammatory mediators, upregulation of 

adhesion molecules, and promotion of procoagulant activity. Monocytes and 

macrophages are both a main source and a primary target of TNF, exposure results in 

activation and differentiation and potentiates further TNF release. TNF enhances 

degranulation, phagocytosis and the generation of superoxide radicals in neutrophils and 

promotes neutrophil adhesion to endothelial cells. TNF promotes the growth and 
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differentiation of activated T and B cells, stimulates production of numerous cytokines 

and inhibits collagen synthesis in fibroblasts and increases differentiation and cytokine 

production in keratinocytes (reviewed by Vassealli, 1992; Tracey and Cerami, 1993; 

Beuler and Cerami, 1989). 

Naturally occurring inhibitors of TNF activity have been identified in human 

urine and serum and in cell-culture systems (Van Zee et al., 1992). The inhibitors are the 

extracellular domains of the TNF receptors proteolytically cleaved from the cell surface 

in response to many of the same inflammatory stimuli that induce TNF production. It is 

unclear at this time whether circulating soluble receptors function to inhibit TNF activity 

by binding TNF and making it unavailable for receptor binding and signal transduction or 

if they function to increase the halflife of circulating TNF by acting as a slow release 

reservoir (Mohler et al., 1993). In either case, the appearance of extracellular soluble 

receptors provides a regulatory mechanism to modulate the potentially harmful effects of 

excessive TNF activity that might arise in response to severe injury or infection (Van 

Zee, et al.; 1992, Lantz). Recombinant TNF soluble receptors dimerized and fused to the 

Fc portion of IgG immunoglobulin have been used effectively to inhibit TNF activity in 

many model systems (Lesslauer, 1991;Wooley, et al., 1993; Mohler, et al., 1993). 

NO: Nitric Oxide (NO), biologically active compound involved in acute and 

chronic inflammatory process plays a critical role in cell signaling and has been 

implicated in the pathophysiology of a number of diseases (Moncada and Higgs, 1993). 

NO is synthesized from L-arginine by a family of enzymes, the nitric oxide synthases. 

The constitutive isoform of NO synthase (NOS) is Ca' dependent and produces small 

amounts of NO which mediate endothelium-dependent relaxation and neural transmission 

(Corbett et al., 1992; Moncada and Higgs, 1993). Larger amounts of NO are produced by 

the cytokine-inducible form of NO synthase which is Ca' -independent (Corbett et al., 

1992; Moncada and Higgs, 1993). The NO produced by the inducible enzyme plays a 

key role in nonspecific defense mechanisms against pathogens (Salvemini et al., 1996) 
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and in the vascular dilitation characteristic ct acute inflammation (Moncada and Higgs, 

1993). 

The Effects of TCDD on Acute Inflammation: 

Many of the toxic syndromes associated with TCDD exposure involve a local 

accumulation of inflammatory cells (Chapman, 1985; Puhvel and Sakamoto, 1988). 

Theobold et al. (1983) were the first to identify and characterize a TCDD-induced 

proinflammatory response. These investigators observed enhanced paw edema formation 

in response to subplantar injections of carrageenan or dextran in rats exposed to TCDD. 

In these studies, the TCDD effect was limited to the acute phase of the inflammatory 

response and was not due to an increase in the vasoactive amines, histamine or serotonin.. 

The results led these investigators to speculate that TCDD targets the vascular 

endothelium by altering production, release or degradation of other proinflammatory 

mediator(s) involved in edema formation, or by increasing the responsiveness of the 

vascular endothelium to those mediators. 

Kerkvliet and Oughton (1993) observed that C57B1/6 mice exposed to TCDD 

generated an enhanced inflammatory response following an intraperitoneal (ip) injection 

of SRBC. This response was characterized by an increase in neutrophils (PMN) and 

MAC harvested from the peritoneum at various times following antigen exposure. Since 

TCDD administered orally did not by itself initiate an inflammatory reaction, exposure to 

TCDD appears to exert some effect that results in an enhancement of the response to an 

inflammatory stimulus. One mechanism by which TCDD could augment the peritoneal 

inflammatory response is through enhanced production of inflammatory mediators. 

Because of the similarities between the pathophysiologic effects of the 

inflammatory mediators and the adverse effects of TCDD exposure, the role of these 

mediators in TCDD toxicities has been investigated. A relationship between IL-1 and 

TCDD was first identified by Sutter et al (1991). In the skin, epidermal keratinocytes are 

the primary producer of IL-1. Normally produced in low levels, IL-1 production can 

increase dramatically in response to stimulation or injury and recent studies have 
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identified a role for IL-1 in skin injury and disease processes involving altered regulation 

and differentiation of epithelial cells (Yin et al., 1994). Increased levels of IL-1 p mRNA 

were identified in a human keratinocyte cell line exposed to TCDD, suggesting that IL-1I3 

may be transcriptionally regulated by TCDD (Yin et al., 1994). 

Reports from several different laboratories suggest that an increase in TNF 

activity may be associated with the toxic effects of TCDD. Clark et al. (1991) 

demonstrated a hypersensitivity to endotoxin in mice exposed to TCDD and a 

corresponding dose-dependent increase in serum TNF levels. Studies by Taylor et al. 

(1992) also suggest that TNF is a mediator of TCDD toxicity. Administration of anti-

TNF antibodies inhibited the weight loss, elevations in serum chemistry values and 

mortality associated with acute TCDD toxicity. Alsharif et al. (1994) identified TNF as 

playing a critical role in amplifying the oxidative stress-induced tissue injury observed in 

TCDD-exposed mice. Increased levels of TNF were measured in LPS-stimulated PEC 

harvested from mice exposed to ip doses of TCDD (Massa, 1992) and from HIV infected 

promonocytic Ul cells (Gollapudi et al., 1996). 

At this time there have been no reports describing an effect of TCDD on NO 

production. A single reference to the production of reactive nitrogen intermediates 

formed in response to TCDD was cited by Alsharif (1994). Several lines of evidence, 

however, suggest that NO may contribute to toxicities induced by TCDD. For example, 

NO plays a critical role in the acute inflammatory response (Moncada and Higgs, 1993; 

Dinarello et al., 1993; Salvemini et al., 1996), and has been shown to mediate suppression 

of the primary antibody response to SRBC in mice (Al-Ramadi et al., 1992; Eisenstein et 

al., 1994). 

Objectives 

The overall objectives of the following studies were twofold; first, to better 

understand the pathophysiologic mechanisms involved in the TCDD-induced 

hyperinflammatory response to SRBC, and second, to address the question of whether the 
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TCDD-induced hyperinflammatory response to SRBC is linked mechanistically to the 

TCDD-induced suppression of the anti-SRBC antibody response. 

Chapter Two describes studies designed to test the hypothesis that TCDD 

exposure increases activity of the proinflammatory cytokines, IL-1 and/or TNF resulting 

in an enhanced inflammatory response to ip SRBC. To test this hypothesis, we first 

examined the ability of exogenous IL-1 and TNF to mimic the effects of TCDD on 

peritoneal inflammation. Second, to determine the contribution of these cytokines to the 

TCDD-induced enhanced inflammatory response, we specifically blocked IL-1 and TNF 

activity using an IL-1 receptor antagonist and a TNF soluble binding protein and 

evaluated the peritoneal inflammatory response in TCDD-exposed and control mice. In 

addition, plasma TNF levels were measured to determine whether TCDD exposure can 

increase production of this cytokine in response to ip SRBC. 

Studies in Chapter Three were designed to test the hypothesis that TCDD targets 

the peritoneal exudate cell and increases production of TNF in response to an appropriate 

inflammatory stimulus. The effects of TCDD on TNF production by both an LPS-

stimulated macrophage cell line and ex vivo peritoneal exudate cells were evaluated. In 

addition, immunocytochemistry and flow cytometric analysis were used to characterize 

intracellular production and cellular processing of TNF in these cells. 

In Chapter Four we tested the hypothesis that the TCDD-induced 

hyperinflammatory response to SRBC and the TCDD-induced suppression in the anti-

SRBC primary antibody response are linked mechanistically through an increase in TNF 

activity. To determine whether altered levels of TNF are capable of affecting the primary 

antibody response, we evaluated the effects of TNF on the splenic plaque-forming cell 

response to SRBC. To determine the contribution of elevated TNF levels to TCDD-

induced antibody suppression, we blocked TNF activity using a soluble TNF binding 

protein during the course of antibody production. The effect of TNF inhibition on the 

antibody response to SRBC was measured in control and TCDD-exposed mice. 

The involvement of NO in TCDD-induced immunotoxicities was evaluated in 

Chapter Five. These studies were designed to test the hypothesis that in response to 
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TCDD exposure and an appropriate inflammatory stimulus, more NO is produced locally 

contributing to both an enhanced inflammatory response to SRBC and a downstream 

suppression in the primary antibody response. To test this hypothesis, we first examined 

the effects of TCDD exposure on NO production by activated peritoneal cells. The 

involvement of NO in TCDD-induced hyperinflammation and TCDD-induced antibody 

suppression was then evaluated by measuring the SRBC-induced peritoneal inflammatory 

response and SRBC antibody production in mice following treatment with 

aminoguanidine, an inhibitor of NO production. 
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Abstract 

Recent studies have demonstrated that TCDD exposure of C57BI/6 mice results in 

an enhanced inflammatory response to intraperitoneal injection of sheep red blood cells 

(SRBC). This response is characterized by an increase in total peritoneal cells (PEC) as 

well as an increase in relative and absolute numbers of neutrophils (PMN) harvested 16 to 

40 hours following injection of SRBC. The mechanisms whereby TCDD increases 

cellular influx are unknown. In the present studies, the role of the proinflammatory 

cytokines interleukin 1 (IL-1) and tumor necrosis factor (TNF) in TCDD-induced 

hyperinflammation was examined. Intraperitoneal administration of recombinant IL -1(3 

(0.4 U) or TNFa (10 ng) resulted in an enhanced peritoneal inflammatory response 

compared to PBS injected control animals measured 20 hours following injection of 

SRBC. The effect of exogenous cytokines mimicked the effects of exposure to 5 ug/kg 

TCDD. When endogenous IL-1 activity was blocked using an IL-1 receptor antagonist 

(IL-lra, 1 mg every 3 hrs.), the PMN influx was significantly decreased in control 

animals but not in animals exposed to 20 ug/kg TCDD. When endogenous TNF activity 

was blocked using a TNF soluble receptor (rhuTNFR:Fc 100 ug) the numbers of total 

PEC and macrophages (MAC) harvested from control mice was reduced while in mice 

exposed to 20 ug/kg TCDD, inhibition of TNF activity dramatically reduced the numbers 

of PEC, MAC, and PMN. Following rhTNFR:Fc treatment, there was no difference 

between TCDD treated and control mice in inflammatory cell influx. These results 

demonstrate that TNF plays a major role in mediating TCDD induced 

hyperinflammation. In support of this conclusion, a dose dependent increase in plasma 

TNFa was measured by ELISA in TCDD treated mice following SRBC injection. 

Introduction 

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) represents the prototype of a large 

group of toxic halogenated aromatic hydrocarbons that are widespread environmental 

contaminants. The immunotoxic properties of TCDD are well documented in several 

animal species (Holsapple et al., 1991). One of the most sensitive indicators of TCDD 
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immunotoxicity is a suppression of the macrophage and T-cell dependent antibody 

response to sheep red blood cells (SRBC) (Vecchi et al., 1980; Davis and Safe, 1988; 

Kerkvliet and Brauner, 1990). 

We recently reported that TCDD exposure in mice results in an enhanced 

inflammatory response to intraperitoneal (ip) injection of SRBC (Kerkvliet and Oughton, 

1993). This effect was characterized by increases in total peritoneal cell (PEC) numbers 

as well as absolute and relative numbers of neutrophils (PMN) harvested from the 

peritoneal cavity 16 to 40 hours following injection of SRBC. The mechanisms whereby 

TCDD increases cellular influx following SRBC injection are not known. 

