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ABSTRACT 

T cell development is regulated by signals generated in the interactions between 

developing thymocytes and the thymic stroma. Using fetal thymus organ culture (FTOC) 

as a model of T cell development, we investigated the ability of two potent signal 

modulators to influence this process. These studies show that both nicotine and tumor 

necrosis factor-a have the ability to influence T cell receptor (TCR) signaling and the 

maturational capacity of treated cultures. FTOC treated with low concentrations of 

nicotine produced more immature T cells and fewer mature T cells. These expanded 

populations of cells also expressed CD69, CD95 (FAS) and elevated levels of 

recombinase activating genes (RAG). This phenotype reflects the fact that these cells 

have received a positive selection signal, are for apoptosis and are likely attempting 

secondary I CR rearrangements. Nicotine effects were partially blocked by the nicotinic 

antagonist, d-tubocurarine. Furthermore, d-tubocurarine alone blocked the development 

of T cells entirely, suggesting the presence of an endogenous ligand that may engage 

nicotinic acetylcholine receptors and regulate normal thymopoeisis. These observations 

underscore the linkage between the nervous and the immune systems, not only in terms 

of shared resources, but also in terms of direct interactions between these two systems. In 

another study we used FTOC and an associated in vitro Type 1 diabetes mellitus model to 

reconcile the role of TNF-cx in thymopoiesis with its role in diabetes. Our data indicate 

that thymocytes from NOD FTOC express lower levels of TNF receptors and produce 

more TNF-cx compared to non-diabetic C57BL/6 (B6) FTOC. Neutralization of 
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endogenous TNF-cx in NOD FTOC with a soluble TNF receptor (sTNF Rl) rescued 

insulin production in our in vitro diabetes model. NOD FTOC treated with TNF-a 

produced greater numbers of mature T cells and a higher percentage of cells expressing 

CD95L (Fas Hgand). Treatment with sTNF Rl had the opposite effect. TNF-a's known 

ability to attenuate ICR signaling coupled with these observations suggest that its 

overproduction in these animals may be driving T cells to maturity, altering the process 

of negative selection and ultimately enhancing the survival of potentially diabetogenic T 

cells resulting in disease susceptibility in these animals. 
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CHAPTER 1: INTRODUCTION 

Problem Defined 

This dissertation does not address a particular question or problem; instead it 

focuses on the process of T cell development as a whole, the signals that govern this 

process and two agents that can be used to modulate those signals. Essentially, the two 

projects that are presented in this dissertation were independent of one another in every 

aspect from their inception to execution and documentation, however they do share 

common ground in that both studies hinge upon the manipulation of signals being 

propagated through the T cell receptor complex during the processes of positive and 

negative selection. The known ability of these two agents to affect intracellular calcium 

and the importance of this cation in cellular activation was a strong indicator that 

alterations in T cell development would be observed. The ability to manipulate is often 

the foundation of further understanding and it was on this basis that we approached the 

work as a whole. 

The nicotine project was undertaken after several studies done by other 

laboratories had shown that nicotinic acetylcholine receptors were expressed in the 

thymus (1-3). This was one of several reports that demonstrated the expression of 

proteins classically associated with the nervous system within the thymus. It became 

clear that our fetal thymus organ culture model was a perfect tool to address a potential 

role for these receptors within the context of T cell development. The explant nature of 

this system eliminates the influences of cholinergic input into the thymus and allows for 

the precise control of the thymic microenvironment over the course of T cell maturation. 
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We decided to approach this study on the basis of how these receptors respond to ligation 

using the natural plant alkaloid and acetylcholine receptor agonist, nicotine. The 

additional bonus to this approach is that nicotine is also ubiquitously present in our 

society in the form of a variety of tobacco related products. Any changes in T cell 

development that we were able to detect using nicotine would shed light not only on the 

role that nicotinic receptors play in this setting but also on the effects that nicotine has on 

a young developing immune system. This work becomes particularly relevant when put 

into the context of the approximately 495,000 babies bom to women who were reported 

to smoke cigarettes during pregnancy (12.2% of total US births in the year 2000-

childrensdatabank.org). While on the decline in the last decade, these numbers clearly 

highlight the need to investigate the effects of nicotine on human development. 

The investigation of the pathogenesis of Type 1 diabetes mellitus has been part of 

the DeLuca laboratory repertoire for over a decade. The crux of this disease lies in the 

aberrant escape from negative selection of autoreactive, diabetogenic T cells in the 

thymus. The fetal thymic organ culture is again an ideal model to study the circumstances 

that give rise to these cells. Our laboratory has also developed an in vitro fetal 

thymus/fetal pancreas co-culture model that provides a system in which to test potential 

therapeutic approaches to this disease. An emerging body of literature has implicated the 

endogenously produced cytokine, tumor necrosis factor-a, as a potential role player in 

Type 1 diabetes pathogenesis (4-6). Other workers had shown that this cytokine could 

both mitigate and exacerbate this disease depending on the developmental status of the 

organism at the time of exposure (7). The mechanisms behind the paradoxical influences 
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of this agent on diabetes were a mystery. Tumor necrosis factor-a has also been 

demonstrated to play a critical role in the normal development of T cells and has been 

shown to be constitutively expressed in the thymus. Our organ culture model and in vitro 

diabetes system presented a direct way to reconcile the role of this cytokine within the 

context of its effects on neonatal mice destined to become diabetic and its role in normal 

T cell development. 
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Literature Review 

T Cell Development 

Five hundred million years ago, as the jawed vertebrates diverged from jawless 

fish, an ancestor of the jawed vertebrates acquired the ability to present antigen via major 

histocompatibility complex (MHC) molecules and to somatically rearrange antigen 

receptors using recombinase activating genes (RAGs), thus giving birth to the adaptive 

immune response (8). Over time, the adaptive immune system has evolved a highly 

coordinated and regulated interplay of cells and their chemical messengers specialized for 

antigen presentation, antibody production, and cytotoxicity and has developed the means 

to direct this powerful response against foreign pathogens. As a defense mechanism, the 

effectiveness of the immune system hinges upon its ability to distinguish antigens as 

being foreign or derived from the organism itself This function is carried out by 

thymocytes, a highly specialized cell type that serves as the keystone of the immune 

response. Thymocytes, or T cells, originate in the thymus, a bi-lobed organ located just 

above the heart that draws its embryonic origins from the fusion of ectoderm derived 

from the third branchial cleft and endoderm of the fourth pharyngeal pouch (9). 

The thymic microenvironment is a complex network of stromal cell types 

including cortical and medullar)- epithelial cells, macrophages, dendritic cells and 

mesenchymal fibroblasts (10). Each of these cell types plays an important role during 

thymocyte development by providing signals that lead to the selective proliferation or 

elimination and eventual differentiation of T cells. The development of a T cell can be 
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followed in a step-wise manner as the T cell progenitors make their way from the outer 

layers of the thymus, or sub-capsular layer, through the cortex and into the medulla, 

where mature, competent T cells emerge. T cell differentiation is governed by three 

checkpoints termed P selection, positive selection and negative selection, which can be 

delineated based on the temporal expression or lack of expression of a handful of cell 

surface glycoproteins that characterize the phenotypes of this dynamic population of 

cells. These processes ensure that the emerging population of thymocytes comprise a 

functional repertoire of T cells that is both protective against foreign antigens, and 

tolerant to self. 

P Selection 

Thymic stem cells originate in different hematopoietic sites, depending on the 

stage of embryonic development. In the fetus, the yolk sac and fetal liver are major sites 

of hematopoiesis, while in the adult, hematopoiesis primarily occurs in the bone marrow. 

The earliest T-lineage precursors identified in the thymus are Lin" ckit^ IL7R^ CD41o 

hematopoietically derived cells (1 l)(Figure l(#l)). These cells enter the thymus and 

quickly lose the expression of CD4, begin to express CD44 and become part of a large 

pool of pro-thymocytes collectively referred to as double negative cells (DN) due to their 

lack of expression of both CD4 and CDS. The DN compartment of cells maintain a high 

rate of proliferation in response to a multitude of cytokines including stem cell factor and 

IL-7 and comprise roughly 1-3 % of the cells within the thymus (12). DN thymocytes are 

further sub-divided by their expression of CD44 (Pgp-1, which mediates adhesion of 
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leukocytes by its ability to bind hyaluronic acid) and CD25 (IL-2Ra chain). The most 

immature population of DN cells are CD44"CD25" (DNl). These cells maintain the 

ability to give rise to NK cells and dendritic cells which also trace their origins to the 

thymus(13, 14). DNl pro-thymocytes then transition into CD44^CD25' (DN2) pro-T 

cells. These cells mark the commitment to the T cell lineage; although the genes 

encoding the T cell receptor (TCR), the molecule that provides the unique antigenic 

diversity of T cells, still largely remain in germ line configuration. Differentiation then 

further proceeds as CD44 is markedly down regulated, and the CD44'CD25 * early pre-T 

cells (DN3) begin to rearrange their TCR (5, y and 6 chain genes (15). The (3 chain is the 

first to undergo rearrangement, however y and 8 soon follow as the T cell lineage makes a 

division at this point in development. The resulting two broad categories include the y8 

TCR-bearing T cells, which may remain DN and may leave the thymus early to undergo 

further differentiation in tertiary lymphoid sites (16) and the more classical T cells, the 

a(3 TCR-bearing CD4^ or CD8^ (single positive (SP)) T cclls. These resulting 

populations will eventually comprise approximately 5-10% and 65-75% respectively, of 

the circulating T cell population that originates in the thymus. 

Although still a point of contention, it is believed that IL-7, either directly or 

indirectly, regulates the initiation of TCR gene rearrangement via its influence on the 

recombinase activating genes (RAG) in the DN3 population (17). The genetic 

rearrangement carried out by the RAG protein complex in developing T and B cells is a 

unique phenomenon in mammalian biology and is the basis for Susumu Toncgawa's 

somatic recombination theory which garnered him a Nobel prize in 1987. Induction of 
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RAG expression marks a key step in the developmental progress of T cells, as mice 

unable to rearrange their TCR loci due to defective RAG genes exhibit a complete arrest 

in intrathymic cellular differentiation at the DNS stage (18). These proteins (RAG-1 and 

RAG-2) initiate the genetic rearrangement of the individual genes that combine to form 

the complete genetic sequence for a TCR. In humans, the collection of genes that have 

the potential to be included in the final gene transcript of the (3 chain of the TCR includes 

a combination of approximately 30 variable region genes (V), 2 diversity genes (D), 10 

joining genes (J) and 2 constant region genes (C). The vast diversity of binding 

n 

specificities that characterize an individual's T cell repertoire (approximately 2.5 xlO 

possible combinations) are generated by the random genetic recombination of 1 of each 

of these regions (VDJC) coupled with a unique a chain (VJC)(a chains are smaller and 

lack a D region). The rearrangement of the a chain of the TCR is somewhat delayed 

during T cell development, as the transition from DNS early pre-T cell to CD44"CD25" 

(DN4) late pre-T cells is marked by the expression of a surrogate a chain on the surface 

of these cells (15). Expression of the surrogate a chain, or pre-T a chain (pTa) 

characterizes the first major checkpoint in T cell development, a process termed |3 

selection (Figure 1(#2)). 

In addition to the pTa, late pre-T cells also express a rearranged P chain and the 

CDS signaling complex (including y, 8, e and ^ chains). Collectively, these elements 

comprise a multi-subunit receptor called a pre-'FCR (19). Although pre-TCR expression 

is about 50-100-fold lower than that of TCR on mature cells, it represents a critical 

checkpoint in T cell differentiation as failure to develop a functional pre-TCR results in 
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apoptosis (20). Signals transduced through the pre-TCR, known as (3 selection, dictate the 

survival and expansion of the DN4 subset as well as the transition of these cells into the 

next phases of maturation, the immature single positive (ISP)(21). Successful (3 selection 

also inhibits further DNA recombination at the TCR P gene locus, a process called allelic 

exclusion, a safeguard mechanism that ensures that each T cell expresses only one 

version of the TCR chain. Unlike the clonotypic a chain that will eventually replace it, 

the surrogate pTa contains an extended intracellular tail (22). The fact that the expression 

of the pTa is required for developmental transition coupled with this unique structural 

element is strongly suggestive of the necessity for interaction with some external ligand 

followed by subsequent signal transduction. However it has been demonstrated that even 

when pre-TCRs, which lack all extra-cellular structures, are expressed on the surface of 

cells undergoing (3 selection, a sufficient signal is generated, and these cells survive (23, 

24). It seems the pTa contains a palmitoylation site that targets this molecule for 

spontaneous inclusion into membrane glycolipid-enriched microdomains. These 

structures, known as lipid raits, facilitate constitutive downstream signaling (24, 25) 

without apparent requirement for putative ligand interaction on thymic stromal elements 

(24). Successfiil pre-TCR expression and signal transduction mediated through lipd-raft 

localization give rise to productive [3 selection and further maturational progression of the 

DN4 subset. These cells begin to express either CD4 or CDS as they transition into the 

transient ISP phenotype (26-28). The ISP stage is poorly understood and difficult to 

study. It has been demonstrated that murine ISP's will spontaneously convert to DP 

thymocytes upon being cultured in vitro. This implies that the existence of the ISP stage 
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simply reflects the differential kinetics of CD4 and CDS expression at the cell surface. 

However, the existence of the ISP stage as a requisite step in the transition to the DP 

stage is favored by the finding that specific strains of engineered mice have a block in 

thymocyte differentiation at the ISP stage (29). This notion has been supported by similar 

blocks in maturation reported after the low doses of nicotine were added to fetal thymus 

organ cultures (FTOC) (30). 

Positive Selection 

Once developing thymocytes have successfully passed through p selection, they 

must endure two additional screening processes, which will ensure that the developing T 

cell repertoire is both MHC-restricted and devoid of any potentially auotreactive T cells. 

These two processes are termed positive and negative selection. DN4 precursors 

expressing only a TCR |3 chain initiate a locus rearrangement immediately after pre-TCR 

signaling. Rearrangement of the a chain continues at low levels through the ISP stage 

and does not reach full-scale levels until the cell begins to express both CD4 and CDS 

and becomes a quiescent double positive (DP) cell (31). The productive rearrangement of 

an a chain, however, is not sufficient to trigger the termination of recombination. Instead, 

only a chains that form an MHC-restricted receptor when paired with the (3 chain will 

induce the down regulation of the RAG complex and the termination of this process (32, 

33). Cortical epithelial cells carry out positive selection (Figure 1 (#3)), as they are 

charged with the task of determining whether a developing thymocyte is indeed capable 

of recognizing a peptide in the context of self-MHC. These cells reside at the cortical-
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medullar)' junction and are uniquely designed to carry out this function. Not only do they 

express peptide-bound MHC Class I and Class 11 molecules, these cells also secrete 

survival factors and provide specialized accessory interactions that MHC^ epithelial cells 

from otlier tissues do not (34). 

The generation of an MHC-restricted receptor from random a/p pairs is thought 

to occur relatively infrequently, despite an inherent propensity of cx/p T cell receptors to 

bind MHC (35). As a result, the majority of DP thymocytes express a surface TCR but 

remain in an undifferentiated state and express high levels of RAG. Indeed, it has been 

demonstrated these cells may undergo several rounds of a chain rearrangements as they 

attempt to produce a TCR that will allow them to survive this rigorous selective process 

(36). This trial and error approach means that multiple different productive TCR a gene 

rearrangements can be tested per cell and presumably provides an efficient means to 

screen for MHC-restriction while expending a minimal amount of metabolic energy. The 

TCRs that receive positively selecting signals are generally characterized by their ability 

to bind lovv-affmity self-peptides in the context of MHC (37); once this signal has been 

generated the cells undergo a series of changes that facilitate maturational transition. 

Some of the changes in gene transcription patterns that appear to correlate with 

positive selection are detectable in DP thymocytes. Following positive selection, DP T 

cells do not immediately transition into single CD4 (SP4) or single positive CDS (SP8) 

cells. Those DP cells that have undergone positive selection demonstrate a down-

regulation of the RAG protein complex accompanied by the up-regulation of CD69 (38). 

This early activation marker likely reflects the full functionality of the new TCR and has 
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been shown to be expressed just following the MHC dependent phase of positive 

selection (39). Its expression is believed to be the final stage of DP development 

preceding SP4 or SP8 lineage commitment, yet T cells remain CD69^ as they continue 

the maturation process (40). The expression of CD69 marks the end of a long continuous 

process during which the signals generated through TCR-MHC interactions between 

developing thymocytes and cortical epithelial cells must be maintained in order for 

positive selection to occur. Unlike the short intervals of signal generation associated with 

the activation of mature T cells by antigen (minutes to hours), the signals that result in 

positive selection are enduring (hours to days). Indeed, interruption of TCR-MHC 

contacts inhibits the progression of selection, and is followed by a reintroduction of RAG 

expression (41, 42). Additionally, chimeric disaggregation-reaggregation FTOCs have 

shown that developing thymocytes do not scan the cortical epithelial network in search of 

an appropriate ligand. but rather remain faithfully bound to a single cell or small group of 

cells (43). 

With an average life span of approximately 3-4 days, the DP thymocyte 

population makes up a large majority of the cells in the thymus at any given time. 

However, as many as 90% of DP cells fail positive selection and undergo death by 

neglect. Several factors contribute to the regulation of this life span, including the steroid 

transcription factor RORy (44) and transcription factors associated with the writ signaling 

pathway, TCF-1 and LEF-1 (45, 46). These factors are linked to the control of the 

expression of Bcl-Xi. (44, 46). Positive selection signals lead to the induction of RORy 
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Figure 1: T Cell Development 

Hematopoietically derived precursors seed the thymus (1) and transition through several 

CD4"CD8" (Double Negative (DN)) intermediate stages before undergoing P selection, 

which ensures successful TCR p eiiain rearrangement (2). Several rounds of proliferation 
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characterize the early stages of development as these cells proceed through the immature 

single positive (ISP) stage and on to positive selection (3). which is mediated by cortical 

epithelial cells. Positive selection establishes an MHC-restricted T cell repertoire and is 

closely associated with the lineage commitment of thymocytes to either the SP4 or SP8 

subset. Negative selection is carried out by dendritic cclls (DC) residing within the 

cortical-medullary junction of the thymus (4) and safeguards against the development of 

high affinity and potentially autoreactive thymocytes. Ultimately these processes give 

rise to a diverse T cell population made up of yb T cells. SP4 a|3 T cells, SP8 cxp T cells 

and DN a(3 T cells and NK cells (5). The thymus also produces a small population of B 

cells. 
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and TCF-1 activity. In the absence of these factors, the anti-apoptotic factor, BC1-XL is 

never expressed and DP thymocytes undergo death by neglect. 

Negative Selection 

The vast majority of DP thymocytes fail to express TCR that is capable of binding 

self-peptide/MHC complexes. These cells undergo death by neglect as a result of failing 

to receive a positive signal from the cortical epithelial cells that oversee this process. A 

small proportion of the DP thymocytes (<5%) display significant though weak reactivity 

for these complexes and receives a low level TCR signal that confers protection and 

induces these cells to further proceed down the path of differentiation and maturation. A 

subset of these developing DP thymocytes demonstrates a strong reactivity for these self-

peptide/MHC complexes. These cclls represent a potentially dangerous population of 

cells in that once in the periphery, this strong reactivity to self-antigens would constitute 

an autoimmune threat. The process of negative selection serves to eliminate this 

population of cells and represents the final developmental checkpoint in thymic ontogeny 

(Figure 1 (#4)). 

The thymic architecture is broadly categorized into two divisions, the cortex and 

the medulla. The cortex is typically associated with thymocytes undergoing the 

developmental rigors of T cell maturation while the medulla is associated with the end 

products of this process, the mature SP4 and SP8 T cells. The concentration of immature 

thymocytes in the cortex coupled with some experimental evidence (47, 48) and 

definitive proof that positive selection is mediated by cells residing in this part of the 
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thymus (49) have led to the erroneous conclusion that negative selection also occurs in 

the cortex. The idea that negative selection may not be occurring in the cortex was first 

given momentum by the limited capacity of cortical epithelial cells to mediate this 

process (50, 51). Further investigation demonstrated that unlike poshive selection, which 

was solely based on TCR-MHC interactions, negative selection required an additional 

secondary co-stimulation signal (52). Cortical epithelial cells fail to express any of the 

molecules associated with co-stimulation such as B7-1, B7-2, ICAM-1, and HSA (53-

55). The expression of these molecules within the thymus is restricted to bone marrow 

derived MHC class 11+ antigen presenting cells (APC) that reside in the medulla (56). 

although which of these molecules are required for selection remains unclear (57-59). 

As mentioned above, the medulla of the thymus, unlike the cortex is densely 

packed with APC's and is readily accessible to soluble antigens entering the thymus from 

the bloodstream (59). For these reasons, the medulla is a logical site for negative 

selection. In support of this possibility, histological staining of the thymus for apoptotic 

(TUNEL^) cells has shown that selective death of thymocytes reacting to endogenous 

superantigens is prominent in the medulla but very limited in the cortex (60). At face 

value, this finding is somewhat surprising, because the vast majority of T cells in the 

medulla are SP cells. Hence, one might expect these cells to be relatively resistant to 

tolerance induction. Nevertheless, it has been demonstrated that late stage DP cells and 

'semimature' SP thymocytes within the medulla remain tolerance susceptible and are the 

likely populations being screened during negative selection (61). 
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One of the fundamental issues concerning the development of T cells is the 

distinction between signals that lead to positive versus negative selection. The delineation 

of these signals was presumed to be based solely on the signal strength generated through 

TCR-MHC interactions. Weak to moderate affinity based interactions generated 

proportional signals and resulted in positive selection. Conversely, strong affinity based 

interactions led to negative selection. The finding that negative selection also required a 

supplementary signal mediated through co-stimulatory molecules further differentiated 

the type of signals required for each process. The prominent role players and the nature of 

these co-stimulatory signals have become an active area of research. The expression of 

B7-1 and B7-2 on bone marrow derived APC in the medulla and the prominent role its 

ligand, CD28, plays in the co-stimulation required for T cell activation in the periphery 

(62) led to the notion that this same interaction may be at work during negative selection. 

Indeed, unlike TCR ligation alone, combined TCR/CD28 ligation in vitro is highly 

effective in inducing apoptosis of DP and HSA^ SP thymocytes (61, 63). The 

physiological significance of this finding is questionable, however as negative selection is 

reported to be nonnal in CD28" ' mice (64). Likewise, studies using other gene-knockout 

mice have failed to find evidence that a variety of other cell-surface molecules carry out 

this task alone (65). Negative selection could be under the control of a single, but as yet, 

unknown co-stimulatory molecule or it could be controlled not by one but by several 

different co-stimulatory molecules, individual molecules being largely redundant (66). 

Further investigation using antibodies against each of the potential co-stimulatory 

candidate molecules supported the latter scenario. Negative selection of DP thymocytes is 
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mediated through co-stimulation provided by CD28, while negative selection of SP 

'semimature' thymocytes is mediated through co-stimulation provided by CD28, CDS 

and CD43 (67). 

Apoptosis is the generic death mechanism responsible for cells that have been 

negatively selected in the thymus (68). A study previously mentioned involving the 

identification of apoptotic (TUNEL^) cells in the thymic cortex (60) also showed that 

these cells are cleared by macrophages extremely rapidly, apparently through interactions 

with scavenger receptors (69). This resolved the paradox of why standard histologic 

stains of the thymus never showed the graveyard of cells one would expect of an organ in 

which 50 million cells die every day. The molecular pathways resulting in death after 

negative selection has occurred are still unknown. A reasonable hypothesis would be that 

TCR ligation coupled with the necessary co-stimulation leads to enhanced surface 

expression of member of the TNFR family (likely involving the transcription factor nur77 

as an intermediate (70, 71)); binding of the corresponding ligands for these receptors 

would then precipitate death. TNFR family members including CD30, CD95 (FAS), 

CD40, TNF Rl and TNF R2, contain death domains, which interact with death domains 

in adaptor proteins, such as FAS-associated death domain (FADD). These adaptor 

proteins initiate the activation of downstream caspases through their dcath-effector 

domains (DEDs), resulting ultimately in the death of the cell (72). However, at present 

there is no TNFR family member than can unequivocally be assigned the role of 

apoptotic liaison in negative selection. CD30/CD30L interactions may be involved as 

CD30'' animals exhibit defects in negative selection (73). FAS does not appear to be 
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required for negative selection (74), however its presence improves the efficiency of this 

process (75). The discovery of several novel TNFR cousins (DR3/WSL-1 / TRAMP, DR4, 

CARl) whose expression patterns are consistent with a role in negative selection has 

opened up the possibility that key players in this process may soon be identified (76). 

The global impact of clonal deletion on the exported T cell repertoire is important. 

Given the diversity of self-peptides that are presented in the thymus, one might expect 

that many of the self-MHC-restricted T cells that pass the test of positive selection would 

then proceed to fail negative selection. Indeed, with a surprising degree of concordance, 

three estimations performed with independent experimental approaches indicated that a 

full two thirds of the cells that are positively selected on self MHC in the cortex are 

subsequently deleted based on their reactivity to a full array of self-peptides presented by 

medullary APCs (77-79). 

Lineage Commitment 

Immature (CD3Lo) DP cells differentiate in the thymus into immature SP4 or SP8 

T cells by the processes of positive and negative selection. The conclusion of these 

screening steps and transition into fully viable, mature SP4 and SP8 T cells requires that 

the synthesis of either CDS or CD4 co-receptor molecules be terminated, an event 

referred to as lineage commitment. The decision to become either a SP4 helper T cell or a 

SP8 cytotoxic killer T cell, like the decision to survive or die, is influenced by the 

specificity of the TCR expressed by a thymocyte. Experiments using TCR transgenic 

mice demonstrate that there is a connection between the specificity of a TCR for class 11 
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or class I MHC and whether mature T cells express CD4 or CDS (80, 81). Mature SP8 T 

cells generally predominate in mice expressing class I specific TCR transgenes, whereas 

SP4 T cells predominate in mice expressing class II specific TCR transgenes. The 

simplest interpretation of this "skewing" of SP8:SP4 ratio in TCR transgenic mice is that 

lineage commitment and positive selection occur simultaneously and are driven by the 

same recognition event. Thus, engagement of class I MHC during positive selection 

instructs an uncommitted precursor to become a SP8 T cell, whereas class II recognition 

instructs a thymocyte to become a SP8 T cell. This "instructive" model has had many 

followers (82); however, an alternative "stochastic/selcction" model can also account for 

the results from TCR transgenic mice studies (83, 84). In this model, lineage commitment 

and the dovm-regulation of one of the co-receptors (CD4 or CD8) occur before positive 

selection and occur without regard to TCR specificity. Because class I MHC recognition 

requires CDS, thymocytes bearing class I- specific TCR can undergo positive selection 

only if they have turned off CD4 and maintained CDS expression. Likewise, thymocytes 

with class ll-specific TCR can undergo positive selection only if they have chosen the 

CD4 lineage. 

The lengthy debate regarding the validity of either model has been exacerbated by 

a great deal of evidence supporting each model, a combination of the two models or 

neither one. As a result, a third model has emerged which proposes to reconcile the 

inconsistencies of the "instructive" and the "stochastic/selection" models by addressing 

the fundamental assumption made by both. These models presume that identical rules 

govern SP4 commitment and SP8 commitment with the only difference being the identity 
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of their target co-receptor molecule. In contrast, the "asymmetric commitment" model 

postulates that commitment to the SP4 and SP8 lineages are consequences of very 

different signaling events (85). That is, SP8 commitment requires TCR and CD8-specific 

lineage signals, whereas SP4 commitment is the default pathway and results from the 

absence of CD8-specific lineage signals. This model is well supported (86, 87) and more 

importantly, acknowledges a role for other influences such as the physiochemical 

characteristics of the TCR-MHC signal (intensity, kinetic parameters & avidity) or other 

micro-environmental influences such as cell survival or "fate switch" gene products such 

as Bcl-2 (88, 89) and Notch (90). 

Considering the rapid evolution of a working model of lineage commitment that 

is capable of accommodating the dynamic body of experimental evidence regarding this 

subject, it is clear that none of these models are definitive and several more will likely 

be proposed. As it stands, this remains a complex process that is tightly regulated and 

influenced by many factors. After positive selection and the likely simultaneous 

occurrence of both negative selection and lineage commitment, a mature, MHC 

restricted T cell population emerges from the thymus. The phenotypic proportions of its 

constituents varies from species to species and even within species but generally 

speaking fall into the following ranges; 5-10 % yb T cells, 40% SP4 ap T cells, 25% 

SP8 a(3 T cells and less than 1% DN a|3 T cells. 
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Cell Signaling 

The events that govern the maturation and differentiation of thymocytes involve a 

multitude of influences including the cell: cell-molecular interactions between the 

thymocyte and stromal elements, the localized cytokine milieu, and the architecture of 

the thymus. These factors contribute in distinct ways to support and drive the 

development of T cells. The common feature among them is their inherent extracellular 

nature, however the changes that these factors induce are all mediated from within the 

developing cell. The pre-TCR complex in the early phases of thymic ontogeny and the 

TCR complex thereafter serves as the structural element that interprets and transduces 

these extracellular signals to the cell interior. The complexes themselves comprise the 

ligand binding subunits (pre-Ta/|3; aP; yS) in a non-covalent association with a group of 

invariant proteins (CD3 y, 6, e and the TCR associated t, chains)(see Figure 2A). These 

invariant subunits are responsible for the efficient assembly and surface expression of 

each of the various TCR complexes (91). Additionally, the invariant chains contain a 

conserved signaling motif that functions to translate the effective ligand binding into 

intracellular biochemical signals (92). This motif termed the immuno-receptor tyrosine-

based activation motif (ITAM), is present as a single copy embedded in the cytoplasmic 

tail of the CD3 y, 6 and E subunits and as three copies in the CDS 'C subunit (93)(see 

Figure 2A). The signals propagated through the ITAMs ultimately converge in the 

nucleus of the developing thymocyte, resulting in the induction of various biological 

responses that define each maturational stage and range from differentiation, 

proliferation, programmed cell death, cytokine release and/or cytolytic functions. 
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Figure 2: TCR Signaling Complex & Critical Signaling Molecules 

(A) The TCR complex consisting of ap T cell receptor (TCR) with unique antigen 

binding domain, and the associated CDS molecules (y, 6, e and Q which are involved in 

intracellular signaling via immuno-receptor tyrosine-based activation motifs (ITAMs). 

(B) A collection of molecules found to be critical to signal mediation during T cell 

development. Molecules are grouped by the stage during which they were necessary for 

development to proceed he role of each molecule was broadly determined by gene-

specific knockout mi< Color and shape of each element correlate with the type of 
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molecule (see legend). These include: receptor, kinase, adaptor protein, GTPase, guanine 

nucleotide exchange factor (GEF) or GTPase activating protein (GAP), phosphatase and 

transcription factors. Loosely based on a figure in a review of positive & negative 

selection by Starr et al (94). 
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A considerable wealth of knowledge now exists about the mechanisms of TCR-mediated 

signaling (95). The central feature of this pathway is the modulation of tyrosine 

phosphorylation status of many effector molecules through the activation of several 

families of protein tyrosine kinases (PTKs)(96). The Src family of PTKs have been 

shown to initiate TCR-induced signal transduction by phosphorylating pairs of tyrosine 

residues present in the ITAMs. Once phosphorylated, the ITAMs form a consensus-

binding motif for the two Src-homology 2 (SH2) domains of the Syk/ZAP-70 family of 

PTKs. The recruitment of Syk/Zap-70 results in the combined activation of both families 

of kinases, culminating in the phosphorylation and activation of many additional effector 

molecules including additional kinases, adaptor proteins, GTPases, guanine nucleotide 

exchange factors (GEFs), GTPase activating proteins (GAPs), phosphatases and 

transcription factors (See Figure 2B)(97). 

Through the use of gene-deletion and gene-mutation transgenic strains of mice, 

the signaling cascades involved during each of the stages of thymocyte maturation have 

been dissected in detail. Which particular signaling cascade is engaged within the cell is 

a function of the stage of development, the nature of the TCR ligand engagement and the 

extracellular milieu at the time of engagement. The particular collection of molecules 

that are necessary at each developmental checkpoint have been worked out and are 

summarized in Figure 2B. Much like the factors that influence the nature of the signals 

received by the developing thymocyte, the molecular mediators of those signals are 

diverse and complex and underscore the range of influential nuances that come into play 

over the course of this process. 
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Fetal Thymus Organ Culture 

The body of literature describing the journey of a T cell from its earliest identifiable 

progenitor to its ultimate mature competent form has accumulated over the years from work 

done on a variety of experimental systems. These have included systems based on specific 

cell lines, knockout mice, and organ culture models. Fetal thymus organ culture (FTOC) is 

the system used in all of the work described in this dissertation. The origins of this system 

are not well documented but it emerged in the early 1960's, as it was discovered that fetal 

murine thymi could be surgically removed and successfully maintained in culture providing 

the appropriate atmospheric and nutrient conditions were met. This methodology has 

evolved and been optimized over the years (Figure 3) and begins with the surgical removal 

of individual fetal thymus lobes from murine pups (12-16 day gestation). The lobes are 

cultured on porous strips supported on media soaked sponge in an incubator for 

approximately 12 days, harvested and analyzed by flow cytometry. 

As a model of T cell development, FTOC provides an excellent in vitro assay 

system that closely mimics the pathways and cell-to-cell interactions as they occur within 

the thymus of an intact organism (98). Starting with a non-lymphoid thymus containing 

approximately 20,000 cells. 12 days of organ culture can yield up to nearly one million 

cells per thymus lobe (99-104). T cells of a mature phenotype and functional capacity 

emerge in proper temporal order indicating that the processes of positive selection, 
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Figure 3: Experimental Methodology -Fetal Thymus Organ Culture (FTOC) 

Fetal thymus lobes are surgically removed from murine pups (approximately 12-16 days 

gestation) (1). The thymus lobes are placed on a Miiiipore strip, which is supported by a 

media saturated gelfoam sponge (2). Organ culture media consists of Dulbecco's 

modified Eagle's medium (DME) supplemented with 20% fetal bovine serum, 

streptomycin, penicillin, gentamycin. non-essential amino acids, sodium pyruvate, 2-

mercaptoethanol, and sodium bicarbonate. The cultures are grown in a humidified 

incubator in 5% CO2 at 37°C for approximately 12 days. Cultures are harvested by 

means of enzymatic and physical dispersion and collected into a single cell suspension. 
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Cell viability is determined by 1% trypan blue exclusion and cells are counted on a per 

lobe basis. Cell suspensions are stained with conjugated monoclonal antibodies and fixed 

in 1% para-formaldehyde (3). Three-color flow cytometry analysis is performed using a 

F AC Scan equipped with photomultiplier tubes and optical filters as fluorescently labeled 

antibodies are excited by a 488-nm Argon laser. Fluorescence data are collected using 3-

decade logarithmic amplification on 10,000 viable lymphoid cells as determined by 

forward and 90° light scatter intensity to exclude stromal and other non-lymphoid 

elements (4). Data are collected with CellQucst and analyzed using Flow.10 software. 
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negative selection and lineage commitment remain intact within the culture system (98). 

Currently, FTOC is the only system capable of supporting the complete process of T cell 

development in vitro. Other systems, using isolated thymocytes, only support limited 

aspects of this process (105) and evidence suggests that the responses of isolated 

thymocytes to experimental stimuli may not be representative of responses within the 

thymic microenvironment (106). Investigations into the interactions between developing 

thymocytes and stromal elements using thymic stromal cell lines or primary monolayer 

cultures of thymic stromal cells also result in misleading conclusions as such preparations 

fail to maintain the normal in vivo characteristics of normal thymic ontogeny. In contrast, 

FTOC retains a relatively normal three-dimensional architecture that characterizes the 

thymic microenvironment and likely plays a large role in this system's ability to 

reproduce T cell development in vitro (107). 

By virtue of the explant nature of FTOC, this system provides a way to easily 

manipulate the well-characterized, developing populations within the thymus using 

cytokines, soluble antigens, and infectious agents (108-113). In addition, FTOC provides 

a ready means of augmenting or wholly replacing cellular components of the endogenous 

thymus with murine or human hematopoietic or non-hematopoietic cells (99, 114-117). 

These chimeric set-ups are possible through the use of thymus lobes from severe 

combined immuno-deficient (SCID) mice as recipient tissue and the addition of a stem 

cell source (peripheral or cord blood derived components or fetal liver) onto the lobes 

themselves. Another popular approach has been through the depletion of the endogenous 

developing thymocyte populations within the recipient tissue via pre-treatment with 
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deoxyguanosine prior to the addition of stem cells (118). These methodologies have 

provided the basis for many contributions to our present understanding of T cell 

development in both mice and humans and continue to be widely used within the 

scientific community. One aspect of T cell development that FTOC has been particularly 

useful in addressing is the process of aberrant selection, which provides the basis of 

autoimmune pathogenesis. 

The non-obese diabetic (NOD) mouse is an excellent model for type 1 diabetes 

mellitus (TIDM) because of the many important characteristics it shares with the human 

version of the disease (119-121). NOD mice display pre-diabetic insulitis (120, 121), 

CD4"*' and CDS"^ mediated P-cell destruction, disease control with immuno-suppression, 

and spontaneous diabetes incidence correlated with particular MHC and non-MHC linked 

genes (122). 

Though NOD mice may provide the most comprehensive TIDM model, 

experiments using these animals are time consuming, require large groups of animals and 

are expensive. Our laboratory has developed an effective alternative based on the FTOC 

system that allows us to assess potential TIDM therapies in an in vitro system. It is well 

documented that FTOC is capable of producing mature T cells (99-101), however it has 

also been demonstrated that these cultures produce thymic antigen presenting cells (122). 

By co-culturing syngeneic NOD fetal pancreas adjacent to fetal thymus lobes, we provide 

the necessary elements of stimulator, presenting and effector cells that are required to 

generate an autoimmune response (Figure 4). Indeed, co-culture of NOD FTOC (pre-

cultured for 14 days to allow for maturation of thymocytes) with NOD fetal pancreas 
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Figure 4: FTOC based in vitro Type 1 Diabetes Mellitus Model (/vTlDM) 

Fetal thymus lobes are surgically removed from non-obese diabetic (NOD) pups (13-16 

dg) (1). Thymus lobes are set-up in standard organ culture fashion on millipore strips 

supported by gelfoam sponge (2). Exogenous agents are added to either media 

(cytokines) or directly onto thymus lobes (antibodies) at a designated time point during 

the culture period (3). Lobes are cultured up to 14 days to ensure maturation of 

thymocytes (4). On day 14, half of the lobes are harvested for flow cytometric analysis 

(5). The other half of the lobes are transferred to a clean dish to ensure that exogenously 

added agents are not present for the co-culture period. After the transfer of the millipore 

strip (containing pre-cultured lobes) to a fresh dish, an equal number of syngeneic fetal 

pancreas fragments (15-17 dg) are placed in direct contact with each of the pre-cultured 

fetal thymus lobes (6). The addition of fetal pancreas marks day 0 of the co-culture 

period. On day 0, 7, 14, and 21 of co-culture, a sample of supernatant is removed for 

insulin RIA (7). Insulin production is indicative of disease severity. 
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results in a T cell-mediated reduction of insulin production, which is accompanied by 

peri-islet T cell infiltration after 14 days of co-culture (123). The responses were shown 

to be specific as they could be blocked via the administration of non-activating 

monoclonal F(ab')2 antibodies directed to the CD3e portion of the TCR, suggesting that 

TCR mediated recognition of islet antigens was involved in the specific loss of insulin 

production (123). Furthermore, this T cell mediated destruction was shown to be specific 

to NOD derived co-cultures as co-cultures set up using BALB/c, C57BL/6, or C.B-17 

SCID/SCID derived tissue failed to demonstrate any significant reductions in the amount 

of insulin produced. In this system, insulin production is measured via radioimmunoassay 

of organ culture supematants drawn at 0, 7, 14, and 21 days of co-culture. Insulin 

production is then confirmed with a flow cytometry-based assay in which we stain for 

intracellular insulin and use that as a basis to identify and quantify islet numbers. T cell 

infiltration into the culture pancreas is monitored through tissue sections. 

The Neuroimmune Axis 

During the last 20 years it has become apparent that the immune system is not 

entirely autonomous, and that mutual communications between the immune, endocrine 

and nervous systems exist. This began with the early recognition that psychological state 

can influence immune competence. The most well known example of this interaction is 

stress-induced immune inhibition. Furthermore, appropriate neural dissection as well as 

stimulation of peripheral and central nerves have been shown to induce significant effects 

on immune system components. Communication between these multiple systems 
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includes neuroendocrine outflow via the pituitary gland as well as innerv ation of various 

tissues of the immune system, such as bone marrow, thymus, spleen and lymph nodes. 

The emerging field of neuroimmunology has been further bolstered by the finding that 

this communication is also bi-directional. Indeed, increases in the firing rate of neurons 

within the hippocampus have been reported in response to antigenic challenge (124). 

The molecular basis for the existence of cross talk between the nervous and 

immune systems is largely based on the fact that these systems share common receptors 

and ligands. Numerous studies have demonstrated the expression of receptors for various 

neurotransmitters and neuropeptides on the surface of lymphocytes. In addition to this, 

immune cells are capable of the production of a number of neuropeptides. The expressed 

receptors include those for acetylcholine, nor-adrenaline and opioids (125, 126). Nor

adrenaline, for example, can interact with (3-adrenoreceptors on thymic lymphocytes to 

inhibit mitogenesis and enhance the expression of differentiation antigens (124, 125). It 

has also been demonstrated that acetylcholine, dopamine and serotonin along with 

substance P and vasoactive intestinal peptide have direct immunomodulatory effects 

(127-129). Although most of the work in this area has focused on the role of elements of 

the nervous system within the context of the immune system, there is some evidence for 

the influence of immune derived components on the nervous system. For example, IL-1 

receptor mRNA has been detected in hepatic vagus and liver hilus preganglia in the rat. 

The activity of this receptor was demonstrated in vivo as intravenous administration of 

IL-lj3 resulted in an increase in vagal activity, as well as changes in the activity of 

adrenal splenic and renal nerves (130, 131). 
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The study of the interactions between the nervous system and the immune system 

is an area of growing research with contributions being made by the day. However, due 

to the highly specialized nature and the complexity within each system, the answers are 

few and the current level of understanding remains rudimentary at best. One area where 

some progress is being made is in the role of the neurotransmitter, acetylcholine. 

Acetylcholine: Receptors and Functions 

Acetylcholine (ACh) is generally recognized as a classical neurotransmitter. It is 

synthesized by choline acetyltransferase from acetyl coenzyme A and choline (132). ACh 

synthesis, from the standpoint of its known functions within the nervous system, takes 

place throughout the nervous system including sympathetic and parasympathetic 

branches of the autonomic nervous system, the somatic nervous system and the central 

nervous system. ACh carries out a diverse range of functions. This is in large part due to 

the fact that it utilizes two families of receptors. These receptor families were initially 

identified on the basis of agonist recognition. In some cases, nicotine mimicked the 

effects of ACh, as such the receptors mediating these responses were termed nicotinic 

acetylcholine receptors (nAChRs) and in some cases muscarine mimicked the effects of 

ACh. The receptors mediating these effects were called muscarinic acetylcholine 

receptors (mAChRs). The various structures and functions of these receptors have been 

studied for years and the agonist-based nomenclature has endured. ACh is able to bind 

specifically to both families of receptors even though the binding sites for each family are 

significantly different. The flexible nature of this molecule coupled with the fact that it 
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essentially has two faces enable it to possess dual-specificity. The carbonyl side 

specifically binds nAChRs while the methyl side specifically binds mAChRs (Figure 5). 

Muscarinic acetylcholine receptors are members of a large family of receptors 

that mediate signal transduction by coupling with guanine-nucleotide-binding proteins (G 

proteins). These metobotropic receptors are commonly identified by the 7 trans

membrane domains (Figure 5 (right side)) that they share and are often referred to as 

serpentine receptors. Most members of this family display significant sequence 

homology, particularly within these membrane-spanning domains (133, 134). Muscarinic 

receptors consist of five genetically defined subsets (Ml-M5)(135-137) that can be 

divided into at least two functional classes. Ml, M3 and M5 couple to pertussis toxin-

insensitive G proteins (Gq) to potently stimulate phospholipase C (PLC) and through the 

intermediates, inositol trisphosphate (IP3) and diacylglycerol (DAG), ultimately induce 

the release into the cytoplasm of Ca*"^ from sequestered stores which induces changes in 

cellular function such as the activation of protein kinase C (PKC). Thus, these receptors 

mediate such Ca'^ dependent phenomena as contraction of smooth muscle and secretion. 

M2 and M4, on the other hand, couple to pertussis toxin-sensitive G proteins (G,/Go) 

whose release from the receptor upon agonist binding leads to release of the a, or a„ 

subunits, which induces the inhibition of adenylate cyclase, protein kinase A inhibition, 

and eventually (for example) the opening of inwardly rectifying potassium channels in 

the heart and the suppression of the activity of voltage-gated Ca channels in certain cell 

types. The functional consequences of these effects are most clear in the myocardium, 

where inhibition of adenylate cyclase and activation of conductances can account for 
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Figure 5: Nicotinic vs. Muscarinic Acetylcholine Receptors 

Acetylcholine (ACh) binds specifically to nicotinic acetylcholine receptors (nAChRs) on 

its carbonyl side (Left side). nAChRs are membrane bound, ligand-gated ion channel 

receptors made up of a pentameric combination of heterogenous subunits. Upon ligation 

with ACh or the 3id, nicotine, the channel opens up and becomes selectively 

permeable to Na , or Ca*^, depending on subunit composition. Different nAChR 

subtypes are located in motor neurons, autonomic preganglionic neurons or in the CNS. 

ACh binds specificaliy to muscarinic acetylcholine receptors (mAChRs) on its methyl 

side (Right side). mAChRs are membrane bound, serpentine receptors (7 trans-membrane 
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domains) that utilize guanine-nucleotide binding proteins (G proteins) as signal 

transduction entities to affect intracellular levels of second messengers. Upon ligation 

with ACh or the alkaloid, muscarine, the niAChR in question rapidly undergoes a 

conformational change that initiates a cascade of events. The mAChR associated G 

protein exchanges gaunosine diphosphate (GDP) for guanosine triphosphate; this 

exchange initiates the dissociation of the G protein into its constituent subunits (a, (3 & 

Y). In the case of Ml, M3 and M5 the subunit of Gq dissociates from the G protein 

complex and activates membrane associated adenylate cyclase, phospholipase C (PLC), 

intracellular inositol trisphosphate (IP3), membrane associated diacylglycerol (DAG), 

release of intracellular Ca^^ from stores, and other events that induce changes in cellular 

function. In the case of M2 and M4 the a-Jao subunit of Gi/Go dissociates from the G 

protein complex and inhibits membrane associated adenylate cyclase. niAChRs are 

located in the CNS (Ml-cotex & hippocampus; M2-parasympathetic neurons; M4-basal 

ganglia-neostriatum;M5-basal ganglia-substantia nigra), exocrine glands and GI tract 

(M3) as well as the lungs (M2). (This figure was partially adapted from a slide generated 

by Dr. Ronald J. Lukas) 
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both the negative chronotropic (rate of contraction) and inotropic (strength of 

contraction) effects of ACh on heart function (138, 139). 

Nicotinic acetylcholine receptors (nAChRs) are prototypical members of the ligand-gated 

ion channel super family of neurotransmitter receptors. nAChRs are found throughout the 

nervous system (e.g., in muscle, autonomic ganglia, and the CNS)(140). Each nAChR 

subtype, exhibiting specific functional properties, is a pentamer assembled as a unique 

combination of diverse subunits. A family of genes that presently consists of 17 members 

encodes the subunits; they are homologous, but genetically distinct. These 17 members 

include al-10, [31-4, y, 8, and e (140, 141)). Each subunit exists as a membrane 

embedded molecule, with four transmembrane domains. The agonist-binding site for each 

nAChR subtype resides at the interface between adjacent subunits. Mammalian muscle-

type nAChR are composed of al, pi, 8 and either y (fetal) or e (adult) subunits (Figure 

6). Neuronal nAChRs typically consist of strict combinations of a and p subunits. cx2, 

a3, a4, or a6 subunits have the capacity to form functional receptors as binary complexes in 

combination with P2 or p4 subunits in heterologous expression systems, but o2, a3 and u6 

subunits have yet to be assigned to specific, native nAChR subtypes. a5 and p3 subunits 

appear to be "wild-cards," capable of interfacing with other subunits in binary complexes to 

create additional, novel nAChR forms (140, 141). The heterogeneous nature of these 

combinations gives rise to selective differences in ligand selectivity and affinity and also 

plays a role in dictating the turnover rate of the receptors and their tissue localization (132). 

The physiologic role of nAChRs is consistent with their rapid action architecture. Upon 

receptor ligation, conformational changes ensue which result in the opening of an ion 
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Figure 6: Muscular vs. Neuronal Acetylcholine Receptors (nAChRs) 

Subunit composition between nAChRs expressed in muscle vs. neuronal tissue differ. In 

muscle, xiAChRs mediate synaptic neurotransmission from motor neurons that triggers 

muscle contraction and are typically comprised of 2 al subunits, 1 pi, a y and a 8 in the 

fetal form. In the adult form, s is substituted for y. Neuronal nAChRs synaptic 

neurotransmission between neurons and typically are restricted to a and P subunit 

heterogeneity. In both muscle and neuronal nAChRs, the ACh binding site resides 
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between adjacent subunits, near a tyrosine residue and two tandem cysteine residues 

present near position 198 of the nAChR a subunit (143). Typical subunit structure 

consists of a membrane embedded molecule with four transmembrane domains. At rest, 

the ion channel is blocked by domains consisting of the M2 transmembrane segment. 

After ligand binding, an 8 amino acid portion of M2 (251-259), undergoes a 

conformational change that results in a 15° rotation and opening of the ion channel (144). 
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channel through the middle of the receptor. This channel is selectively permeable to one or 

several cations (e.g. Na", K' and Ca''). Cation movement is driven by an electro-chemical 

gradient and is rapidly terminated at the receptor levels via a failsafe mechanism called 

"desensitization"- a state characterized by continued agonist occupancy of the receptor but 

in a closed channel configuration. Synaptic transmission is also terminated by the rapid 

hydrolysis of ACh by acetylcholinesterase and by diffusion of ACh away from the 

receptor (142). Any local depolarization of the membrane potential in an excitable cell 

expressing voltage-gated sodium channels eventually results in the generation of an 

action potential, which is propagated along the nerve or muscle cell, leading to circuit 

completion or muscle contraction. 

Nicotinic Acetylcholine Receptors and The Immune System 

In recent years ACh has garnered considerable attention as a likely candidate in 

the mediation of cross talk between the nervous and immune systems. Much of the 

research that has been done in this area was stimulated by the discovery of ACh in the 

blood of various mammalian species, including humans (145)(crude detection in blood 

dates back as far as 1930). As a neurotransmitter, ACh was traditionally thought to be 

synthesized and released in very discrete amounts at the site of action within the synaptic 

cleft. Needless to say, its presence in the blood was somewhat puzzling. Further 

investigation demonstrated that ACh is specifically localized in human peripheral 

mononuclear leukocytes and its expression was confirmed in lymphocytes (146). This 
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was soon followed by the discovery of both niAChR and nAChR expression on these 

cells both peripherally and within the thymus (147, 148). 

The functional roles of ACh receptors on lymphocytes have been suggested by 

pharmacological studies that showed that niAChR and nAChR receptor agonists 

modulate the functions of lymphocytes (149-151). The synthesis of ACh by lymphocytes 

and the detection of its receptors on these same cells may provide an additional means of 

communication between these cells and may contribute to the cell-cell interactions that 

act as the foundation of the immune response (TCR/MHC). This notion has led to 

comparisons between the neuronal synapse and the cell-to-cell interactions of the 

immune system, popularizing the term, 'immune synapse'. 

Much like the neuronal synapse, the immune synapse utilizes specific molecular 

recognition events between discrete cells, cell: cell adhesion, positional stability, and 

directed secretion for communication to fulfill its function (152). When considered in this 

context, it is not surprising that the engagement of nAChR by ACh or its agonists has 

potent effects on the immune system. 

Profiles of nAChR subunit expression among lymphocytes have been the focus of 

multiple investigations, as subunit composition can often provide insight to function. 

These studies have been done on the expression of these receptors at various stages of 

development (summarized in Figure 7). This work, as a whole, indicates that the 

expression of nAChR subunits is developmentally regulated as thymocytes make their 

way from the thymus as immature T cells into the periphery as mature T cells. For 

example, in humans, immature T cells express a3, a5 and (34 and through the course of 
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Figure 7: nAChR Subimit Expression Among T Cells and Thymic Stroma 

A summary of the current understanding of nAChR subunit expression among thymic 

stromal cells, immature and peripheral T cells in both mice and humans. In all cases RT-

PCR was the method used for detection. This table summarizes the findings from (a) 

Lukas (153), (b) Mihovilovic (154), (c) Sato (147) and (d) Navaneetham (155). This 

figure is derived from a table published by Dr. Ronald J. Lukas (153). The permission of 

Dr. Lukas was obtained for the use of this table. 
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maturation, down regulate a3 and (34 and begin to express al as mature T cells. The 

developmental regulation of these receptors coupled with the prevalence of nAChR 

subunit expression by thymic stromal cells (a3, a5, al and p4) is strongly suggestive of 

a role for these receptors in the maturation and differentiation of thymocytes. Indeed, 

there is evidence for extraneural cholinergic synapses in the immune system (146). 

However, there also is evidence that cholinergic input to the thymus exists and might act 

to regulate thymocytes maturation (58, 61-66). Section of the right vagus nerve produces 

a decrease in the number of lymphocytes released from the thymus into the venous 

circulation, an effect that disappears after section of the recurrent laryngeal nerve (61). 

On the other hand, vagal stimulation produces a transient increase in the number of 

lymphocytes released from the thymus, an effect that also disappears after section of the 

recurrent nerve. The effects of vagotomy are mimicked by nicotinic blocking agents, 

which also suppress the effects of vagal stimulation, whereas muscarinic blocking agents 

were ineffective. It is possible that these effects are mediated by nicotinic cholinergic 

stimulation of thymic hormone or cytokine release, since cytokine production by immune 

cells can be regulated by nAChR (57, 67). The influence and functional significance that 

nAChRs have within the context of T cell development and the immune system in 

general remain a source of growing investigation with far more unanswered questions 

than solutions. Recent progress has been made due to the allocation of resources in the 

field of nicotine research. As the active ingredient in tobacco products and an ACh 

agonist, nicotine and the effects it has on the immune system provide much insight into 

the role that nAChRs may have in immune system development and function. 
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Nicotine, a small organic alkaloid synthesized by tobacco plants, is the addictive 

component of tobacco products (156, 157). The ubiquitous use of tobacco products in 

modern society coupled with the associated increases in the incidence of respiratory tract 

infections (158), chronic airway disease (159), allergies (160) and cancer (161, 162) have 

led to a great deal of research on the effects of this molecule on immune function. As an 

ACh agonist and ligand for nAChRs, these studies also reveal a great deal about the 

function and influence of these receptors. Nicotine has been reported to affect both 

humoral and cell-mediated branches of the immune system (163-165) and to produce an 

altered immune response that is characterized by a decrease in inflammation, decreased 

antibody response, and a reduction in T-cell-receptor-mediated signaling (166). In 

addition, prenatal exposure results in long-lasting impairment in the proliferative 

responses of the off-springs' lymphocytes (167). These effects likely stem from the direct 

impact that nicotine has on T lymphocytes. It has also been reported that treatment of T 

lymphocytes with nicotine provides signals that mimic T cell receptor mediated cell 

activation signals, thus leading to partial activation of T cells resulting in anergy (168-

170). Nicotine exposure has also been associated with the induction of regulatory T cells 

(171). Many of these effects are sensitive to inhibition by the nAChR antagonist, 

mecamylamine (164, 170, 172), indicating that they are specifically mediated through 

these receptors. These studies suggest that nicotine is a potent immuno-phamiacological 

agent with regard to T cell behavior in the periphery and confirm the influence of 

nAChRs on immune function. 
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Tumor Necrosis Factor-a and Type 1 Diabetes Mellitus 

Type 1 diabetes mellitus (TIDM) is defined by its autoimmune pathology and 

presently has been diagnosed in approximately 1 million Americans. This form of diabetes 

can be delineated from the more common version of the disease (Type 2 diabetes) by the 

detection of a specific immune response to pancreatic islets. According to the National 

Institute of Health and the World Health Organization, the diagnosis and treatment of 

associated complications of both Type 1 and Type 2 diabetes are responsible for the 

consumption of 1 of 4 Medicare dollars and 1 of 7 of all health care dollars. 

The pathogenesis of autoimmune diabetes is complex, as expected from the >23 

genes found associated with the onset of disease (173), both in humans and the non-obese 

diabetic (NOD) mouse, the most commonly used animal model. The major genetic 

component contributing to T1 DM susceptibility in the NOD mouse is the strain's unusual I-

A®"' class II major histocompatibility complex (MHC) haploiype, which is structurally and 

functionally homologous to the major class II risk molecule in humans, HLA-DQ8 (173). 

Loci identified by genetic segregation analysis as contributing to TIDM susceptibility are 

provisionally referred to as Idd loci until specific genes are elucidated. Although estimates 

from these analyses indicate that 50% or more of the gcnetic risk for TIDM is transmitted 

by I-A^', the first Idd gene identified (Iddl), as many as 19 non-MHC linked Idd genes are 

also required to mediate the pathogenesis of autoimmune TIDM (174). Our understanding 

of autoimmune diabetes, largely based on work done with the NOD mouse model, points to 

three crucial sets of events. The first is the escape of deletion of autoreactive T cell subsets; 

the second is the activation of these cells in the periphery, which initiates the destruction of 
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pancreatic P cells. The third is the breakdown of immunoregulatory mechanisms 

responsible for the correct termination of these pathogenic immime responses. 

The major histocompatibility complex (MHC) of mammals is a polymorphic gene 

complex, whose products are the strongest transplantation barrier in these animals. 

Immature T cells differentiating in the thymus interact with the MHC on thymic epithelium 

or hematopoietically-derived antigen presenting cells (APC) through their receptors for 

antigen (TCR) (175). These interactions lead to the positive selection of T cells that 

recognize peptides bound to self-MHC gene products of the thymus. To prevent 

autoimmune responses, those T cells that possess TCR specific for self-antigens are 

eliminated in the thymus by negative selection (48, 176). Alternatively self-reactive T cells 

can be inactivated both in the thymus or peripherally by ligation of their TCR without co-

stimulatory signals (anergy, (177)). Although there are exceptions (178, 179), negative 

selection is thought to be mediated through a hematopoietically-derived APC, and positive 

selection through epithelial cells. 

It has been shown that antigens which are inefficiently presented can cause T cell 

responses without inducing tolerance (180) and that activation induced cell death 

(apoptosis) in T cells requires a quantitatively higher level of antigenic stimulation than that 

needed to induce T cell proliferation (181). Using TAP knockout mice (182) or (3-2 

microglobulin knockouts (177). it was demonstrated that the positive or negative selection 

of peptide-specific CD8^ T cells was dependent solely on the concentration of peptide 

added to the thymus in a fetal thymus organ culture system. A single amino acid change in 

the sequence of the nominal peptide could alter the ability of the molecule to be positively 
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selected, even though the altered peptide bound to MHC as well or better than the native 

molecule, highlighting the importance of the TCR specificity in the selective process. 

These results have led to the proposal of a model in which positive and negative selection 

are regulated by the total affinity of the TCR for the peptide, the total number of TCR 

expressed on the cell surface, the binding affinity of the peptide for the presenting MHC 

molecule, and the total number of MHC-peptide complexes present on the selecting thymic 

stromal cell (called the total avidity of the interaction between these cell types (179)). The 

cell type presenting the antigen may not be as important as the number of MHC-peptidc 

n 

complexes on its surface (178). Indeed, since the diabetogenic I-Ag of NOD mice is 

unstable (183), it may not be able to bind enough of the peptide normally responsible for the 

deletion of diabetogenic T cells. This defect may allow diabetogenic T cells to survive 

negative selection, migrate out of the thymus and eventually initiate autoimmune disease 

pathology. 

While the molecular interactions that take place between T cells and thymic stromal 

elements serve as the primary force that molds the T cell repertoire, there are other factors 

that can influence this process. The most influential of these factors is the precise 

orchestration of cytokine exposure that occurs as the developing thymocyte makes its way 

down from the sub-capsular region, through the cortex and finally into the medulla of the 

thymus. This process involves a number of cytokines that induce a range of responses 

including stem cell factor, IL-2, IL-3, IL-4, lL-6, IL-7, and tumor necrosis factor-a (TNF-

cx). While a number of other cytokines have been detected in the developing thymus, the.se 7 

have distinct roles in T cell development and in the case of IL-7, lethal if knocked out (184). 
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Due to the highly pleiotropic nature of TNF-a, and its classical association with the 

inflammatory response, it has become a point of interest to determine the exact function of 

this cytokine in thymocyte development. 

Generally speaking, TNF-a is considered an immunostimulalory or 

proinflammatory cytokine (185). For example, TNF-a is a growth factor for T and B cells 

(186, 187), a potent activator of macrophages (188) and induces the production of 

proinflammatory mediators such prostaglandins and collagenase (189) and other cytokines 

such as IL-1 (190, 191), IL-6 (192) and granulocyte-macrophage colony stimulating factor 

(GM-CSF) by both hematopoetic and non-hematopoetic cells (193, 194). It has been 

demonstrated that in terms of its many functions in the periphery, TNF-a is produced 

predominantly by activated macrophages and to a lesser extent by CD4"^ T cells of the THI 

subset (185, 195, 196). Needless to say, the discovery of its constitutive expression in the 

thymus sparked some curiosity as to its function and source (197). 

TNF-a production during T cell development has been detected in both thymocytes 

and stromal elements (184), however its exact function in this process has yet to be clearly 

delineated. Although TNF-a knockouts were reported to suffer no ill-effects in terms of 

immunological development (184), repeated injections either during pregnancy or at birth of 

a monospecific polyclonal rabbit anti-mouse TNF-a antibody in mice, induced a severe but 

transient growth retardation, already present at birth, reaching a 35% decrease in body 

weight at 3 weeks, with complete recovery at 8 weeks. A marked atrophy of the thymus, 

spleen, and lymph nodes was also observed, with lymphopenia and impaired development 

of T and B cell peripheral lymphoid structures (198). More recent work along this vein of 
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research has demonstrated that TNF-a regulates the maturational transition of the TN (CD3" 

CD4 CD8') subset. This cytokine induces both the proliferation and apoptosis of these cells 

through its actions on two distinct receptor subtypes (199). 

The numerous biological effects of TNFa are mediated by two transmembrane 

receptors, both of which have been cloned (200, 201). The p55 receptor (TNF Rl) is a 55 

kDa glycoprotein expressed ubiquitously on a variety cells at very low levels including 

fibroblasts, epithelial cells and lymphocytes (202). It has been shown to transduce signals 

resulting in the cytotoxic and anti-viral activities of TNF-a including cytokine secretion 

(203-206). The p75 receptor (TNF R2) is a 75 kDA glycoprotein whose expression is 

confined to cells of hematopoietic origin, including lymphocytes and thymocytes (202). 

TNF R2 has been reported to mediate cj^otoxicity, cell proliferation and cytokine secretion 

(207, 208). The conflicting actions of cytotoxicity or apoptosis and proliferation are largely 

governed by the localized concentration of TNF-a and the combination of receptors 

involved. Proliferation generally requires higher available concentrations of TNF-a and is 

largely mediated tlirough TNF R2 with some receptor cross-talk with TNF Rl. Apoptosis, 

on the other hand, generally requires lower available concentrations of TNF-a and is largely 

mediated by TNF Rl, although there is some evidence that maximal apoptotic action is only 

possible when both TNF Rl and TNF R2 are engaged (199). The induction of gene 

transcription of cytokines associated with TNF-a binding are mediated through both 

receptors. The multiple functions of this cytokine require a complex signaling network that 

is tightly regulated with many over-lapping components (see Figure 8). The extracellular 

domains of the two receptors are homologous in primary structure (28% identical), and have 
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Figure 8'. TNF-a Signaling- Apoptosis vs. Proliferation 

Our current understanding of the intracellular cascades involved in TNF-a signaling. 

TNF-a binds as a trimer to either TNF R1 or TNF R2. TNF R1 is ubiquitously expressed 

on a variety of cells at very low levels including fibroblasts, epithelial cells and 

lymphocytes. Signals transduced through this receptor lead to the activation of multiple 

caspase proteins and eventually apoptosis. Ligation of TNF R1 can also trigger JNK 

mediated gene transcription and cytokine production. TNF R2 expression is confined to 

cells of hematopoietic origin, including lymphocytes and thymocytes. Ligation of this 

receptor results in NFKB mediated cytokine production and proliferation. 
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in common a set of four sub-domains defined by four to six conserved cysteine residues 

(200, 201). The existence of two different receptors which are differentially expressed 

allow TNF-a the unique ability to influence both the immune response in the periphery 

and the development of the immune system within the thymus. As a result, TNFa has 

emerged as a likely mediator of autoimmunity, as this disease traces its origins to thymic 

ontogeny and mediates its pathology in the periphery. 