IL-1 and TNF represent integral components of normal host defense and serve as 

major host derived inducers of important immunoregulatory factors. Both recombinant 

IL-1 and TNF induce neutrophil infiltration into the peritoneal cavity in mice (Sayers et 

al., 1988). Dysregulation or enhancement in activity of these cytokines may lead to a 

proinflammatory condition and disruption in normal immune function. Recent reports 

have demonstrated that both of these inflammatory mediators may be involved in 

responses to TCDD exposure. Sutter et al. (1991) reported increased levels of IL -1(3 

mRNA in keratinocytes exposed in vitro to TCDD, suggesting that the IL-lp gene may 

be transcriptionally regulated by TCDD. Significantly elevated levels of TNF have been 

measured in the serum of TCDD exposed mice following endotoxin treatment (Clark et 

al., 1991b). Pretreatment with TNF antibodies reduced TCDD-induced endotoxin 

hypersensitivity (Clark et al., 1991a) and acute toxicity resulting from TCDD exposure 

(Taylor et al., 1992). 

To examine the role that IL-1 and TNF play in TCDD-induced hyper-

inflammation, we first examined the ability of exogenous cytokines to mimic the effects 

of TCDD on peritoneal inflammation. Secondly, we used an IL-1 receptor antagonist 

(IL-lra) and a TNF soluble binding protein (rhuTNFR:Fc) to specifically block IL-1 and 

TNF activity during the inflammatory response (Dinarello et al., 1993). In addition, 

plasma TNFoc levels were measured to determine whether TCDD exposure increases 

circulating levels of this cytokine following antigen sensitization. 
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Methods and Materials 

Female C57BI/6 mice (Jackson Laboratories, Bar Harbor ME) were maintained in 

a specific virus free colony, housed 4-6 per cage in front of a laminar flow unit and 

provided with food (Wayne Rodent Blox) and water ad libitum. Mice were acclimated 

for a minimum of 10 days and were used at 7-8 weeks of age. 

TCDD obtained from Cambridge Isotope Laboratories, Inc. (Woburn, MA) as a 

certified reference standard of >98% purity was dissolved in anisole and diluted in peanut 

oil. A vehicle solution of anisole in peanut oil was prepared similarly. Mice were given 

a single dose (0.2 ml) of TCDD or vehicle by gavage 2 days prior to SRBC 

sensitization. 

A single lot of SRBC was purchased from Colorado Serum Co. (Denver, CO). 

Mice were sensitized with a single intraperitoneal injection of 2.5 X 108 SRBC 2 days 

after TCDD exposure. 

Animals were killed by CO2 asphyxiation 18-20 hours following injection with 

SRBC. Peritoneal cells were harvested by lavage with 6 mls of RPMI-1640 

supplemented with 1% FCS, 50 ug/ml Gentamicin, 20mM Hepes and 5 U/ml Sodium 

heparin. The abdomen was massaged and 4 mis were withdrawn as described by Coligan 

et al. (1992). Total peritoneal cells were enumerated on a Coulter Counter and 

differential cell counts were determined following cytocentrifugation and staining with 

Gugol blue. Total numbers of macrophages (MAC) and PMN were calculated by 

multiplying the total PEC by the percent MAC or PMN determined from differential cell 

counts. 

To test the effects of exogenous IL-1 and TNF on the peritoneal inflammatory 

response to SRBC, 0.4U of murine recombinant IL-113 (Genzyme, Cambridge, MA) or 

10 ng of murine recombinant TNFa (Genzyme, Cambridge, MA) were administered ip 

30 minutes before and 6 hours following SRBC injection. 

In separate studies, specific cytokine inhibitors were used to block the activity of 

IL-1 or TNF. To inhibit IL-1 activity 1 mg of a recombinant human IL-1 receptor 

antagonist (I L-lra, generously provided by Dr. James L. Vannice, Synergen, Boulder, 
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CO) was injected sc 30 minutes before and at 3 hour intervals following SRBC injection. 

Due to the spare receptor phenomenon whereby only a small percent of IL-1 receptors 

need to be occupied to trigger a biological response, a high dose of IL-lra is required to 

inhibit IL-1 activity (Dinarello and Thompson, 1991; McIntyre et al., 1991). Frequent 

injections are necessary because the half life of this reagent is very short in mice 

(personal communication, Dr. James L. Vannice). To inhibit TNF activity, 100 ug of a 

recombinant human soluble TNF receptor: Fc fusion protein (rhuTNFR:Fc) was injected 

iv 30 minutes before SRBC injection (the fusion protein and dosing regime was 

generously provided by Dr. M. B. Widmer, Immunex, Seattle, WA) . 

To measure TNFcc levels in plasma, mice exposed to increasing doses of TCDD 

were killed by CO, asphyxiation 90 minutes following ip injection of SRBC. Blood was 

collected by cardiac puncture and kept at 4 degrees until the plasma was harvested. In all 

cases, plasma was separated from cells within 40 minutes (Exley and Cohen, 1990). 

Plasma was kept at -70 degrees until assayed. All samples were collected on the same day 

and assayed together. TNFa levels in plasma harvested from vehicle and TCDD exposed 

mice were measured and compared using a murine TNFa Elisa kit (Genzyme, Cambridge 

MA) 

The Student's t test was used to analyze data for statistical significance. In all 

analyses, p<0.05 was considered statistically significant. The results in this paper are 

representative of data that were validated in at least two independent studies. 

Results and Discussion 

As shown in Fig. 2.1, TCDD enhanced the peritoneal inflammatory response to ip 

injection of SRBC in a dose dependent manner. In agreement with previous studies 

(Kerkvliet and Oughton, 1993), this effect was characterized by an increase in total 

peritoneal exudate cells (panel A) as well as an increase in the relative (panel B) and 

absolute (panel A) numbers of neutrophils harvested 18-20 hours following antigen 

challenge. 



22 

SHORT COMMUNICATION 

D
 

X
 

VEHICLE 5 UG/KG 20 UG/KG 

90 

80 

70 

60 

50 

40 

30 

20 

10 

0 

B 

* * 

VEHICLE 5 UG/KG 20 uc/KG 

Fig. 2.1. The effect of increasing doses of TCDD on the total number of peritoneal 
exudate cells (PEC) and the number (Panel A) and percent of macrophages (MAC) and 
neutrophils (PMN) (Panel B) harvested from the peritoneal cavity of mice following 
injection of SRBC. Data are presented as means ± SE of 6-8 mice per group. 
* p<0.05 5 ug TCDD/kg versus Vehicle 
** p<0.05 20 ug TCDD/kg versus 5 ug TCDD/kg 

To determine if IL-1 or TNF were capable of promoting neutrophil influx in 

response to ip injection of SRBC, animals were treated with recombinant murine IL-113 or 

TNFa. Exogenous cytokines were administered ip 30 minutes before SRBC injection to 

mimic the hypothesized increase in proinflammatory cytokine activity resulting from 

TCDD exposure and 6 hours following SRBC injection to prolong cytokine activity 

throughout the experimental period (Sayers et al., 1988). Peritoneal cells were harvested 

18-20 hours later, counted and characterized (Table 2.1). Results indicate that both 

exogenous I p and TNFa enhanced the inflammatory response to SRBC in a manner 

analogous to TCDD exposure. 
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Table 2.1: Comparison between the effect of TCDD and exogenous cytokines on total 
peritoneal cell (PEC) and neutrophil (PMN) accumulation following sheep red blood cell 
inj ectiona 

Treatment PEC PMN 

X 10` X106 

Vehicle
 
& PBS 33.0 ± 4.2 22.2 ± 1.6 7.3 + 1.1
 

5ug/kg TCDD
 
& PBS 47.5 + 8.4 36.4 + 3.3* 16.4 ± 2.2*
 

Vehicle
 
& IL-1p 45.7 ± 9.5 26.9 + 2.1 11.6± 1.6*
 

Vehicle
 
& TNFa 55.4 ± 9.7* 29.5 ± 2.1* 16.3 + 2.9*
 

a C57B1/6 mice were injected with SRBC 2 days following oral exposure to 5ug/kg TCDD or vehicle.
 
Recombinant IL-113 (0.4U), TNFa (l Ong) or PBS was injected intraperitoneally 30 minutes before and 6
 
hours following antigen stimulation. Data are presented as means + SE of six mice per group.
 
*p<0.05 compared to vehicle & PBS
 

Having demonstrated that increased levels of IL-1 and TNF could mimic TCDD 

effects on inflammation, we asked whether increased cytokine activity was responsible 

for the observed TCDD effects. To address this question, specific cytokine inhibitors 

were used, and their effect on peritoneal inflammation following injection of SRBC was 

measured. We first tested specific blockade of cytokine activity rather than measuring 

cytokine protein levels for two reasons. First, the presence of naturally occurring 

inhibitors receptor antagonists for IL-1 and soluble receptors for TNF makes 

interpretation of cytokine levels difficult (Dinarello, 1993). Second, TCDD induced 

changes in cytokine half-life, cytokine receptor number or affinity, or cytokine 

endogenous inhibitors would be reflected in alterations in cytokine activity but not 

necessarily in altered protein levels. As shown in Fig. 2.2 (panel A), IL-lra significantly 

inhibited neutrophil influx in vehicle treated animals without affecting the total cell 
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number harvested from the peritoneal cavity. No significant alteration in cellular 

infiltration was observed in the TCDD exposed mice following treatment with IL- lra. A 

similar pattern of response was observed whether the antagonist was administered sc or ip 

(data not shown). Comparable results were obtained in a single study using an anti IL-lp 

neutralizing antibody (R&D, Minneapolis MN) to inhibit IL -1(3 activity (data not shown). 

These results suggest that IL-1 may play a role in neutrophil recruitment in control mice, 

however, an increase in IL-1 activity does not appear to account for the observed TCDD 

induced hyperinflammation. 

As shown in Fig. 2.2 (panel B), inhibition of TNF activity with rhuTNFR:Fc in 

vehicle treated mice significantly reduced the total number of PEC and the number of 

macrophages harvested from the peritoneum. The number of neutrophils was not 

affected. In TCDD exposed animals, rhuTNFR:Fc dramatically reduced the 

inflammatory response. Numbers of PEC, macrophages and neutrophils were decreased 

resulting in a pattern of response nearly identical to that of control animals treated with 

rhuTNFR:Fc. Repeated experiments produced comparable results only if the reagent was 

administered iv. Intraperitoneal injections had no effect on cellular influx in this model 

(data not shown). These results suggest that TNF plays a major role in mediating TCDD 

induced hyperinflammation. 

An increase in TNF activity could result from an alteration in production, release, 

and/or degradation of the protein, a decrease in endogenous inhibitors, and/or an increase 

in responsiveness to this inflammatory mediator. To evaluate alterations in production 

and or release of TNF, we measured plasma TNFa levels by ELISA 90 minutes following 

SRBC injection. Repeated studies demonstrated a dose dependent increase in circulating 

levels of TNFa in TCDD treated mice (Table 2.2). 
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Fig. 2.2. The effects of IL-Ira (Panel A) and rhuTNFR:Fc (Panel B) on total numbers of PEC, MAC and 
PMN harvested from the peritoneal cavity of vehicle and TCDD (20 ug/kg) exposed mice 18-20 hours 
following ip injection of SRBC. 1 mg of IL-lra was given sc 30 minutes before and at 3 hour intervals 
following SRBC injection. 100 ug of rhuTNFR:Fc was injected iv 30 minutes before injection ofSRBC. 
Data are presented as means ± SE of 6-8 mice per group. 
* p<0.05 TCDD & PBS versus vehicle & PBS 
** p<0.05 treatment with cytokine inhibitor versus respective PBS treatment 
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Table 2.2: The effect of TCDD on plasma TNFa levels 90 minutes following sheep red
blood cell injection 

TCDD TNFa 
(ug/kg) (pg/ml) 

0 501 ± 122
 
5 910 ± 348
 

20 1213 ± 295*
 

a Mice were killed by CO, asphyxiation 90 minutes following ip injection of SRBC. Blood was collected 
by cardiac puncture, plasma was harvested and stored at -70 degrees until TNF ELISA assay was 
performed. All samples were collected on the same day and assayed together. Data are presented as means 
± SE of 6 mice per treatment.
 
*p<0.05 2Oug TCDD/kg versus Oug TCDD/kg
 

These findings indicate that TCDD exposure increases circulating levels of TNF 

in response to antigenic stimulation, but does not address whether other alterations in 

TNF activity occur. Interestingly, when the identical plasma samples were measured by 

bioassay (cytotoxicity toward murine WEHI-164 cell line, described by Eskendari et al., 

1990), a similar pattern of response was observed but the measured concentrations of 

TNF were much lower (data not shown). The presence of immunologically detectable 

TNF with low levels of biologically active TNF is likely explained by the presence of 

circulating binding proteins that inhibit TNF activity without compromising its 

immunologic properties (Bemelmans et al., 1993). Inhibition of biologically active TNF 

by endogenous soluble binding proteins may be an important protective mechanism to 

down regulate the inflammatory process and protect the animal from the adverse 

consequences of excessive TNF activity (Van Zee et al., 1992). 
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The data presented here strongly suggest that increased TNF activity plays a 

critical role in TCDD induced hyperinflammation. Whether increased TNF activity 

contributes to the downstream suppression of antibody response to SRBC is currently 

under investigation. 

The mechanisms whereby TCDD exposure increases TNF activity are not known. 

No effect of TCDD on TNF mRNA levels have been reported to date (Steppan and 

Kerkvliet, 1991). Studies to examine the effect of TCDD on translation and secretion of 

TNF from a macrophage cell line are in progress. 
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Abstract 

Recent studies in mice have demonstrated that TNF plays a critical role in 

mediating the TCDD-induced enhanced inflammatory response to intraperitoneal (ip) 

sheep red blood cells (SRBC). The current studies were designed to evaluate the effects 

of TCDD on TNF production by ex-vivo peritoneal cells and a peritoneal macrophage cell 

line (IC-21) stimulated with LPS. In support of the hypothesis that TCDD can act 

directly on the peritoneal macrophage to increase TNF production, following 

pretreatment with TCDD, both ex-vivo peritoneal cells and IC-21 cells produced 

increased levels of bioactive TNF when stimulated with LPS. Flow cytometric analyses 

of IC-21 cells indicate that TCDD exposure increases intracellular production and 

secretion of TNF but does not alter levels of membrane associated TNF. 

Introduction 

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) represents the prototype of a large 

group of toxic halogenated aromatic hydrocarbons that are widespread environmental 

contaminants. TCDD exposure in mice elicits a broad spectrum of biochemical and 

pathophysiologic effects, including hepatotoxicity, induction of drug metabolizing 

enzymes (Poland and Knutson, 1982), cachexia (Gasiewicz and Neal, 1979; Brewster and 

Matsumura, 1989) and immunosuppression (Holsapple, et al., 1991; Kerkvliet and 

Burleson, 1994). The mechanisms of TCDD immunotoxicity have been extensively 

investigated and are known to involve both Ah receptor-mediated and Ah receptor-

independent events (Kerkvliet et al., 1990; Davis and Safe, 1991; Whitlock, 1990). 

However, the cell type(s) targeted by TCDD and the biochemical mechanism(s) of 

immunotoxicity remain elusive (Holsapple, et al., 1991). Tumor necrosis factor a (TNF), 

also known as cachectin, is best characterized as a primary mediator of the acute 

inflammatory response and septic shock (Vassalli, 1992; Sherry and Cerami, 1988). TNF 

alone or in concert with interleukin 1 (IL-1) induces the expression of other 

proinflammatory cytokines, and initiates a cascade of events involved in endothelial cell 

activation (Dinarello, et al., 1993). TNF also inhibits lipoprotein lipase, leading to 
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cachexia and the wasting syndrome observed during chronic infection (Kerkvliet and 

Burleson, 1994; Vassal li, 1992; Tracey and Cerami, 1993). 

Because of the similarities between the toxic effects of TCDD and the 

pathophysiologic effects of TNF, recent attention has been focused on the role of TNF in 

TCDD-induced toxicities. In studies by Taylor, et al. (Taylor, et al., 1992), anti-TNF 

antibodies inhibited the loss of body weight, elevations in serum chemistry values, and 

mortality associated with acute TCDD toxicity. Clark et al. (1991) demonstrated a 

hypersensitivity to endotoxin in mice exposed to TCDD and a corresponding dose-

dependent increase in serum TNF. Alsharif et al. (1994) identified TNF as playing a 

critical role in sensitizing and activating phagocytic cells and in amplifying the oxidative 

stress-induced tissue injury observed in TCDD-exposed mice. Recently, we have 

demonstrated that TNF activity plays a role in mediating the TCDD-induced 

hyperinflammatory response to intraperitoneal (ip) sheep red blood cells (SRBC)(Moos, 

et al., 1994). In several in vivo (Clark, et al., 1991; Moos, et al., 1994) and ex vivo (Jung, 

et al., 1993) model systems, increased levels of circulating TNF have been measured 

following TCDD exposure. 

Based on these prior reports and, in particular, the observation that TNF is a 

mediator of the TCDD-induced enhanced peritoneal inflammatory response (Moos, et al., 

1994) we hypothesized that TCDD targets the peritoneal cells (PEC) and that, in response 

to TCDD exposure, stimulated PEC produce more TNF. In this study, we measured TNF 

production by an LPS-stimulated murine peritoneal macrophage cell line (IC-21) cultured 

with TCDD and by LPS-stimulated PEC harvested from mice exposed to TCDD in vivo. 

In addition, immunocytochemistry and flow cytometric analysis were used to characterize 

intracellular production and cellular processing of TNF in LPS-stimulated IC-21 cells. 

Results from these studies indicate that in response to pretreatment with TCDD 

stimulated ex-vivo PEC and IC-21 cells secrete increased levels of bioactive TNF 

supporting the hypothesis that TCDD can act directly on the peritoneal macrophage to 

increase TNF secretion. 
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Methods and Materials 

Animals:
 

Female C57B1/6 mice (The Jackson Laboratory, Bar Harbor, ME), 8-10 weeks ofage
 

were used in this study. Mice were maintained according to NIH guidelines and
 

acclimated for a minimum of 2 weeks prior to treatment.
 

Cells:
 

IC-21 murine macrophage cells (ATCC TIB 186) were maintained in continuous culture
 

using RPMI-1640 supplemented with 10% FBS and 501,1g/m1 gentamicin sulfate
 

(BioWhittaker). Murine L929 fibroblast cells (generously provided by Dr. Mark Blazha,
 

National Institute of Environmental Health Sciences, NC) were maintained similarly.
 

Chemicals:
 

TCDD was obtained from Cambridge Isotope Laboratories, Inc. (Woburn, MA) as a
 

certified reference standard of >98% purity. For in vivo use, TCDD was dissolved in
 

anisole and diluted in peanut oil. A vehicle solution of anisole in peanut oil was prepared
 

similarly. For in vitro use, TCDD was dissolved in DMSO, and DMSO (<0.02% final
 

concentration) was used as a vehicle control. 

Antibodies: 

Biotinylated anti-mouse TNF and phycoerythrin (PE) labeled strepavidin (Pharmingen, 

San Diego, CA) were used to detect intracellular and membrane associated TNF. 

Biotinylated normal rat IgG (Pharmingen) was used as an isotypic control. Antibodies 

were pretreated for optimal fluorescence and biotinylated antibodies were centrifuged at 

10,000 g for 20 minutes prior to use. 

Induction of TNF:
 

IC-21 cells were stimulated with increasing doses of LPS (E.Coli serotype 026:B6,
 

Sigma, St. Louis, MO) following 24 hours of incubation with TCDD (10-9 M) or DMSO.
 



34 

In some studies, monensin (31.1M, Sigma) was added 30 minutes prior to LPS stimulation 

to inhibit protein secretion from the cells (Jung, et al., 1993). At various times following 

LPS stimulation, culture supernatants were collected and stored at -70°C until assayed for 

TNF activity. Resident peritoneal cells from mice treated with 20 pg TCDD/kg or 

vehicle were harvested. Total peritoneal cells were enumerated on a Coulter counter and 

differential cell counts were determined following cytocentrifugation and staining with 

Gugol blue (Moos, et al., 1994). Cells were pooled and lx106 cells were incubated in 

DMEM supplemented with 5% FBS at 37°C with 5% CO2 for 2 hours before being 

stimulated with 1 µg /m1 LPS for 90 minutes. Culture supernatants were collected and 

stored at -70 °C until assayed for TNF activity. 

Cell Fixation and Immunocytochemical Staining: 

Fixation and staining procedures were performed as described by deCaestecker et al. 

(1992) with minor modifications. Prior to staining, cells were fixed in 2% 

paraformaldehyde for 20 minutes. Cells that were permeabilized were incubated with 1% 

saponin (Sigma) for 30 minutes and maintained in 0.1% saponin throughout the staining 

procedure (Sander, et al., 1991). Nonspecific binding was blocked by the addition of rat 

anti-mouse Fcg receptor mAb (Pharmingen San Diego, CA) and rat IgG (Cappel). Cells 

were stained with biotinylated anti-TNF mAb for 30 minutes, followed by several washes 

and 20 minutes of incubation with PE-labeled strepavidin. Following several final 

washes, cells were stored at 4°C for 24 hours before being analyzed by flow cytometry. 

Flow cytometric data were collected on 20,000 cells by listmode acquisition using an 

EPICS V flow cytometer (Coulter Electronics, Hiahleah, FL) and analyzed using Cyclops 

software (Cytomation, Inc. Fort Collins, CO). Cells were also examined by fluorescent 

microscopy using a Zeiss Axiovert 35 microscope. 

TNF Bioassay: 

L929 cells (2.5 x 104) were incubated in 96 well plates at 37°C in a humidified 

atmosphere with 5% CO, until confluent. Mono layers were incubated with actinomycin 
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D (6 µg /ml, Calbiochem, La Jolla, CA) for 30 minutes before adding dilutions of cell 

culture supernatants or murine recombinant INFa, standard (Genzyme, Cambridge, MA). 

Cells were incubated overnight and monolayers were stained with 0.2% crystal violet, 

rinsed and air dried. Well contents were solubilized with 1% SDS for 2 hours and the 

plates were read at 595 nm using a BIO-TEK plate reader. Samples and standards for the 

bioassay were run in triplicate and the criteria for acceptable variation were that the 

standard deviation had to fall within 15% of the mean for each set of samples. 

Statistics:
 

The paired Student 's t test was used to evaluate data for statistical significance. A p value
 

<0.05 was considered significant. 

Results 

The effect of TCDD on TNF secretion by LPS-stimulated IC-21 cells:
 

TNF bioactivity was measured in supernatants collected from LPS-stimulated IC-21 cell
 

cultures pretreated with TCDD (10-9 M) or DMSO. Viability and cell growth was
 

unaffected by in vitro exposure to this concentration of TCDD (data not shown). As
 

shown in Table 3.1A, TNF bioactivity increased over time in response to stimulation with
 

1 lig LPs/ml. At all times measured, there was an increase in TNF secreted from cells 

cultured with TCDD compared to those cultured with DMSO. Although differences in 

TNF levels were small, they were consistently observed in multiple experiments. The 

results of a single representative experiment are reported here. TNF bioactivity also 

increased in response to stimulation with increasing doses of LPS for 120 minutes (Table 

3.1B). More TNF was secreted from cells cultured with TCDD compared to cells 

cultured with DMSO. 
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Table 3.1. TCDD Pretreatment Increases TNF Secretion by LPS-stimulated 1C-21 Cells* 

TNF (pg/106 cells) 
DMSO TCDD 

A. 1 lag LPS/ml 

10 min. 53 70
 
30 min. 57 97
 
60 min. 155 191
 
90 min. 416 484
 
120 min. 613 661
 

B. 120 min. 
0.1 !_tg LPs /ml 496 516 
1.0 _tg, LPs/m1 856 1026 
10.0 µg LPs/m1 1000 1520 

* IC-21 cells (1x10') were incubated with DMSO or TCDD (10' M) for 24 hours prior to 
stimulation with LPS. At various times following the addition of LPS, culture 
supernatants were harvested and assayed for TNF activity using the L929 cytotoxicity 
assay. Data presented represent a single experiment, although various doses of LPS and 
incubation times were repeated up to 4 times and in every case comparable data were 
generated. 