Besides environmental factors, at least 23 different genetic loci are associated 

with TIDM development. The Iddl gene, which is linked to the MHC gene locus, is 

essential for diabetes; all other diabetes susceptibility genes seem to contribute, but are 

not required for disease development (209, 210). The fact that the TNF-a gene localizes 

to the MHC locus has further implicated a role for this cytokine in disease development, 

as the disease stems from a malfunction at the level of the MHC. The influence of TNF-a 

in autoimmune disease is a convoluted matter that has led to much investigation into the 

effects this cytokine has on T cells. The responses of T cells to TNF-a are critically 

dependent on the duration of exposure, as well as the state of activation of the responding 

T cells. For example, repeated injections of adult NZB/W F1 mice with TNF-a protect 

the mice from the development of lupus-like nephritis and prolong survival (211, 212). 

Similar treatment regimens suppress the incidence of spontaneous TIDM in adult NOD 

mice (7, 213), effects reproduced by local over-expression of transgene encoded TNF-a 

in pancreatic islets (214). Paradoxically, repeated injections of female NOD mice with 

TNF-a from birth until 3 weeks of age enhances T and B cell responses to islet cell 

autoantigens and increases the incidence and severity of TIDM (7). Anti-TNF-a 
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injections over the same time period prevent disease altogether and abolish T and B cell 

responses to autoantigens. These results point to an important role for TNF-a in the 

maturation of autoreactive T lymphocytes. Thus, whereas TNF-a may function in some 

way as a growth factor for T cells during development leading to the escape of 

diabetogenic T cells, chronic TNF-a exposure in the periphery suppresses the function of 

these same cells. 

Indeed, previous reports indicate that chronic TNF-a impairs cell-mediated 

immunity (215). Presumably, it is by this mechanism that TNF-a treatment on adult 

NOD mice inhibits the onset of diabetes (7), however the question remains as to whether 

this same effect contributes to the fact that TNF-a exposure during T cell development 

exacerbates TIDM. In order to address this issue more closely, McDevitt et al 

investigated the impact of TNF-a on effector function of T cells (216). They found that 

intracellular Ca'^ mobilization is attenuated by chronic TNF-a exposure. Peak levels 

were reduced and delayed by chronic TNF-a, and the percentage of cells attaining the 

maximal response was also reduced. The authors also demonstrated that expression of the 

TCR/CD3 complex was unchanged and IL-2R signaling remained intact, as responses to 

exogenous IL-2 were normal. These data provide biochemical evidence that prolonged 

TNF-a exposure depresses intracellular signaling in T cells. The effects on TCR 

signaling were similar to those seen with altered peptide ligands (217), but were distinct 

from those seen in lymphocytes made anergic by high dose agonistic peptide (218), or by 

lL-10 administration (219). Under the latter circumstances, Ca'^ mobilization remains 

intact. The attenuation of signals propagated through the TCR complex could account for 
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the opposing effects that TNF-a seems to have on the developing T cell versus the 

mature T cell. Signal attenuation in the periphery serves to effectively raise the activation 

threshold of these cells, as a result they do not respond to circulating autoantigcns and 

disease is mitigated. Conversely, signal attenuation during thymic education results in the 

aberrant selection of autoreactive T cells as a signal that would normally be too strong 

and would lead to apoptosis, is attenuated by the presence of TNF-a. The signal is 

dampened and the diabetogenic cell escapes negative selection. 

Other recent work along these lines has outlined another potential role for TNF-a 

within the context of TIDM and the regulation of the immune response. As a follow-up 

study to the investigation of TNF-a and its ability to differentially modulate TIDM 

pathogenesis depending upon the developmental stage of the mouse, McDevitt et al 

showed that TNF-a also plays a role in the regulation of immune suppression (220). 

More specifically, TNF-a or anti-TNF-a administration was shown to directly modulate 

a population of cells called regulatory T cells or TREG- Although theses cells are 

classically characterized by their expression of the cell surface markers CD25 and CD4, a 

recent surge in studies done on the immunosuppressive capacity of this cell-type have led 

to further phenotypic classifications. TREGS have also been shown to express a handful of 

useful extracellular markers including: L-selectin (CD62L)- an adhesion molecule (221), 

cytotoxic T lymphocyte antigen (CTLA-4)- a known inhibitor of NFKP related T cell 

activation and cytokine release (222), and glucocorticoids induced TNF receptor (GITR)-

an immune regulator (223). These cells have emerged as potential key players in the 

regulation of the immune system within the context of many disease sates after being 
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dismissed as artifactual phantoms when they were initially discovered in the early 1970's 

(224). More recently they have been closely studied and have been shown to effectively 

cure mice of a variety of immunological diseases including colitis, gastritis, graft-versus-

host disease and TIDM by means of adoptive transfer (225-227). There is still some 

controversy as to the mechanism behind the ability of these cells to suppress an immune 

response and mitigate disease states. A collection of studies suggest that TREGS function 

via the production of immunosuppressive cytokines, particularly TGF-|3 and IL-IO (228-

230), whereas other studies indicate that the suppressive function of these cells requires 

cell-cell contact and cannot be attributed to soluble inhibitors (231, 232). Further 

characterizations of some of the active genes within this regulatory population have 

bolstered the necessity for a cell-cell based mechanism as many act locally to suppress 

activated T cells. These include the master TREG gene, Foxp3- a transcription repressor 

gene (233), programmed death-1 (PD-1)- a member of the B7 family which inhibits 

proliferation and cytokine secretion via cell-cell interaction (234), suppressor of cytokine 

signaling (S0CS2)- a locally acting inhibitor of IFN-y mediated JAK/STAT signaling 

(235) and the TNF related apoptosis inducing ligand (TRAIL)- which shuts down 

activated T cells by inducing apoptosis by direct cell-cell ligation (236). Indeed, the 

additional finding that the antigen specificity of the TREGS plays an important role in the 

efficacy of this cell type with regard to immune suppression also supports a cell-cell 

based mode of action (237, 238). 



Dissertation Format 

This dissertation consists of two chapters. The first chapter is largely dedicated to 

covering the work done by others as it relates to my work, while the second chapter 

presents my research and its significance. Chapter 1 begins with a brief preface to the two 

projects that make up the bulk of my graduate work. This is followed by a literature 

review of T cell development in terms of our present understanding. This is a relatively 

detailed summary due to its pertinence to each of the projects presented here. The 

literature review continues with a section dedicated to nicotine and its relationship to the 

immune system, the subject of my first project, and a section on tumor necrosis factor-a 

(TNF-a) and its role in type 1 diabetes mellitus (TIDM), the subject of my second 

project. In chapter 2,1 introduce the two projects and set out to reconcile how they relate 

to one another in attempt to present a somewhat cohesive body of work. What follows are 

two manuscripts (Appendix A and Appendix B). Appendix A was published in The 

Journal of Immunology in September of 2002. This manuscript outlines the effects of 

nicotine on T cell development within the context of fetal thymus organ culture. This 

paper reports a block in T cell development induced by low doses of nicotine and reveals 

a possible role for an unknown endogenous ligand that may be acting on nicotinic 

acetylcholine reccptors during thymic ontogeny. Appendix B will be submitted for 

publication to Diabetes in August of 2004. This paper reports an over production of 

endogenous TNF-a in TIDM prone mice during T cell development. This manuscript 

also describes a role for TNF-a in the aberrant selection of autoreactive T cells and that 
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through the neutralization of endogenous levels of this cytokine, TIDM can be mitigated 

within the context of an in vitro fetal thymus organ culture based disease model. 

When I came to Dr. DeLuca's laboratory in 1998, I was fortunate enough to 

choose two projects. This approach was initially an insurance measure in case the 

progress on one of the projects became impeded or failed to produce any fruitful results. 

Needless to say, both projects have proven worthy of my pursuits and I was reluctant to 

drop either one. As a result, my dissertation is somewhat divisive as finding common 

ground on which to link the two was difficult and required a very broad approach. 

The nicotine project was initially funded by a grant through the Arizona Disease 

Control Research Commission (ADCRC), just as I arrived in 1998. This project involves 

the coordination of Dr. Ronald J. Lukas' laboratory at the Barrow Neurological Institute, 

Dr. Yung Chang at Arizona State University and Dr. Hugh Miller at The Veterans 

Administration Hospital here in Tucson. It has produced two published papers at present 

and a third is in progress. Both Dr. Lukas and Dr. Chang contributed a great deal to this 

project. Dr. Lukas and members of his laboratory including Dr. Yen-Ping Kuo and Linda 

Lucero provided key insight with their expertise and broad knowledge of nicotinic 

acetylcholine receptors. Dr. Chang and members of her laboratory, including Cherie 

Martina, carried out the analysis of RAG expression on organ culture-derived samples 

from our laboratory. With the exception of the RAG data in Appendix A.l, the design 

and execution of all experiments, as well as the data analysis was carried out by myself. 

The early stages of this project involved massive titration experiments, and Jennifer 

Michaels, our laboratory technician, and Vandana Chauhan, a former graduate student. 
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made key contributions in helping me shoulder this workload. This project has 

maintained lunding throughout my graduate career and is currently being funded by both 

the National Institutes of Health (Allergy and Infectious Disease) and the ADCRC. 

The TNF-ct project was originally funded from 1997-2000 by the Juvenile 

Diabetes Research Foundation (JDRF). This project began as a collaboration between Dr. 

DeLuca and Dr. Hugh McDevitt of Stanford University. Although all the data used to 

write this manuscript derive from experiments which were designed and executed by 

myself alone, the initial work on this project was carried out by Ty Lebsack, another 

technician in our laboratory. Dr. McDevitt provided critical input in the early stages of 

this project based on his previous work with TNF-a and TIDM. Dr. Sybil Munson, a 

postdoctoral fellow in Dr. McDevitt's laboratory, was instrumental in helping me learn to 

use the WEHI bioassay to analyze the levels of TNF-a in experimentally derived 

samples. This project was again funded in 2002 by the American Diabetes Association. 

Both of these projects were conceived through the interactions of Dr. Dominick 

DeLuca and Dr. Ronald J. Lukas (nicotine) and Dr. Hugh McDevitt (TNF-a). Over the 

course of each project, Dr. DeLuca has acted as a valuable mentor and was constantly 

there to provide guidance, advice and criticism whenever it was necessary. 
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CHAPTER 2; PRESENT STUDY 

Attached to this dissertation are two manuscripts, which are broadly related in 

terms of subject matter as they both address T cell signal modulation within the context 

of T cell development. The methods, results, and conclusions of these studies are 

presented in the papers appended to this dissertation. The salient findings of each paper 

are highlighted below. 

The first manuscript explores the potential role of nicotinic acetylcholine 

rcceptors (nAChRs) in T cell development. The basic approach was to use the plant 

alkaloid, nicotine, a nAChR agonist, as a means of engaging these receptors and 

analyzing the effects of receptor ligation on the process of thymopoiesis within the 

context of FTOC. In the initial experiments in this study, we confirmed the expression of 

nAChR on FTOC derived cells using the nAChR antagonist, a-bungarotoxin. We then 

set out to determine what concentrations of nicotine these cells would most profoundly 

respond to by carrying out a series of nicotine titration studies. We found that developing 

thymocytes from 13-14 day gestation mouse pups responded to a wide range of doses and 

were sensitive to as little as 10"'^ molar nicotine. The phenotypic changes in these 

cultures, as analyzed by flow cytometry, that were induced by nicotine exposure included 

a net increase in the production of immature T cells with a concomitant decrease in 

mature T cell production. However, when we performed the same studies using older 

mouse tissue (15-16 day gestation), we found these cells to be resistant to the effects 

observed in FTOC derived from the younger tissue. Further analysis of the expanded 
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immature T cell populations in nicotine treated cultures using younger tissue revealed 

that these cells expressed the activation marker CD69, as well as the apoptotic marker 

CD95, differentiation antigens typically associated with the processes of positive and 

negative selection. We also found that d-tubocurarine, a nicotinic antagonist, could 

reverse the effects of nicotine as well as prevent full development of both immature and 

mature T cells when added alone to FTOC. The ability of d-tubocvirarine to inhibit T cell 

development alone was a key finding in that it suggests the existence of an endogenous 

ligand that is engaging these receptors as a normal function of thymocyte maturation. The 

blockage in T cell development by the exogenous administration of nicotine was also 

accompanied by an increase in the expression of recombinase activating genes (RAG), as 

measured by RT-PCR, suggesting that the affected T cells may be attempting secondary 

rearrangements of their TCR as they attempt to avoid programmed cell death. This paper 

is the first to describe the ability of nAChRs to modulate the signals being interpreted by 

the TCR as a thymocyte undergoes the processes of positive and negative selection. One 

of our hypotheses is that exogenous nicotine interacts with nAChRs on thymocytes 

causing the opening of receptor ion channels leading to subtle changes in intracellular 

levels of calcium ions. Normal maturation of thymocytes involves TCR ligation, which 

itself induces calcium ion influx. In this fashion, exogenous nicotine may mimic TCR 

signals via ionotropic means and effectively change the way T cells normally mature. 

This signal could sustain developing thymocytes as they undergo the thymic selection 

process, resulting in the expansion of immature thymocytes that otherwise would have 

been lost due to their lack of a TCR specific for self-peptide/self-MHC. 
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The second manuscript details the effects of TNF-a, another TCR signaling 

modulator, and its ability to influence the development of T cells. This paper focuses on 

the ability of this endogenously produced cytokine to influence the process of thymocyte 

selection and how this may contribute to the eventual pathogenesis of TIDM. In the 

initial experiments of this study, we set out to use our in vitro TIDM model to reproduce 

the in vivo work done by others, which showed that the TNF-a administration 

exacerbated TIDM pathogenesis in neonatal mice and had the paradoxical ability to 

mitigate TIDM in adult mice. We were successful in reproducing these results in terms 

of the neonatal effects of this cytokine. We also showed that the neutralization of 

endogenously produced TNF-a using a soluble recombinant TNF receptor (sTNF-Rl) 

was able to reverse TIDM pathogenesis, however only when added during days 6-9 of 

the organ culture period, a period when the selection process is known to occur. Next we 

focused on how diabetes susceptible NOD mice differ from diabetes resistant C57BL/6 

(B6) mice in terms of T cell development and TNF receptor expression under normal 

FTOC conditions. We found that NOD derived FTOC produced more SP8 mature T cells 

over the course of a 12-day organ culture period as analyzed by flow cytometry. In 

addition, we found that NOD-derived thymocytes showed reduced expression of TNF R2 

among DN thymocytes on harvest days 6 and 9 and increased TNF R2 expression on 

SP8, DP and SP4 thymocytes when compared to non-diabetic B6 derived FTOC. This 

discrepancy in TNF receptor expression between NOD and B6 derived FTOC led to an 

investigation of the levels of TNF-a being produced in cultures derived from each strain. 

NOD derived FTOC produced more TNF-a at the day 9 harvest point when compared to 
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B6 derived FTOC (cytokine levels were measured by WEHI bioassay and flow cytometry 

based bead array analysis). Finally we looked at exogenously added TNF-a and its ability 

to influence the production of T cells within the context of FTOC. We found that when 

added during the 6-9 day exposure period, TNF-a resulted in increases in total cell 

recovery and maturity in terms of aj3 TCR expression in NOD derived FTOC while the 

addition of sTNF R1 during the same time period reduced overall cell yield and maturity. 

Furthermore we found that the relative levels of TNF-cx in FTOC regulate the expression 

of CD95L- additions of TNF-cx increased expression, while neutralization of endogenous 

TNF-cx by sTNF R1 reduced expression when added during the 6-9 and 9-12 day 

exposure periods. The levels of this cytokine also appear to play a role in the 

development of CD4"^CD25^ regulatory T cells as neutralization with sTNF R1 enhanced 

the production of these cells. 

The interpretation of these results hinges upon the observation that others have 

made with regard to TNF-a's ability to attenuate the signals being transduced by the 

TCR complex. The dampening of these signals could account for the opposing effects 

that TNF-a seems to have on the developing T cell versus the mature T cell. Signal 

attenuation in the periphery serves to effectively raise the activation threshold of these 

cells, as a result they do not respond to circulating autoantigens and disease is mitigated. 

Conversely, signal attenuation during thymic education may result in the aberrant 

selection of autoreactive T cells as a signal that would normally be too strong and would 

lead to negative selection and apoptosis, is attenuated by the excess TNF-a. The signal is 

dampened and the diabetogenic cell escapes negative selection. We hypothesize that 
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NOD mice express lower levels of TNF receptors within the thymus; as a result these 

mice produce more TNF-a in an attempt to compensate for this receptor deficiency. This 

defect in TNF-a production in NOD mice may allow TNF-a to carry out its normal 

physiological role (it is known to regulate the maturation of DN cells) however it also 

effectively attenuates the signals being transduced through the TCR in cells undergoing 

selection, resulting in the over-all increases in mature T cells observed in these animals. 

The exogenous addition of rTNF-a exaggerates these effects in FTOC while sTNF R1 

neutralizes the endogenous TNF-a, thereby reducing the over-production of mature T 

cells in these cultures. It is this effect that contributes to the therapeutic properties of 

TNF-a neutralization in neonatal NOD mice destined to become diabetic and in our 

h'T 1 DM experiments. 

The two projects presented in this dissertation collectively investigate the impact 

of signal modulation during T cell development as it occurs in the developing thymus. 

The processes of positive and negative selection ensure that the T cell population that 

emerges from this organ are both MHC restricted and tolerant to self. Using two agents 

known to effect intracellular levels of calcium, a direct indicator of signal transduction, 

we were able to modulate these processes of selection and as a result manipulate the 

emerging T cell repertoire. In the case of nicotine (See Figure 9), acetylcholine receptors 

expressed on developing thymocytes, are bound by this alkaloid, open their gated 

channels and allow the influx of calcium. The influx of calcium effectively increases the 

intracellular calcium and thus provides a supplemental signal where one may not have 

existed normally. This signal induces a state of artificial positive selection and erroneous 
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survival of immature T cells. In the case of TNF-a, the exact opposite effect is observed 

(See Figure 9). The presence of this cytokine reduces the levels of intracellular calcium. 

As a result, signals being propagated through the TCR complex are attenuated, and cells 

destined for negative selection due to intense signal production erroneously survive. In 

the case of nicotine, the developmental regulation of nAChR subunits dictates that ISPs 

are the cell type most affected by this phenomenon. As these cells lack the necessary 

criteria (TCR capable of binding self-derived peptide-MHC complexes) to progress down 

differentiation pathway, they accumulate in the thymus in a suspended state of activation, 

and fail to progress to maturity. In the case of TNF-a, the cells affected have passed 

positive selection and presumably express a MHC-restricted TCR. As a result, these cells 

continue down the differentiation pathway and development into mature, competent T 

cells. The differential signal modulation of these agents underscores the sensitivity of 

signal interpretation during T cell development and may shed light on the ability of other 

agents to alter this process. Using a combination of signal modulators, it may one day be 

possible to extend and retract the limits of each of these selection processes, molding the 

T cell repertoire to compensate for abnormally reduced or expanded developmental T cell 

profiles. The most obvious application of this method would be to use nicotine to correct 

the effects of the over production of TNF-a in NOD mice. The nicotine would 

presumably provide enough of a supplemental signal that the diabetogenic T cells 

escaping negative selection in these animals would achieve the signal threshold necessary 

to trigger deletion and disease onset would be averted. 
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Figure 9: Nicotine and TNF-a; Modulators of T cell Signaling 

(A) Linear progression of T cell development is broken down into the main criteria for 

thymocyte maturation and differentiation. P Selection ensures the successful 

rearrangement of the hea\7 chain of the I CR and expression on the cell surface, positive 

selection eliminates those iiiymocytes that are not capable of binding peptide within the 

context of self-MHC and negative selection ensures the deletion of cells that bind too 

strongly to self-derived peptide-MHC complexes (potentially autoreactive T cells). 

Nicotine and TNF-a inodislate the signals that govern these selection processes and result 
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in the aberrant survival of cells destined for elimination under normal physiologic 

conditions. Nicotine supplements TCR signaling (B) by means of additional Ca^"^ influx 

such that thymocytes that react too weakly with peptide-MHC complexes receive a 

positive selection signal. This results in an accumulation of ISP's. However these cells 

fail to progress to maturity as the positive selection signal is not sustained. TNF-

a attenuates TCR signaling (B) by means of reducing the amount of Ca"^ that is 

mobilized following TCR ligation. This results in the accumulation of cells that escape 

negative selection; cells that react strongly to self-derived peptide-MHC complexes and 

that have the potential to become autoreactive. 



80 

REFERENCES 

1. Kawanami, S., Y. M, O. K. G. I, and K. Y. 1984. Isolation of acetylcholine 
receptor-like protein from fetal calf thymus. Biochern. Intl. 8:377. 

2. Walsh, S., Harrison R, Lunt GG and Wonnacott S. 1986. Acetylcholine 
receptors in thymus. Biochern. Soc. Transa. 14:1134. 

3. Wheatley, L., Urso D, Tumas K, Maltzman J, Loh E, Levinson Al. 1992. 
Molecular evidence for the expression of nicotinic acetylcholine receptor alpha-
chain in mouse thymus. J. Immunol. 148:3105. 

4. Satoh, J., H. Seino, T. Abo, S. Tanaka, S. Shintani, S. Ohta, K. Tamura, T. Sawai, 
T. Nobunaga, T. Oteki, and et al. 1989. Recombinant human tumor necrosis factor 
alpha suppresses autoimmune diabetes in nonobese diabetic mice. J Clin Invest 
84:1345. 

5. Jacob, C. O. 1992. Studies on the role of tumor necrosis factor in murine and 
human autoimmunity. JAutoimmun 5 Suppl A:133. 

6. Setoguchi, J., K. Hashiramoto, K. Nakano, Y. Kitagawa, N. Nakamura, T. 
Kanatsuna, M. Kondo, and K. Uno. 1992. Prediction of insulin dependent 
diabetes mellitus in non-obese diabetic mice by the endogeneous tumor necrosis 
factor-alpha level. Diabetes Res 19:63. 

7. Yang, X. D., R. Tisch, S. M. Singer, Z. A. Cao, R. S. Liblau, R. D. Schreiber, and 
H. O. McDevitt. 1994. Effect of tumor necrosis factor alpha on insulin-dependent 
diabetes mellitus in NOD mice. I. The early development of autoimmunity and 
the diabetogenic process. J Exp Med 180:995. 

8. Litman, G. W., M. K. Anderson, and J. P. Rast. 1999. Evolution of antigen 
binding receptors. InAnnu Rev Immunol, Vol. 17, p. 109. 

9. Manley, N. R., and C. C. Blackburn. 2003. A developmental look at thymus 
organogenesis: where do the non-hematopoietic cells in the thymus come from? 
In Curr Opin Immunol, Vol. 15, p. 225. 

10. Boyd, R. L., C. L. Tucek, D. I. Godfrey, D. J. Izon, T. J. Wilson, N. J. Davidson. 
A. G. Bean, H. M. Ladyman, M. A. Ritter, and P. Hugo. 1993. The thymic 
microcnvironment. In Immunol Today. Vol. 14, p. 445. 

11. Wu, L., R. Scollay, M. Egerton, M. Pearse, G. J. Spangrude, and K. Shortman. 
1991. CD4 expressed on earliest T-lineage precursor cells in the adult murine 
thymus. Nature 349:71. 

12. Haks, M. C., M. A. Oosterwegel, B. Blom, H. M. Spits, and A. M. Kruisbeek. 
1999. Cell-fate decisions in early T cell development: regulation by cytokine 
receptors and the pre-I CR. Semin Immunol 11:23. 

13. Ikawa, T., H. Kawamoto, S. Fujimoto, and Y. Katsura. 1999. Commitment of 
common T/Natural killer (NK) progenitors to unipotent T and NK progenitors in 
the murine fetal thymus revealed by a single progenitor assay. J Exp Med 
190:1617. 



81 

14. Ardavin, C., L. Wu, C. L. Li, and K. Shortman. 1993. Thymic dendritic cells and 
T ceils develop simultaneously in the thymus from a common precursor 
population. Nature 362:761. 

15. Godfrey, D. 1., J. Kennedy, T. Suda, and A. Zlotnik. 1993. A developmental 
pathway involving four phenotypically and functionally distinct subsets of CD3-
CD4-CD8- triple-negative adult mouse thymocytes defined by CD44 and CD25 
expression. J Immunol 150:4244. 

16. Winoto, A., and D. Baltimore. 1989. Separate lineages of T cells expressing the 
alpha beta and gamma delta receptors. Nature 338:430. 

17. Candeias, S., K. Muegge, and S. K. Durum. 1997. IL-7 receptor and VDJ 
recombination: trophic versus mechanistic actions. In Immunity, Vol. 6, p. 501. 

18. Shinkai, Y., G. Rathbun, K. P. Lam, E. M. Oltz, V. Stewart, M. Mendelsohn, J. 
Charron, M. Datta, F. Young, A. M. Stall, and et al. 1992. RAG-2-deficient mice 
lack mature lymphocytes owing to inability to initiate V(D)J rearrangement. In 
Cell, Vol. 68, p. 855. 

19. Saint-Ruf, C., K. Ungewiss, M. Groettrup, L. Bruno, H. J. Fehling, and H. von 
Boehmer. 1994. Analysis and expression of a cloned pre-T cell receptor gene. 
Science 266:1208. 

20. von Boehmer, H., 1. Aifantis, J. Feinberg, O. Lechner, C. Saint-Ruf, U. Walter, J. 
Buer, and O. Azogui. 1999. Pleiotropic changes controlled by the pre-T-cell 
receptor. In Curr Opin Immunol, Vol. 11, p. 135. 

21. Kruisbeek, A. M., M. C. Haks, M. Carleton, A. M. Michie, J. C. Zuniga-Pflucker, 
and D. L. Wiest. 2000. Branching out to gain control: how the pre-TCR is linked 
to multiple functions. Immunol Today 21:637. 

22. Aifantis, I., C. Borowski, F. Gounari, H. D. Lacorazza, J. Nikolich-Zugich, and H. 
von Boehmer. 2002. A critical role for the cytoplasmic tail of pTalpha in T 
lymphocyte development. Nat Immunol 3:483. 

23. Jacobs, H., J. lacomini, M. van de Ven, S. Tonegawa, and A. Bems. 1996. 
Domains of the TCR beta-chain required for early thymocyte development. In J 
Exp Med, Vol. 184, p. 1833. 

24. Irving, B. A., F. W. Alt, and N. Killeen. 1998. Thymocyte development in the 
absence of pre-T cell receptor extracellular immunoglobulin domains. In Science, 
Vol. 280, p. 905. 

25. Saint-Ruf, C., M. Panigada, O. Azogui, P. Debey, H. von Boehmer, and F. Grassi. 
2000. Different initiation of pre-TCR and gammadeltaTCR signalling. In Nature, 
Vol. 406, p. 524. 

26. Kearse, K. P., Y. Takahama, J. A. Punt. S. O. Sharrow, and A. Singer. 1995. Early 
molecular events induced by T cell receptor (TCR) signaling in immature CD4+ 
CD8+ thymocytes: increased synthesis of TCR-alpha protein is an early response 
to TCR signaling that compensates for TCR-alpha instability, improves TCR 
assembly, and parallels other indicators of positive selection. J Exp Med 181:193. 

27. Guidos, C. J., 1. L. Weissman, and B. Adkins. 1989. Developmental potential of 
CD4-8- thymocytes. Peripheral progeny include mature CD4-8- T cells bearing 
alpha beta T cell receptor. J Immunol 142:3773. 



82 

28. Guides, C. J., I. L. Weissman, and B. Adkins. 1989. Intrathymic maturation of 
murine T lymphocytes from CD8+ precursors. Proc Natl Acad Sci USA 86:7542. 

29. Miyazaki, T. 1997. Two distinct steps during thymocyte maturation from CD4-
CD8- to CD4+CD8+ distinguished in the early growth response (Egr)-1 
transgenic mice with a recombinase-activating gene-deficient background. J Exp 
Med 186:877. 

30. Middlebrook, A. J., C. Martina, Y. Chang, R. J. Lukas, and D. DeLuca. 2002. 
Effects of nicotine exposure on T cell development in fetal thymus organ culture: 
arrest of T cell maturation. J Immunol 169:2915. 

31. Hernandez-Munain, C., B. P. Sleckman, and M. S. Krangel. 1999. A 
developmental switch from TCR delta enhancer to TCR alpha enhancer function 
during thymocyte maturation. Immunity 10:723. 

32. Borgulya, P., H. Kishi, Y. Uematsu, and H. von Boehmer. 1992. Exclusion and 
inclusion of alpha and beta T cell receptor alleles. Cell 69:529. 

33. Brandle, D., C. Muller, T. Rulicke, H. Hengartner, and H. Pircher. 1992. 
Engagement of the T-cell receptor during positive selection in the thymus down-
regulates RAG-1 expression. Proc Natl Acad Sci USA 89:9529. 

34. Hare, K. J., E. J. Jenkinson, and G. Anderson. 2001. Specialisation of thymic 
epithelial cells for positive selection of CD4+8+ thymocytes. Cell Mol Biol 
(Noisy-le-grand) 47:119. 

35. Zerrahn, J., W. Held, and D. H. Raulet. 1997. The MHC reactivity of the T cell 
repertoire prior to positive and negative selection. Cell 88:627. 

36. Petrie, H. T., F. Livak, D. G. Schatz, A. Strasser, I. N. Crispe, and K. Shortman. 
1993. Multiple rearrangements in T cell receptor alpha chain genes maximize the 
production of useful thymocytes. J Exp Med 178:615. 

37. Williams, C. B., D. L. Engle, G. J. Kersh, J. Michael White, and P. M. Allen. 
1999. A kinetic threshold between negative and positive selection based on the 
longevity of the T cell receptor-ligand complex. J Exp Med 189:1531. 

38. Swat, W., M. Dessing, H. von Boehmer, and P. Kisielow. 1993. CD69 expression 
during selection and maturation of CD4+8+ thymocytes. Eur J Immunol 23:739. 

39. Hare, K. J., E. J. Jenkinson, and G. Anderson. 1999. CD69 expression 
discriminates MHC-dependent and -independent stages of thymocyte positive 
selection. J Immunol 162:3978. 

40. Aguila, H. L., K. Akashi, J. Domen, K. L. Gandy, E. Lagasse, R. E. Mebius, S. J. 
Morrison, J. Shizuru, S. Strober, N. Uchida, D. E. Wright, and I. L. Weissman. 
1997. From stem cells to lymphocytes: biology and transplantation. Immunol Rev 
157:13. 

41. Brandle, D., S. Muller, C. Muller, H. Hengartner, and H. Pircher. 1994. 
Regulation of RAG-1 and CD69 expression in the thymus during positive and 
negative selection. Eur J Immunol 24:145. 

42. Wilkinson, R. W., G. Anderson, J. J. Owen, and E. J. Jenkinson. 1995. Positive 
selection of thymocytes involves sustained interactions with the thymic 
microenvironment../ Immunol 155:5234. 



83 

43. Merkenschlager, M. 1996. Tracing interactions of thymocytes with individual 
stromal cell partners. Eur J Immunol 26:892. 

44. Sun, Z., D. Unutmaz, Y. R. Zou, M. J. Sunshine, A. Pierani, S. Brenner-Morton, 
R. E. Mebius, and D. R. Littman. 2000. Requirement for RORgamma in 
thymocyte survival and lymphoid organ development. Science 288:2369. 

45. Gounari, F., I. Aifantis, K. Khazaie, S. Hoeflinger, N. Harada, M. M. Taketo, and 
H. von Boehmer. 2001. Somatic activation of beta-catenin bypasses pre-TCR 
signaling and TCR selection in thymocyte development. Nat Immunol 2:863. 

46. loannidis, V., F. Beermann, H. Clevers, and W. Held. 2001. The beta-catenin— 
TCF-1 pathway ensures CD4(+)CD8(+) thymocyte survival. Nat Immunol 2:691. 

47. von Boehmer, H. 1990. Developmental biology of T cells in T cell-receptor 
transgenic mice. Annu Rev Immunol 8:531. 

48. Murphy, K. M., A. B. Heimberger, and D. Y. Loh. 1990. Induction by antigen of 
intrathymic apoptosis of CD4+CD8+TCRlo thymocytes in vivo. Science 
250:1720. 

49. Anderson, G., K. J. Hare, N. Piatt, and E. J. Jenkinson. 1997. Discrimination 
between maintenance- and differentiation-inducing signals during initial and 
intermediate stages of positive selection. Eur J Immunol 27:1838. 

50. Matzinger, P., and S. Guerder. 1989. Does T-cell tolerance require a dedicated 
antigen-presenting cell? Nature 338:74. 