The Effect of in vivo exposure to TCDD on ex vivo production of TNF by LPS-stimulated 

peritoneal cells: 

Mice were exposed to 20 ug TCDD/kg or vehicle and resident PEC were harvested 2 

days later. In agreement with a previous report by Kerkvliet and Oughton (Kerkvliet and 

Oughton, 1993), TCDD exposure (20 µg /kg) alone did not affect the total number or 

differential distribution of resident peritoneal cells harvested. TNF activity was measured 

in cell culture supernatants following LPS stimulation (Table 3.2). This experiment was 

repeated 5 times, and, in each case, PEC from mice exposed to TCDD in vivo produced 

more TNF following LPS stimulation than cells harvested from mice exposed to peanut 

oil. No TNF was measured in supernatants of unstimulated PEC harvested from TCDD 

or vehicle-exposed mice (data not shown). 
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Table 3.2. In vivo TCDD Exposure Increases TNF Secretion by LPS-stimulated
 

Peritoneal Cells*
 

TNF (pg/106 cells) 

Expt. Vehicle TCDD 

1 93 142 

2 200 328 

3 459 588 

4 404 517 

5 151 276 

*Peritoneal cells were harvested from mice 2 days following exposure to TCDD (20
 
µg /kg) or vehicle. Peritoneal cells were incubated for 2 hours and then stimulated with 1
 
pg/m1LPS for 90 minutes.
 
Data represent the results of five separate experiments.
 
p = .0001, paired Student's t-test. 

Immunocytochemical detection of TNF in IC-21 cells: 

Fluorescent micrographs of IC-21 cells stimulated with LPS for 3 hours are shown in 

Figure 3.1. Cells were permeabilized with saponin and stained with isotypic control 

antibody (Fig 3.1A) or biotinylated anti-TNF (Fig 3.1B). In those cells stained with anti-

TNF antibody, small focal regions of membrane associated TNF fluorescence are 

discernible 
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0
 

TNF Fluorescence 

Figure 3.1. Intracellular TNF staining evaluated by immunofluorescence (A,B,C) and 
flow cytometric analysis (D). LPS-stimulated IC-21 cells were permeabilized with 
saponin and stained with isotypic control antibody (A), biotinylated anti-TNF antibody 
(B) or biotinylated anti-TNF following pretreatment with monensin (C). A representative 
histogram generated by flow cytometric analysis is shown in panel D to compare the 
fluorescent intensities of TNF staining of cells from panels A, B and C. 

as is a distinct intracellular Golgi staining pattern. Pretreatment of the cells with the 

carboxylic ionophore monensin interrupts intracellular transport processes leading to an 

accumulation of cytokine in the Golgi complex. This is apparent in Fig. 3.1C where 

monensin-treated cells showed increased intracellular staining. Cells from the same 

sample were examined by flow cytometry, and the pattern of TNF fluorescence is 
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illustrated in the representative histogram shown in Fig. 3.1D. Cells stained with 

biotinylated anti-TNF have a strong fluorescent signal relative to cells stained with the 

isotypic control antibody. Pretreatment with monensin enhanced the intensity of TNF-

positive staining but did not affect the percent of TNF positive cells. 

Flow Cytometric Analysis of IC-21 Cells Stimulated over Time with LPS: 

Histograms in Figure 3.2 represent the fluorescent staining pattern of TNF positive IC-21 

cells stimulated with 1 ug/m1LPS for 0, 10, 30, 60, 90 and 120 minutes. The fluorescent 

intensities of permeabilized and nonpermeabilized cells were compared at each time 

point. Increased fluorescent staining of permeabilized cells observed at time zero was 

attributed to increased nonspecific binding. This increase in nonspecific binding was 

consistently observed in permeabilized cells due to the difficulty in effectively blocking 

all intracellular binding sites (See also Table 3, compare 0 minutes stimulation, 

permeabilized versus nonpermeabilized). Both intracellular and membrane-associated 

fluorescence increased over time in response to LPS. Intracellular TNF staining was first 

evident at 10 minutes and was maximal following 90 minutes of stimulation with LPS. 

Membrane-associated TNF became apparent between 10 and 30 minutes and continued to 

increase throughout the 120 minute period of stimulation. 
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TNF Fluorescence 

Fig. 3.2. Representative histograms generated by flow cytometric analysis illustrate TNF 
fluorescence of IC-21 cells at various times following stimulation with 11.1g/m1 LPS. Non
permeabilized cells and cells permeabilized with saponin are compared at each time 
point. Cell staining and analysis by flow cytometry were performed as described in 
Materials and Methods. Data were collected on 20,000 cells by listmode acquisition using 
an EPICS V flow cytometer. 

The effect of TCDD exposure on TNF fluorescence intensity: 

Exposure to 10-' M TCDD for 24 hours prior to LPS-stimulation resulted in an increase in 

TNF production by IC-21 cells as measured by an increase in mean channel fluorescence 

(MCF) of TNF staining (Table 3.3). TCDD exposure did not alter the time course of 
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TNF production or membrane levels of TNF (Table 3.3), but increased intracellular TNF 

production. Somewhat unexpectedly, we were unable to detect any difference between 

TCDD and DMSO exposure in TNF production in LPS-stimulated IC-21 cells pretreated 

with monensin (data not shown). 



Table 3.3. TNF Mean Channel Fluorescence (MCF) in 1C-21 Cells Exposed to TCDD or DMSO and Stimulated with 

LPS* 

Permeabilized Non-Permeabilized
 

Expt Time
 DMSO TCDD DMSO TCDD 

(min) 
Control TNF Control TNF Control TNF Control TNF 

1 0 ND ND 12 15 ND ND 4 5 

10 13 20 12 34 4 5 4 5 

60 17 88 17 101 4 18 4 14 

90 15 128 13 141 5 25 4 25 

120 15 109 14 144 4 25 4 29 

2 120 4 58 4 75 3 3 3 16 

3 120 7 54 7 78 3 11 4 10 

ND = not done 

* TNF MCF of permeabilized and nonpermeabilized IC-21 cells are compared following incubation with 1 µg /m1 LPS over 
time. Cells were exposed to TCDD (10-9 M) or DMSO for 24 hours prior to stimulation with LPS. MCF was determined from 
single-parameter histograms of TNF fluorescence (using a log scale). 
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Discussion 

TNF has been implicated as a mediator of TCDD toxicity in several animal model 

systems (Kerkvliet and Burleson, 1994; Taylor, et al., 1992; Clark, et al., 1991; Alsharif, 

et al., 1994). and increased TNF activity following exposure to TCDD has been measured 

(Clark, et al.. 1991; Moos, et al., 1994; Jung, et al., 1993). Studies in our laboratory have 

demonstrated that exposure to TCDD results in an enhanced peritoneal inflammatory 

response when C57B1/6 mice are injected ip with SRBC (Kerkvliet and Oughton, 1993) 

and that this response is mediated by increased TNF activity (Moos, et al., 1994). We 

hypothesized that PEC were the source of increased TNF in this model. To evaluate the 

effects of TCDD exposure on TNF production by PEC cells, we measured TNF 

production by a peritoneal macrophage cell line (IC-21) derived from C57B1/6 mice. 

TCDD exposure (10 -9 M) resulted in a small but consistently measured increase in 

bioactive TNF secreted from IC-21 cells, both in response to stimulation with LPS over 

time and in response to stimulation with increasing doses of LPS. These results indicate 

that LPS stimulated IC-21 cells are capable of increasing secretion of TNF in response to 

TCDD exposure. 

To take into account the diverse host derived signals that may modulate secretory 

responses, we also tested the ability of ex vivo PEC from mice exposed to TCDD or 

vehicle to produce TNF in response to LPS stimulation in culture. The results from 5 

separate experiments demonstrated that PEC harvested from mice exposed to TCDD 

produced a modest but statistically significant increase in TNF compared to cells 

harvested from control mice. We conclude from these data that TCDD targets the 

peritoneal cell to produce more TNF upon LPS stimulation. The cell type targeted by 

TCDD is not clear from these studies, but the peritoneal macrophage is a likely candidate. 

Not only is the LPS-stimulated macrophage the largest source of TNF (Vassalli, 1992; 

Tracey and Cerami, 1993) but macrophages comprise the majority of the resident 

peritoneal cells (Kerkvliet and Oughton, 1993). A TCDD effect on TNF production by 

peritoneal macrophages has previously been reported by Massa et al. (1992). These 

investigators measured more TNF produced by adherent peritoneal cells harvested from 
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NMRI mice injected with TCDD than by cells from control mice following stimulation 

with LPS. The amount of TNF produced correlated with the degree of cachexia and 

weight loss resulting from TCDD exposure in these mice. 

The mechanism whereby TCDD exposure increases TNF secretion is unclear. 

Because TCDD binds to the Ah receptor which acts as a ligand-activated transcription 

factor (Gaido and Maness, 1994), we initially hypothesized that TCDD acts directly on 

the peritoneal macrophage to increase transcription of TNF in response to an 

inflammatory stimulus. Small increases in TNFa transcripts have been measured by 

reverse transcription polymerase chain reaction (RT-PCR) in a human breast cancer cell 

line following incubation with TCDD (Vogel and Abel, 1995). Results in our laboratory 

using RT- PCR to evaluate the effects of TCDD on TNFa mRNA in IC-21 cells or 

peritoneal cells, however, have been inconclusive. No differences in TNF specific 

mRNA were identified by Northern blotting following TCDD exposure in either IC-21 or 

ex vivo peritoneal cells (Steppan and Kerkvliet, 1991). Murine TNF is initially 

synthesized as a pro-protein with an extra N-terminal peptide of 79 amino acids (Kim, et 

al., 1993). This presequence is not cleaved in the rough endoplasmic reticulum like a 

typical signal sequence but rather functions to anchor the TNF precursor polypeptide in 

the plasma membrane (Pradines-Figueres and Raetz, 1992). Membrane associated pro-

TNF is then proteolytically cleaved into two biologically active compounds. Soluble 

mature TNF is released into the medium while the membrane portion of the protein 

remains cell-associated. It has been suggested that the two forms of TNF function in 

different pathophysiologic processes. For example, the membrane bound form may 

mediate direct effector-target cell interactions (Kim, et al., 1993) while the soluble form 

may act in a paracrine manner to activate other immunoreactive or inflammatory cells, or 

in an endocrine manner as a mediator of septic shock and cachexia associated with 

chronic disease states (Kinkhabwala, et al., 1990). We postulated that TCDD exposure 

may affect either the translation or processing of TNF, and we used immunocytochemical 

methods to evaluate the effects of TCDD on intracellular production and membrane 

association of TNF. 
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Intracellular TNF was easily detected by immunocytochemical evaluation of LPS-

stimulated IC-21 cells permeabilized with saponin. The bright positive TNF staining 

pattern which represents both membrane and cytoplasmic protein was enhanced by 

pretreating the cells with monensin, a carboxylic ionophore that interrupts intracellular 

transport processes leading to an accumulation of cytokine in the Golgi complex (Jung, et 

al., 1993). Evaluation of the same cells by flow cytometry revealed a comparable pattern 

of staining, a bright positive TNF signal enhanced by pretreatment with monensin. Based 

on the good correlation between immunocytochemical and flow cytometric analyses, we 

felt confident that flow cytometry is a suitable technique to evaluate TNF production in 

these cells. 

When permeabilized and nonpermeabilized cells were compared by flow 

cytometry, the pattern of intracellular production and membrane associated TNF in IC-21 

cells was evaluated independently. Over time, LPS stimulation increased both 

intracellular and membrane associated TNF, and the pattern of fluorescent staining 

reflected what is known about the synthesis, processing and secretion of TNF in 

macrophages. Intracellular TNF was detected after only 10 minutes of stimulation with 

LPS, and there was a short lag before membrane associated TNF could first be identified. 

Secreted TNF could be reliably measured between 30 and 60 minutes of stimulation with 

LPS. 

Exposure of IC-21 cells to TCDD increased intracellular production and secretion 

of TNF but did not influence the association of TNF with the cellular membrane. The 

mechanism(s) whereby TCDD exposure results in an increase in intracellular and secreted 

TNF without altering membrane levels of TNF is unknown at this time. It is possible that 

there is some inherent property of the membrane that limits either the expression or the 

stability of these molecules on the cell surface. Alternatively, only a limited number of 

TNF molecules may be available for antibody detection due to alteration or stearic 

inaccessibility. Additionally, it is also possible that TCDD-exposure decreases the 

stability of the membrane-bound portion of the TNF molecule. In any case, an increase 

in secreted bioactive TNF without an alteration in the membrane levels may explain how 
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TCDD exposure enhances the inflammatory (paracrine) and systemic (endocrine) 

manifestations of TNF but has little effect on TNF's tumoricidal properties (attributable to 

membrane associated TNF). Monensin arrests the process of protein secretion and 

initially we expected that monensin treatment would enhance differences observed 

between TCDD and DMSO exposed cells. Our failure to measure differences following 

monensin treatment is possibly explained by the inability of the flow cytometer to discern 

differences in fluorescence intensity when the signal is extremely bright and compact 

relative to the cell as a whole. 

Exposure to TCDD resulted in an increase in bioactive TNF secreted by IC-21 

cells and ex vivo peritoneal cells in response to LPS. TCDD did not appear to alter 

transcription (evaluated by Northern blot), but, in IC-21 cells where production and 

intracellular processing can be evaluated by flow cytometric analysis, TCDD exposure 

enhanced intracellular production. The mechanism whereby TCDD exposure increases 

TNF production is not identified, but may involve stabilization of TNF mRNA, or an 

increase in rate of translation (Tracey and Cerami, 1993). 
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Abstract 

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) immunotoxicity is characterized in 

part by a profound suppression in T cell-dependent antibody production to sheep red 

blood cells (SRBC); however the mechanisms involved in antibody suppression are not 

fully understood. Recent studies from several different laboratories have suggested that 

increased tumor necrosis factor (TNF) activity may mediate some of the toxicity 

associated with TCDD exposure. The current studies were designed to evaluate the role 

TNF play in TCDD-induced suppression of the antibody response. We examined the 

effects of exogenous TNFa and the effects of blocking TNF activity with a soluble TNF 

receptor (rhuTNFR:Fc) on antibody production in control and TCDD exposed C57B1/6 

mice. Results indicate that under certain conditions, increased TNF can suppress 

antibody production to SRBC, but TNF does not appear to mediate TCDD-induced 

antibody suppression. 

Introduction 

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) represents the prototype of a large 

group of toxic halogenated aromatic hydrocarbons that are widespread environmental 

contaminants. The immunotoxic properties of TCDD are well documented in several 

animal species (Holsapple, 1991). One of the most sensitive indicators of TCDD 

immunotoxicity is a suppression of the macrophage and T cell dependent antibody 

response to sheep red blood cells (SRBC) in 'responsive' mouse strains (Vecchi, et al., 

1980; Davis and Safe, 1988; Kerkvliet and Brauner, 1990). 

We have recently reported that C57B1/6 mice exposed to 5-20 ,ug TCDD/kg body 

weight develop an enhanced inflammatory response to SRBC injected intraperitoneally 

(I.P.)(Kerkvliet and Oughton, 1992; Moos, et al., 1994). This hyperinflammatory 

response was characterized by an increase in the total number of peritoneal cells (PEC) 

and an increase in relative and absolute numbers of neutrophils (PMN) harvested from 

the peritoneum 18-40 h following injection of SRBC antigen. 
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To better understand the mechanism underlying the hyperinflammatory response 

in TCDD-exposed mice, a series of studies using specific inhibitors of the pro-

inflammatory cytokines TNF and interleukin-1 (IL-1) was carried out (Moos, et al., 

1994). When TNF activity was inhibited using a TNF soluble receptor (rhuTNFR:fc), the 

TCDD-induced hyperinflammatory response was normalized. In contrast, when IL-1 

activity was blocked using an IL-1 receptor antagonist (IL- lra), the peritoneal 

inflammatory response was not altered in TCDD-exposed mice (Moos, et al., 1994). 

These studies suggest that TNF but not IL-1 plays a critical role in mediating the 

observed TCDD-induced hyperinflammatory response to ip SRBC. 

Based on these observations we hypothesized that the increased inflammatory 

response and suppressed antibody response to SRBC observed in TCDD-exposed mice 

are linked mechanistically through an increase in TNF. The current studies were 

designed to test this hypothesis by examining whether increased TNF levels influence 

antibody production to SRBC, and whether neutralization of TNF activity normalizes 

TCDD-induced suppression of the humoral immune response. To evaluate the role TNF 

plays in antibody production, we first examined the effects of increasing doses of 

exogenous TNF on the splenic plaque-forming cell response to SRBC. Secondly we 

blocked TNF activity both at the time of antigen exposure and throughout the course of 

antibody production with intravenous (i.v.) administration of rhuTNFR:Fc, a potent 

antagonist of TNF activity (Wooley, et al., 1993; Moher, et al., 1993). The effect of 

inhibition of TNF activity on antibody production in vehicle control and TCDD-exposed 

mice was evaluated by comparing the number of splenic plaque-forming cells from mice 

in each treatment group. 

Materials and Methods 

Animals: 

Female C57B1/6 mice (Jackson Laboratories, Bar Harbor, ME), 8-10 weeks of age, 

weighing 18-20 g were used in this study. They were maintained in a specific virus-free 

colony with a 12 h light/dark cycle, at 22 + 2°C and 40-60% humidity. Mice were 
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housed 4-6 per cage in front of a laminar flow unit on Bed-o-Cob bedding (The 

Andersons, Maumee, OH). Food (Wayne Rodent Blox, Harlan Sprague Dawley Co., 

Bartonville, IL) and tap water were provided ad libitum. All mice were acclimated for a 

minimum of two weeks prior to treatment. 

Chemicals: 

TCDD, obtained from Cambridge Isotope Laboratories, Inc. (Woburn, MA) as a certified 

reference standard of >98% purity, was dissolved in anisole and diluted in peanut oil. A 

vehicle solution of anisole in peanut oil was prepared similarly. Murine recombinant 

TNFa was purchased from Genzyme (Cambridge, MA) and diluted in Dulbecco's 

phosphate buffered saline (DPBS, Bio Whittaker, Inc., Walkersville, MD). 

The TNF soluble receptor (rhuTNFR:Fc), generously provided by Dr. M. B. Widmer 

(Immunex, Seattle, WA) is a dimeric form of the extra-cellular portion of the p80 cell 

surface TNF receptor (TNFR) linked to the Fc portion of human IgG1 and expressed in 

mammalian cells (Wooley, et al., 1993; Moher, et al., 1993). This chimeric fusion 

protein binds TNF with high affinity and inhibits activity by preventing the ligand from 

binding to cellular receptors and initiating signal transduction. The ability of this reagent 

to block TNF activity has been demonstrated in many model systems (Wooley, et al., 

1993; Moher, et al, 1993; Ashkenazi, et al., 1991; Lesslauer, et al., 1991; Peppel, et al., 

1991; Loetscher, et al.) 

Antigen Sensitization: 

Sheep red blood cells (SRBC) collected each month from a single sheep (Colorado Serum 

Co., Denver, CO) were washed three times in 10 x volume and diluted to 5 x 108 

SRBC/ml in DPBS. Mice were sensitized by ip injection of 2.5 x 108 SRBC in 0.5 ml 

DPBS 2 days after TCDD exposure. 
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Plaque-forming Cell Assay: 

Splenic plaque-forming cells (PFC) were enumerated 5 days following SRBC injection. 

The PFC assay was a modification of the assay described by Cunningham and Szenberg 

(1968). Briefly, single cell spleen suspensions were prepared in Hank's balanced salt 

solution supplemented with 2.5% fetal bovine serum (2.5% HBSS) by gently teasing the 

spleen with forceps. Spleen cells were washed two times and diluted in 2.5% HBSS to 

2.28 x 106 cells/ml. A 175 41 aliqout of this dilution (4 x 105 cells) was placed in a 12 x 

75 mm glass culture tube. SRBC (50 4L OF 2 x 109 SRBC/ml) and 25 ,u1 of SRBC-

absorbed guinea pig complement (Colorado Serum Co., Denver, CO) diluted 1:2 in 2.5% 

HBSS were added. A 55 41 aliquot of this mixture was placed in a microscope slide 

chamber, sealed with a warm wax and Vaseline' mixture and incubated at 37°C for 45 

min. Placques were enumerated using a Bellco plaque viewer (Bellco Glass Co., 

Vineland, NJ). The number of PFC/106 spleen cells and the number of PFC/spleen were 

compared among groups. 

Experimental Design: 

Effect of exogenous TNF on the anti-SRBC response: Four groups of 6 mice were 

treated i.p. with 0,1,10, or 100 ng of recombinant TNFa in 0.2 ml. A dose of 10 ng of 

TNFa was selected based on studies from our laboratory demonstrating that this dose 

mimics the hyperinflammatory effects of TCDD exposure to SRBC (Moos, et al., 1994). 

Ten-fold higher and ten-fold lower dilution were also tested. Mice were injected 30 min 

prior to antigen exposure and every 24 h for the next 4 days. On day 5, mice were killed 

by CO2 asphyxiation, spleens were removed and processed, and PFC were enumerated. 

Effect of inhibition of TNF activity on the anti-SRBC response: 

In each of three separate experiments, mice were divided into four groups with 6-10 

animals per group. Mice received either 5 jig TCDD/kg body weight or peanut oil 

vehicle by gavage in a volume of 0.1 m1/10 g body weight. Mice were injected with 

SRBC 2 days later. In two separate experiments, 100 ,ug or 350 ,ug of rhuTNFR:Fc in 0.2 
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ml or 0.2 ml DPBS dilutent was injected into a lateral tail vein 30 min prior to antigen 

exposure. In a third experiment, 100 ug of rhuTNFR:Fc or 0.2 ml dilutent was injected 

30 min before SRBC injections and every morning for the next 4 days. The 100 ,ug dose 

of rhuTNFR:Fc was previously shown to normalize the TCDD-induced 

hyperinflammatory response to SRBC (Moos, et al., 1994). Five days following antigen 

sensitization, mice were killed by CO, asphyxiation, spleens were removed, and PFC 

were enumerated. 

Statistical Analysis:
 

Exogenous TNF data were analyzed by one way analysis of variance (ANOVA)
 

modeling using SAS statistical software (Version 6.03, SAS Institute Inc., Cary, NC) at a
 

significance level of a = 0.05. LSD t-test was used for multiple comparisons. TNF
 

inhibition studies were evaluated for significance using Student's t-test. In all analyses, a
 

probability level of 0.05 was considered significant.
 

Results
 

Effects of Exogenous TNFa on Antibody Production:
 

To determine whether elevated levels of TNF were capable of altering the antibody
 

response to SRBC, three doses of recombinant TNFa were administered i.p. 30 min prior
 

to SRBC injection and daily for the next 4 days. As shown in Table 4.1, there was a
 

statistically significant suppression in the number of PFC/106 spleen cells in mice that
 

received injections of 10 or 100 ng TNFa, although there was no statistical difference
 

between these two doses. The PFC response in mice receiving the lower (1 ng) dose of
 

TNFa was not statistically different from control mice. Spleen cell recovery was not
 

affected by treatment with exogenous TNF, thus similar results were seen when data were
 

expressed on a whole spleen basis (Table 4.1). Based on daily evaluations and body
 

weights, repeated injections of TNF did not elicit any clinical manifestations of cachexia
 

or wasting during the experimental period.
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Table 4.1 Effect of exogenous TNF on number of anti-SRBC PFC in control mice* 

ng TNF PFC/106 spleen cells PFC/spleen x 104 

0 4117a(120) 66.4c(0.2) 

1 407 P(255) 65.8c(0.5) 

10 2386b(390) 48.1 d(0.4) 

100 2970b(480) 46.2d(0.3) 

*Murine recombinant TNF was administered IP 30 min prior to SRBC antigen and 
every 24 h for the next 4 days. Spleens were removed and PFC were enumerated on Day 
5. Date are presented as means (SE) of six mice per treatment group. 

a'b'"Different letters indicate statistical significance between treatment groups 
(P < 0.05). 