51. Punt, J. A., B. A. Osborne, Y. Takahama, S. O. Sharrow, and A. Singer. 1994. 
Negative selection of CD4+CD8+ thymocytes by T cell receptor-induced 
apoptosis requires a costimulatory signal that can be provided by CD28. In J Exp 
Med, Vol. 179, p. 709. 

52. Page, D. M., L. P. Kane, J. P. Allison, and S. M. Hedrick. 1993. Two signals are 
required for negative selection of CD4+CD8+ thymocytes. J Immunol 151:1868. 

53. Schwartz, R. H. 1992. Costimulation of T lymphocytes; the role of CD28, CTLA-
4, and B7/BB1 in interleukin-2 production and immunotherapy. Cell 71:1065. 

54. June, C. H., J. A. Bluestone, L. M. Nadler, and C. B. Thompson. 1994. The B7 
and CD28 receptor families. Immunol Today 15:321. 

55. Janeway, C. A., Jr. 1994. Thymic selection: two pathways to life and two to 
death. Immunity 1:3. 

56. Nossal, G. J. 1993. Tolerance and ways to break it. Ann N YAcadSci 690:34. 
57. Nossal, G. J. 1994. Negative selection of lymphocytes. Cell 76:229. 
58. Fowlkes, B. J., and E. Schweighoffer. 1995. Positive selection of T cells. Curr 

Opin Immunol 7:188. 
59. Sprent, J., and S. R. Webb. 1995. Intrathymic and extrathymic clonal deletion of 

T cells. Curr Opin Immunol 7:196. 
60. Surh, C. D., and J. Sprent. 1994. T-cell apoptosis detected in situ during positive 

and negative selection in the thymus. Nature 372:100. 
61. Kishimoto, H., and J. Sprent. 1997. Negative selection in the thymus includes 

semimature T cells. J Exp Med 185:263. 
62. Reiser, H., G. J. Freeman, Z. Razi-Wolf, C. D. Gimmi, B. Benacerraf, and L. M. 

Nadler. 1992. Murine B7 antigen provides an efficient costimulatory signal for 



84 

aciivation of murine T lymphocytes via the T-cell receptor/CD3 complex. Proc 
Natl Acad Sci USA 89:271. 

63. Punt, J. A., B. A. Osborne, Y. Takahama, S. O. Sharrow, and A. Singer. 1994. 
Negative selection of CD4+CD8+ thymocytes by T cell receptor-induced 
apoptosis requires a costimulatory signal that can be provided by CD28. J Exp 
Med 179:709. 

64. Walunas, T. L., A. I. Sperling, R. Khattri, C. B. Thompson, and J. A. Bluestone. 
1996. CD28 expression is not essential for positive and negative selection of 
thymocytes or peripheral T cell tolerance. J Immunol 156:1006. 

65. Tschopp, J., M. Irmler, and M. Thome. 1998. Inhibition of fas death signals by 
FLIPs. Curr Opin Immunol 10:552. 

66. Page, D. M. 1999. Cutting edge: thymic selection and autoreactivity are regulated 
by multiple coreceptors involved in T cell activation. J Immunol 163:3577. 

67. Kishimoto, H., and J. Sprent. 1999. Strong TCR ligation without costimulation 
causes rapid onset of Fas-dependent apoptosis of naive murine CD4+ T cells. J 
Immunol 163:1817. 

68. Kisielow, P., and II. von Boehmer. 1995. Development and selection of T cells: 
facts and puzzles. Adv Immunol 58:87. 

69. Piatt, N., H. Suzuki, Y. Kurihara, T. Kodama, and S. Gordon. 1996. Role for the 
class A macrophage scavenger receptor in the phagocytosis of apoptotic 
thymocytes in vitro. Proc Natl Acad Sci USA 93:12456. 

70. Zhou, T., J. Cheng, P. Yang, Z. Wang, C. Liu, X. Su, H. Bluethmann, and J. D. 
Mountz. 1996. Inhibition of Nur77/Nurrl leads to inefficient clonal deletion of 
self-reactive T cells../ Exp Med 183:1879. 

71. Cheng, L. E., F. K. Chan, D. Cado, and A. Winoto. 1997. Functional redundancy 
of the Nur77 and Nor-1 orphan steroid receptors in T-cell apoptosis. Emho J 
16:1865. 

72. Armitage, R. J. 1994. Tumor necrosis factor receptor superfamily members and 
their ligands. Curr Opin Immunol 6:407. 

73. Amakawa, R., A. Hakem, T. M. Kundig, T. Matsuyama. J. J. Simard, E. Timms, 
A. Wakeham, H. W. Mittruecker, II. Griesser, H. Takimoto, R. Schmits, A. 
Shahinian, P. Ohashi, J. M. Penninger, and T. W. Mak. 1996. Impaired negative 
selection of T cells in Hodgkin's disease antigen CD30-deficient mice. Cell 
84:551. 

lA. Kotzin, B. L., S. K. Babcock, and L. R. Ilerron. 1988. Deletion of potentially self-
reactive T cell receptor specificities in L3T4-, Lyl-2- T cells of Ipr mice. J Exp 
Med 168:2221. 

75. Kishimoto, H., C. D. Surh, and J. Sprent. 1998. A role for Fas in negative 
selection of thymocytes in vivo. J Exp Med 187:1427. 

76. Winoto, A. 1997. Cell death in the regulation of immune responses. Curr Opin 
Immunol 9:365. 

77. Ignatowicz, L., J. Kappler, and P. Marrack. 1996. The repertoire of T cells shaped 
by a single MllC/peptide ligand. Cell 84:521. 



85 

78. Toume, S., T. Miyazaki, A. Oxenius, L. Klein, T. Fehr, B. Kyevvski, C. Benoist, 
and D. Mathis. 1997. Selection of a broad repertoire of CD4+ T cells in H-
2Ma0/0 mice. Immunity 7:187. 

79. van Meerwijk, J. P., S. Marguerat, R. K. Lees, R. N. Germain, B. J. Fowlkes, and 
H. R. MacDonald. 1997. Quantitative impact of thymic clonal deletion on the T 
cell repertoire. J Exp Med 185:377. 

80. Kaye, J.. M. L. Hsu, M. E. Sauron, S. C. Jameson, N. R. Gascoigne, and S. M. 
Hedrick. 1989. Selective development of CD4+ T cells in transgenic mice 
expressing a class II MHC-restricted antigen receptor. Nature 341:746. 

81. Sha, W. C., C. A. Nelson, R. D. Newberry, D. M. Kranz, J. H. Russell, and D. Y. 
Loh. 1988. Selective expression of an antigen receptor on CD8-bearing T 
lymphocytes in transgenic mice. Nature 335:271. 

82. Boehmer, H. v. 1986. The Selection of alpha beta heterodinieric T cell receptor 
for antigen. Immunology today 7:333. 

83. Robey, E. A., B. J. Fowlkes, J. W. Gordon, D. Kioussis, H. von Boehmer, F. 
Ramsdell, and R. Axel. 1991. Thymic selection in CDS transgenic mice supports 
an instructive model for commitment to a CD4 or CD8 lineage. Cell 64:99. 

84. Davis, C. B., N. Killeen, M. E. Crooks, D. Raulet, and D. R. Littman. 1993. 
Evidence for a stochastic mechanism in the differentiation of mature subsets of T 
lymphocytes. Cell 73:237. 

85. Suzuki, H., J. A. Punt, L. G. Granger, and A. Singer. 1995. Asymmetric signaling 
requirements for thymocyte commitment to the CD4+ versus CD 8+ T cell 
lineages: a new perspective on thymic commitment and selection. Immunity 
2:413. 

86. Benveniste, P., G. Knowles, and A. Cohen. 1996. CD8/CD4 lineage commitment 
occurs by an instructional/default process followed by positive selection. Eur J 
Immunol 26:461. 

87. Suzuki, H., Y. Shinkai, L. G. Granger, F. W. Alt, P. E. Love, and A. Singer. 1997. 
Commitment of immature CD4+8+ thymocytes to the CD4 lineage requires CD3 
signaling but does not require expression of clonotypic T cell receptor (TCR) 
chains. J Exp Med 186:17. 

88. Linette, G. P., M. J. Grusby, S. M. Hedrick, T. H. Hansen, L. H. Glimcher, and S. 
J. Korsmeyer. 1994. Bcl-2 is upregulated at the CD4+ CD8+ stage during positive 
selection and promotes thymocyte differentiation at several control points. 
Immunity 1:197. 

89. Tao, W., S. J. Teh, 1. Melhado, F. Jirik, S. J. Korsmeyer, and H. S. Teh. 1994. The 
T cell receptor repertoire of CD4-8+ thymocytes is altered by overexpression of 
the BCL-2 protooncogene in the thymus. J Exp Med 179:145. 

90. Robey, E., D. Chang, A. Itano, D. Cado, H. Alexander, D. Lans, G. Weinmaster, 
and P. Salmon. 1996. An activated form of Notch influences the choice between 
CD4 and CD8 T cell lineages. Cell 87:483. 

91. Ashwell, J. D., and R. D. Klusner. 1990. Genetic and mutational analysis of the T-
cell antigen receptor. Annu Rev Immunol 8:139. 



86 

92. Weiss, A. 1993. T cell antigen receptor signal transduction: a tale of tails and 
cytoplasmic protein-tyrosine kinases. Cell 73:209. 

93. Cambier, J. C. 1995. New nomenclature for the Reth motif (or 
ARHL/TAM/ARAM/YXXL). Immunol Today 16:110. 

94. Starr, T. K., S. C. Jameson, and K. A. Hogquist. 2003. Positive and negative 
selection of T cells. Annu Rev Immunol 21:139. 

95. Rudd, C. E. 1999. Adaptors and molecular scaffolds in immune cell signaling. 
Cell 96:5. 

96. Wange, R. L., and L. E. Samelson. 1996. Complex complexes: signaling at the 
TCR. Immunity 5:197. 

97. van Oers, N. S. 1999. T cell receptor-mediated signs and signals governing T cell 
development. Semin Immunol 11:227. 

98. Jenkinson, E. J., and G. Anderson. 1994. Fetal thymic organ cultures. Curr Opin 
Immunol 6:293. 

99. DeLuca, D., J. A. Bluestone, L. D. Shuitz, S. O. Sharrow, and Y. Tatsumi. 1995. 
Programmed differentiation of murine thymocytes during fetal thymus organ 
culture. J Immunol Methods 178:13. 

100. Skinner, M. A., L. Moffatt, and S. J. Skinner. 1992. Development of fetal 
thymocytes in organ culture: effect of corticosteroids. IntJDev Biol 36:573. 

101. Mandel, T. E., and M. M. Keimedy. 1978. The differentiation of murine 
thymocytes in vivo and in vitro. Immunology 35:317. 

102. DeLuca, D., and S. B. Mizel. 1986.1-A-positive nonlymphoid cells and T cell 
development in murine fetal thymus organ cultures: interleukin 1 circumvents the 
block in T cell difierentiation induced by monoclonal anti-I-A antibodies. Journal 
of Immunology 137:1435. 

103. DeLuca, D. 1986. la-positive nonlymphoid cells and T cell development in 
murine fetal thymus organ cultures: monoclonal anti-la antibodies inhibit the 
development of T cells. Journal of Immunology 136:430. 

104. DeLuca, D., T. E. Mandel, G. A. Luckenbach, and M. M. Kennedy. 1980. 
Tolerance induction by fusion of fetal thymus lobes in organ culture. Journal of 
Immunology 124:1821. 

105. Shortman, K. 1992. Cellular aspects of early T-cell development. Curr Opin 
Immunol 4:140. 

106. Moore, N. C., E. J. Jenkinson, and J. J. Owen. 1992. Effects of the thymic 
microenvironment on the response of thymocytes to stimulation. Eur J Immunol 
22:2533. 

107. Jenkinson, E. J., G. Anderson, and J. J. Owen. 1992. Studies on T cell maturation 
on defined thymic stromal cell populations in vitro. J Exp Med 176:845. 

108. Yeoman, H., D. R. Clark, and D. DeLuca. 1996. Development of CD4 and CDS 
single positive T cells in human thymus organ culture: IL-7 promotes human T 
cell production by supporting immature T cells. Dev Camp Immunol 20:241. 

109. Greiner, D. L., L. D. Shuitz, D. Deluca, J. H. Leif, S. W. Christianson, and R. M. 
Hesselton. 1996. HlV-1 infectivity of human T cells in a human/murine chimeric 
fetal thymic organ culture system. In Vivo 10:33. 



87 

110. Plum, J., M. De Smedt, G. Leclercq, and B. Vandekerckhove. 1995. Influence of 
TGF-beta on murine thymocyte development in fetal thymus organ culture. J 
Immunol 154:5789. 

111. Hogquist, K. A., S. C. Jameson, and M. J. Bevan. 1995. Strong agonistligands for 
the T cell receptor do not mediate positive selection of functional CD8+ T cells. 
Immunity 3:79. 

112. Tatsumi, Y., D. Deluca, R. Q. Cron, and J. A. Bluestone. 1994. Differential 
effects of T cell receptor ligation of TCR gamma delta thymocyte development in 
fetal thymic organ culture. Thymus 23:131. 

113. Ashton-Rickardt, P. G. 1993. The role of peptide in the positive selection of 
CD8+ T cells in the thymus. Thymus 22:111. 

114. Kawamoto, H., K. Ohmura, N. Hattori, and Y. Katsura. 1997. Hemopoietic 
progenitors in the murine fetal liver capable of rapidly generating T cells. J 
Immunol 158:3118. 

115. Yeoman, H., R. E. Gress, C. V. Bare, A. G. Leary, E. A. Boyse, J. Bard, L. D. 
Shultz, D. T. Han-is, and D. DeLuca. 1993. Human bone marrow and umbilical 
cord blood cells generate CD4+ and CD8+ single-positive T cells in murine fetal 
thymus organ culture. Proc Natl Acad Sci USA 90:10778. 

116. De Smedt, M., G. Leclercq, B. Vandekerckhove, and J. Plum. 1994. Human fetal 
liver cells differentiate into thymocytes in chimeric mouse fetal thymus organ 
culture. Adv Exp Med Biol 355:27. 

117. Plum, J., M. De Smedt, M. P. Defresne, G. Leclercq, and B. Vandekerckhove. 
1994. Human CD34+ fetal liver stem cells differentiate to T cells in a mouse 
thymic microenvironment. Blood 84:1587. 

118. Jcnkinson, E. J., L. L. Franchi, R. Kingston, and J. J. Owen. 1982. Effect of 
deoxyguanosine on lymphopoiesis in the developing thymus rudiment in vitro: 
application in the production of chimeric thymus rudiments. European Journal of 
Immunology 12:583. 

119. Leiter, E. H., M. Prochazka, and D. L. Coleman. 1987. The non-obese diabetic 
(NOD) mouse. Am J Pathol 128:380. 

120. Makio S, K. K., Muraoka Y., Muzushima Y., Katagirl K, Tochino Y. 1980. 
Breeding of a non-obese diabetic strain of mice. Experimental Animals 29:1. 

121. Bach, J. F. 1988. Mechanisms of autoimmunity in insulin-dependent diabetes 
mellitus. In Clin Exp Immunol, Vol. 72, p. 1. 

122. Serreze, D. V. 1993. Autoimmune diabetes results from genetic defects manifest 
by antigen presenting cells. Faseb J 7:1092. 

123. Wilson, S. S., and D. DeLuca. 1997. NOD Fetal Thymus Organ Culture: An In 
Vitro Model for the Development of T cells Involved in IDDM. J Autoimmunity 
in press. 

124. Ader, R., N. Cohen, and D. Felten. 1995. Psychoneuroimmunology: interactions 
between the nervous system and the immune system. Lancet 345:99. 

125. Madden, K. S., V. M. Sanders, and D. L. Felten. 1995. Catecholamine influences 
and sympathetic neural modulation of immune responsiveness. Annu Rev 
Pharmacol Toxicol 35:417. 



88 

126. McCarthy, L., I. Szabo, J. F. Nitsche, J. E. Pintar, and T. J. Rogers. 2001. 
Expression of functional mu-opioid receptors during T cell development. J 
Neuroimmunol 114:173. 

127. Qiu, Y., Peng Y, Wang J. 1996. Immunoregulatory role of neurotransmitters. Adv. 

Neuroimmunol. 6:223. 

128. Agro, A., and A. M. Stanisz. 1995. Neuroimmunomodulation: classical and non-
classical cellular activation. Adv Neuroimmunol 5:311. 

129. Ader, R. F. D., Cohen N. 1991. Psychoneuroimmunology. Academic, New York. 
130. Niijima, A. 1995. An electrophysiological study on the vagal iimervation of the 

thymus in the rat. Brain Res Bull 38:319. 
131. Niijima, A. 1996. The afferent discharges from sensors for interleukin 1 beta in 

the hepatoportal system in the anesthetized rat. JAuton Nerv Syst 61:287. 
132. Joel G. Hardman, P. D. E. i. C. 1996. Goodman and Oilman's The 

Pharmacological Basis of Therapeutics. 
133. Dohlman, H. G., J. Thorner, M. G. Caron, and R. J. Lefkowitz. 1991. Model 

systems for the study of seven-transmembrane-segment receptors. Annu Rev 
Biochem 60:653. 

134. Kubo, T., K. Fukuda, A. Mikami, A. Maeda, H. Takahashi, M. Mishina, T. Haga, 
K. Haga, A. Ichiyama, K. Kangawa, and et al. 1986. Cloning, sequencing and 
expression of complementary DNA encoding the muscarinic acetylcholine 
receptor. Nature 323:411. 

135. Peralta, E. G., J. W. Winslow, G. L. Peterson, D. H. Smith, A. Ashkenazi, J. 
Ramachandran, M. I. Schimerlik, and D. J. Capon. 1987. Primary structure and 
biochemical properties of an M2 muscarinic receptor. Science 236:600. 

136. Bonner, T. I., N. J. Buckley, A. C. Young, and M. R. Brann. 1987. Identification 
of a family of muscarinic acetylcholine receptor genes. Science 237:527. 

137. Bonner, T. I., A. C. Young, M. R. Braim, and N. J. Buckley. 1988. Cloning and 
expression of the human and rat m5 muscarinic acetylcholine receptor genes. 
Neuron 1:403. 

138. Brann, M. R. 1992. Molecular Biology of G-Protein Coupled Receptors. 
Birkhaeuser Boston, Inc., Cambridge, MA. 

139. Hulme, E. C., N. J. Birdsall, and N. J. Buckley. 1990. Muscarinic receptor 
subtypes. Annu Rev Pharmacol Toxicol 30:633. 

140. Lukas, R. J. 1995. Diversity and patterns of regulation of nicotinic receptor 
subtypes. Ann N YAcadSci 1995 May 10; 757:153-68. 

141. Lukas, R. J., J. P. Changeux, N. Le Novere, E. X. Albuquerque, D. J. Balfour, D. 
K. Berg, D. Bertrand, V. A. Chiappinelli, P. B. Clarke, A. C. Collins. J. A. Dani, 
S. R. Grady, K. J. Kellar, J. M. Lindstrom. M. J. Marks, M. Quik, P. W. Taylor, 
and S. Wonnacott. 1999. International Union of Pharmacology. XX. Current 
status of the nomenclature for nicotinic acetylcholine receptors and their subunits. 
Pharmacol Rev 51:397. 

142. Karlin, A., and M. H. Akabas. 1995. Toward a structural basis for the function of 
nicotinic acetylcholine receptors and their cousins. Neuron 15:1231. 



89 

143. Middleton, R. E., and J. B. Cohen. 1991. Mapping of the acetylcholine binding 
site of the nicotinic acetylcholine receptor: [3H]nicotine as an agonist 
photoaffinity label. Biochemistry 30:6987. 

144. Miyazawa, A., Y. Fujiyoshi, andN. Unwin. 2003. Structure and gating 
mechanism of the acetylcholine receptor pore. Nature 424:949. 

145. Fujii, T., S. Yamada, N. Yamaguchi, K. Fujimoto, T. Suzuki, and K. Kawashima. 
1995. Species differences in the concentration of acetylcholine, a 
neurotransmitter, in whole blood and plasma. Neurosci Lett 201:207. 

146. Kawashima, K., and T. Fujii. 2000. Extraneuronal cholinergic system in 
lymphocytes. Pharmacol Ther 86:29. 

147. Sato, K. Z., T. Fujii, Y. Watanabe, S. Yamada, T. Ando, F. Kazuko, and K. 
Kawashima. 1999. Diversity of mRNA expression for muscarinic acetylcholine 
receptor subtypes and neuronal nicotinic acetylcholine receptor subunits in human 
mononuclear leukocytes and leukemic cell lines. Neurosci Lett 266:17. 

148. Kaminski, H. J., R. A. Fenstermaker, F. W. Abdul-Karim, J. dayman, and R. L. 
Ruff. 1993. Acetylcholine receptor subunit gene expression in thymic tissue. 
Muscle Nerve 16:1332. 

149. Fujino, H., Y. Kitamura, T. Yada, T. Uehara, and Y. Nomura. 1997. Stimulatory 
roles of muscarinic acetylcholine receptors on T cell antigen receptor/CD3 
complex-mediated interleukin-2 production in human peripheral blood 
lymphocytes. Mol Pharmacol 51:1007. 

150. Maslinski, W. 1989. Cholinergic receptors of lymphocytes. Brain Behav Immun 
3:1. 

151. Toyabe, S., T. liai, M. Fukuda, T. Kawamura, S. Suzuki, M. Uchiyama, and T. 
Abo. 1997. Identification of nicotinic acetylcholine receptors on lymphocytes in 
the periphery as well as thymus in mice. Immunology 92:201. 

152. Dustin, M. L., and D. R. Colman. 2002. Neural and immunological synaptic 
relations. Science 298:785. 

153. Kuo, Y., L. Lucero, J. Michaels, D. DeLuca, and R. J. Lukas. 2002. Differential 
expression of nicotinic acetylcholine receptor subunits in fetal and neonatal 
mouse thymus. J Neuroimmunol 130:140. 

154. Mihovilovic, M., S. Denning, Y. Mai, L. P. Whichard, D. D. Patel, and A. D. 
Roses. 1997. Thymocytes and cultured thymic epithelial cells express transcripts 
encoding alpha-3. alpha-5 and beta-4 subunits of neuronal nicotinic acetylcholine 
receptors: preferential transcription of the alpha-3 and beta-4 genes by immature 
CD4 + 8 + thymocytes. J Neuroimmunol 79:176. 

155. Navaneetham, D., A. Perm, J. Howard, Jr., and B. M. Conti-Fine. 1997. 
Expression of the alpha 7 subunit of the nicotinic acetylcholine receptor in normal 
and myasthenic human thymuses. Cell Mol Biol (Noisy-Le-Grand) 43:433. 

156. Bhandari N, S. S., Rogotti NA,. 1996. Source Book of Substance Abuse and 
Addiction. Williams & Wilkins, MD. 

157. Heusch, W. L., and R. Maneckjee. 1998. Signalling pathways involved in nicotine 
regulation of apoptosis of human lung cancer cells. Carcinogenesis 19:551. 



90 

158. Li. J. S., J. K. Peat, W. Xuan, and G. Berry. 1999. Meta-analysis on the 
association between environmental tobacco smoke (ETS) exposure and the 
prevalence of lower respiratory tract infection in early childhood. Pediatr 
Pulmonol 27:5. 

159. Berglund, D. J., D. E. Abbey, M. D. Lebowitz, S. F. Knutsen, and W. F. 
McDonnell. 1999. Respiratory symptoms and pulmonary function in an elderly 
nonsmoking population. Chest 115:49. 

160. De Swert, L. F. 1999. Risk factors for allergy. Eur J Pediatr 158:89. 
161. Hecht, S. S. 1997. Tobacco and cancer: approaches using carcinogen biomarkers 

and chemoprevention. Ann NY Acad Sci 833:91. 
162. Johnson, B. E. 1998. Tobacco and lung cancer. Prim Care 25:279. 
163. Johnson, J., D. Houchens, W. Kluwe, D. Craig, and G. Fisher. 1990. Effects of mainstream and 

enviroimiental tobacco smoke on the immune system in animals and humans; A review. Crit. Rev. 

Toxicol. 20:369. 

164. Geng, Y., S. M. Savage, L. J. Johnson, J. Seagrave, and M. L. Sopori. 1995. 
Effects of nicotine on the immune response. I. Chronic exposure to nicotine 
impairs antigen receptor-mediated signal transduction in lymphocytes. Toxicol 
Appl Pharmacol 135:268. 

165. Kalra, R., S. P. Singh, S. M. Savage, G. L. Finch, and M. L. Sopori. 2000. Effects 
of cigarette smoke on immune response: chronic exposure to cigarette smoke 
impairs antigen-mediated signaling in T cells and depletes IPS-sensitive Ca(2+) 
stores. J Pharmacol Exp Ther 293:166. 

166. Sopori, M. L., W. Koz^, S. M. Savage, Y. Geng, D. Soszynski, M. J. Kluger, E. 
K. Ferryman, and G. E. Snow. 1998. Effect of nicotine on the immune system: 
possible regulation of immune responses by central and peripheral mechanisms. 
Psychoneuroendocrinology 23:189. 

167. Basta, P. V., K. B. Basham, W. P. Ross, M. E. Brust, and H. A. Navarro. 2000. 
Gestational nicotine exposure alone or in combination with ethanol down-
modulates offspring immune function. Int J Immunopharmacol 22:159. 

168. Evavold, B. D., J. Sloan-Lancaster, and P. M. Allen. 1993. Tickling the TCR: 
selective T-cell functions stimulated by altered peptide ligands. Immunol Today 
14:602. 

169. Sloan-Lancaster, J., and P. M. Allen. 1995. Significance of T-cell stimulation by 
altered peptide ligands in T cell biology. Curr Opin Immunol 7:103. 

170. Geng, Y., S. M. Savage, S. Razanai-Boroujerdi, and M. L. Sopori. 1996. Effects 
of nicotine on the immune response. II. Chronic nicotine treatment induces T cell 
anergy. J Immunol 156:2384. 

1 7 1 .  M e n a r d  L ,  R , - P .  M .  1 9 8 7 .  N i c o t i n e  i n d u c e s  T - s u p p r e s s o r  c e l l s ;  M o d u l a t i o n  b y  t h e  n i c o t i n i c  

antagonist d-tubocurarine and myasthenic serum. Clin. Immunol. Immunopath. 44:107. 

172. Singh, S. P., R. Kalra, P. Puttfarcken, A. Kozak, J. Tesfaigzi, and M. L. Sopori. 
2000. Acute and chronic nicotine exposures modulate the immune system through 
different pathways. Toxicol Appl Pharmacol 164:65. 

173. Adorini, L,, S. Gregori, and L. C. Harrison. 2002. Understanding autoimmune 
diabetes: insights from mouse models. Trends Mol Med 8:31. 



91 

174. Serreze, D. V., and E. H. Leiter. 1994. Genetic and pathogenic basis of 
autoimmune diabetes in NOD mice. Curr Opin Immunol 6:900. 

175. Sprent, J., and S. R. Webb. 1987. Function and specificity of T cell subsets in the 
mouse. Advances in Immunology 41:39. 

176. Finkel, T. H., P. Marrack, J. W. Kappler, R. T. Kubo, and J. C. Cambier. 1989. 
Alpha beta T cell receptor and CD3 transduce different signals in immature T 
cells. Implications for selection and tolerance. Journal of Immunology 142:3006. 

177. Sebzda, E., V. A. Wallace, J. Mayer, R. S. Yeung, T. W. Mak, and P. S. Ohashi. 
1994. Positive and negative thymocyte selection induced by different 
concentrations of a single peptide. Science 263:1615. 

178. Pircher, H., K. Brduscha, U. Steinhoff, M. Kasai, T. Mizuochi, R. M. 
Zinkernagel, H. Hengartner, B. Kyewski, and K. P. Muller. 1993. Tolerance 
induction by clonal deletion of CD4+8+ thymocytes in vitro does not require 
dedicated antigen-presenting cells. European Journal of Immunology 23:669. 

179. Ashton-Rickardt, P. G., and S. Tonegawa. 1994. A differential-avidity model for 
T-cell selection. Immunology Today 15:362. 

180. Milich, D. R., J. E. Jones, A. McLachlan, R. Ho ugh ten, G. B. Thornton, and J. L. 
Hughes. 1989. Distinction between immunogenicity and tolerogenicity among 
HBcAg T cell determinants. Influence of peptide-MHC interaction. Journal of 
Immunology 143:3148. 

181. Ucker, D. S., J. Meyers, and P. S. Obermiller. 1992. Activation-driven T cell 
death. II. Quantitative differences alone distinguish stimuli triggering 
nontransformed T cell proliferation or death. Journal of Immunology 149:1583. 

182. Ashton-Rickardt, P. G., A. Bandeira, J. R. Delaney, L. Van Kaer, 11. P. Pircher, R. 
M. Zinkernagel, and S. Tonegawa. 1994. Evidence for a differential avidity model 
of T cell selection in the thymus [see comments]. Cell 76:651. 

183. Carrasco-Marin, E., J. Shimizu, O. Kanagawa, and E. R. Unanue. 1996. The class 
II MHC I-Ag7 molecules from non-obese diabetic mice are poor peptide binders. 
J Immunol 156:450. 

184. Carding, S. R., A. C. Hayday, and K. Bottomly. 1991. Cytokines in T-cell 
development. Immunol Today 12:239. 

185. Beutler, B., and A. Cerami. 1989. The biology of cachecti n/TNF - -a primary 
mediator of the host response. Annu Rev Immunol 7:625. 

186. Yokota, S., T. D. Geppert, and P. E. Lipsky. 1988. Enhancement of antigen- and 
mitogen-induced human T lymphocyte proliferation by tumor necrosis factor-
alpha. J Immunol 140:531. 

187. Kehrl, J. H., A. Miller, and A. S. Fauci. 1987. Effect of tumor necrosis factor 
alpha on mitogen-activated human B cells. J Exp Med 166:786. 

188. Ding, A. H., C. F. Nathan, and D. J. Stuehr. 1988. Release of reactive nitrogen 
intermediates and rcactive oxygen intermediates from mouse peritoneal 
macrophages. Comparison of activating cytokines and evidence for independent 
production. J Immunol 141:2407. 



92 

189. Dayer, J. M., B. Beutler, and A. Cerami. 1985. Cachectin/tumor necrosis factor 
stimulates collagenase and prostaglandin E2 production by human synovial cells 
and dermal fibroblasts. J Exp Med 162:2163. 

190. Dinarello, C. A., J. G. Cannon. S. M. Wolff, H. A. Bernhcim, B. Beutler, A. 
Cerami, I. S. Figari, M. A. Palladino, Jr., and J. V. O'Connor. 1986. Tumor 
necrosis factor (cachectin) is an endogenous pyrogen and induces production of 
interleukin 1. J Exp Med 163:1433. 

191. Turner, M, D. Chantry, G. Buchan, K. Barrett, and M. Feldmann. 1989. 
Regulation of expression of human IL-1 alpha and IL-1 beta genes. J Immunol 
143:3556. 

192. Brouckaert, P., D. R. Spriggs, G. Demetri, D. W. Kufe, and W. Fiers. 1989. 
Circulating interleukin 6 during a continuous infusion of tumor necrosis factor 
and interferon gamma. J Exp Med 169:2257. 

193. Broudy, V. C., K. Kaushansky, G. M. Segal, J. M. Harlan, and J. W. Adamson. 
1986. Tumor necrosis factor type alpha stimulates human endothelial cells to 
produce granulocyte/macrophage colony-stimulating factor. Proc Natl Acad Sci U 
S A 83:7467. 

194. Munker, R., J. Gasson, M. Ogawa, and H. P. Koeffler. 1986. Recombinant human 
TNF induces production of granulocyte-monocyte colony- stimulating factor. 
Nature 323:79. 

195. Vassalli, P. 1992. The pathophysiology of tumor necrosis factors. Annu Rev 
Immunol 10:411. 

196. Powrie, F., and R. L. Coffman. 1993. Cytokine regulation of T-cell function: 
potential for therapeutic intervention. Immunol Today 14:270. 

197. Giroir, B. P., T. Brown, and B. Beutler. 1992. Constitutive synthesis of tumor 
necrosis factor in the thymus. Proc Natl Acad Sci USA 89:4864. 

198. de Kossodo, S., G. E. Grau, T. Daneva, P. Pointaire, L. Fossati, C. Ody, J. Zapf, 
P. F. Piguet, R. C. Gaillard, and P. Vassalli. 1992. Tumor necrosis factor alpha is 
involved in mouse growth and lymphoid tissue development. J Exp Med 
176:1259. 

199. Baseta, J. G., and O. Stutnian. 2000. TNF regulates thymocyte production by 
apoptosis and proliferation of the triple negative (CD3-CD4-CD8-) subset. J 
Immunol 165:5621. 

200. Loetscher, H., Y. C. Pan, H. W. Lahm, R. Gentz, M. Brockhaus, H. Tabuchi, and 
W. Lesslauer. 1990. Molecular cloning and expression of the human 55 kd tumor 
necrosis factor receptor. Cell 61:351. 

201. Kohno, T., M. T. Brewer, S. L. Baker, P. E. Schwartz, M. W. King, K. K. Hale, 
C. H. Squires, R. C. Thompson, and J. L. Vannice. 1990. A second tumor necrosis 
factor receptor gene product can shed a naturally occurring tumor necrosis factor 
inhibitor. Proc Natl Acad Sci USA 87:8331. 

202. Idriss, H. T., and J. H. Naismith. 2000. TNF alpha and the TNF receptor 
superfamily: structure-function rclationship(s). Microsc Res Tech 50:184. 



93 

203. Espevik, T., M. Brockhaus, H. Loetscher, U. Nonstad, and R. Shalaby. 1990. 
Characterization of binding and biological effects of monoclonal antibodies 
against a human tumor necrosis factor receptor. J Exp Med 171:415. 

204. Shalaby, M. R., A. Sundan, H. Loetscher, M. Brockhaus, W. Lesslauer, and T. 
Espevik. 1990. Binding and regulation of cellular functions by monoclonal 
antibodies against human tumor necrosis factor receptors. J Exp Med 172:1517. 

205. Engelmann. H., H. Holtmann, C. Brakebusch, Y. S. Avni, I. Sarov, Y. Nophar, E. 
Hadas, O. Leitner, and D. Wallach. 1990. Antibodies to a soluble form of a tumor 
necrosis factor (TNF) receptor have TNF-like activity. J Biol Chem 265:14497. 

206. Wong, G. H., L. A. Tartaglia, M. S. Lee, and D. V. Goeddel. 1992. Antiviral 
activity of tumor necrosis factor is signaled through the 55- kDa type I TNF 
receptor [corrected]. J Immunol 149:3350. 

207. Heller, R. A., K. Song, N. Fan, and D. J. Chang. 1992. The p70 tumor necrosis 
factor receptor mediates cytotoxicity. Cell 70:47. 

208. Vandenabeele, P., W. Declercq, D. Vercammen, M. Van de Craen, J. Grooten. H. 
Loetscher, M. Brockhaus, W. Lesslauer, and W. Piers. 1992. Functional 
characterization of the human tumor necrosis factor receptor p75 in a transfected 
rat/mouse T cell hybridoma. J Exp Med 176:1015. 

209. Wicker, L. S., J. A. Todd, and L. B. Peterson. 1995. Genetic control of 
autoimmune diabetes in the NOD mouse. Annu Rev Immunol 13:179. 

210. Vyse, T. J., and J. A. Todd. 1996. Genetic analysis of autoimmune disease. Cell 
85:311. 

211. Jacob, C. O., and H. O. McDevitt. 1988. Tumour necrosis factor-alpha in murine 
autoimmune 'lupus' nephritis. Nature 331:356. 

212. Gordon, C., G. E. Ranges, J. S. Greenspan, and D. Wofsy. 1989. Chronic therapy 
with recombinant tumor necrosis factor-alpha in autoimmune NZB/NZW F1 
mice. Clin Immunol Immunopathol 52:421. 

213. Jacob, C. O., S. Aiso, S. A. Michie, H. O. McDevitt, and H. Acha-Orbea. 1990. 
Prevention of diabetes in nonobese diabetic mice by tumor necrosis factor (TNF): 
similarities between TNF-alpha and interleukin 1. Proc Natl Acad Sci U S A 
87:968. 

214. Grewal, 1. S., K. D. Grewal, F. S. Wong, D. E. Picareila, C. A. Janeway, Jr., and 
R. A. Flavell. 1996. Local expression of transgene encoded TNF alpha in islets 
prevents autoimmune diabetes in nonobese diabetic (NOD) mice by preventing 
the development of auto-reactivc islet-specific T cells. J Exp Med 184:1963. 

215. Cope, A. P., M. Londei, N. R. Chu, S. B. Cohen, M. J. Elliott, F. M. Brennan, R. 
N. Maini, and M. Feldmann. 1994. Chronic exposure to tumor necrosis factor 
(TNF) in vitro impairs the activation of T cells through the T cell receptor/CD3 
complex; reversal in vivo by anti-TNF antibodies in patients with rheumatoid 
arthritis. J Clin Invest 94:749. 

216. Cope, A. P., R. S. Liblau, X. D. Yang, M. Congia, C. Laudanna, R. D. Schreiber, 
L. Probert, G. Kollias, and H. O. McDevitt. 1997. Chronic tumor necrosis factor 
alters T cell responses by attenuating T cell receptor signaling. J Exp Med 
185:1573. 



94 

217. Sloan-Lancaster, J., T. H. Steinberg, and P. M. Allen. 1996. Selective activation 
of the calcium signaling pathway by altered peptide ligands. J Exp Med 184:1525. 

218. Mueller, D. L., M. K. Jenkins, L. Chiodetti, and R. H. Schwartz. 1990. An 
intracellular calcium increase and protein kinase C activation fail to initiate T cell 
proliferation in the absence of a costimulatory signal. J Immunol 144:3701. 

219. Groux, 11.. M. Bigler, J. E. de Vries, and M. G. Roncarolo. 1996. Interleukin-10 
induces a long-term antigen-specific anergic state in human CD4+ T cells. J Exp 
Med 184:19. 

220. Wu, A. J., H. Hua, S. H. Munson, and H. O. McDevitt. 2002. Tumor necrosis 
factor-alpha regulation of CD4+CD25+ T cell levels in NOD mice. Proc Natl 
AcadSci USA 99:12287. 

221. Herbelin, A., J. M. Gombert, F. Lepault, J. F. Bach, and L. Chatenoud. 1998. 
Mature mainstream TCR alpha beta+CD4+ thymocytes expressing L-selectin 
mediate "active tolerance" in the nonobese diabetic mouse. J Immunol 161:2620. 

222. Takahashi, T., T. Tagami, S. Yamazaki, T. Uede, J. Shimizu, N. Sakaguchi, T. W. 
Mak, and S. Sakaguchi. 2000. Immunologic self-tolerance maintained by 
CD25(+)CD4(+) regulatory T cells constitutively expressing cytotoxic T 
lymphocyte-associated antigen 4. J Exp Med 192:303. 

223. Shimizu. J., S. Yamazaki, T. Takahashi, Y. Ishida, and S. Sakaguchi. 2002. 
Stimulation of CD25(+)CD4(+) regulatory T cells through GITR breaks 
immunological self-tolerance. Nat Immunol 3:135. 

224. Chatenoud, L., B. Salomon, and J. A. Bluestone. 2001. Suppressor T cells—they're 
back and critical for regulation of autoimmunity! Immunol Rev 182:149. 

225. Read, S., V. Malmstrom, and F. Powrie. 2000. Cytotoxic T lymphocyte-
associated antigen 4 plays an essential role in the function of CD25(+)CD4(+) 
regulatory cells that control intestinal inflammation. J Exp Med 192:295. 

226. Taylor, P. A., C. J. Lees, and B. R. Blazar. 2002. The infusion of ex vivo 
activated and expanded CD4(+)CD25(+) immune regulatory cells inhibits graft-
versus-host disease lethality. Blood 99:3493. 

227. Salomon, B., D. J. Lenschow, L. Rhee, N. Ashourian, B. Singh, A. Sharpe. and J. 
A. Bluestone. 2000. B7/CD28 costimulation is essential for the homeostasis of the 
CD4+CD25+ immunoregulatory T cells that control autoimmune diabetes. 
Immunity 12:431. 

228. Asseman, C., S. Mauze, M. W. Leach, R. L. Coffman, and F. Powrie. 1999. An 
essential role for interleukin 10 in the function of regulator}-' T cells that inhibit 
intestinal inflammation. J Exp Med 190:995. 

229. Kingsley. C. I., M. Karim, A. R. Bushell, and K. J. Wood. 2002. CD25+CD4+ 
regulatory T cells prevent graft rejection; CTLA-4- and IL-lO-dependent 
immunoregulation of alloresponses. J Immunol 168:1080. 

230. Belkaid, Y., C. A. Piccirillo, S. Mendez, E. M. Shevach, and D. L. Sacks. 2002. 
CD4+CD25+ regulatory T cells control Leishmania major persistence and 
immunity. Nature 420:502. 



95 

231. Thornton, A. M.. and E. M. Shevach. 1998. CD4+CD25+ immunoregulatory T 
cells suppress polyclonal T cell activation in vitro by inhibiting interleukin 2 
production. J Exp Med 188:287. 

232. Piccirillo, C. A., J. J. Letterio, A. M. Thornton, R. S. McHugh, M. Mamura, H. 
Mizuhara, and E. M. Shevach. 2002. CD4(+)CD25(+) regulatory T cells can 
mediate suppressor function in the absence of transforming growth factor betal 
production and responsiveness. J Exp Med 196:237. 

233. Fontenot, J. D., M. A. Gavin, and A. Y. Rudensky. 2003. Foxp3 programs the 
development and function of CD4+CD25+ regulatory T cells. Nat Immunol 
4:330. 

234. Aramaki, O., N. Shirasugi, T. Takayama, M. Shimazu, M. Kitajima, Y. Ikeda, M. 
Azuma, K. Okumura, II. Yagita, and M. Niimi. 2004. Programmed death-1-
programmed death-L 1 interaction is essential for induction of regulatory cells by 
intratracheal delivery of alloantigen. Transplantation 77:6. 

235. McHugh, R. S., M. J. Whitters, C. A. Piccirillo, D. A. Young, E. M. Shevach, M. 
Collins, and M. C. Byrne. 2002. CD4(+)CD25(+) immunoregulatory T cells: gene 
expression analysis reveals a functional role for the glucocorticoid-induced TNF 
receptor. Immunity 16:311. 

236. Gavin, M. A., S. R. Clarke, E. Negrou, A. Gallegos, and A. Rudensky. 2002. 
Homeostasis and anergy of CD4(+)CD25(+) suppressor T cells in vivo. Nat 
Immunol 3:33. 

237. Apostolou, L, A. Sarukhan, L. Klein, and H. von Boehmer. 2002. Origin of 
regulatory T cells with known specificity for antigen. Nat Immunol 3:756. 

238. Tang, Q., K. J. Henriksen, M. Bi, E. B. Finger, G. Szot, J. Ye, E. L. Masteller, H. 
McDevitt, M. Bonyhadi, and J. A. Bluestone. 2004. In Vitro-expanded Antigen-
specific Regulator)' T Cells Suppress Autoimmune Diabetes. J Exp Med 
199:1455. 



96 

Appendix A 

Manuscript #1 



97 

Effects of Nicotine Exposure on T Cell Development in Fetal Thymus 
Organ Culture: Arrest of T Cell Maturation' 

•}• 4-

Aaron J. Middlebrook , Cherie Martina , Yung Chang , 
t 2 

Ronald J. Lukas and Doniinick DcLuca 

^Department of Microbiology and Immunology, University of Arizona College of 

Medicine, Tucson, AZ 85274, • Department of Microbiology, Arizona State 

University, Tempe, AZ 85287 and ^ Division of Neurobiology, Barrow Neurological 

Institute, Phoenix, AZ 85013 



98 

Abstract: 

There is evidence for both physiological functions of the natural 

neurotransmitter, acetylcholine, and pharmacological actions of the plant alkaloid, 

nicotine, on the development and function of the immune system. Effects of continuous 

exposure to nicotine over a 12-day course of fetal thymus organ culture (FTOC) were 

studied, and thymocytes were analyzed by flow cytometry. In the presence of very low-

concentrations of nicotine, many more immature T cells [defined by low or negative T 

cell receptor (TCR) expression], and fewer mature T cells [intermediate or high 

expression of TCR] were produced. In addition, numbers of cells expressing CD69 and, 

to a lesser extent, CD95 (Fas) were increased. These effects took place when fetal thymus 

lobes from younger (13-14 day gestation) pups were used for FTOC. If FTOC were set 

up using tissue from older (15-16 day pups), nicotine had little effect, suggesting that it 

may act only on immature T cell precursors. Consistent with an increase in immature 

cells, the expression of recombinase activating genes (RAG) was found to be elevated. 

Nicotine effects were partially blocked by the simultaneous addition of the nicotinic 

antagonist d-tubocurarine. Furthermore, d-tubocurarine alone blocked the development of 

both immature and mature murine thymocytes, suggesting the presence of an endogenous 

ligand that may engage nAChR on developing thymocytes and influence the course of 

normal thymic ontogeny. 
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Introduction 

Nicotine has been reported to affect both humoral and cell-mediated branches of 

the immune system (1-3) and to produce an altered immune response that is characterized 

by a decrease in inflammation, decreased antibody response, and a reduction in T-ceil-

receptor-mediated signaling (4). These effects likely stem from the direct impact that 

nicotine has on T lymphocytes. It has been reported that treatment of T lymphocytes with 

nicotine provides signals that mimic T cell receptor mediated cell activation signals, thus 

leading to partial activation of T cells resulting in anergy (5-7). Nicotine exposure has 

also been associated with the induction of regulatory T cells (8). These studies suggest 

that nicotine is a potent immuno-pharmacological agent with regard to T cell behavior in 

the periphery. Aside from its direct effect on peripheral T cells, nicotine may also 

influence T cell development, given the presence of nicotinic acetylcholine receptors 

(nAChR) in thymus (9). However, nAChR engagement within the thymus and the 

subsequent impact on T cell development remains unknown. 

Using fetal thymus organ culture (FTOC) as an in vitro model for T cell 

maturation, we investigated the influence that nicotine may have on murine T cell 

development. During the development of the thymus, T cells initially express either CD4 

or CDS without CD3 ("immature single positive", SP) before they become DP CDS" 

cells. When TCR genes rearrange, a low level of this receptor is expressed on the cell 

surface, linked to CDS ("immature double positive", DP)( 10). After "positive" and/or 

"negative" selection of these immature DP T cells based on the ability of their TCR to 

bind to self-peptide + major histocompatibility complex (MHC) molecules (11), DP T 
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cells transiently express high levels of CD3 associated TCR ("Mature DP" T cells)(12). 

They then rapidly differentiate into mature CD4 or CDS T cells, which express high 

levels of TCR associated CD3 molecules (12). These functional T cells are exported into 

the periphery. 

Our data suggest that nicotine may be a potent regulator of T cell development 

in that FTOC incubated with very low concentrations of nicotine have an apparent 

blockage in T cell development at the transition between the DP mature SP stage of T 

cell development. This event is accompanied by an increase in CD69 expression, 

indicating that activation of the cells has occurred. In addition, there is an increase in 

CD95 induction, suggesting that activation-induced cell death may occur. Nicotine 

exposure also results in an increase in RAG gene activity, presumably due to the 

induction of a negative selection signal on the immature T cells and/or a reduction of 

mature T cells that are no longer recombination active. Finally, the nAChR antagonist d-

tubocurarine can, itself, inhibit the development of T cells. This latter result suggests that 

an endogenous ligand for nAChR may normally play a role in the regulation of T cell 

production. 
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Materials & Methods 

Mice: C57BL/6 (B6) mice were purchased from National Cancer Institute (Frederick, 

Maryland). Timed pregnant females were used. The fetuses were removed from pregnant 

females at the indicated time points. Developmental assessment of these mice was based 

on vaginal plug date (plug date=day 0) and on their characteristics as given in "The 

Mouse, its Reproduction and Development" (13). Fetuses from pregnant mice that 

displayed any disease conditions were not used. 

Fetal Thymus Organ Culture: Thymus lobes were dissected from 13-16 days gestation 

fetal mice and were placed on the surface of Millipore (25 [xm thick, 0.45 ^m pore size; 

Millipore, San Francisco, CA) filters, which were supported on blocks of surgical 

Gelfoam (Upjohn Co, Kalamazoo, MI) in 10 x 35 mm plastic Petri dishes with 3 ml of 

medium. Organ culture media consisted of Dulbecco's modified Eagle's medium (4.5 g/L 

D-glucose; JRH, Lenexa, KS) supplemented with 20% fetal bovine serum (FBS, Hyclone 

Laboratories, Logan, UT), streptomycin (100 iig/ml), penicillin (250 mg/rnl), gentamycin 

(10 [ig/ml), non-essential amino acids (0.1 mM), sodium pyruvate (IniM), 2-

mercaptoethanol (2 x 10^ M), and 3.4 g/Liter sodium bicarbonate. The cultures were 

grown in a humidified incubator in 5% CO2 at 37°C. Cells were harvested as previously 

described (15, 16). Briefly, the thymus lobes were placed into a solution of collagenase 

(from Clostridium histolyticum. Type V, Clostridiopeptidase A; obtained from Sigma 

Chemicals, St. Louis, MO) 0.4 mg/ml in 0.2M phosphate buffer with 0.2mg/ml of EDTA. 

The tissue was incubated at 37° C for 30 min. The lobes were then dispersed into a single 
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cell suspension by gentle aspiration with a Pasteur pipette. This treatment disaggregates 

most of the lymphoid cells from the tissue. However, many lymphoid cells remain, and to 

obtain these, as well as the non-lymphoid stromal cells of the cultures, the fragments of 

thymus tissue were re-treated with a solution of 0.12-0.25% trypsin (Type II crude from 

porcine pancreas. Sigma Chemicals, St. Louis, MO) in the same EDTA/phosphate buffer 

as the collagenase for an additional 15-30 mins. at 37° C. After washing once in Hanks' 

balanced salt solution (HBSS) plus 5% FBS to prevent further enzyme action, cell 

viability in both the collagenase and the trypsin extracted samples was determined by 1% 

tryphan blue exclusion. Viability was always greater than 95%. The results are expressed 

as the total cells recovered x 10^ per lobe and reflect the combined pool of cells 

recovered from both the collagenase and the trypsin treatment. Unless otherwise noted, 

FTOC was carried out for 12 days 

Reagents: Fluorescein (FITC) and phycoerythrin (PE) hamster isotype controls, PE anti-

mouse CD3s and CD95, CD45RA, FITC anti-mouse CDS, and Tri-color (TC) anti-mouse 

CD4 were purchased from Caltag Laboratories (South San Francisco, CA) and PE anti-

mouse CDS was purchased from Pharmingen (San Diego, CA). Bo-dipy conjugated a-

bungarotoxin was purchased from Molecular Probes, Inc. (Eugene, OR). Nicotine 

(purchased from Sigma Chemicals, St. Louis, MO), was dissolved in PBS and brought to 

physiological pH (7.4) with IM NaOH. It was diluted to the indicated concentrations 

with standard organ culture media (described above) before being added to cultures. 
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Flow Cytometry (FC) Analysis: Cell suspensions were stained with monoclonal 

antibodies directly conjugated with TC (CD4), FITC (CDS), PE (CDS), PE (CD3E) or 

Bo-dipy (a-bungarotoxin). The antibodies were used at a concentration of l}xg/10^ cells 

and the a-bungarotoxin was used at a concentration of 175nM. After staining, cells were 

fixed in 1% para-formaldehyde before FC analysis. Three-color FC analysis was 

performed using a FACScan (BDIS, San Jose, CA) equipped with photomultiplier tubes 

and optical fibers as recommended by the manufacturer. FITC, PE and TC were excited 

by a 488-nm Argon laser. Fluorescence data were collected using 3-decade logarithmic 

amplification on 10,000 viable lymphoid cells as determined by forward and 90° light 

scatter intensity to exclude stromal and other non-lymphoid elements (See Fig 2 for 

lymphocyte gate). Data was collected with CellQuest (Santa Rosa, CA) and analyzed 

using FlowJO (Treestar) software. 

Statistical Analysis: There is some variability in total cell production across FTOC 

preparations (i.e., across experiments). However, total cell production from replicate 

samples within an experiment are in much closer agreement (-20-25%) and proportions 

or features of nicotine effects didn't change markedly across experiments. However, 

because of the wide variation in cell production between some organ cultures set up at 

different times, the values were normalized to the percentage of the untreated control 

cultures. Statistical analyses (mean and standard error of the mean) were then done on 

these values for comparison purposes. Paired Student's T tests were performed on all data 

shown. P values are not listed; however, determinations that achieved significance to the 
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90% confidence level (psO.l) are indicated with one asterisk (*) and those that achieved 

significance to the 95% confidence level (p<0.05) are indicated with two asterisks (**). 

RNA preparation and Reverse transcriptase-PCR (RT-PCR) for RAG gene 

analysis: RNA was prepared from cultured FTOC thymocytes using a CsCl 

ultracentrifugation method (14). RNA was reverse-transcribed into cDNA using random 

oligonucleotides. The cDNA was serially diluted and amplified for RAG2 and Pj-

microglobulin (P2M) genes using the oligonucleotides described previously (14). 

Amplification of the PjM message served as an internal control for input cDNA. These 

PGR products were analyzed by Southern blot. A probe for RAG2 was prepared by PGR 

amplification of RAG2 constructs (kindly provided by D.G. Schatz, of Yale University 

(15)). The probe for PjM was a gel purified PGR product made with primers specific for 

PJM CDNA. 
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Results: 

Expression ofnAChR's on the surface of murine thymocytes produced by FTOC. 

It has been demonstrated that thymocytes express nAChR subunits (9). We 

wished to determine if these receptors are present on the cells that are derived from 

FTOC. Accordingly, 14 gestation day fetal thymus lobes from C57BL/6 mice were 

organ cultured for 6 d (producing mainly CD478" double positive (DP) cells, Figure lA) 

or 12 d (producing mainly CDA^ or CD8* single positive (SP) cells, Figure IB). Cells 

produced by murine FTOC at 6 d of culture consist of mainly immature DP cortical T 

cells, while at 12 d of culture, more mature SP medullary T cells are produced 

(16)(Figure 1). a-Bungarotoxin (which binds specifically to nAChR subtypes containing 

al or al subunits) staining from both 6 d and 12 d FTOC at 175nM is shown. Cells 

could not be stained with 25 or 125nM a-Bungarotoxin. The mature cells derived from 

12 d FTOC stained brighter (Figure IB) than the relatively immature cells produced by 6 

d FTOC (Figure 1 A). This was true for all phenotypes of T cells, CD8^, DP, DN, and 

CD4^. The amount of labeled a-bungarotoxin required to detect binding was nearly 10-

fold greater than that used to stain nervous tissue (17). Even with this higher level of a-

bungarotoxin, the staining was also relatively weak, with only a few of the cells in the 12 

d FTOC being classified as "intermediate" staining (that is, in the intensity range greater 

than 10^-10^. 
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Figure 1: a-Bungarotoxin Staining of CD4/CD8-Labeled Cells. 

Cells from a 12 day FTOC derived from 13-14 days gestation thymi were stained with 

antibodies specific for CD4 (Tri-color labeled) andy CDS (PE-labeled) and then with a-

bungarotoxin (1.75nM, bo-dipy labeled) and analyzed by 3-color flow cytometry. T cell 

phenotypes were defined by CD4/8 .staining as shown. The intensity of a-bungarotoxin 

staining is shown for each of the CD4/8-defmed sub-populations of T cells as a separate 

log fluorescence intensity histogram divided into negative (N), dull (D), intermediate (I) 
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and bright (B) staining by vertical lines (roughly the same scale used to evaluate TCR 

expression). All numbers represent percentages of cells in each intensity category. The 

-4 cells were also pre-mcubated with 10 Molar d-tubocurarme for 45 mmutes at 4 C° prior 

to a-bungarotoxin staining. The table at the bottom of this figure shows the results of this 

experiment. The staining was determined to be specific as d-tubocurarine significantly 

inhibited positive staining. 
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It appears that expression, at least of a-bungarotoxin binding nAChR, gradually increases 

along with T cell progression from the DP stage to the SP stage. The staining of u-

bungarotoxin among all phenotypes of T cells, CD8^, DP, DN, and CD4^ in both 6 day 

and 12 day cultures was also specifically inhibited by pre-incubation with d-tubocurarine 

(Table at Bottom of Fig. 1). 

Effect of Exogenous Nicotine Addition on the Development ofT Cells in Murine FTOC 

Our studies focused on the ability of nicotine to affect 12 d FTOC made with 

13-14 day gestation B6 fetal mouse thymus tissue. Initially, we studied higher 

-2 concentrations of nicotine (as high as 10 M, which was found to be toxic and lead to 

low cell recovery and low viability) but we found that as we continued to titer out the 

drug, nicotine could still affect T cell development. Once it was established that nicotine 

4 -18 concentrations above 10" M were toxic and those below 10" M produced no significant 

18 4 effect, the experimental range was narrowed to 10 -10 M for all subsequent 

experiments. When compared to the untreated control, the percentage of lymphocytes in 

-18 the 10 M nicotine treated culture was not greatly changed (56.9% vs. 51.1% (Fig. 2A-

B)). The frequency of DP cells was considerably decreased, and that of SP cells was 

increased. However, the frequency of mature T cells, shown in Figure 2 as having 

intermediate or bright staining for PE-Iabeled anti-CD3, was decreased. For example, 

mature T cells were reduced from 20.5% of the CD8" SP population to only 1.8% by 

-18 treatment with 10 M nicotine 
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(Figure 2B). Concomitantly, the frequency of immature T cells, shown in Figure 2 as 

having negative or low staining for anti-CD3, was increased from 79.5% to 98.2%. 

Total immature vs. mature ceil recovery was then analyzed at several 

concentrations of nicotine (shown as a ratio of the untreated control. Figure 3). Mature 

CDS cell maturation was impaired in all concentrations except 10"'"^ M (Figure 3A). 

Mature CD4 cell maturation appeared to be less sensitive than CDS cells in that the 

degree of inhibition was lower, but the dose response curve for nicotine was similar 

(Figure 3D). Numbers of immature CDS or CD4 cells increased dramatically in low 

dose nicotine culture, and both of these cell types also increased to a lesser degree after 

8 6 10" -10" M nicotine treatment. Similarly, immature DP cells exhibited significant 

16 18 increases at the 'low' (10" -10" M nicotine) dose range and less impressive increases 

-8 and the 'high' (10" M nicotine) dose range. In an interesting contrast to the mature SP 

T cells, mature DP T cells increased in a pattern similar to that of the immature DP 

(Figure 3B). This latter observation suggests that the effect of nicotine may occur at the 

DP -» SP transition during T cell development or after the cells have committed to the 

CD4 or CDS lineage. 

4 8 A 'low' dose peak and a 'high' dose (10 -10" M nicotine) peak pattern was 

found when total numbers of CDS, CD4, DP and DN T cell sub-populations in FTOC 

were analyzed (Figure 4). The increase in cell numbers seemed to be distributed among 

all cell phenotypes. The increases in absolute numbers of SP CD4 cells, SP CDS cells. 
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Figure 2:13-14clg FTOC (12 Pay) Flow Cytometry 

A. Untreated 12 Day FTOC 14.2 

SP8 DP 
DPi SP8 

79.5 20.5 
DN SP4 

S9.8 ,98.2 1.8 31.3 140.2 

DN SP4 
17.4 

FSC CD4TC CD3PE CD3PE CD3 PE CD3 PE 

Figure 2: Effects of Nicotine Treatment on T Cell Phenotypes. 

FTOC of 13-14 days gestation C57BL/6 thymi were treated over 12 days of culture with 

increasing doses of nicotine and analyzed by 3-color flow cytometry. Untreated control 

-18 (A), 10 M nicotine treated (B) samples are shown. Boxes shown from left to right 

depict Forward versus Side Scatter, CDS FITC vs. CD4 TC of the lymphocyte gate, and 

CD3 PE histograms of each indicated quadrant (SP8, DP, DN, SP4). The gates on the 

histograms show 4 relevant divisions, N=negative expression, D=dull intensity, 

I=intermediate intensity, and B=bright-intensity. These gates were then used to define 

Immature (N+D) and mature (1+B) cells. Representative experiment. (1 of 6). 
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Figure 3; 13-14 dg FTOC (12 day) 
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Figure 3: Mature and Immature CD4 and CDS Cells from Nicotine-Treated FTOC. 

Tissue from 13-14 day gestation C57BL/6 pups. FTOCs were treated with the indicated 

concentrations of nicotine (A, B, C, D). The cells recovered were counted, and the cells 

were stained with antibodies specific for CD4, CDS, and CD3. The stained cells were 

analyzed using 3-color flow cytometry, and the percentage of gated lymphoid cells was 

determined for each of the 3 markers. The data are expressed as the total number of the 

indicated cell type produced per thymus lobe (xlO^). Values were then normalized to the 

untreated control cultures. Statistical analyses (mean and standard error of the mean) 

were then done on these values for comparison purposes. P values were calculated using 



112 

a paired Student's T test. Determinations that achieved significance to the 90% 

confidence level (p<0.1) are indicated with one asterisk (*) and those that achieved 

significance to the 95% confidence level (ps0.05) are indicated with two asterisks (**). 

The production of immature T cells (CD3 or CD3'°") are shown as the solid line (black 

diamond) and mature T cells (CD3'"' or CDS'""®) are shown as the dashed line (white 

square). Range of cell numbers (Per Lobe); Immature; CDS (8-18 x 10"*), DP (25-36 x 

10^), DN (7-16 X 10^)), CD4 (2-11 x 10'). Mature; CDS (2-5 x 10^), DP (2-3 x 10^), DN 

(6-S X 10^)), CD4 (5-7 x 10^). (n=6). 
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Figure 4:13-14 dg FTOC (12 day) 
CD4 vs. CDS 
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Figure 4.: Quantitation of T cells subsets following nicotine treatment of FTOC. 

13-14 dg C57BL/6 FTOC's were treated with the indicated concentrations of nicotine or 

left untreated. The cells recovered were countcd-and analyzed for the total recovery of 

+ + 
CD4 , CDS , DP and DN T cells. The data are shovra as the number of cells recovered 

per thymus lobe (xlO'^) (solid line, black diamond) and as a % of total lymphocytes 

(dashed line, white square). Values were then normalized to the percentage of the 

untreated control cultures. Statistical analyses (mean and standard error of the mean) 

were then done on these values for comparison purposes. Determinations that achieved 
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significance to the 90% confidence level (p<0.1) are indicated with one asterisk (*) and 

those that achieved significance to the 95% confidence level (p<0.05) are indicated with 

two asterisks (**). Range of cell numbers (Per Lobe): CDS (12-21 x 10"*), DP (26-38 x 

10^), DN (14-25 X 10^)), CD4 (8-19 x 10''). (n=6). 
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18 and DN cells in cultures treated with "low" dose nicotine (10 M) were paralleled with 

a small increase in the percentages of these cell types at the expense of a decrease in the 

percentage of DP cells. Across the nicotine dose profile, the proportion of CDS cells was 

slightly elevated, the proportion of DN cells was slightly elevated, the percentage of DP 

cells was slightly depressed at low nicotine concentrations, and the percentage of CD4 

cells first increased slightly at low nicotine concentrations, then declined slightly with 

increasing nicotine dose. 

We noticed a difference in the way T cells reacted to nicotine depending on the 

age of the lobes used. When older tissue (15-16 days gestation) was used as the source 

for 12 d FTOC, compared to 13-14 days gestation tissue, control cultures produced a ~2-

fold more CDS"^ cells per thymus lobe [12.8 x 10"* (+ 1.9 SEM) versus 22 x 10"* (± 5.6 

SEM)1, ^2-fold more CD4" cells [10 x 10^ (± 1.3 SEM) versus 24.3 x 10^ (± 5.1 SEM)] 

about equal numbers of DN cells, but ~3-fold fewer DP cells [27 x 10"* (+ 3.1 SEM) 

versus 8 x 10'* (+ 4.6 SEM)J. These data are consistent with earlier work showing the 

production of mature T cells by cultures derived from older fetal thymus lobes grown in 

FTOC for the same period of time (16). Moreover, effects of nicotine were less dramatic 

in FTOC derived from 15-16d (Fig. 5) compared with 13-14d gestation tissue (Fig. 4). 

The nicotine effect on cell numbers was generally absent (flat dose-response profile) for 

CD8" cells (Fig. 5A); in fact, treatment with low dose nicotine of 13-14 day gestation-

derived FTOC gave numbers of CD8" cells like control 15-16 day gestation-derived 

FTOC thymus [21.2 x 10^ (± 4.4 SEM) versus 22 x 10^ (± 5.6 SEM) produced by 

untreated 15-16 day tissue)]. 
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Figure 5:15-16 dg FTOC (12 day) 
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Figure 5: Effects of Nicotine Treatment on T Cell Production in FTOC Derived 

from Older Fetal Thymi. The total cell recovery of CD4^, CD8^, DP and DN T cells in 

murine 12 day C57BL/6 FTOC derived from 15-16 days gestation thymi and treated with 

increasing doses of nicotine is shown as the number of cells recovered per thymus lobe 

(xlO'^) (solid line, black diamond) and as a % of total lymphocytes (dashed line, white 

square). Values were then normalized to the percentage of the untreated control cultures. 