Effects of rhuTNFR:Fc on Antibody Production in Control Mice: 

To evaluate the role of endogenous TNF in antibody production, TNF activity was 

inhibited with rhuTNFR:Fc administered at the time of antigen exposure or throughout 

the period of antibody production. Two doses of rhuTNFR:Fc administered 30 min 

before antigen exposure were tested in separate studies. There was no statistically 

significant alteration in the frequency of PFC/106 spleen cells in animals treated with a 

single low dose (100 ,ug/mouse) or single high does (350 gg/mouse) of rhuTNFR:Fc 

compared to DPBS treated control mice (Fig. 4.1A). In contrast, when TNF activity was 

blocked by the administration of daily i.v. injections of 100 4g rhuTNFR:Fc, a 

statistically significant suppression of the PFC response was observed (Fig. 4.1A). 

Effects of rhuTNFR:Fc on TCDD-Induced Antibody Suppression: 

As expected, in all experiments, exposure to 5,ug TCDD/kg body weight suppressed the 

number of PFC /106 spleen cells (compare Fig 4.1A and 4.1B). Unexpectedly, PFC 

production was further suppressed in TCDD-exposed mice that were given a single dose 
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of 350,ug rhuTNFR:Fc or five daily injections of 100 ,ug rhuTNFR:Fc (Fig. 4.1B). A 

single dose of 100,ug rhuTNFR:Fc did not affect PFC production (Fig 4.1B). 

2500
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J
 
2000 

1500 

*
 

1000 

500 

DPBS 100 350 100 X 5DPBS 100 350 100 X 5 

rhuirNFR:Fc TREATMENT (ug) 

Figure 4.1: The effects of rhuTNFR:Fc on the number of PCF/106 spleen cells generated 
in response to i.p. SRBC in vehicle control (A) and TCDD (5 ,ug/kg) exposed (B) mice. 
Thirty min prior to antigen exposure, a single dose of 100 pig or 350 jig rhuTNFR:Fc was 
administered i.v. In one study, 100 ktg of rhuTNFR:Fc was administered i.v. every 24 h 
for a total of 5 doses. PFC were enumerated 5 days following antigen exposure. Data are 
presented as means + SE of 6-10 mice per treatment group. Data from vehicle control or 
TCDD exposed mice injected with DPBS from 3 separate experiments were not different 
and were pooled (N= 24). *P < 0.05 treatment with rhuTNFR:Fc versus DPBS control. 

Discussion 

TCDD exposure in adult animals produces a profound suppression of the 

macrophage- and T cell-dependent antibody response to SRBC (Vecchi, et al., 1980; 

Davis and Safe, 1988; Kerkvliet and Brauner, 1990). Although this phenomenon has 

been described by many investigators, the cell type(s) targeted by TCDD and the 

underlying mechanisms of TCDD-induced antibody suppression remain elusive 

(Kerkvliet and Burleson, 1994). The anti-SRBC response depends on the concerted 

interactions of antigen-presenting cells (APC), regulatory T cells and B cells. In vivo 
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studies designed to evaluate target cell sensitivity to TCDD have demonstrated an 

increased sensitivity of antibody responses to T cell-dependent compared to T cell-

independent antigens (Kerkvliet, et al., 1990) suggesting that TCDD may target 

regulatory T cells and/or APC. In contrast, ex vivo studies demonstrate that B cells from 

TCDD-exposed mice are functionally compromised in in vivo antibody production while 

T cells and APC are not (Dooley and Holsapple, 1988; Dooley, et al., 1990). In vitro 

studies suggest that TCDD may inhibit the terminal differentiation of B cells via an early 

activational event (Luster, et al., 1988; Morris and Holsapple, 1991) possibly increased 

tyrosine kinase activity and phosphorylation (Luster, et al., 1988; Morris and Holsapple, 

1991; Clark, et al., 1991). The basis for the different responses to TCDD in vivo versus ex 

vivo or in vitro has not been established. 

Reports from several different laboratories suggest that TCDD toxicity may be 

associated with an increase in production or activity of TNF, a potent pro-inflammatory 

cytokine produced by many different cell types (Beutler and Cerami, 1989; Vassal li, 

1992). Clark et al. (1991) demonstrated a hypersensitivity to endotoxin in C57B1/6 mice 

exposed to TCDD, and a corresponding dose-dependent increase inserum TNF levels. 

Studies by Taylor et al. (1992) suggest that TNF is a mediator of TCDD toxicity in that 

anti-TNF antibodies inhibit the loss of body weight, elevations in serum chemistry values 

and mortality associated with acute TCDD toxicity. Alsharif et al. (1994) identified TNF 

as playing a critical role in amplifying the oxidative stress-induced tissue injury observed 

in TCDD-exposed mice. Masssa et al. (1992) reported that PEC harvested from mice 

exposed to increasing i.p. doses of TCDD produce more TNF in culture when stimulated 

with LPS than PEC harvested from vehicle control mice. Most recently, we have 

demonstrated that TNF activity is involved in mediating the TCDD-induced 

hyperinflammatory response to SRBC (Moos, et al., 1994) . 

Based on these observations, we hypothesized that an increase in TNF activity 

contributes to TCDD-induced suppression in antibody production in vivo. A TCDD-

induced increase in TNF activity could alter the inflammatory cytokine signaling 

pathways and subsequently disrupt the immunostimulatory signals required to generate a 
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normal antibody response. To test this hypothesis, we examined the effects of exogenous 

TNF and the effects of blocking endogenous TNF on humoral immunity in control and 

TCDD-exposed mice. The data presented here suggest that either an increase or a 

decrease in TNF activity can alter the number of PFC generated in response to SRBC 

antigen. 

When mice were given exogenous TNF on a daily basis at a level of 10 or 100 ng, 

a statistically significant suppression in the number of PFC was observed. Although 

bolus administration of a single cytokine may not reliably mimic a physiologic response, 

these results are the first to suggest that increased levels of TNF can suppress antibody 

production. 

On the other hand, studies using rhuTNFR:Fc indicate that some level of TNF is 

required for antibody production. When rhuTNFR:Fc was administered daily to inhibit 

TNF activity throughout the course of antibody production, there was a statistically 

significant suppression in the number of PFC generated. A similar inhibitory effect on 

antibody production was observed in a model of collagen-induced arthritis in mice when 

TNF activity was blocked by daily ip administrations of 50,ug rhuTNFR:Fc (Wooley, et 

al., 1993). TNF has also been shown to be required for IgG secretion by human tonsil B 

cells (Rodriquez, et al., 1993). Spontaneous IgG secretion by these cells was dependent 

on endogenous TNFa and not affected by other cytokines (IL, I a, IL-1/3, IL-2, IL-3, IL-4, 

IFN, TGF-(3 and IL-6). Although the mechanisms whereby TNF supports antibody 

production are not clear at this time TNF appears to be critical for tonsil B cell 

differentiation (Rodriquez, et al., 1993). 

As expected, in this study TCDD exposure had a pronounced suppressive effect 

on antibody production. Unexpectedly, coincident treatment with a single high dose or 

daily low doses of rhuTNFR:Fc further suppressed rather than normalized the total 

number of PFC harvested from the spleens of TCDD-exposed mice. The data suggest 

that although the antibody response to SRBC can be influenced by alterations in TNF 

activity, TNF does not appear to mediate TCDD-induced suppression of this response. 

Apparently, TCDD-induced hyperinflammation and TCDD-induced antibody suppression 
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are not linked mechanistically through an increase in TNF activity as initially 

hypothesized. It is unlikely that the lack of anticipated effect of rhuTNFR:Fc in the 

present study was due to lack of efficacy of the reagent. This reagent has been shown to 

inhibit TNF activity in numerous model systems. In addition, this same reagent 

normalizes the TCDD-induced increase in peritoneal cell influx mediated by an increase 

in TNF activity (Moos, et al., 1994). 

It is possible that TCDD-induced antibody suppression results from increased 

expression of an inflammatory mediator(s) other than TNF. Nitric oxide (NO), for 

example, has been reported to enhance the inflammatory response and mediate 

suppression of the antibody response to SRBC in mice immunized with attenuated 

Salmonella typhimurium (Al-Ramadi, et al., 1992; Eisenstein, et al., 1994). However, 

when we administered aminoguanidine daily through the 5 day course of antibody 

production to inhibit inducible NO synthase (Corbett, et al., 1992; Beckerman, et al., 

1993), there was no effect on the anti-SRBC response in TCDD exposed mice (data not 

shown). These findings suggest that NO does not play a role in mediating the TCDD 

effects on antibody production in this model. 

It is unclear at this time whether the hyperinflammation and the antibody 

suppression seen in TCDD-treated mice are independent phenomena or are linked 

through some as yet unidentified mechanism. Studies are currently underway in our 

laboratory to examine other immunomodulating inflammatory mediators such as 

arachidonic acid metabolites (Rifkind, et al., 1990) and IL-1 (Sutter, et al., 1991) that may 

be influenced by TCDD exposure and contribute to suppression of the SRBC antibody 

response. 
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Abstract 

The current studies were designed to evaluate the role of nitric oxide (NO) in 

TCDD-induced alterations in immune function. The effect of TCDD on NO production 

(as measured by nitrite formation) was evaluated in stimulated peritoneal exudate cells 

(PEC) elicited by thioglycollate (TG) or primed by sheep red blood cells (SRBC). More 

NO was produced by both TG-elicited and SRBC-primed PEC harvested from TCDD-

exposed mice compared to PEC harvested from control animals. The role of NO in 

TCDD-induced hyperinflammation and antibody suppression was evaluated by inhibiting 

cytokine-inducible NO with aminoguanidine (AG). Inhibition of NO by AG did not 

appear to alter TCDD-induced hyperinflammation, although the results were complicated 

by an apparent proinflammatory effect of AG treatment alone. However, when AG was 

used to inhibit NO production during the antibody response, the TCDD-induced 

suppression of the anti-SRBC response was partially ameliorated. These results 

demonstrate that, following TCDD exposure, PEC are capable of producing more NO 

during a peritoneal inflammatory response, and that increased production of NO may 

contribute to TCDD-induced suppression in antibody production to SRBC. 

Introduction 

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) represents the prototype of a large 

group of toxic halogenated aromatic hydrocarbons that are widespread environmental 

contaminants. The immunotoxic properties of TCDD are well documented in several 

animal species (Holsapple et al., 1991; Kerkvliet and Burleson, 1994, Kerkvliet, 1995). 

One of the most sensitive indicators of TCDD immunotoxicity in laboratory animals is a 

suppression of the macrophage and T-cell-dependent antibody response to sheep red 

blood cells (SRBC) (Vecchi et al., 1980; Davis and Safe, 1988; Kerkvliet and Brauner, 

1990). TCDD exposure also results in an enhanced acute inflammatory response 

measured by an increase in SRBC-induced peritoneal inflammation (Kerkvliet and 

Oughton, 1993; Moos et al., 1994) or an increase in carageenan or dextran-induced paw 

edema (Theobald et al., 1983). It is not clear at this time whether the enhanced 



67 

inflammatory responses and the suppressed antibody responses are linked mechanistically 

or whether they are independent immunotoxic events. 

The inflammatory process is initiated by endothelial cell activation and involves 

the release of a cascade of soluble mediators including tumor necrosis factor (TNF), 

interleukin 1 (IL-1), interleukin 8 (IL-8), arachidonic acid (AA) metabolites, platelet 

activating factor (PAF) and nitric oxide (NO) (Dinarello et al., 1993). A TCDD-induced 

increase in the concentration of, or sensitivity to, one or more of these proinflammatory 

mediators could result in an enhancement of the acute inflammatory response. Alteration 

in the inflammatory cytokine signaling pathways could disrupt the normal 

immunostimulatory signals required to generate an optimal anti-SRBC response leading 

to a down-stream suppression of antibody production. 

NO is a biologically active compound involved in acute and chronic inflammatory 

reactions as well as specific immune responses (Moncada and Higgs, 1993). Produced by 

activated macrophages, PMN and endothelial cells, NO plays a critical role in endothelial 

cell activation by promoting cytokine-induced vasodilation (Dinarello et al., 1993). 