Statistical analyses (mean and standard error of the mean) were then done on these values 

for comparison purposes. Determinations that achieved significance to the 90% 
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confidence level (psO.l) are indicated with one asterisk (*) and those that achieved 

significance to the 95% confidence level (p<0.05) are indicated with two asterisks (**). 

Range of cell numbers (Per Lobe): CDS (3-29 x 10^), DP (2-20 x lO"), DN (2-28 x 10^), 

CD4 (2-31 X 10^). (n=3). 



118 

The nicotine effect on cell numbers was also generally absent for DP cells, DN cells, and 

CD4^ cells (Fig. 5B-D). The highest concentration of nicotine (10'^ M), killed all T cell 

phenotypes in FTOC derived from either older or younger tissues and after the studies 

shown in Fig. 5 this concentration was subsequently dropped from the titration 

experiments. The inherent difference in the way more mature FTOC reacts to exogenous 

nicotine when compared to less mature cultures may be due to the fact that the most 

delicate and easily influenced cell types in the FTOC are immature T cells (DP and 

immature SP). As mentioned above, this population makes up a large portion of the total 

cell number in the 13-14 day-derived FTOC but is significantly reduced in the more 

mature 15-16 day-derived FTOC. 

Induction of CD69 expression in FTOC treated with nicotine 

In order to determine how far along these expanded populations of T cells in 

FTOC from younger thymi had matured in terms of thymic education and selection, we 

examined the expression of CD69. This early activation marker has been shown to be 

expressed just following the MHC dependent phase of positive selection (18). Its 

expression is believed to be the final stage of DP development preceding CD4^ or CD8^ 

lineage commitment, yet T cells remain CD69" as they continue the maturation process 

(19). We found that the numbers of T cells of every phenotype expressing CD69 

increased in FTOC treated with both 'low' and 'high' doses of nicotine roughly in 

proportion to increases in total cell numbers (compare Fig. 6 to Fig. 4), although the 

magnitude of the 'low dose' nicotine 
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Figure 6:13-14 dg FTOC (12 day)) 
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Figure 6: Effects of Nicotine Exposure on CD69 Expression in FTOC. 

13-14 dg C57BL/6 FTOC's were treated with the indicated concentrations of nicotine or 

left untreated. The cells recovered were counted^ and were stained with antibodies 

specific for CD4. CDS, and CD69. The stained cells were analyzed using 3-color flow 

cytometry, and the percentage of gated lymphoid cells was determined for each of the 3 

markers. The data are shown as the number of cells recovered per thymus lobe (xlO"^) that 

were CD69^ (solid line, black diamond) and as the % of each lymphocyte subpopulation 
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that were CD69" (dashed line, white square). Values were then normalized to the 

percentage of the untreated control cultures. Statistical analyses (mean and standard error 

of the mean) were then done on these values for comparison purposes. Determinations 

that achieved significance to the 90% confidence level (p^O.l) are indicated with one 

asterisk (*) and those that achieved significance to the 95% confidence level (psO.05) are 

indicated with two asterisks (**). Range of cell numbers that were CD69^ (Per Lobe): 

CDS (3-7 X 10^), DP (1-2 x lO"), DN (9-16 x 10^), CD4 (2-5 x lO**). (n=6). 
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Figure 7:13-14 dg FTOC (12 day) 
CD95 Expression 
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Figure 7: Effects of Nicotine Treatment on CD95 Expression in FTOC. 

13-14 dg C57BL/6 FTOC's were treated with the indicated concentrations of nicotine or 

left untreated. The cells recovered were counted, and were stained with antibodies 

specific for CD4, CDS, and CD95. The stained cells were analyzed using 3-color flow 

cytometry, and the percentage of gated lymphoid cells was determined for each of the 3 

markers. The data are shown as the number of cells recovered per thymus lobe (xlO"^) that 

were CD95^ (solid line, black diamond) and as the % of each lymphocyte subpopulation 

that were CD95^ (dashed line, white square). Values were then normalized to the 
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percentage Statistical analyses (mean and standard error of the mean) were then done on 

these values for comparison purposes. Determinations that achieved significance to the 

90% confidence level (p<0.1) are indicated with one asterisk (*) and those that achieved 

significance to the 95% confidence level (p<0.05) are indicated with two asterisks (**). 

Range of cell numbers that were CD95^ (Per Lobe): CDS (7-12 x 10'*), DP (23-33 x lO"*). 

DN (12-22 X 10^), CD4 (6-14 x lO'^). (n=6). 
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effect on CD69 expression for CD4 SP was modest. Thus, the types of T cells that are 

increased after nicotine exposure have CD69 on their surface, suggesting that nicotine 

may have delivered a positive selection signal to these cells. 

Induction oj CD95 (Fas) expression in FTOC treated with nicotine. 

We also found that the production of CD95^ T cells of all phenotypes (DN. CDS 

SP, CD4 SP, DP) was increased when nicotine was added (Fig. 7), clearly in proportion 

to increases in total cell numbers (see Fig. 4). Interestingly, however, the increase in 

CD95^ cells seen at the lower doses of nicotine for DN, DP and CDS SP was not found 

for CD4 SP. This result parallels the very modest effect of this dose of nicotine on the 

expression of CD69 on these cells. Overall, these data suggest that nicotine seems to 

drive the activation, selection and expansion of T cells. There also appears to be a 

sustained expression of molecules involved in programmed cell death among the 

expanded populations of cells. 

Increase in the number of immature T cells by low levels of nicotine, and the reversal of 

these effects by d-tubocurarine. 

Next, we attempted to determine if the effects of exposure to nicotine on the 

production of immature T cells versus mature T cells could be reversed by the co

administration of d-tubocurarine, a competitive inhibitor of nicotine binding by nAChR. 

The enhancing effects of low dose nicotine on the production of immature T cells were 

indeed reversed as the numbers of these cells were returned to control levels (Figure 8). 

Mature T cell inhibition by low levels of nicotine was also generally returned close to 
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that of the control by d-tubocurarine treatment, although the differences between the 

control, nicotine treated and nicotine+d-tiibocurarine treated FTOC were not statistically 

different from one another due to the low and variable numbers of these cells produced 

by the cultures. Interestingly, the presence of d-tubocurarine alone also affected the 

ability of thymocytes to mature. d-Tubocurarine reduced the numbers of both immature 

and mature T cells among all phenotypes. These latter results suggest that there is an 

endogenous nicotine-like ligand that is responsible for regulating the development of T 

cells via a d-tubocurarine sensitive mechanism. 

Induction of RAG genes in FTOC treated with nicotine. 

Recombinase activating genes 1 and 2 (RAG 1/2) are involved in the 

rearrangements of B cell and T cell receptor genes. During T cell development, these 

genes are expressed in DN and immature DP cells and are required for the production of 

the TCR. RAG 1 and 2 RNA were assessed by reverse-transcription and followed by 

polymerase chain reaction (RT-PCR). We found that RAG expression varied with 

nicotine concentration, and showed increases across almost all nicotine concentrations 

tested. Similar to the changes observed in immature T cell recovery (compare Figure 3 to 

16 Figure 9), RAG expression was most dramatic at the low dose range (10 M). Because 

these results are presented already normalized for input RNA levels, they indicate an 

induction of RAG expression per cell or an increased number of T cells that express these 

genes, such as DN and immature DP cells. 
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Figures: 13-14 dg FTOC (12 day) 
d-Tybocurarine Effects 
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Figure 8: Effects of d-Tubocurarine Treatment Alone or in Combination with 

18 Nicotine on T cell Profiles in FTOC. Samples were treated with 10' M nicotine, d-

tubocurarine, both or were left untreated. Cultures that received both nicotine and its 

inhibitor were pre-treated with d-tubocurarine (10'^ M in all cases) for 45 minutes in 

FTOC prior to the addition of nicotine. These cells were then analyzed via 3-color flow 

cytometry. Data are plotted as the numbers of immature (shaded bar) and mature (hollow 

bar) cells per thymus lobe (xlO"^). Values were then normalized to the percentage of the 

untreated control cultures. Statistical analyses (mean and standard error of the mean) 

were then done on these values for comparison purposes. Determinations that achieved 
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significance to the 90% confidence level (psO.l ) are indicated with one asterisk (*) and 

those that achieved significance to the 95% confidence level (psO.05) are indicated with 

two asterisks (**). Range of cell numbers (Per Lobe): Immature CDS (3-15 x 10'*), DP 

(8-36 X 10^), DN (4-12 x 10^), CD4 (2-10 x 10^). Mature -> CDS (1-4 x 10'*), DP (0.5-2 x 

10^), DN (2-6 x 10^), CD4 (2-9 x 10^). (n=4). 
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Figure 9: Effects of Nicotine Exposure on RAG Expression in FTOC. 

13-14 dg C57BL/6 FTOC were treated with the indicated concentrations of nicotine or 

left untreated for the 12 days of organ culture. The cells were counted and their 

concentrations adjusted to the same total number of cells before being processed for RT-

PCR. Using RAG-1, RAG-2, and beta-2-microglobulin specific probes, RNA levels were 

determined. The data are expressed as the ratio of PCR products for RAG-1 or RAG-2 vs. 

beta-2-microglobulin, which is expressed in all cells. (n=2). 
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Discussion; 

The salient findings of this study are; [1], nAChR, capable of binding a-

bungarotoxin, were expressed on T cells that develop in organ culture, and the expression 

of these receptors increased as the cells mature. [2]. Exposure of T cells to exogenous 

nicotine across a wide range of doses in FTOC derived from 13-14 d gestation mouse 

pups resulted in an increase in the production of immature T cells 12 d later with a 

concomitant decrease in mature T cell production. [3]. More mature T cell precursors in 

12 d FTOC derived from older mouse pups (15-16 d gestation) were resistant to the 

effects of exogenous nicotine noted for 13-14 d gestation FTOC. |4J. The immature T 

cells increased by the appropriate concentrations of exogenous nicotine bear activation 

markers CD69 and CD95 that are associated with both positive and negative selection. 

[5]. Inhibitors of nAChR can reverse the effects of nicotine as well as prevent full 

development of both immature and mature T cells when added alone to FTOC. [6]. The 

pattern of increased production of immature T cells at the appropriate doses of nicotine 

shows some similarity to that of RAG gene exptession, suggesting that the affected T 

cells are attempting secondary rearrangements of their TCR. 

It is well established that once T cell precursors enter the thymus, they 

differentiate along a well-defined pathway which can be delineated based on the 

expression of CD44, CD25, c-kit, CD3, CD4, CDS, and TCR (20). Before cells express 

CD3, CD4 and CDS. they exist as a "triple negative" (TN) phenotype, and they 

differentiate successively into TN CD44^ CD25 , TN CD44^ CD25\ TN CD44' CD25\ 

and TN CD44^ CD25"(21). Then the cells express either CD4 or CDS without CD3 
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("immature SP") (22, 23) before they become DP CD3" cells. When TCR genes 

rearrange, a low level of this receptor is expressed on the cell surface, linked to CDS 

("immature DP"). This receptor is used for ''positive" selection based on the avidity of 

the TCR for self-peptides presented on thymic stromal cells bound to major 

histocompatibility complex (MHC) proteins. Those cells with a TCR that recognizes the 

MHC peptide complexes with low to moderate avidity are "positively selected" and those 

with very high avidity (and would cause autoimmunity) are "negatively selected". Cells 

that do not produce a TCR that can recognize self-peptide/MHC, which are the vast 

majority of thymocytes, die via programmed cell death. The cells that remain after these 

processes of selection are mature CD4'CD8^ SP or CD4^CD8 SP mature T cells with a 

high level of TCR associated CDS (22-27). These detailed pathways have also been 

worked out for mouse thymocytes and hold true for cells produced in our FTOC (16). 

Our work suggests that this pathway is somehow regulated through nAChR 

engagement. This regulation could be manifested by two possible mechanisms. In the 

first, the development of T cells is blocked by nAChR engagement at the DP stage, with 

an increase in the production of these cells, both immature and mature, as well as their 

immediate precursors, the immature SP cells. The blockade of the DP cells results in a 

decrease in their products, the mature SP cells. The alternative explanation is that the 

production of immature T cells is increased by direct signaling through the nAChR and 

the production of mature T cells are decreased by this signal. In the former model, 

nAChR signals increase immature T cell production, while in the latter model, the loss of 

mature SP T cells may be the result of increased negative selection, or the deletion of 
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these cells by virtue of the fact that they express higher levels of the a7-nAChR subtype, 

which binds a-bungarotoxin (Fig. 1), and has been associated with non-neuronally 

derived cell types such as epithelial and endothelial cells (28, 29). 

However, other nAChR subtypes mediating effects of nicotine may be higher or 

lower in SP cells. More importantly. FTOC produced from older mouse tissue yielding 

large numbers of SP cells showed resistance to effects of exogenous nicotine, consistent 

with a decline in functional nAChR expression in those cells. Therefore, the idea that 

nicotine signaling of mature SP cells could lead to their selective loss in the experiments 

using tissue from younger pups, is not supported by these data. The selective loss of 

mature SP cells by nAChR engagement also does not readily explain the net increase in 

the production of immature T cells (CD3 SP or CD3 DP) seen in nicotine treated 

FTOC derived from young mouse pups. 

Our data, therefore, favor the first interpretation, namely that nAChR 

engagement blocked T cell development at the DP stage. It has been shown that that IL-7 

added to chimeric FTOC can enhance the production of immature T cells, while 

preventing the development of mature T cells (30). We have recently confirmed this 

observation, and shown that anti-lL-7, added at the time when mature T cells are being 

produced can enhance the production of these cells (31). The subcapsular region of the 

FTOC was found to stain for the presence of IL-7, while the medullary region, where 

mature T cells would be found, was devoid of IL-7. Thus, there is precedent for 

signaling of early T cells to not only support the growth and development of these cells, 

but to also block the development of more mature T cells. 
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Our d-tubocurarinine data also suggest that nicotine exposure alters the positive 

selection of immature T cells by mimicking the activity of an endogenous thymic ligand 

for nAChR. One of our hypotheses is that exogenous nicotine interacts with conventional 

(or novel?) nAChR subtypes causing the opening of receptor ion channels leading to 

subtle changes in intracellular levels of calcium ions (32, 33). Normal maturation of 

thymocytes involves TCR ligation, which itself induces calcium ion influx (34, 35). In 

this fashion, exogenous nicotine may mimic TCR signals via ionotropic means and 

effectively change the way T cells normally mature. This signal could sustain developing 

thymocytes as they undergo the thymic selection process, resulting in the expansion of 

immature thymocytes (Figure 3) that otherwise would have been lost due to their lack of 

a TCR specific for self-peptide/self-MHC. Conversely, the lack of signals, as may occur 

though blockade of endogenous ligands in the presence of the nicotinic antagonist, d-

tubocurarine, might inhibit normal development of both mature and immature T cells. 

This idea may explain why d-tubocurarine treatment of FTOC exposed to low levels of 

nicotine still produced lower levels of immature and mature DP cells (Fig. 8) in that an 

excess of the antagonist could block T cell production in addition to reversing the effects 

of nicotine. Signals generated via nAChR upon exogenous nicotine administration, 

appear to alter positive selection such that CD69-positive T cells, which are normally 

produced in the murine FTOC system, were increased (Figure 6). The expansion of these 

populations may be due to the direct activation by nicotine or by prevention of their 

progression down the T cell differentiative pathway caused by a block in positive 

selection. The activation signal delivered by nicotine may be sufficient to cause the T 
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cells to down-regulate their TCR, perhaps by interfering with the re-cycling of the 

CD3/TCR complex after ligation by MHC-peptide complexes (36). This result would be 

manifested as a conversion of mature CD3-expressing SP T cells that had previously 

been selected via their TCR's interaction with self-peptide/MHC into CD3''™-expressing 

cells that would appear as immature cells by our criteria. However, this mechanism 

would not explain the large increase in the total number of immature CD3'°"'-expressing 

cells over control values that we found, unless the original CD3'"-expressing SP cells had 

also been driven to proliferate by nicotine. Most of the T cells in the thymus do not bear 

TCR specific for the antigens presented there, and mature TCR*" DP cells were actually 

increased by nicotine treatment. Therefore, we favor the concept that T cell development 

is impacted by nicotine at the DP stage, without induction of TCR down-modulation in 

mature TCR"' SPT cells. 

However, since positive selection must also be accompanied by sustained 

signaling through the TCR, a signal that T cells will not receive since the vast majority of 

them do not have a TCR specific for self-MHC and self-peptide required for normal 

positive selection, these cells may eventually begin to undergo programmed cell death. 

Thus, Fas, which is associated with apoptosis of DP T cells (37), appears on the immature 

cells that accumulate in FTOC treated with exogenous nicotine. Other workers have 

reported a similar connection between nicotine and the induction of apoptosis in maturing 

thymocytes (38). 
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The increased expression of Fas may be associated with an increase in 

recombinase activation gene (RAG) activity seen after exposure to nicotine doses that 

also increased the production of immature T cells (Figure 9). Petrie et al. demonstrated 

that T cells receiving TCR activation signals strong enough to elicit negative selection 

attempt to produce another, less avid, TCR by rearranging additional TCR alpha chain 

genes (12). These additional TCR rearrangements result in re-activation of RAG. T cells 

derived from the cord blood of infants born to mothers exposed to passive tobacco smoke 

also have increased RAG gene expression (39). We hypothesize that since positive 

selection is altered in T cell precursors exposed to nicotine, the T cells may attempt to 

further rearrange their TCR to affect a normal positive selection signal, causing an 

increase in RAG activity and Fas expression. Thus, the increase in RAG expression can 

be caused by an elevated expression per recombination-active cell and/or an increased 

fraction of RAG-expressing cells in total thymocytes. The higher levels of RAG 

expression in individual cells may reflect the attempt by these potentially tolerized T cells 

to undertake receptor editing. Alternatively, an elevated number of RAG expressing cells 

among total thymocytes is an indicator of the immature status of the T cell population, 

i.e., the relative increase in DN and DP cells, which is consistent with our observation in 

T cell recover}', shown in Figs. 3 and 4. 

Both of these scenarios are consistent with our finding of enhanced production 

of immature T cells that are recombination active along with a reduction in mature SP T 

cells. The fact that nicotine treatment also increased the production of DP T cells 

bearing high levels of TCR, (Figure 3), would suggest that the control point of T cell 
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development impacted by nicotine is the transition between DP SP T cells. However, 

we also found decreases in the percentages of DP T cells produced in these cultures, and 

increases in the production of DN T cells, which are precursors of the other cell types. 

This result, along with the fact that d-tubocuarinine treatment inhibited the production of 

all T cells in FTOC, suggests that nAChR engagement may affect early precursors of T 

cells before the DP stage of development, as well. 

16 18 The 'low' dose range of nicotine used in our work (10' -10' M), is much 

smaller than the range of concentrations of nicotine found in the plasma of smokers (2-

7 2 4x10 M); where we find some effects of nicotine) (2). The higher dose of nicotine (10 

M), which inhibited the development of T cells entirely, is substantially greater than 

plasma levels. However, concentrations of nicotine that acutely activate function of the 

-4 -6 known and characterized nAChR subtypes half-maximally are in the 10 -10 M range, 

and maximal effects of acetylcholine occur at 10 M, approximately the concentration of 

acetylcholine attained transientiy at neuronal synapses (40-42). Thus, some of the effects 

observed in this study of nicotine action occur at concentrations compatible with actions 

through known nAChR subtypes, which function as nicotinic agonist-gated Na' and/or 

Ca'" channels mediating cation influx into cells. However, the low dose effects observed 

-16 18 at 10 -10' M suggest that novel nAChR subtypes might exist. These observations 

have given rise to current attempts to identify these potentially novel nAChR's. Direct 

measurement of the affinities of FTOC derived nAChR's will require the production of 

cloned cells expressing these receptors exclusively. Alternatively, conventional nAChR 
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subtypes in FTOC may mediate novel signaling cascades much more sensitive to nicotine 

activation than opening of nAChR channels, especially among DP T cells, which are 

known to be exquisitely sensitive to nearly any signaling event. 

Because effects of nicotine in FTOC occur at wide range of concentrations, it 

also is evident that multiple nAChR subtypes must be involved. Immature FTOC derived 

thymocytes express a3. a5, al, (32 and (34 subunit genes as message while mature 

thymocytes express a2, a5, and cx7 subunits. Thymic stromal cells express al, a3, a4, 

al, and (34 subunits. Other subunits, such as a2 and a4, are expressed at marginal levels 

on immature T cells, and a4 is expressed at marginal levels on thymic stromal cells. 

Moreover, levels of expression of these subunits are developmentally regulated through 

fetal and into early postnatal life (43). For example, cx3, al and f54 subunit genes appear 

to be expressed at the highest level in scid/scid FTOC at 15 days gestation, the stage 

where immature TCR T cells that appear to be sensitive in the present study would be 

expected to be produced. The differences in subunit expression between thymocytes and 

stromal cells in conjunction with developmental regulation may help explain why 

nicotine is able to exert effects at both a 'low' (lo '^-io'^^ M) and a 'high' (10'^-10"^'' 

M) dose range. 

The lowest concentrations of nicotine required to influence T cell development 

are smaller than those of other agents known to be active in causing alterations in T cell 

survival, such as vasoactive peptide (10"^^ M) for inhibition of antigen induced apoptosis 

(44), or nominal peptide itself (10"'^ M) in the activation of mature CDS T cells in TCR 
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transgenic spleen cells or the same peptide in the selection of mature CDS SP T cells in 

FTOC (10 M) (45). However, in all of these systems, the assay involved mature T 

cells, not the immature cells that we examined in our studies. Developing thymocytes, 

especially the DP population, are known to be exquisitely sensitive to signals such as 

peptide and cortisone. Still, the sensitivity of FTOC derived T cells to nicotine was 

unexpected, and led to an extensive analysis to determine the lowest level of nicotine that 

could reproducibly effect T cell development. It is conceivable that the very low 

concentrations of nicotine found to be effective in our studies are actually concentrated 

by stromal cells in the thymus for presentation to the T cells, or the amounts we added 

supplemented the endogenous nicotinic ligand(s) already made by the thymus to cause 

the effects. Interestingly, mature CD3^ cells derived from FTOC using young (13-14 day 

gestation) pups or SP T cells from FTOC using older (15-16 day gestation) pups were 

relatively resistant to nicotine. These results suggest that sensitivity to nicotine signaling 

is also developmentally regulated. 

Our d-tubocurarine blocking data suggest a role for nAChR engagement in 

normal T cell development, and is in line with the observation that cholinergic input to 

the thymus seems to regulate thymocyte maturation. Transections of the right vagus 

nerve produce a decrease in the number of lymphocytes released from the thymus into the 

venous circulation (46). This effect disappears after sectioning of the recurrent laryngeal 

nerve. Vagal stimulation produces a transient increase in the number of lymphocytes 

released from the thymus, an effect that also disappears after section of the recurrent 

nerve. The effects of vagotomy are mimicked by nicotinic blocking agents, which also 
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suppress the effects of vagal stimulation. Selectivity for nicotinic cholinergic signaling is 

suggested because muscarinic cholinergic agents are ineffective in mimicking effects of 

vagotomy. A recent development along this vein of research is the identification of lynxl, 

an endogenous peptide that has been shown to be a potent modulator of nicotinic receptor 

function with a high degree of structural and genetic homology to the Ly-6 family of 

immune associated antigens (47). However, it has thus far only been detected in brain. 

Taken together, our observations implicate a definitive role for a possibly 

unknown nAChR ligand in normal thymic ontogeny, and implicate a direct interaction 

between the nervous system and the immune system, shared resources between the 

immune and nervous systems, or both. Our results extend those of other workers who 

have found nAChR's expressed on non-excitable cells and have suggested that these 

receptors may modulate cell proliferation and differentiation in response to locally 

produced acetylcholine (29). Most interestingly of all, perhaps, is the extremely low 

concentrations of nAChR ligand needed to exert notable effects on the process of 

immune development. In light of this finding, the wide use of nicotine-containing 

products in modern society may have more impact on immune system development than 

previously thought. Indeed, we have preliminary evidence that exposure to nicotine 

during pregnancy profoundly alters the ability of human cord blood derived T cell 

precursors to develop in organ cultures. 
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Abbreviations: iiAChR, nicotinic acetylcholine receptor; FTOC, fetal thymus organ 

culture; dg, day gestation; SP, single positive (CD4^ or CD8^ as indicated); DP, double 

positive (CD8 ' CD4^); DN, double negative (CD8"CD4"); TN, triple negative (CDS' 

CD4'CD3"); RAG. recombinase activating genes. 
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Abstract; 

Tumor necrosis factor (TNF-a) is a pleiotropic cytokine that induces both 

apoptotic and proliferative effects. In the thymus, its constitutive expression regulates the 

maturational transition of early T cell progenitors. In the periphery, it acts as a key 

mediator of the inflammatory response that spearheads many disease states including 

autoimmunity. TNF-a has opposing effects on type 1 diabetes mellitus (TIDM) as non 

obese diabetic (NOD) mice administered TNF-a early in life experience an acceleration 

in disease onset while TNF-a administered to adult NOD mice are rescued from disease 

entirely. Using fetal thymus organ culture (FTOC) as a model of T cell development and 

an associated in vitro TIDM model, we set out to reconcile the role of TNF-a in thymic 

development with its role in the pathogenesis of TIDM. Our data indicate that NOD 

derived FTOC produce a smaller percentage of double negative (CD47CD8') thymocytes 

expressing TNF receptors compared to non-diabctic C57BL/6 (B6) derived FTOC. NOD 

FTOC produce more TNF-a than B6 FTOC during days 6-9 of culture, a lime when 

negative selection of T cells is known to occur. Neutralization of this endogenous TNF-

a production in NOD derived FTOC with a soluble TNF receptor (sTNF Rl) rescued 

insulin production in our in vitro T1 DM model. Flow cytometric analysis of NOD FTOC 

treated witli recombinant TNF-a (rTNF-a) or sTNF Rl demonstrated that the presence of 

excess TNF-a in the culture during the selection window (day 6-9) drives maturation 

and increases the ratio of mature vs. immature T cells that emerge from FTOC as well as 

the percentage of cells expressing CD95L and the frequency of CD4 'CD25^ regulatory T 

cells. These results may shed light on the downstream effects of a recently identified 
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mutation in the regulatory region of the TNF-a gene in NOD mice that falls within the 

I (id 16 interval associated with diabetes susceptibility. 
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Introduction: 

Type 1 diabetes mellitus (TIDM) is a T cell-mediated, chronic autoimmune 

disease that is characterized by lymphocytic infiltration of the pancreatic islets of 

Langerhans and by the selective destruction of insulin-producing (3 cells in the islets. The 

underlying mechanism that initiates disease has been suggested to hinge upon the 

aberrant selection of autoreactive T lymphocytes that occurs during T cell development 

(1-3). Immature T cells differentiating in the thymus interact with the major 

histocompatibility complex (MHC) molecules on thymic epithelium or 

hematopoictically-derived antigen presenting cells (APC) through their T cell receptors 

(TCR) (4). These interactions lead to the 'positive selection' of T cells that recognize 

peptides bound to self-MHC gene products of the thymus. To prevent autoimmune 

responses, those T cells that possess TCR specific for self-antigens are eliminated in the 

thymus by negative selection (5, 6). Research by Tonegawa and others have given rise to 

a model in which positive and negative selection are regulated by the total avidity of the 

TCR for the peptide. Avidity is characterized by the combination of the total number of 

TCR's expressed on the surface of the cell, the binding affinity of the peptide for the 

presenting MHC molecule, and the total number of MHC-peptide complexes present on 

the selecting thymic stromal cell (7). Although there are exceptions (7, 8), positive 

selection is thought to be mediated through epithelial cells residing within the thymic 

cortex, while negative selection is carried out by hematopoietically-dcrived APC in the 

medulla. The origins of Tl DM are the result of the erroneous survival of autoreactive, 

diabetogenic T cells that have escaped selection. Our laboratory has developed an in 
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vitro fetal thymus organ culture (FTOC) model that allows the detection of developing 

diabetogenic T cells in only 14-21 days. This methodology involves the co-culture of 

mature NOD fetal thymus lobes with syngeneic fetal pancreas. Over the course of the co-

culture period, mature thymocytes migrate into the adjacent pancreatic mass and mediate 

islet destruction in a T cell restricted fashion. This "in vitro T1 DM" effect can be 

quantified by the subsequent measurement of insulin production by these co-cultures (9). 

The pathogenesis of autoimmune diabetes is complex, as expected from the >23 

genes found associated with the onset of disease (10), both in humans and the non-obese 

diabetic (NOD) mouse, the most commonly used animal model. The major genetic 

component contributing to TIDM susceptibility in the NOD mouse is the strain's unusual 

I-A®' class II MHC haplotype, which is structurally and functionally homologous to the 

major class II susceptibility allele in humans, HLA-DQ8(10). Loci identified by genetic 

segregation analysis as contributing to T1 DM susceptibility are provisionally referred to 

as Idd loci until specific genes are elucidated. Although estimates from these analyses 

indicate that 50% or more of the genetic risk for TIDM is transmitted by the 

aforementioned I-A®^ molecule which was the first Idd gene identified (Iddl), there are as 

many as 19 non-MHC linked Idd genes that are also required to mediate the pathogenesis 

of autoimmune T1 DM (11). The vast majority of these genetic associations have yet to be 

linked with specific gene products or gene functions. Some possible candidates include 

defects in signaling pathways, selection induced apoptotic pathways including those 

mediated by CD95 (Fas)/CD95L (Fas Ligand) and TNFa (12-15). Recent work along 

these lines has shown that Idd\ 6. an interval that maps within the MHC, contains the 
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gene that encodes tumor necrosis factor-a (TNFa). These authors have identified a 

mutation in the 5-upstream region of this gene (16). Mutations in this region may well 

contribute to the pathogenesis of TIDM through defective regulation of TNFa 

expression. Indeed, NOD derived peripheral lymphocytes have shown a reduced capacity 

to produce TNFa upon stimulation (17, 18). However, to date, no research has been done 

on the endogenous production of TNFa at baseline levels, either peripherally or within 

the thymic microenvironment with regard to diabetic vs. non-diabetic prone animals. 

TNFa is a proinflammatory cytokine that has been shown to be a critical 

mediator of the inflammatory responses that characterize autoimmune diseases in general 

(19). Its production has been detected by both thymocytes and stromal elements within 

the thymus (20) and has been shown to regulate both the proliferation, apoptosis and the 

maturational transition of the triple negative-TN (CD37CD47CD8') subset (21). The 

numerous biological effects of TNFa are mediated by two transmembrane receptors, both 

of which have been cloned (22. 23). The p55 receptor (TNF Rl) is a 55 kDa glycoprotein 

expressed ubiquitously on a variety cells including fibroblasts, epithelial cells and 

lymphocytes (24). It has been shown to transduce signals resulting in the cytotoxic and 

anti-viral activities of TNFa (25-28). The p75 receptor (TNF R2) is a 75 kDA 

glycoprotein whose expression is confined to cells of hematopoietic origin, including 

lymphocytes and thymocytes (24). TNF R2 has been reported to mediate cytotoxicity, 

cell proliferation and cytokine secretion (29, 30). 

Thus far, TNFa has been shown to have a dual role in the progression of 

TIDM. The responses of T cells to TNFa can vary a great deal and have been shown to 
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be critically dependent on the duration of exposure, as well as the state of activation of 

the responding T cells. For example, neonatal exposure to TNFa can exacerbate TIDM 

onset, while adult exposure to TNFa can avert the disease entirely (19, 31). Antibodies to 

TNFa, administered over the same time periods have the ability to reverse these effects 

in both cases. The mechanisms by which TNFa is able to exert such paradoxically 

conflicting influences over the pathogenesis of this disease have been the subject of 

recent research. The mitigating effects of adult administration have been attributed to 

TNFa's ability to attenuate TCR signaling, thereby suppressing the autoimmune 

inflammatory response in animals destined to become diabetic (32). One of the 

underlying mechanisms involved in the exacerbation of TIDM observed after the 

neonatal administration of TNFa has been demonstrated to involve CD4^CD25^ T cells. 

Recent evidence suggests that the presence of TNFa early in the life NOD mice, destined 

to become diabetic, can reduce the frequency of this regulatory population of T cells to a 

degree significant enough to increase the incidence and severity of T1 DM (33). 

Conversely, anti-TNFa antibodies can boost this cell population enough to avert disease 

entirely. 

In this study we attempt to reconcile the role of TNFa in T cell development 

and its apparently divergent influence on the origins and pathogenesis of TIDM using an 

isolated in vitro fetal thymus organ culture model. Our data indicate that the expression 

of TNF receptors and the endogenous production of TNFa within the thymus are 

fundamentally different in diabetic (NOD) animals compared to non-diabetic controls 

(B6). Furthermore, we demonstrate that the addition of recombinant TNFa (rTNFa) or 
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the neutralization of endogenous TNFa via administration of soluble TNF Rl (sTNF Rl) 

to FTOC can significantly impact the development of T cells as they emerge from the 

thymus such that they can no longer cause TIDM. 
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Materials and Methods: 

Mice: Breeding pairs of NOD/Lt mice were obtained as a gift from the laboratory of Dr. 

Edward Leiter at the Jackson Laboratory (Bar Harbor, ME). Our colony was maintained 

in a specific pathogen free vivarium at the University of Arizona Central Animal Facility 

and propagated by brother-sister mating. Mice were allowed free access to standard 

breeder chow (S-2335 irradiated breeder chow; Harlan Teklad, Madison WI) and 

autoclaved drinking water. The incidence of TIDM in NOD/Lt females in our colony at 

the University of Arizona is 80-90% by 40 weeks of age. NOD/Lt mice were then bred to 

produce timed-pregnant females. Timed pregnant C57BL/6 mice were also purchased 

from National Cancer Institute (Frederick, Maryland). The fetuses were removed from 

pregnant females at the indicated time points (plug date = 0 days of gestation (dg)). 

Fetuses that displayed any disease conditions were not used. We consistently found that 

our animals were variable with regard to their stage of development even though they had 

been vaginally plugged on the same day. Therefore developmental assessment of these 

mice was based on their characteristics as given in "The Mouse, its Reproduction and 

Development" (34). 

Fetal Thymus Organ Culture: The organ culture methods used have been described in 

detail by our laboratory and others (9, 35-37). Briefly, at least 6 thymus lobes, dissected 

from 13-16 dg fetal mice were placed on the surface of Millipore (25 jim thick, 0.45 pim 

pore size; Millipore, San Francisco, CA) filters, which were supported on blocks of 

surgical Gel foam (Upjohn Co, Kalamazoo, MI) in 10 x 35 mm plastic Petri dishes with 3 



ml of medium. Organ culture media consisted of Dulbecco's modified Eagle's medium 

(4.5 g/L D-glucose; JRH, Lenexa. KS) supplemented with 20% fetal bovine serum (FBS, 

Hyclone Laboratories, Logan, UT), streptomycin (100 |ig/ml), penicillin (250 mg/ml), 

gentamycin (10 [Ag/ml), non-essential amino acids (0.1 mM), sodium pyruvate (ImM), 2-

mercaptoethanol (2 x 10'^), and 3.4 g/L sodium bicarbonate. The cultures were grown in 

a humidified incubator in 5% CO2 at 37°C. Cells were harvested as previously described 

(9, 36). The thymus lobes were placed into a solution of Accutase (ISC BioExpress, 

Kaysville, Utah). The tissue was incubated at 37° C for 15 minutes. The lobes were then 

dispersed into a single cell suspension by gentle aspiration with a Pasteur pipette. This 

treatment disaggregates most of the lymphoid and non-lymphoid stromal cells from the 

tissue. After washing once in Hanks' balanced salt solution (HBSS) plus 5% FBS to 

prevent further enzyme action, cell viability in Accutase-extracted samples was 

determined by 1% trypan blue exclusion. Viability was always greater than 85%. The 

results are expressed as the total cells recovered x 10^ per lobe. Full term FTOC is 

designated as a 12 day period; this culture period was broken up into 3-day intervals in 

order to gain insight into the developmental status of thymocytes during the course of 

maturation. These experimental approaches are referred to as 'Pulse and Analysis' or 

'Pulse and Chase'. The essential difference between these two designs is the number of 

days in culture. The 'Pulse and Analysis' method breaks the 12 day culture period into 

3-day intervals of rTNF-a/sTNF R1 exposure (day 0-3, 3-6, 6-9, and 9-12) and the 

cultures are harvested at the conclusion of each 3-day period. Each 3-day period has a 

control dish for comparative purposes. This approach is used to gain insight into the 



immediate effects of rTNF-a or sTNF R1 on T cell development. The 'Pulse and Chase' 

method also breaks the 12 day culture period into 3-day intervals of rTNF-a/sTNF R1 

exposure (day 0-3, 3-6, 6-9. and 9-12). However, after the exposure period has 

concluded, the lobes are transferred to a fresh dish and cultured for the remainder of the 

12-day culture period. One control dish is used for comparative purposes. This approach 

is used to gain insight into whether or not the FTOC cultures can recover from those 

effects observed in the 'Pulse and Analysis' experiments. 

in vitro Type 1 Diabetes Mellitus Co-culture Model: This co-culture zvTIDM model 

has been described in detail by our laboratory in previous publications (9). Briefly, at 

least 6 fetal thymus lobes (13-16 dg) from NOD mice were cultured as described above 

for 14 days to ensure development of mature T cells. All rTNF-a or sTNF-Rl additions 

were performed during this 14-day culture period (addition days are specified in figure 

legends). On day 14, the pre-cultured lobes were transferred to a fresh dish to ensure that 

any remaining biologically active rTNF-a or sTNF R1 was not present for the co-culture 

period. After the transfer of the millipore strip (containing pre-cultured lobes) to a fresh 

dish, an equal number of syngeneic fetal pancreas fragments (15-17 dg) were placed in 

direct contact with each of the pre-cultured fetal thymus lobes. The addition of fetal 

pancreas marks day 0 of the co-culture period. On day 0, 7, 14, and 21 of co-culture. 500 

|4,1 of culture supernatant was removed from each of the 3ml culture dishes for insulin 

RIA. MicroMedic insulin RIA kits obtained from ICN MicroMedic Systems (Horsham, 

PA), were used to measure the quantity of insulin in culture supernatants as directed by 
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the manufacturers instructions, and standardized to bovine insulin. After supernatant was 

removed, 500 jxl of replacement OCDME + 20% PCS was added to each co-culture dish. 

Cells: The WEHI-13 variant cell line was obtained from the American Type Culture 

Collection (Manassas, VA)(ATCC number CRL-2148; fibrosarcoma cell line derived 

from WEHI 164 cells). The cells were cultured in growth medium consisting of RPMI 

1640 (Fisher Scientific; MediaTech, Tustin, CA) supplemented with 10% PCS (Atlas 

Biologicals, Ft. Collins, CO) and 4.5 g/L D-glucose. The medium also contained 

streptomycin (100 mg/mL), penicillin (250 mg/mL), gentamycin (10 mg/mL), sodium 

pyruvate (1 niM), 2-mercaptoethanol (2 x 10'^ M), as well as 3.4 g/Iiter sodium 

bicarbonate. 

Cytokine Analysis: 

WEHI Bioassay: The MTT tetrazolium salt (m5655; Sigma Chemical Co, St Louis, MO) 

cytotoxicity assay was used to measure % dead cells as an indicator of TNF-a 

concentration. This assay was pioneered using an L929 transformed fibroblast cell line 

(38) and has evolved to this more sensitive version using variant 13 of the WEHI 

fibrosarcoma cell line (39). In brief, NOD and B6 PTOC were set up in parallel using 12-

15 age-matched fetal thymi (13-15 dg). Cultures were harvested on day 3, 6, 9 and 12 of 

the 12-day culture period. The cells recovered were counted, and aliquotcd (1x10® cells 

each). Cells were then frozen at -80°C for further analysis. WEHI-13 variant cells were 

grown to 50% confluence and seeded in 96 well flat-bottom niicroplates (Costar 3596, 
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Cambridge, MA) at a density of 1x10"* cells/well in a 100 |il volume. Different dilutions 

of recombinant murine TNF-a (rTNF-a) (diluted in 30 [.ig/ml cyclohexamide in RPMI) 

were added to the target cells in volumes of 50 jil. Control dishes included target cells 

alone, target cells + RPMI/cyclohexamide (rTNF-a), and rTNF-a + anti-TNF-a to 

demonstrate that the cytotoxicity was specifically induced by the presence of TNF-a. 

FTOC derived cellular lysates were added in similar fashion at a volume of 50 jil (diluted 

in 30 i^g/ml cyclohexamide in RPMI). Cells + rTNF-a standard dilutions and cells + 

FTOC derived lysates were incubated for 16 hours in 5% CO2 in air at 37°C. After 

incubation MTT was added to each well (I/IO"' total well volume at 5 mg/mL in water). 

The plates were then incubated for an additional 4-5 hours. After dissolving the dark blue 

formazan crystals, the plates were read on a Dynatech MR 600 microplate reader, using a 

test wavelength of 570 nm and a reference wavelength of 630 nm. The concentration of 

TNF-a in supernatant samples was calculated from a standard curve (1.5-5000 pg/mL) 

using rTNF-a. 

Cytometric Bead Array (CBA): A Murine Th1/Th2 Cytokine CBA Kit (BD 

Biosciences Pharmingen, San Diego, CA-Catalog #551287) was purchased and used as 

per manufacturer's instruction. This method, also named multiplexed bead assay, 

involves the use of spectrally discrete beads, which can be used to quantify soluble 

analytes, in this case cytokines, using a fluorescence based detection mechanism and flow 

cytometric analysis. The beads are delineated by both their binding specificity and by the 

discrete fluorescence intensity inherent to each type of bead. The beads are coated with 



capture antibodies specific for IFN-y, TNF-a, IL-10, IL-5. IL-4 and IL-2, specifically 

bind their respective cytokines in experimental supernatants and standards, to which 

fluorescence antibodies are then added. This creates a sandwich complex of antibodies 

specific for the cytokine in question, with the bound suspended cytokine in the middle. 

The entire complex is anchored to the bead. As the beads are passed through the flow 

cytometer, the beads are easily resolved into 6 groupings based on FL3 fluorescence 

intensity. The amount of cytokine bound to the group of beads as a whole is directly 

proportional to the FL2 fluorescence intensity and it quantified by comparison of the 

unknown samples to sample with known concentrations of each cytokine (cytokine 

standards are included in the kit). The concentration of each cytokine can then be back 

calculated based on the 50 |il volume of each sample analyzed with respect to the total 

volume of media in each culture. For use within the FTOC system, approximately 20 

fetal thymus lobes (all matched at 14.5 dg) were used in each dish and the dish volume 

was reduced from 3.0 mL to 2.5 mL in an attempt to concentrate the relative cytokine 

concentrations into a range that would fall into the detection sensitivity of this assay. 

Fetal thymus lobes from both NOD and B6 mice were set up in parallel and 250 ^il of 

supernatant was drawn from each dish on day 3, day 6, day 9, and day 12. The 

supernatant was replaced with 250 |xl of fresh media. At the conclusion of the 12-day 

culture period, the dishes were harvested and analyzed via flow cytometry to ensure that 

the cultures had matured and differentiated in a comparative and normal fashion and that 

the reduced dish volume had not resulted in an accumulation of metabolites that might 

retard growth and/or development in some way. 
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Reagents: Fluorescein (FITC) and phycoerythrin (PE) hamster isotype controls, PE anti-

mouse ap, PE anti mouse CD25, PE anti mouse CD95L, PE anti mouse CD 120b (TNF 

R2), FITC anti-mouse CDS, Tri-color (TC) anti-mouse CD4, anti-mouse TNF-a 

(unlabelled), anti-mouse CD 120a (TNF Rl)(unlabelled) and PE anti rat lgG2a F(ab ' ) 2  

(secondary' antibody) were purchased from Caltag Laboratories (South San Francisco, 

CA). 

Flow Cytometry (FC) Analysis: Cell suspensions were stained with monoclonal 

antibodies directly conjugated with TC (CD4), FITC (CDS), PE (TCR afJ), PE (CD95L), 

PE (CD25). PE (TNF R2), unlabclled antibody (TNF Rl) and PE (IgG2a F(ab')2). The 

antibodies were used at a concentration of 1 M-g/lO^ cells. After staining, cells were fixed 

in 1% para-formaldehyde before FC analysis. Three-color FC analysis was performed 

using a FACScan (BDIS, San Jose, CA) equipped with photomultiplier tubes and optical 

filters as recommended by the manufacturer. FITC, PE and TC were excited by a 488-nm 

Argon laser. Fluorescence data were collected using 3-decade logarithmic amplification 

on 10,000 viable lymphoid cells as determined by forward and 90° light scatter intensity 

to exclude stromal and other non-lymphoid elements (For an example of gates used in 

analysis see (37)). Data were collected with CellQuest (Santa Rosa, CA) and analyzed 

using FlowJo (Treestar) software. 
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Statistical Analysis: There is some variability in total cell production across FTOC 

preparations (i.e.. across experiments). However, total cell production from replicate 

samples within a given experiment was typically in close agreement. Slight differences in 

the developmental/gestational states of tissue used in separate experiments as well as 

uncontrollable differences in culture conditions between experiments results in the 

inherent variation in the end culture cell production (percentages and numbers)(36). In 

order to accommodate this variability, experimental values were normalized within each 

experiment to a percentage of the untreated control. Statistical analyses (mean and 

standard error of the mean) were then done using these normalized values, eliminating 

developmental/gestational variance. This technique allows for a more accurate 

comparison when dealing with FTOC, which is constantly undergoing changes in T cell 

production based on developmental status, but may lead to discrepancies between the 

normalized and unmodified data. Paired and/or Unpaired student t tests were performed 

to obtain significance values on all data. One star (•) indicates ap value <0.10 and two 

stars (••) indicate ap value < 0.05, versus the untreated control within each experiment. 

One open circle (O) indicates a p value < 0.10 and two open circles (OO) indicate a p 

value < 0.05, when comparing results between pancreas alone and thymus/ pancreas co-

cultures (see Figure 2) or between NOD and B6 strains (see Figure 3). 
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Results; 

Modulation of in vitro Type I Diabetes Mellitus by rTNF-a and sTNF RL 

The therapeutic effects of TNF-a on TIDM onset in NOD mice have been 

demonstrated to depend on the age of the mice at the time of administration. Neonatal 

administration of anti-TNF-a antibodies mitigates TIDM onset while TNF-a exacerbates 

disease severity and hastens disease onset. Adult administration was shown to have the 

opposite effects (31). We wished to determine if the observed therapeutic effects of TNF-

a neutralization in neonatal NOD mice could be applied to our FTOC based /vTIDM 

model. Towards that end, 6-10 NOD fetal thymus lobes, 13-15 dg, were placed on the 

surface of Millipore filters, supported on blocks of Gelfoam, in 3 ml of media and treated 

with rTNF-a or sTNF Rl. The lobes were allowed to stay in culture until day 14, to 

ensure full maturation of the FTOC. On day 14 of culture, the lobes were transferred to 

fresh culture dishes to minimize the effects of rTNF-a or sTNF Rl on the co-culture 

period, and an equal number of syngeneic fetal pancreas fragments (16-17 dg) were 

placed in direct contact with each of the thymus lobes (See Materials and Methods for 

details). 500 [il of culture supernatant were removed from each dish on days 0, 7, 14, and 

21. These samples were then analyzed for insulin content via RIA. 

The untreated pancreas/thymus co-culture showed an average of a 41.6 ± 4.3% 

reduction in insulin production as measured by insulin content of supernatants drawn 

from the untreated co-culture on days 7, 14 and 21 (Figure 1). Supernatants were also 

drawn on day 0, however there is no insulin produced at this time point as it marks the 

beginning of the co-culture period. This reduction or "in vitro TIDM" effect proved to be 
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statistically significant when compared to pancreas cultured alone (p<0.05) and is 

indicative of the presence of mature, functional, immune competent diabetogenic T cells 

in the co-culture. The quantification of reduced insulin production is an indirect indicator 

of the destruction of insulin producing islets mediated by these cells. Previous work by 

our laboratory has shown this effect to be strain specific as similar co-cultures performed 

with BALB/c derived thymi and pancreata failed to register a statistically significant 

reduction in insulin production over the course of the 21-day co-culture period. 

Furthermore, this diabetogenic effect was demonstrated to be T cell-mediated, as it could 

be completely inhibited by the administration of F(ab')2 anti-CD3 antibodies, which 

presumably blocks the TCR recognition of pancreas specific antigens and thus prevents T 

cell activation (9). 

In our initial experiments, the addition of rTNF-a or sTNF R1 to FTOC prior to 

the co-culture period proved to have a statistically minimal impact on the "/vTlDM" 

effect. We began our studies with the additions of rTNF-a or sTNF R1 on day 0 of 

FTOC, allowing these agents to remain in culture through the 12-day FTOC period. 

However, further experimentation demonstrated that the amount of rTNF-a or sTNF R1 

that was added and the time period during which they were added were both critical in 

terms of inducing an observable effect. The timing of the additions was the most critical 

element in that any additions at day 0-12, 3-6, and 9-12 produced no statistically 

significant changes in the "/vTlDM" effect (data not shown); however if the additions 

were made during the period from day 6-9 of the FTOC period, statistically relevant 
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Figure 1: Modulation of in vitro Type 1 Diabetes by rTNF-a «& sTNF Rl. 

6-10 NOD fetal thymus lobes (13-15dg) were placed on the surface of Millipore filters, 

supported on blocks of surgical Gelfoam, in 3 ml of media The indicated doses of rTNF-

a were added to the media on day 6 and washed out on day 9; 1 fig/mL of sTNF Rl was 

added directly onto the thymus lobes on day 6 and washed out on day 9. On day 14 of 

culture, the lobes were transferred to fresh dishes, and an equal number of syngeneic fetal 

pancreas segments were placed in direct contact with each of the thymus lobes. 500 jil of 

culture supernatant were removed from each dish on days 0, 7, 14, and 21. These samples 
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were then analyzed for insulin content via RIA. Paired student t tests were performed to 

obtain significance values on all data. Two circles (OO) on the untreated 

pancreas/thymus co-culture indicate a statistically significant difference between this dish 

and the pancreas cultured alone (psO.05). Two stars (••) on the 100 ng/mL rTNF-a and 

1 [ig/mL of sTNF R1 treated co-cultures indicate a statistically significant difference 

between this dish and the untreated pancreas/thymus co-culture (p^O.05). 



changes were observed (Figure 1). Other work (34) has shown that the DP->SP transition 

involved in positive and negative selection occurs during this time frame of FTOC. 

Consistent with the effects rTNF-a had on TIDM in NOD mice via neonatal 

administration, we found that rTNF-a exacerbated the "h'Tl DM" effect when added 

during the 6-9 day exposure period (Figure 1). This effect was also observed to be dose 

dependent as 10 ng/ml rTNF-a produced no statistically significant change, while 100 

ng/ml increased the average reduction in insulin production to 71.2 ± 3.9% (compared to 

41.6 ± 4.3% in the untreated control co-culture), and an intermediate effect was observed 

with 50 ng/ml rTNF-a (data not shown). The addition of sTNF R1 during the 6-9 day 

culture period also closely mirrored the in vivo TNF-a neutralization work done by Yang 

et al (31), as it reversed the "/vTlDM" effect, and rescued insulin production. When 

compared to the production of insulin by the pancreas alone, the sTNF R1 treated 

cultures showed an average reduction in insulin production of 7.4 ± 1.4%. This amount 

proved to be statistically distinct upon comparison to the untreated co-culture dish and 

statistically indistinguishable from pancreas alone indicating that the addition sTNF R1 

was able to rescue insulin production when added during the 6-9 day period of FTOC. 

B6 vs. NOD phenotypic distribution of FTOC derived thymocytes. 

The initial studies using rTNF-a or sTNF R1 to modulate insulin production in 

our FTOC based /vTlDM model demonstrated that the in vivo observations made by 

other authors regarding the neonatal role of this cytokine in diabetes may also be 

occurring in our system. The effectiveness of both rTNF-a or sTNF R1 during the 6-9 
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day period of FTOC highlighted the fact that we needed to investigate and track the 

developmental changes in cell differentiation and phenotypic distribution over the course 

of the FTOC to understand the mechanism behind this time dependent therapy. We set 

out to look at the basic differences in NOD vs B6 derived FTOC thymocytes at 4 

different stages of culture. 

FTOC using 6-10 age-matched fetal thymi (13-15 dg) from NOD and B6 mice 

were set up and theses cultures were harvested on day 3. 6, 9 and 12 of the 12-day culture 

period. The cells recovered were counted, and stained with antibodies specific for CD4, 

CDS and aP TCR. The stained cells were analyzed using 3-color flow cytometry, and the 

percentage of gated lymphoid cells was determined for each of the markers. One of the 

more consistent differences between the two strains was an increase in the number of 

cells recovered from the NOD derived FTOC when compared to that of B6. NOD 

produced 17.7% more thymocytes at day 3, 16.6% at day 6, 18.5% at day 9, and 18.7% at 

day 12 than B6 (Figure 2). Another interesting developmental difference between the 

two strains was the pattern of distribution in terms of SP8 (CD47CD8^), DP 

(CD4'/CD8^), DN (CD47CD8-), and SP4 (CD47CD8") over the course of the FTOC 

culture period. Although both strains conclude the 12-day culture period with roughly 

equivalent percentages of each cellular compartment (SP8, DP, DN and SP4), these 

percentages vary a great deal over the course of the culture. The most noteworthy 

differences were the relatively expanded DP population in the B6 cultures on day 6 and 

day 9 and the reciprocal expansion of the DN population in the NOD derived cultures 

over the same time period. 
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Figure 2: NOD vs. B6 phenotypic distribution of FTOC derived thymocytes. 

NOD and B6 FTOC were set up in parallel using 6-10 age-matched fetal thymi (13-15 

dg). Cultures were harvested on DAY 3, 6, 9 and 12 of the 12-day culture period. The 

cells recovered were counted, and the cells were stained with antibodies specific for CD4, 

CDS and ap TCR. The stained cells were analyzed using 3-color flow cytometry, and the 

percentage of gated lymphoid cells was determined for each of the markers. 

Representative dual parameter histograms of SP8 and SP4 phenotypic distribution at each 

day are shown. B6 profiles are shown in (A) and NOD are shown in (B.). The data are 
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expressed as the % of total lymphocytes. The tables below each cytometric plot show the 

average cell recovery at each time point of the culture (Day 3, 6, 9 and 12) as well as the 

number of Immature (IMM) vs. Mature (MAT) cells within each designation (SP8, DP, 

DN, and SP4). Immature and mature classifications were based on a|3 TCR staining 

intensity (see Figure 6). These data are expressed as cells/lobe (xlO^). Standard error of 

mean is shown as a percentage in parenthesis in all cases. (n=3). 
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The tables below each cytometric plot in Figure 2 show the average cell 

recovery at each time point of the culture (day 3, 6, 9 and 12) as well as the frequency of 

immature vs. mature cells within each designation (SP8, DP, DN, and SP4). Immature 

and mature classifications were based on ap TCR staining intensity (see Figure 7). 

Immature cells express aP TCR at low levels (dim). Conversely, mature thymocytes are 

defined by intermediate and bright staining of aP TCR. We have used this approach to 

distinguish between immature and mature thymocytes in our previous publications using 

CD3, aP TCR or yb TCR as a basis for classification. (36, 37, 40, 41). These data 

highlight some fundamental differences between NOD and B6 derived FTOC in terms of 

mature thymocyte production. NOD derived cultures produced a higher percentage of 

mature SP8 cells at each of the time points measured (day 3, 6, 9 & 12). NOD cultures 

also produced a higher relative percentage of mature SP4 cells than B6 at some time 

points, but not others. However, because of the overall greater cell yield, NOD derived 

cultures produced many more mature SP8 T cells (7.91x10*^ for NOD vs. 4.71x10'^ for 

B6). 

TNF R1 and TNF R2 expression on FTOC derived thymocytes. 

To investigate the role of TNF-a in T cell development, we set out to show that 

FTOC derived thymocytes were capable of specifically responding to TNF-a. In order to 

do that we intended to demonstrate that FTOC derived thymocytes express both TNF R1 

and TNF R2. However as the project progressed, and the importance of developmental 

kinetics became clear, we decided that a complete profile of receptor expression over the 



course of the entire FTOC period would be relevant to any conclusions made with regard 

to the role of TNF-a in the thymic ontogeny. 

NOD and B6 FTOC were set up in parallel using 6-10 age-matched fetal thymi 

(13-15 dg). Cultures were harvested on day 3 , 6, 9 and 12 of the 12-day culture period. 

The cells recovered were counted, analyzed for viability, and stained with antibodies 

specific for CD4, CDS, TNF R1 and TNF R2. The cells were analyzed using 3-color flow 

cytometry, and the percentage of gated lymphoid cells was determined for each of the 

markers. The data in Figure 3 are shown as the percentage of receptor positive cells 

witliin each cellular compartment (SP8, DP, DN and SP4) and within those cells outside 

the lymphocyte gate, which are designated as non-lymphocytes (see Figure 3A for gate 

parameters). 

To assess TNF R1 expression, cells were stained with an unlabelled TNF R1 

antibody and then stained with an i so type specific PE conjugated F(ab')2 antibody 

fragment. These cells were subsequently washed and stained with antibodies specific for 

CD4 and CDS. This multi-step staining procedure may have contributed to the wide 

range of TNF R1 percent positive values in our experiments (Figure 3C). Other authors 

have shown that while a vast majority of human postnatal tliymocytes express TNF Rl, 

the expression is on the order of 100 or less molecules per cell. As a result detection is 

extremely difficult (42). This low level of expression may also hold true for murine 

thymocytes derived from FTOC and may have contributed to the variability in our data 

with regard to TNF Rl expression. Indeed, our data seem to support this in that much of 

the TNF Rl staining was at extremely low levels that fell below the sensitivity of flow 
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cytometry. What success we did have with regard to the elucidation of TNF R1 

expression indicated NOD vs. B6 derived FTOC expressed higher levels of this receptor, 

especially among the DN and non-lymphocyte populations. The exception was the CD4 

population in which the B6 FTOC produced higher levels of TNFRl than NOD cultures 

at most time points. Interestingly, these trends reversed themselves at the critical day 9 

time point for CDS cells and CD4 cells at which time the frequency of TNFR l cells were 

similar for both B6 and NOD FTOC. After this time (day 12), there was a dramatic 

increase in TNFRl cells in the NOD cultures for all subpopulations of cells. 

In terms of TNF R2 expression, consistently greater percentages of DN 

thymocytes and non-lymphocytes produced from B6 derived FTOC expressed TNF R2 

when compared to thymocytes produced in NOD derived FTOC (Figure 3D), although 

this difference lessened with time. Single parameter histograms comparing NOD and B6 

TNF R2 expression from day 9 harvested FTOC showed stronger staining for the B6 

FTOC-derived DN T cells compared with NOD DN cells which was more easily 

detectable by flow cytometry than TNFRl (Figure 3A & 3B). TNFR2 CD4 cells were 

also more frequent among B6-derived cells at early time points, but there were more CDS 

TNFR2 cells in the NOD cultures. However, this trend was lessened or reversed for both 

CD4 and CDS cells at the critical day 9 time point; suggesting a change in these cells at 

the time of positive/negative selection. The over-all increase in cell recovery we sec in 

NOD derived FTOC, coupled with an expanded DN population in these cultures resulted 
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Figure 3: TNF R1 & TNF R2 Expression of FTOC Derived Thymocytes. 

NOD and B6 FTOC were set up in parallel using 6-10 age-matched fetal thymi (13-15 

dg). Cultures were harvested on DAY 3, 6, 9 and 12 of the 12-day culture period. The 

cells recovered were counted and stained with antibodies specific for CD4, CDS, TNF R1 



or TNF R2. The stained cells were analyzed using 3-color flow cytometry, and the 

percentage of gated lymphoid cells was determined for each of the markers. A 

representative How cytometric progression from Day 9 B6 (A) and NOD (B) cultures is 

shown. It includes, from left to right: forward vs. side scatter (lymphocyte gate), CD4 vs. 

CDS expression, and a single parameter histogram of TNF R2 staining intensity of the 

DN population. The table at the bottom of the figure shows the developmentally 

regulated expression of TNF R1 (C) and TNF R2 (D). The data are shown as the 

percentage of receptor positive cells within each group (SP8, DP, DN, SP4 & Non-

Lymphocytes) with standard error of mean in parenthesis. Non-lymphocytes were 

determined as all those cells which fall outside of the lymphocyte gate. Paired student t 

tests were performed to obtain significance values on all data. TNF receptor expression 

was compared between NOD and B6 strains and statistically significant differences are 

shown in bold. Determinations that achieved significance to the 90% confidence level 

(psO.l) are boxed with a thin line and those that achieved significance to the 95% 

confidence level (p<0.05) are boxed with a bold, thick line. (n=3). 
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in significantly more TNF receptor positive cells even though the frequency of these cells 

is lower in NOD (e.g. day 9 TNF R2 DN: NOD- 91.9 x 10"\±5.1%) cells/lobe vs. B6-

65.9 X 10'X±2.2%) cells/lobe). 

The population that showed the most consistent significant differences in TNF R1 

and TNF R2 expression at nearly each harvest day (3, 6, 9 and 12) in both NOD and B6 

derived FTOC lie within the DN thymocyte compartment. This is consistent with 

previous reports that implicate TNF-a as a required cytokine in the homeostatic control of 

both apoptosis and proliferation of the TN (CD37CD47CD8") subset. In making this 

argument, these authors show significant expression of TNF R1 and TNF R2 within this 

population of cells, which make up a portion of the DN compartment (21). 

Endogenous production of TNF-a: NOD vs. B6 FTOC. 

As a complement to the TNF Rl/ TNF R2 expression profile, we set out to 

explore the strain-specific differences in endogenous TNF-a production within the 

context of FTOC. This line of investigation was inspired by the observation that the 

addition of sTNF Rl to FTOC was only able to rescue zvTIDM when added during the 6-

9 day time period. Earlier or later additions proved ineffective. Other authors have 

demonstrated that this cytokine is constitutively synthesized in the murine thymus, 

however no attempt was made to quantify or differentiate its production on a strain-

specific basis (43). Studies have been done in terms of the ability of peripheral 

lymphocytes to produce TNF-a following stimulation. These studies showed an 

association between high diabetes incidence prone strains and decreased TNF-a 
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production (17, 18). It remains to be seen weather or not this correlation also applies to 

baseline levels of TNF-cx within the thymus during fetal ontogeny. 

Due to the fact that FTOC derived thymocyte populations are predominantly 

made up of immature T cells and to a lesser extent naive mature T cells, cytokine 

secretion is occurring at extremely low levels. It is important to recognize that in this case 

it is not what the thymocytes are capable of producing upon stimulation, but what they 

are producing as a natural course of thymic development. Compared to the levels of 

cytokine production by stimulated T cells (10-100 pg/mi. (44)), these levels are extremely 

low and fall in the range of 0.5-20 pg/lxlO^ cells, well below the sensitivity of standard 

cytokine measurement systems (ELISA, RIA)(45). 

A highly sensitive alternative to these conventional systems is the bioassay. In 

this case a WEHI 164 fibroblast variant clone #13 was isolated that exhibited extreme 

cytotoxic sensitivity to TNF-ci (46). By measuring the cytotoxicity of this cell line in 

response to cell lysates derived from fetal thymic organ cultures in comparison to that of 

known concentrations of recombinant TNF-a, it is possible to quantitatively assess the 

extremely low levels of cytokine secretion that occur during thymic ontogeny. 

NOD and B6 FTOC were set up in parallel using 12-15 age-matched fetal thymi 

(13-15 dg). Cultures were harvested on day 3, 6, 9 and 12 of the 12-day culture period. 

The cells recovered were counted, aliquoted, pelleted and frozen at -80°C for further 

analysis. WEHI-13 variant cells were grown to 50% confluence and seeded in 96 well 

flat-bottom microplates at a density of 1x10"^ cells/well (see Materials and Methods). 
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Figure 4: NOD vs. B6 Endogenous TNF-a Production- WEHI Bioassay Analysis, 

NOD and B6 FTOC were set up in parallel using 12-15 age-matched fetal thymi (13-15 

dg). Cultures were harvested on DAY 3, 6, 9 and 12 of the 12-day culture period. The 

cells recovered were counted, aliquoted and frozen at -80°C for further analysis. WEHI-

13 variant cells were grown to 50% confluence and seeded in 96 well flat-bottom 

microplates at a density of 1x10'^ cells/well. Different dilutions of rTNF-a were added to 

the target cells and incubated for 16 hours to establish a standard curve of cytotoxicity. 

FTOC derived cellular lysates were added in similar fashion. The concentration of TNF-

a in each experimental sample was calculated based on the percentage of cells killed. 