Excessive NO production has been shown to alter T-cell responses (Rowland et al., 1994; 

Lejeune et al., 1994) and induce immunosuppression (Liew, 1994). We hypothesized that 

in response to TCDD exposure and an appropriate inflammatory stimulus (SRBC), more 

NO is produced locally resulting in an enhancement of the inflammatory response and a 

subsequent suppression of the splenic antibody response to SRBC. To test this 

hypothesis, we examined the effects of TCDD on NO production by peritoneal cells. We 

also evaluated the contribution of NO to TCDD-induced hyperinflammation and TCDD-

induced antibody suppression by measuring the inflammatory response and antibody 

production following treatment with aminoguanidine (AG), an inhibitor of cytokine

induced NO production (Misko et al., 1993; Corbett et al., 1992). 
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Methods and Materials 

Animals: 

Female C57B1/6 mice (The Jackson Laboratories, Bar Harbor, ME), 8-10 weeks ofage 

were used in this study. They were maintained according to NIH guidelines. 

TCDD Exposure: 

TCDD, obtained from Cambridge Isotope Laboratories, Inc. (Woburn, MA) as a certified 

reference standard of >98% purity, was dissolved in anisole and diluted in peanut oil. A 

vehicle solution of anisole in peanut oil was prepared similarly (vehicle control). Mice 

were given a single dose of TCDD (5 or 20 µg /kg) or vehicle by gavage. 

Ex Vivo NO Production in Peritoneal Exudate Cell (PEC) Culture: 

NO production was evaluated in PEC elicited by TG or primed by SRBC. Two days 

following exposure to 20 µg /kg TCDD, mice were injected ip with 1.5 ml sterile 3% TG 

broth or 2.5x108 SRBC. TG-elicited PEC were harvested from the peritoneum 3 days 

following injection; SRBC-primed cells were harvested 90 minutes following injection. 

Total peritoneal cells and differential cell counts were determined as described (Moos et 

al., 1994). PEC (1x106 cells /ml) were maintained at 37°C and 5% CO2 in DMEM with 

5% FBS for 2 hours before being stimulated with 50 U IFNy (Pharmingen, San Diego, 

CA) or LPS (E. Coli serotype 026:B6, Sigma, St. Louis, MO) for 48 hours. Supernatants 

were collected 48 hours following stimulation and stored at -70°C until evaluated for NO 

production. 

The colorimetric Greiss reaction (Green et al., 1982) was used to assay culture 

supernatants for nitrite (NO2), a stable oxidative metabolite of NO (Rowland et al.,1994; 

Al-Ramadi et al., 1992; Beckerman et al., 1993). Briefly, 50 41 aliquots of supernatant 

were mixed with an equal volume of Griess reagent (1.32% sulfanilamide in 60% acetic 

acid, 0.1% N-1-naphthyl-ethylenediamine-HC1), (Sigma, St. Louis, MO) and incubated at 

room temperature for 10 minutes. The absorbance at 562nm was measured in an 

automated microtiter plate reader. NO2- was quantitated using NaNO2 as a standard. 
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Inhibition of NO Activity during SRBC-induced Inflammation:
 

The peritoneal inflammatory response to SRBC was measured in TCDD or vehicle
 

exposed mice treated with AG or DPBS. Fifty-six hours following exposure to 20 ,ug
 

TCDD/kg or vehicle mice were sensitized with ip SRBC (2.5x108). PEC were harvested
 

18 hours following SRBC injection. Either 501.tg AG/kg or an equal volume of DPBS
 

was injected ip every 12 hours throughout this period beginning 24 hours after exposure
 

to TCDD or vehicle. A total of 5 injections of AG were given.
 

Inhibition of NO Activity during the Anti-SRBC Antibody Response:
 

The splenic plaque forming cell (PFC) response was measured in TCDD-treated and
 

vehicle control mice sensitized with SRBC and treated with AG or DPBS. SRBC
 

(2.5x108) were injected ip 48 hours following exposure to 51.1g TCDD/kg or vehicle.
 

Beginning 24 hours after exposure to TCDD, mice were dosed with 50 1,1g AG/ kg or an
 

equal volume of DPBS every 12 hours for a total of 6 doses. This was followed by 2
 

doses of 3 mg AG/mouse or DPBS given once every 24 hours (Beckerman et al., 1993;
 

personal communication Howard W. Rogers). Five days following antigen sensitization,
 

PFC were enumerated (Cunningham and Szenberg, 1968; Moos and Kerkvliet, 1995) and
 

treatment groups were compared.
 

Statistical Analysis:
 

The Student's t test was used to analyze data for statistical significance. In all analyses,
 

p<0.05 was considered statistically significant.
 

Results
 

The Effect of TCDD on TG-elicited PEC:
 

As shown in Table 5.1, TCDD exposure resulted in a statistically significant increase in
 

the total numbers of TG-elicited cells and in the relative and absolute numbers of PMN
 

harvested from the peritoneum.
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Table 5.1. Effect of TCDD on Thioglycollate-elicited PECa 

PEC x 106 PMN x 106 % PMN 
Treatment' 

Control 21.4 (2.2) 1.6 (0.9) 7 (3.5) 

TCDD 31.5 (4.2)* 7.1 (0.7)* 22.6 (2.5)* 

a) Data are presented as means (SE) of 3 mice per treatment group. 
b) Mice were injected with 1.5 ml sterile TG broth 2 days following exposure to 2Oug/kg 
TCDD or vehicle. TG-elicited PEC were harvested from the peritoneum 3 days following 
TG injection. Total peritoneal cells were enumerated on a Coulter counter and differential 
cell counts were determined following cytocentrifugation and staining with Gugol blue. 
*p <0.05 

NO Production by PEC: 

Table 5.2 summarizes the effects of TCDD exposure on NO production by PEC. TG-

elicited PEC demonstrated an LPS-dose responsive increase in NO production following 

stimulation. When stimulated with the higher doses of LPS (0.10 lag and 1.0 lig), PEC 

harvested from mice exposed to TCDD produced significantly more NO than cells 

harvested from control animals. Very low levels of NO were measured in cultures of 

SRBC-primed PEC in response to stimulation with LPS or IFNy (Table 5.2). In spite of 

these low levels, SRBC-primed PEC from mice exposed to TCDD produced significantly 

more NO than cells from control mice in response to LPS or IFNy. 
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Table 5.2. Effect of in vivo Exposure to TCDD on ex vivo Production of NO by PECa 

Vehicle TCDD 
NO2-(nM) 

TG-elicited PECK 
0 ng LPS 0.19 (0.01) 0.19 (0.02) 

10 ng LPS 3.53 (0.6) 5.10 (0.9) 
100 ng LPS 3.70 (0.5) 6.20 (1.1)* 

1000 ng LPS 4.59 (0.6) 7.40 (0.7)* 

SRBC-primed PE(' 
1000 ng LPS 0.011 (0.002) 0.088 (0.002)* 
50 U IFNy 0.205 (0.11) 1.69 (0.15)* 

a) Data are presented as means (SE) of 3 mice per treatment group. 
b) Mice were injected i.p. with 1.5 ml sterile TG broth 2 days following exposure by 
gavage to 20 ug/kg TCDD or vehicle. PEC were harvested 3 days following TG injection. 
TG-elicited PEC (1x106 cells /ml) were maintained at 37°C and 5% CO2 in DMEM with 
5% FBS for 2 hours before being stimulated with LPS. Supernatants were collected after 
48 hours and stored at -70 C until evaluated for NO production. 
c) Mice were injected i.p. with 2.5x108 SRBC 2 days following exposure to 20 ug/kg 
TCDD or vehicle. SRBC-primed PEC were harvested 90 minutes following injection, and 
maintained (1x106 cells/m1) at 37°C and 5% CO2 in DMEM with 5% FBS for 2 hours 
before being stimulated with IFNy or LPS. Supernatants were collected 48 hours later 
and stored at -70°C until evaluated for NO production. 
* p <0.05 TCDD treatment versus vehicle. 

Influence of AG on TCDD-induced Enhancement of the Anti-SRBC Inflammatory 

Response: 

Consistent with earlier reports (Kerkvliet and Oughton, 1992; Moos et al., 1994), 

exposure to TCDD resulted in an increase in total cell number as well as an increase in 

the relative and absolute numbers of PMN harvested from the peritoneum following 

SRBC-induced inflammation (Table 5.3). In order to examine the role of NO in this 

process, AG was administrated to inhibit cytokine-inducible NO synthase (iNOS) 
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throughout the inflammatory response. This resulted in an unexpected increase in the 

relative number of PMN harvested from control mice and a further increase in the 

absolute and relative numbers of PMN harvested from TCDD-exposed mice (Table 5.3). 

Table 5.3 Effect of AG on SRBC-induced PEC in Vehicle and TCDD-exposed Micea 

Treatment' PEC x 106 PMN x 106 % PMN 

Vehicle + DPBS 6.36 (1.3) 1.55 (0.4) 22.2 (3.3) 

Vehicle + AG 5.65 (0.6) 1.95 (0.4) 33.3 (4.4)** 

TCDD + DPBS 8.44 (1.3) 3.57 (0.7)* 41.2 (2.6)* 

TCDD + AG 10.64 (0.9) 5.53 (0.9)** 52.0 (3.3)** 

a) Data are presented as the mean (SE) of 8 mice per treatment group. 
b) Mice were sensitized with ip SRBC (2.5x108) two days following exposure by gavage 
to 20 ug/kg TCDD or vehicle and SRBC-elicited PEC were harvested 18 hours after 
injection. Either 50 ug AG/kg or an equal volume of DPBS was injected ip every 12 
hours throughout this period beginning 24 hours after exposure to TCDD (24 hours prior 
to exposure to SRBC). A total of 5 injections of AG or DPBS were administered. SRBC-
elicited PEC were enumerated using a coulter counter and differential cells counts were 
determined following cytocentrifugation and staining with Gugol blue. 
* p<0.05 TCDD versus vehicle.
 
* * p<0.05 AG treatment versus respective DPBS treatment.
 

Influence of AG on TCDD-induced Suppression of the Anti-SRBC Antibody Response: 

Similar to previous studies, (Kerkvliet et al., 1990; Moos and Kerkvliet, 1995) exposure 

to TCDD suppressed the anti-SRBC antibody response (Fig. 5.1B and 5.1C), but did not 

alter spleen cell number (Kerkvliet et al., 1990) (Fig. 5.1A). In TCDD-exposed animals, 

administration of AG resulted in a trend towards an increase in spleen cellularity (Fig. 
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5.1A) and a statistically significant increase in the total number of PFC generated/spleen 

(Fig. 5.1C). These parameters were not affected by AG treatment in control mice. AG 

treatment did not alter the concentration of PFC in spleens (PFC/106 spleen cells) in 

either TCDD-exposed or control mice (Fig. 5.1B). 
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Figure 5.1. The effects of AG on spleen cell recovery (A), number of PFC/10° spleen 
cells (B) and the number of PFC/spleen © generated in response to ip SRBC in TCDD (5 
µg /kg) and vehicle exposed mice. AG (50 pg/kg) was administered ip every 12 hours 
starting 1 day before antigen exposure for a total of 6 doses followed by 2 daily doses of 
3 [tg AG/mouse. Spleen cells were harvested and PFC were enumerated 5 days following 
antigen exposure. Data are presented as means (SE) of 8 mice per treatment group. 
*p<0.05 TCDD versus control. **p<0.05 AG treatment versus respective DPBS control. 
(Statistical comparisons were not made between TCDD-exposed mice treated with AG 
and vehicle control mice treated with AG). 



75 

Discussion 

Several reports (Clark et al., 1991; Taylor et al., 1992; Massa et al., 1992; Alsharif 

et al., 1994), have suggested that TCDD toxicities may be associated with an increase in 

production or activity of TNF a potent proinflammatory cytokine produced by many 

different cell types (Beutler and Cerami, 1989; Vassalli, 1992; Tracey and Cerami, 1993). 