Specificity of the assay was demonstrated by the addition of anti-TNF-a antibody, which 

inhibited the cytotoxic effect. Paired student t tests were performed to obtain significance 

values on all data. Two open circles (OO) indicate a statistically significant difference 

between NOD and B6 TNF-a levels (p^0.05). (n=4) 
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Different dilutions of rTNF-a were added to the target cells and incubated for 16 hours to 

establish a standard curve of cytotoxicity. FTOC derived cellular lysates were added in 

similar fashion. The concentration of TNF-a in each experimental sample was calculated 

based on the percentage of cells killed. Specificity of the assay was demonstrated by the 

addition of anti-TNF-a antibody, which inhibited the cytotoxic effect. Much like the 

TNF receptor profiles in Figure 3, endogenous TNF-a production increased as the FTOC 

matured in both NOD and B6 derived cultures (Figure 4). Similar levels of TNF-a 

production in NOD and B6 derived FTOC were produced with the notable exception of 

cultures harvested at day 9. NOD derived FTOC consistently produced significantly more 

TNF-a at this time point of culture. 

As FTOC samples are prepared for the WEHI bioassay, the culture-derived 

supernatants are removed as the cells are spun down and frozen. As a result, this bioassay 

is more precisely a measurement of biologically active pro-TNF-a, or TNF-a that has yet 

to be cleaved and released from the cell membrane (47). This effectively limits the 

amount of detectable TNF-a, further pushing the sensitivity limits of this assay. 

Nevertheless, the amount of pro-TNF-a in a given population of cells is a good 

proportional indicator of the amount of TNF-a being secreted by those cells at the time of 

harvest. Due to the low quantities of TNF-a being detected by this assay and its 

limitations in detecting the secreted form of TNF-a, we set out to confirm these results 

using a cytometric bead array analysis (CBA). 
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Figure 5: NOD vs. B6 Endogenous TNF-a Production- Cytometric Bead Array. 

NOD and B6 FTOC were set up in parallel using 20 age-matched fetal thymi (13-15 dg) 

and cultured for 12 days. 250 }xl of supernatant was drawn from each dish on day 3, day 

6, day 9, and day 12. Supernatants were analyzed for cytokine content by means of 

Cytometric Bead Array (CBA). Paired student t tests were performed to obtain 

significance values on all data. Two open circles (OO) indicate a statistically significant 

difference between NOD and B6 TNF-a levels (p<0.05). . One open circle (O) indicates 

a statistically significant difference between NOD and B6 TNF-a levels (p^O.lO). At the 

conclusion of the 12 day culture period, the dishes were harvested. The cells recovered 

were counted, and the cells were stained with antibodies specific for CD4, CDS, and 

CD3. Phenotypic profiles of the each culture were compared to ensure normal 

development and comparative differentiation. (n=4). 



NOD and B6 FTOC were set up in parallel using 20 age-matched fetal thymi 

(13-15 dg) per dish. The lobes were cultured for 12 days and 250 jil of supernatant was 

drawn from each dish on day 3, day 6, day 9, and day 12 of the 12-day culture period. By 

increasing the number of lobes per dish were we able to effectively increase the 

concentration of cytokines being produced. As a result, the quantities measured in these 

experiments were within the acceptable range of the sensitivity of this assay (lower 

limit=20pg/mL for TNF-a). These data confirmed the increased TNF-a production by 

NOD derived FTOC at the day 9 harvest point (Figure 5) that was detected in the WEHI 

bioassay. In addition, another, less significant peak in TNF-a production from NOD 

derived cultures was detected at the day 6 harvest point. 

Addition of rTNF-a or sTNF R1 to FTOC results in the temporal modulation of T cell 

development. 

The strength of the organ culture model resides in the isolation of the entire 

fetal thymus from the rest of the organism, thus eliminating both input and output while 

maintaining thymic micro-architecture. These characteristics make FTOC an ideal 

system to evaluate the effects of exogenously added agents on T cell development. 

Toward gaining an understanding of the role of TNF-a in this environment with specific 

regard to the origins of diabetogenic T cell in the NOD mouse, we undertook a series of 

experiments in which either rTNF-a or sTNF R1 were added to FTOC at different time 

points of culture. The resulting T cells were then counted and analyzed for phenotypic 

changes by means of flow cytometry. These experiments were carried out using two 
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different approaches referred to as 'Pulse and Analvisis' or 'Pulse and Chase'. The 

essential difference between these two designs is the former shows the immediate effects 

of treatment on the cultures, while the latter shows effects of treatment over time after the 

added substances have been removed (See Materials and Methods for detailed 

explanation). 

The most obvious impact of exogenous administration of either rTNF-a or 

sTNF R1 on FTOC derived cells were the changes induced in total cell recovery (Figure 

6). In the 'Pulse and Analysis' experiments, rTNF-a addition results in a significant net 

increase in total cell recovery during the 6-9 day exposure period. sTNF R1 addition had 

the opposite effect, in that it resulted in the depression of total cell recovery. In the case 

of sTNF Rl, the depressive effects were significant during the 3-6, 6-9 and 9-12 day 

exposure periods (Figure 6A). Subsequent 'Pulse and Chase' experiments supported 

these observations with respect to rTNF-a's ability to increase cell yield during the 6-9 

day exposure period and sTNF Rl's ability to depress cell yield during the 9-12 day 

exposure period. However, these experiments also indicate that when the cultures are 

given the opportunity to carry out the entire 12-day culture period, the cells recover from 

the early depressive effects of sTNF Rl (Figure 6B). 

Phenotypic analysis of thymocytes emerging from rTNF-a or sTNF Rl treated 

NOD derived FTOC indicated that the respective expansive/suppressive effects of these 

agents also had a significant impact on the percentages of immature vs. mature cells 

being produced by these cultures. As is the case with much of the 'Pulse and Analysis' 

and 'Pulse and Chase' data, these effects were much more prominent and exaggerated in 
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Figure 6: Total Cell Recovery: Pulse and Analysis vs. Pulse and Chase 

6-10 NOD fetal thymus lobes (13-15dg) were placed on the surface of Millipore filters, 

supported on blocks of surgical Gelfoam, in 3 ml of media. 50 ng/mL of rTNF-a was 

added to the media or alternatively, 1 ug/mL of sTNF R1 was added directly onto the 

thymus lobes on day 0, 3, 6 or 9. rTNF-a or sTNF R1 remained in the cultures for 3 days, 

after which the cultures were harvested (Pulse and Analysis (A)) or transferred to a fresh 

dish for the remainder of the 12-day culture period (Pulse and Chase (B)). Values were 



normalized to the untreated controls within each experiment for direct comparison. 

Actual range for values generated in the untreated control in Pulse and Analysis 

experiments fell within the ranges shown in Figure 2B for total cell recovery in each 

corresponding harvest day (3, 6, 9 or 12). Actual range for values generated in the 

untreated control in Pulse and Chase experiments fell within the ranges shown in Figure 

2B for total cell recovery in a 12 day harvest. Paired student t tests were performed to 

obtain significance values on all data. One star (•) indicates j><0.10 and two stars (••) 

indicate p^O.OS, versus the untreated control. A (n=9);B (n=8). 
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the 'Pulse and Analysis' experiments as there is little recovery time as the cultures are 

harvested directly following the exposure period. After rTNF-a or sTNF R1 exposure 

during the 6-9 day culture period followed by immediate harvest we see a significant shift 

in TCR ap staining. The frequency of mature SP8 and SP4 cells is increased in cultures 

treated with rTNF-a (Figure 7B) while those treated with sTNF R1 (Figure 7C) 

demonstrate a reduction in these same cellular compartments when compared to the 

untreated control (Figure 7A). These agents have the opposite effect on the immature 

populations of these cells. The data indicate significant relative changes in the 

percentages of each phenotypic compartment (SP8, DP, DN and SP4) in rTNF-a and 

sTNF R1 treated cultures. Treatment with rTNF-a during the 6-9 day exposure period 

appears to drive the maturation of FTOC as the more mature cellular subsets (SP8, DP 

and SP4) comprise larger proportions of the thymocytes recovered from these cultures. In 

turn, the less mature DN subset is substantially reduced. Cultures treated with sTNF RI 

exhibit a comparative loss in over-all maturity, as the SP8, DP and SP4 populations are 

reduced while the DN's are reciprocally expanded. 

The impact of the relative levels of TNF-a in NOD derived FTOC on the ratio 

of mature vs. immature a|3 TCR expressing thymocytes was not restricted to the 6-9 day 

exposure period. 'Pulse and Analysis' experiments demonstrate that the immediate 

effects of rTNF-a and sTNF Rl additions on this ratio extend to the 3-6 day exposure 

period as well. The effects induced during this exposure period were in most cases less 

dramatic than the effects observed during the 6-9 day exposure period and were limited to 

those cultures treated with rTNF-a (Figure 8A, 8B and 8D). As these data show the 
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Figure 7: Pulse and Analysis- TCR Expression Following Treatment with TNF-a or 

TNF Rl.  6-10 NOD fetal thymus lobes (13-15dg) were placed on the surface of 

Millipore filters, supported on blocks of surgical Gelfoam, in 3 ml of media A 

representative flow cytomctric progression from the untreated control (A), rTNF-a 

treated (B) and sTNF Rl treated cultures (C) is shown. It includes, from left to right: 

forward vs. side scatter (lymphocyte gate), CD4 vs. CDS expression, and single 

parameter histograms of a|3 TCR staining intensity of the SP8 and SP4 populations. 



Histograms gates define immature and mature populations. The immature gate includes 

negative and dull a[3 TCR expression while the mature gate includes intermediate and 

bright ap TCR expression. I so type controls are represented by the shaded peaks in each 

histogram. 50 ng/mL of rTNF-a was added to the media on day 6 and washed out on day 

9; 1 jig/mL of sTNF R1 was added directly onto the thymus lobes on day 6 and washed 

out on day 9. All dishes were harvested on day 9. Representative experiment (n=9). 
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Figure 8: Immature vs. Mature Cells Per Lobe: Pulse and Analysis 

6-10 NOD fetal thymus lobes (13-15dg) were placed on the surface of Millipore filters, 

supported on blocks of surgical Gel foam, in 3 ml of media. 50 ng/mL of rTNF-a was 

added to the media or alternatively, 1 ug/mL of sTNF R1 was added directly onto the 



thymus lobes on day 0, 3, 6 or 9. rTNF-a or sTNF R1 remained in the cultures for 3 days, 

after which the cultures were harvested on days 3, 6, 9 and 12 respectively. The cells 

recovered were counted and stained with antibodies specific for CD4, CDS, and ap TCR. 

The stained cells were analyzed using 3-color flow cytometry, and the percentage of 

gated lymphoid cells was determined for each of the markers. Immature and mature 

cells/lobe (xlO^) were calculated based on TCR expression (see Figure 7) for SP8 (A), 

DP (B), DN (C), and SP4 (D) populations. Values were normalized to each of the 

untreated controls within each experiment for direct comparison. Actual ranges for values 

generated in each untreated control fell within the ranges shown in Figure 2B for each 

corresponding harvest day (3, 6, 9 or 12). Paired student t tests were performed to obtain 

significance values on all data. One star (•) indicates /j<0.10 and two stars (••) indicate 

/;s0.05, versus the untreated control. (n=9) 
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Figure 9: Immature vs. Mature Cells Per Lobe: Pulse and Chase 

6-10 NOD fetal thymus lobes (13-15dg) were placed on the sxirface of Millipore filters, 

supported on blocks of surgical Gel foam, in 3 ml of media. 50 ng/niL of rTNF-a was 

added to the media or alternatively, 1 |Ag/mL of sTNF R1 was added directly onto the 
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thymus lobes on day 0, 3, 6 or 9. rTNF-a or sTNF R1 remained in the cultures for 3 days, 

after which the cultures were transferred to a fresh dish for the remainder of the 12-day 

culture period. All dishes were harvested on day 12 and the cells recovered were counted 

and stained with antibodies specific for CD4, CDS, and aj3 TCR. The stained cells were 

analyzed using 3-color flow cytometry, and the percentage of gated lymphoid cells was 

determined for each of the markers. Immature and mature cells/lobe (xlO"^) were 

calculated based on a|3 TCR expression (see Figure 6) for SP8 (A), DP (B), DN (C), and 

SP4 (D) populations. Values were normalized to a single untreated control in Pulse and 

Chase experiments (B)(represented by bold line) within each experiment for direct 

comparison. Actual range for values generated in the untreated control fell within the 

ranges shown in Figure 2B for a 12-day harvest. Paired student t tests were performed to 

obtain significance values on all data. One star (•) indicates /»<0.10 and two stars (*•) 

indicatep^O.05, versus the untreated control. (n=8) 
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normalized cells/lobe within each subset (SP8, DP, DN and SP4) that were immature and 

mature, they reflect the overall increases or decreases in total cell recovery as well as any 

changes in the relative proportions of these two cell types that were induced by treatment 

with rTNF-a and sTNF Rl. As a result we see a net increase in the frequency of 

immature cells after treatment with rTNF-a, despite the fact that these cultures showed a 

reduction in the percentage of immature cells recovered when compared to the untreated 

controls. This shift can be appreciated by the fact that the increases observed among 

mature phenotypes were generally more dramatic than the increases in immature cell 

types. Treatment with sTNF Rl induced slight depressions in all cell types analyzed with 

significant reductions in immature and mature SP8 cells when added during the 6-9 day 

exposure period. 

Administration of rTNF-a or sTNF Rl during each of the designated exposure 

periods (0-3. 3-6, 6-9 and 9-12) to NOD derived FTOC cultures that were allowed to 

carry out the entire 12 day culture period or 'Pulse and Chase' experiments, showed a 

similar pattern of effects as the 'Pulse and Analysis' experiments. In general, the effects 

observed using this approach were limited to the 6-9 day and 9-12 day exposure periods, 

indicating that the cultures were able to recover from any effects induced during the 3-6 

day exposure period (compare Figure 8 and Figure 9). Due to the fact that these cultures 

were given the opportunity to carry out the entire 12-day organ culture period, the effects 

observed in the 'Pulse and Chase' experiments shown here for the 6-9 day time points 

more accurately reflect the profiles of thymocytes that were able to rescue insulin 

production in our FTOC based ivTIDM model. 
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Exogenous TNF-a administration induces CD95L Expression 

Previous reports have described a role for Fas ligand mediated apoptosis in the 

selection of thymocytes (48) and that defects in this system play a role in the 

pathogenesis of some autoimmune conditions (12-14). Considering the strong association 

between TNF-a and apoptosis, and the recent correlation between the regulation of Fas 

ligand and TNF-a (15), we wished to determine if the addition of rTNF-a or sTNF R1 

had any effect on the expression of molecules associated with this apoptotic pathway. As 

the expression of CD95 (Fas) is relatively high tliroughout the thymus (49), we focused 

our studies on changes in the expression of CD95L (Fas ligand). 

'Pulse and Chase' experiments were performed using 6-10 NOD fetal thymus 

lobes (13-15dg) as described above. The data, shown in Figure 10, indicate a familiar 

pattern of regulation in that there was a significant increase in the percentages of CD95L^ 

cells within the SP8 and DP subsets in dishes treated with rTNF-a during the 6-9 day 

exposure period. SP8 cells were especially sensitive to this effect as CD95L expression 

increased among this population after treatment during the 3-6 and 9-12 day exposure 

periods as well, although to a less significant degree. Conversely, those dishes treated 

with sTNF R1 during the 6-9 day exposure period exhibited the opposite effect, as we 

observed a reduction in the percentage of cells expressing CD95L among all subset (SP8, 

DP, DN and SP4). As with the effects observed after the addition of rTNF-a, sTNF R1 

treatment affected the SP8 population to a greater degree as we observed effects after 

addition during the 9-12 day exposure period as well. 
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Figure 10: Percent CD95L Expression: Pulse and Chase 

6-10 NOD fetal thymus lobes (13-15dg) were placed on the surface of Millipore filters, 

supported on blocks of surgical Gelfoam, in 3 ml of media. 50 ng/mL of rTNF-a was 

added to the media or alternatively, 1 ug/mL of sTNF R1 was added directly onto the 

thymus lobes on day 0, 3, 6 or 9. rTNF-a or sTNF R1 remained in the cultures for 3 days, 

after which the cultures were transferred to a fresh dish for the remainder of the 12-day 

culture period. All dishes were harvested on day 12 and the cells recovered were counted 
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and stained with antibodies specific for CD4, CDS, and CD95L. The stained cells were 

analyzed using 3-color flow cytometry, and the percentage of gated lymphoid cells was 

determined for each of the markers. The percentage of CD95L expression within each 

population is shown: SP8 (A), DP (B), DN (C), and SP4 (D). Values were normalized to 

a single untreated control in Pulse and Chase experiments (B)(represented by bold line) 

within each experiment for direct comparison. Actual range for values generated in the 

untreated controls were: SP8 (30-50%), DP (28-55%), DN (42-65%), and SP4( 15-35%). 

Paired student t tests were performed to obtain significance values on all data. One star 

(•) indicates /jisO.lO and two stars (••) indicate p^O.05, versus the untreated control. 

(n=5) 



Neutralization of endogenous TNF-a results in the expansion of CD4*CD25^ T Cells 

One of the mechanisms by which TNF-a differentially modulates TIDM in NOD 

mice has recently been demonstrated to involve the frequency and functional capacity of 

CD4+cD25^ T cells (33). This population of regulatory T cells has been linked to the 

development of TIDM (50, 51) and has shown the capacity to avert disease onset via 

TGF-p mediated immune deviation (52). We wished to determine if this population of 

regulatory T cells was being effected by the addition of rTNF-a or sTNF R1 to FTOC. 

'Pulse and Chase' experiments were performed using 6-10 NOD fetal thymus 

lobes (13-15dg) in each dish as previously described. Our data confirm the work of Wu et 

al, in that the addition of sTNF R1 to FTOC consistently resulted in an increased 

frequency of CD4'^CD25"^ T cells (33). sTNF R1 induced expansion of this cell type 

occurred when sTNF R1 was added at each of the 4 exposure periods tested (0-3, 3-6, 6-9 

and 9-12). however the increases observed during the 0-3 and 9-12 day exposure periods 

were highly variable and insignificant (Figure 11). The addition of rTNF-a to FTOC did 

not result in any consistent significant changes in the percentage of CD4'^CD25^ T cells, 

however there was a slight reduction in this cell type observed following rTNF-a 

exposure during the 9-12 day exposure period. 
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Figure 11: Percent CD4 CD25 Expression: Pulse and Chase 

6-10 NOD fetal thymus lobes (13-15dg) were placed on the surface of Millipore filters, 

supported on blocks of surgical Gelfoam, in 3 ml of media. 50 ng/mL of rTNF-a was 

added to the media or alternatively, 1 ^ig/mL of sTNF R1 was added directly onto the 

thymus lobes on day 0, 3, 6 or 9. rTNF-a or sTNF R1 remained in the cultures for 3 days, 

after which the cultures were transferred to a fresh dish for the remainder of the 12-day 

culture period. All dishes were harvested on day 12 and the cells recovered were counted 

and stained with antibodies specific for CD4, CDS, and CD25. The stained cells were 
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analyzed using 3-color flow cytometry, and the percentage of gated lymphoid cells was 

determined for each of the markers. The percentage of CD4^ CD25~ Cells in each culture 

is shown. Values were normalized to a single untreated control in Pulse and Chase 

experiments (B)(represented by bold line) within each experiment for direct comparison. 

Actual range for values generated in the untreated controls were (33-48%). Paired student 

t tests were performed to obtain significance values on all data. One star (•) indicates 

p<OAO and two stars (••) indicate /;s0.05, versus the untreated control. (n=5) 
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Discussion: 

The salient findings of the present study are; [1] Exogenous administration of 

rTNF-a during the 6-9 day exposure period exacerbated /vTlDM. [2] Neutralization of 

endogenously produced TNF-cx during the same time period by means of a sTNF R1 

mitigated h'TlDM. [3] NOD derived FTOC produced more SP8 mature T cells than B6 

derived FTOC over the course of a 12-day organ culture period. [4] NOD derived 

thymocytes showed reduced expression of TNF R2 among DN thymocytes on harvest 

days 6 and 9 and increased TNF R2 expression on SF8, DP and SP4 thymocytes when 

compared to non-diabetic B6 derived FTOC. [5] NOD derived FTOC produced more 

TNF-a at the 9 day harvest point as determined by WEHI bioassay and more TNF-a at 

the 6 and 9 day harvest points as determined by CBA analysis when compared to B6 

derived FTOC. [6] Exogenously added TNF-a during the 6-9 day exposure period 

resulted in increases in total cell recover)- and maturity in terms of a(3 TCR expression in 

NOD derived FTOC while the addition of sTNF R1 during the same time period reduced 

overall cell yield and maturity. [7] Relative levels of TNF-a in FTOC regulate the 

expression of CD95L- additions of r'FNF-a increased expression, while neutralization of 

endogenous TNF-a by sTNF R1 reduced expression when added during the 6-9 and 9-12 

day exposure periods. [8] Addition of sTNF R1 to NOD derived FTOC enhanced the 

production of CD4^ CD25^ T cells. 

It is well established that once T cell precursors enter the thymus, they 

differentiate along a well-defined pathway which can be delineated based on the 

expression of CD44. CD25, c-kit, CD3, CD4, CDS, and TCR (53). Before cells express 
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CD3, CD4 and CDS, they exist as a "triple negative" (TN) phenotype, and they 

differentiate successively into TNI (CD44^ CD25"), TN2 (CD44^ CD25'), TN3 (CD44' 

CD25^), and TN4 (CD44^ CD25') (54). TNF R1 and TNF R2 are expressed on these cells 

and these receptors mediate both the apoptosis and proliferation of these cell types. 

Apoptosis is induced in both TN3 and TN4 subsets and is mediated through both TNF R1 

and TNF R2 in the presence of low levels of TNF-a. Proliferation is induced in the TN3 

compartment of cells and is mediated solely by TNF R2 at higher concentrations of TNF-

a (21). The regulation of the TN subset by TNF-a outlines a key developmental role for 

this cytokine during fetal ontogeny and likely accounts for its constitutive expression in 

the thymus (43). Cells emerging from the TN transition stage go on to express either CD4 

or CDS without CD3 ("immature SP") (55, 56) before they become DP CD3" cells. When 

TCR genes rearrange, a low level of this receptor is expressed on the cell surface, linked 

to CD3 ("immature DP"). The inherent basis for the avidity model of positive and 

negative selection of developing thymocytes rests on the interpretation of the collective 

signals transduced through their TCR's. Those cells with a TCR that recognizes MHC-

peptide complexes with low to moderate avidity (medium signal strength) are positively 

selected. Those with very high avidity (strong signal strength), that make up the 

potentially autoreactive T cell population, are negatively selected. Cells that do not 

produce a TCR that can recognize self-peptide/MHC (weak signal strength), which make 

up the vast majority of thymocytes, die via programmed cell death. The cells that remain 

after these processes of selection are mature SP8 (CD4"CD8^) or mature SP4 (CD4^CDS" 
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) T cells with a high level of TCR (55-60). These detailed pathways have also been 

worked out for mouse thymocytes and hold true for cells produced in our FTOC (36). 

The NOD mouse model of TIDM has proven to be a reliable tool as it shares 

several key characteristics with the human version of this disease. These similarities 

include, the presence of insulitis, heritable major histocompatability complex (MHC) 

Class II alleles, T cell dependent pathogenesis and T cell associated signaling defects 

(11). Our lab has shown here and in other publications that NOD derived FTOC 

produces a more phenotypically mature population of T cells than do similar cultures of 

non-diabetic strains (36). The production of higher numbers of mature T cells by NOD 

FTOC correlates with the slow thymic involution seen in these mice (61, 62), and it may 

be hypothesized to be due to a generalized defect in negative selection of immature 

thymocytes by this strain (36). Our data suggest that NOD mice may have a defect that 

affects the regulation of TNF-a production, which in turn modulates the processes of 

selection, and gives rise to the expanded populations of mature thymocytes in FTOC 

derived from these animals. It is possible that NOD mice produce relatively more TNF-a 

during day 6-9 of the culture periods a compensator}' by-product of reduced levels of 

TNF receptor expression among DN thymocytes. This compensation allows for TNF-a to 

carry out its normal physiological role of regulating the apoptosis, proliferation and the 

maturational transition of the DN subset. However, the compensatory increase in TNF-a 

production may also have effects on the process of selection. Another possible 

explanation is that the excess TNF-a production by NOD mice during this time period 

(day 6-9) induces the cleavage and release of TNF R2 as a means of TNF-a 
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neutralization, a phenomenon known to occur in many disease sates as a means of 

limiting the potent effects of this inflammatory mediator (63). This would explain the 

down-regulation of these receptors in NOD derived cultures during this time period. 

The results of our /vTlDM studies demonstrated that sTNF Rl's ability to 

mitigate TIDM was limited in that insulin production was rescued only when this 

neutralizing agent was added during the 6-9 day exposure period. These results were 

fortified by the finding that NOD mice demonstrate a significant increase in TNF-a 

production during this time period when compared to cultures derived from non-diabetic 

B6 mice. The importance of this time period was further highlighted by our 'Pulse and 

Analysis' and 'Pulse and Chase' experiments, which demonstrate that the relative levels 

of TNF-a in FTOC modulate the ratio of immature and mature cells most consistently 

and most dramatically when manipulated during this same exposure period. Extensive 

studies done by our lab regarding the course of T cell development within the FTOC 

system have shown that thymocyte development is characterized by two 'waves' of 

growth. These waves of proliferation fall approximately on day 5-7 and then again on day 

10-12 of the organ culture period. Studies using MLs-1'^-reactive V(33"^ T cells (MLs-1® 

comprise Mtv-1 and Mtv-6 mouse mammary tumor virus antigens) show that the 

negative selection of these cells occurs somewhere in between these two 'waves' of 

growth (36). These data highlight the importance of the 6-9 day exposure period within 

the context of T cell development and may explain the importance of kinetics in TNF-a's 

ability to influence this process. 
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Although classically associated with the inflammatory process and the stimulation 

of the immune system, there is an emerging body of evidence indicating that chronic 

TNFcx impairs cell-mediated immunity (64). Presumably, it is by this mechanism that 

TNFa treatment in adult NOD mice inhibits the onset of diabetes (31). Indeed, other 

authors have investigated the impact of TNFa on effector function of T cells, and have 

shown that the therapeutic effects of TNF-a on TIDM in adult mice were due to the 

ability of this cytokine to attenuate signals generated through the TCR (32). These 

authors found that intracellular Ca'"^ mobilization was attenuated by TNFa exposure. 

Peak levels were reduced and delayed by TNFa, and the percentage of cells attaining the 

maximal response was also reduced. They also demonstrated that expression of the 

TCR/CD3 complex was unchanged and IL-2R signaling remained intact, as responses to 

exogenous IL-2 were normal. These data provide biochemical evidence that TNFa 

exposure can depresses intracellular signaling in T cells. The effects on TCR signaling 

were similar to those seen with altered peptide ligands (65), but were distinct from those 

seen in lymphocytes made anergic by high dose agonistic peptide (66), or by IL-10 

0-\-administration (67). Under the latter circumstances, Ca mobilization remains intact. The 

attenuation of signals propagated through the TCR complex could account for the 

opposing effects that TNFa seems to have on the developing T cell versus the mature T 

cell. Signal attenuation in the periphery serves to effectively raise the activation threshold 

of these cells, as a result they do not respond to circulating autoantigens and disease is 

mitigated. Conversely, signal attenuation during thymic education may result in the 

aberrant selection of autoreactive T cells as a signal that would normally be too strong 
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and would lead to negative selection and apoptosis, is attenuated by the excess TNFa. 

The signal is dampened and the diabetogenic cell escapes negative selection. We 

hypothesize that the defects in TNF-a production in NOD mice that occurs during the 6-9 

day period of FTOC effectively attenuates the signals being transduced through the TCR 

in cells undergoing selection, resulting in the over-all increases in mature T cells 

observed in these animals. The exogenous addition of rTNF-a during this time period 

exaggerates these effects in FTOC while sTNF R1 neutralizes the endogenous over

production of TNF-a and reduces the over-production of mature T cells in these cultures. 

It is this effect that contributes to the therapeutic properties of TNF-a neutralization in 

neonatal NOD mice destined to become diabetic and in our ivTlDM experiments. 

The effects of TNF-a on T cell development were not limited to changes in the 

number and percentage of immature and mature thymocytes. Exogenous administration 

of rTNF-a to FTOC during the late stages of the organ culture period resulted in 

significant increases in CD95L expression. Neutralization of endogenous production of 

TNF-a with sTNF R1 had the opposite effect. The changes in CD95L expression were 

most prominent among SP8 and DP cell populations and were consistently significant 

during the 6-9 day exposure period, indicating that these effects likely correlate with the 

increased production of TNF-a observed in NOD derived cultures and the processes of 

selection that are occurring during this time period. It is possible that through attenuation 

of TCR associated signals, the presence of excess TNF-a effectively renders the selective 

process too porous; the downstream effects of this may involve the up regulation of 

CD95L as a homeostatic self-correcting mechanism, as the cells that are aberrantly 
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escaping selective deletion are marked for apoptosis (48). An alternative explanation may 

involve a negative feedback loop in which the exogenous administration of rTNF-a 

induces an inhibition of matrix-metalloproteinases, which are responsible for cleavage of 

membrane-bound pro-TNF and subsequent release of soluble TNF-a in an attempt to 

down-regulate the relative levels of circulating TNF-a. Membrane bound CD95L is 

released via cleavage by the same matrix metalloproteinases that regulate pro-TNF 

cleavage (68). Inhibition of this protein may result in the accumulation and apparent up 

regulation of membrane bound CD95L. In either case, we would expect these cells to be 

marked for apoptosis and would therefore be hard to detect due to the transient nature of 

a cell that is destined for programmed cell death. However, our data indicate that the 

percentages of cells expressing CD95L following rTNF-a administration during the 6-9 

day exposure period make up a majority of cells that emerge at day 12. These data 

demonstrate that these cells are surviving despite their apparent apoptotic phenotype. 

Previous observations by our lab (data not published) and others demonstrate that CD95 

(Fas) expression within the thymus is extremely high (we have observed as many as 90% 

of FTOC derived thymocytes as CD95'^)(69). In certain circumstances, it has been shown 

that co-expression of CD95 and CD95L can render cells expressing this phenotype 

impervious to Fas mediated cell-death (70). Furthermore CD95L has been shown to be a 

bi-directional molecule in that it can act as a ligand and induce apoptosis or alternatively, 

it can act as a receptor with the ability to transduce signals that enhance proliferation of T 

cells (71). This effect may indirectly contribute to the survival of these cells and the TNF-

a induced increase in cell recover}' that we report here. 
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Subsequent work by McDevitt et al has demonstrated that one of the mechanisms 

by which TNF-a differentially modulates TIDM in NOD mice involves the ability of this 

cytokine to influence the frequency and functional capacity of CD4^CD25^ T cells (33). 

This population of regulatory T cells has been linked to the development of TIDM (50, 

51) and has shown the capacity to avert disease onset via TGF-|3 mediated immune 

deviation (52). McDevitt et al showed that neonatal administration of TNF-a to NOD 

mice reduced the frequency of this cell type. Administration of anti-TNF-a at the same 

stage of life had the opposite effect and resulted in expanded numbers of CD4^CD25^ T 

cells. Our data support the notion that this effect plays a role in TNF-a's ability to 

modulate TIDM as sTNF R1 added to FTOC had a similar effect as anti-TNF-a in 

neonatal NOD mice and resulted in an expanded population of CD4'^CD25'^ T cells. 

However, within the context of our ivT 1 DM model, the addition of sTNF R1 to FTOC 

was only capable of rescuing insulin production when added during the 6-9 day exposure 

period. CD4^CD25" T cell expansion occurred at each time point tested (0-3, 3-6, 6-9 and 

9-12), although the effects at early time points were inconsistent and statistically 

insignificant. We hypothesize that although the expansion of regulatory cell populations 

may play a role in therapeutic effects of TNF-a neutralization, this effect alone it is not 

enough to mitigate the incidence of diabetes. It is possible that the relative levels of TNF-

a in FTOC inversely regulate the levels of receptor activator of NFkB (RANK) and its 

ligand (RANK-L)(72). Both RANK and RANK-L have been detected in the thymus (73) 

and demonstrate an ability to regulate the survival of CD4^CD25^ T cells (50). By 

modulating the relative levels of TNF-a in FTOC, we may be indirectly modulating the 
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survival of these cells. However, this effect is directly correlated to TNF-a neutralization 

and does not appear to have a bearing on the developmental status of the culture or the 

process of selection. 

Collectively these results shed light on the diabetes prone NOD phenotype and 

may describe the downstream effects of the apparent dysregulation of TNF-a production 

in these animals. The possible importance of this defect has recently been the subject of 

linkage analysis and congenic mapping studies, which identified a mutation in the 

regulatory region of the TNF-a gene in NOD mice that falls within the Iddl6 interval 

associated with diabetes susceptibility. The strong genetic association of this region with 

diabetes susceptibility coupled with the phenotypic observations we report here may 

broaden the possibility that this dynamic merits further investigation as a possible target 

for therapy. 
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Aamiî  MidcUelpimk 

k<44'(m Uud̂  dcde' 
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