Studies in our laboratory have shown that TNF is a critical mediator in the TCDD-

induced hyperinflammatory response to SRBC (Moos et al., 1995) but TNF does not 

appear to be involved in TCDD-induced suppression of the anti-SRBC response (Moos 

and Kerkvliet, 1995). It is possible that the TCDD-induced hyperinflammation and 

antibody suppression are linked mechanistically through increased expression of other 

inflammatory mediators involved in the process of endothelial cell activation. We 

considered NO to be a likely candidate for mediating these responses for the following 

reasons. NO is produced by macrophages (MAC) as well as PMN and endothelial cells 

in response to TNF during the acute inflammatory reaction (Moncada and Higgs, 1993) 

and plays a critical role in vascular dilatation during endothelial cell activation (Dinarello 

et al., 1993). In addition. NO has been shown to mediate the suppression of the splenic 

antibody response to SRBC in mice immunized with attenuated aro A- mutants of 

Salmonella typhimurium (Al-Ramadi et al., 1992; Eisenstein et al., 1994). 

NO is synthesized from L-arginine by a family of enzymes, the nitric oxide 

synthases. The constitutive isoform of NO synthase (NOS) is Ca' dependent and 

produces small amounts of NO which mediate endothelium-dependent relaxation and 

neural transmission (Corbett et al., 1992;Moncada and Higgs, 1993). Larger amounts of 

NO are produced by the cytokine-inducible form of NO synthase which is Ca'

independent (Corbett et al., 1992; Moncada and Higgs, 1993). The NO produced by the 

inducible enzyme mediates the cytotoxic activity of MAC on target cells and the vascular 

dilatation characteristic of acute inflammation (Moncada and Higgs, 1993). 

To evaluate the effects of TCDD on NO production, we compared nitrite 

production in cultures of TG-activated and SRBC-primed PEC harvested from TCDD-

exposed and control mice. Following TCDD exposure, there was an increase in the 
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magnitude of the cellular inflammatory response to TG as measured by an increase in the 

total number of PEC as well as an increase in the absolute and relative numbers of PMN 

harvested from the peritoneum. Consistent with an earlier report by House et al., (1990) 

there was no difference between groups in the absolute or relative numbers peritoneal 

MAC elicited by TG. A TCDD-induced neutrophilic response has also been observed 

following SRBC-induced peritoneal inflammation (Kerkvliet and Oughton, 1993; Moos 

et al., 1994) and suggests that TCDD exposure may increase neutrophil chemotaxic 

signals or PMN endothelial cell interactions. 

The ability of PEC to produce NO in response to an inflammatory stimulus 

depends in part on the degree of priming or stage of activation (Rutherford et al., 1993; 

Manthey et al., 1993). In this study, for example, TG-elicited PEC produced significant 

quantities of NO, while NO was not detected in cultures of resident peritoneal cells 

stimulated with LPS or SRBC (data not shown) and only very low levels of NO were 

produced by SRBC-primed PEC stimulated with LPS or IFNy. The low levels of NO 

measured in cultures of SRBC-primed cells may be due in part to a buffering action of the 

SRBC. Oxyhemoglobin binds NO with high affinity (Moncada et al., 1991) and 

detectable levels of NO are decreased by adding increasing concentrations of SRBC to 

spleen cell cultures (Al-Ramadi et al., 1992). Regardless of the magnitude of the 

response, PEC harvested from mice exposed to TCDD produced significantly more NO 

than cells harvested from control mice. The mechanisms involved in the TCDD-induced 

increase in NO production are not yet identified. Regulation of NO secretion appears to 

be primarily at the level of transcription of the iNOS gene (Xie et al., 1992) but at this 

time, it is not yet known if TCDD exposure directly affects this transcriptional process. 

The capability of PEC from TCDD-exposed mice to produce more NO in 

response to an inflammatory stimulus led us to hypothesize that an increase in NO 

contributes to the enhanced inflammatory response observed following ip sensitization 

with SRBC. NO has been shown to play a critical role in both acute and chronic 

inflammatory processes (Moncada and Higgs, 1993) and in vivo treatment with inhibitors 

of NO have been shown to reduce the inflammatory response in several animal models, 
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(Ialenti et al., 1992; Mulligan et al., 1991; and Miller et al., 1993). The direct effects of 

NO on neutrophil chemotaxis and recruitment, however, are debated, and both 

enhancement (Kaplan et al., 1990) and inhibition (Kubes et al., 1991) of neutrophil 

migration by NO have been reported. To evaluate the role of NO in TCDD-induced 

hyperinflammation, we measured the peritoneal inflammatory response to SRBC 

following inhibition of iNOS with AG, a compound structurally related to L-arginine. 

Based on cellular responses, organ culture studies and enzyme-based measurements, AG 

has been shown to be equipotent to other inhibitors of iNOs but 10 to 100-fold less potent 

an inhibitor of the constitutive isoform of NOS (Misko et al., 1992). In vivo treatment 

with AG selectively inhibits iNOS and results in minimal alterations in the homeostatic 

mechanisms attributed to constituitively produced NO (Corbet et al., 1992; Misko et al., 

1993; Gibaldi, 1993). 

Based on our hypothesis that the increase in NO produced in TCDD-exposed mice 

contributes to the enhanced inflammatory response observed following injection with 

SRBC, we anticipated that inhibition of iNOS would decrease or normalize the degree of 

inflammation measured in these mice. Treatment with AG throughout the inflammatory 

response to SRBC, however, had the unexpected effect of increasing, rather than 

reducing, the number of PMNs harvested from the peritoneum in both control and TCDD 

exposed animals. AG itself appears to have proinflammatory properties resulting in an 

enhancement of the neutrophilic response to SRBC. 

The role of NO in TCDD-induced antibody suppression was also evaluated using 

AG. Daily administration of AG throughout the course of the primary antibody response 

to SRBC resulted in a trend towards an increase in spleen cellularity in TCDD-exposed 

mice, although the numbers among treatment groups were not statistically different. In 

addition, AG treatment did not significantly alter the concentration of PFC in the spleen. 

However, the total number of PFC per spleen was significantly increased in TCDD-

exposed mice treated with AG suggesting that inhibition of iNOS can reverse the 

antibody suppression observed in these animals. In non- AG treated animals, TCDD-

exposure suppressed the antibody response by 65% whereas in AG treated mice, TCDD 
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suppressed the response by only 23%. The potential for excess NO to suppress the anti-

SRBC response has previously been demonstrated by Al-Ramadi et al. (1992). These 

investigators observed that mice immunized with attenuated Salmonella mutants were 

protected against virulent Salmonella challenge but were unable to mount antibody 

responses to non-Salmonella antigens including SRBC. Suppressed antibody production 

in these mice correlated with high levels of NO and was reversed when NO production 

was inhibited. 

Although increased NO activity appears to contribute to the suppression of the 

anti-SRBC response by TCDD, the mechanism whereby excess NO suppresses antibody 

production is not known. One hypothesis that has been proposed is that increased 

amounts of NO produced by macrophages in response to an inflammatory stimulus 

`poison' lymphocytes in the vicinity of the activated macrophages. The resulting 

cytostasis of the proximal lymphocytes renders them ineffective in participating in the 

antibody response (Eisenstein et al., 1994). The lack of total restoration of the antibody 

response by AG in TCDD-exposed mice may indicate that not all inducible NO was 

inhibited or that more than one mechanism contributes to antibody suppression in this 

model. 

To the best of our knowledge, this is the first reported examination of the effects 

of TCDD on NO production and evaluation of the role of NO in TCDD-induced 

immunotoxicities. It remains to be determined if TCDD directly alters NO production by 

enhancing expression of iNOS or if TCDD affects NO production by some other, indirect 

mechanism. 
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Chapter Six 

Conclusions 

Exposure to TCDD has been shown to enhance the peritoneal inflammatory 

response to intraperitoneal SRBC. An increase in both the relative and absolute numbers 

of neutrophils harvested from the peritoneum has been reported following ip SRBC in 

mice pretreated with TCDD. The studies described here focus in general on the effects of 

TCDD exposure on the acute inflammatory response and address the question of whether 

TCDD-induced hyperinflammation is linked mechanistically to TCDD-induced antibody 

suppression. More specifically, the role of specific inflammatory mediators in TCDD-

induced hyperinflammation and the effects of cytokine dysregulation on downstream 

antibody production were evaluated. 

We hypothesized that TCDD exposure increases the activity of one or more 

proinflammatory mediators resulting in an enhanced inflammatory response to SRBC. 

Results from these studies demonstrate that TCDD exposure can alter levels of 

proinflammatory mediators. Pre-exposure to TCDD resulted in an increase in circulating 

levels of TNF in mice as well as an increase in TNF secretion from ex vivo peritoneal 

cells and a peritoneal macrophage cell line stimulated in culture. Studies using specific 

TNF inhibitors demonstrated that TNF activity is important in supporting the TCDD-

induced hyperinflammatory response. Inhibition of TNF activity in TCDD treated mice 

reduced the inflammatory response to control levels but had little effect on the 

inflammatory response in vehicle mice. A TCDD effect on TNF activity and production 

has been described in multiple studies in different model systems, (Clark et al., 1991; 

Taylor et al., 1992; Massa et al., 1992; Alsharif et al., 1994; Olnes et al., 1994; Vogel and 

Abel, 1995; Gollapudi et al., 1996), although a recent report targeting TCDD specific 

DRE sequences in human and murine genes failed to identify a DRE in the TNF specific 

DNA (Lai et al., 1996; Chemico-Biolical Interactions 100:97-112). These findings 

suggest that TCDD may have a post-transcriptional effect on TNF production, possibly 

influencing the rate of translation or stability of TNF mRNA (Tracey and Cerami, 1993). 
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TCDD exposure also resulted in an increase in NO production by activated 

peritoneal cells measured ex vivo or in vitro. Inhibition of NO activity in vivo, however, 

did not appear to affect the TCDD-induced hyperinflammatory response. Although these 

results suggest that NO does not play an active role in this process, these studies were 

complicated by an apparent proinflammatory effect of aminoguanidine, the reagent used 

to inhibit NO production. The effects of TCDD exposure on NO synthase, which 

regulates NO production have not been clearly identified, but studies are currently 

underway in our laboratory to examine the effects of TCDD-exposure on NO synthase 

expression. To the best of our knowledge, no DRE has yet been identified in the NOS or 

iNOS gene. 

We hypothesized that TCDD-induced hyperinflammation and TCDD-induced 

antibody suppression are linked mechanistically through an increase in level and/or 

activity of one or more proinflammatory mediators. To test this hypothesis, specific 

inhibitors of TNF and NO were used and the effects of these inhibitors on TCDD-induced 

antibody suppression were evaluated. Results from Rodriquez et al. (1993) suggest that 

TNF is critical for IgG secretion and that alterations in TNF activity can influence 

antibody production (Wooley et al., 1993), but studies here demonstrate that an increase 

in TNF production does not contribute to the TCDD-induced antibody suppression to 

SRBC. Increased levels of NO, however, do appear to play a role in TCDD-induced 

antibody suppression. When NO production was inhibited in TCDD-exposed mice, the 

anti-SRBC response as measured by the total number of PFC generated per spleen, was 

partially restored to control values. Inhibition of NO production had no effect on the anti-

SRBC response in vehicle-treated mice. 

We conclude from these studies that the enhancement of the inflammatory 

response by TCDD is not linked mechanistically to the suppression of the antibody 

response through either an increase in TNF activity or an increase in NO production. 

Either these two immunomodulating effects of TCDD exposure are mechanistically 

independent events, or there is an as yet unidentified upstream mediator altered by 

TCDD-exposure that affects both the inflammatory response and the SRBC antibody 
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response. A potential candidate for such an upstream event is a TCDD-induced increase 

in production of AA metabolites. These oxygenated eicosanoids, enzymatically derived 

from membrane AA by cyclooxygenase, lipoxygenase, or P450 activity, are critical 

mediators in endothelial cell activation and acute inflammation. Certain eicosanoids have 

been shown to increase in response to TCDD exposure and increased activity of HETEs 

and EETs has been linked to TCDD toxicities in the chick embryo model (Rifkind et al., 

1990). Studies in our laboratory have demonstrated that AA metabolites do not play an 

active role in TCDD-induced suppression of the CTL response, but the role of these 

compounds in TCDD-induced hyperinflammation and antibody suppression has not yet 

been addressed. 
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