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Abstract:  
  

Thymocytes undergo a process of development that serves to favor the differentiation of T-cells 

bearing self-MHC (major histo-compatibility complex) restricted T-cell receptors (TCR). Signaling 

through the TCR is crucial for the development from double positive (CD4
+
CD8

+
, referred to as DP) 

thymocytes into mature T-cells. Strong or no affinity interaction between MHC and the TCR leads to 

apoptosis and is considered as negative selection or death by neglect respectively. A weak to moderate 

affinity signal initiates differentiation of DP cells into single positive cells (positive for either CD4 or 

CD8, SP) termed positive selection. The importance of several pathways for either negative or positive 

selection has been described. However, the molecular events that allow the differentiation of a positive 

versus negative selecting signal are unclear because, engagement of the TCR leads to activation of all 

pathways known to play a role in selection. It has been suggested that differential localization of the extra 

cellular regulated kinase 1/2 (ERK) pathway plays a key role in selection. Here we examine the 

localization of ERK activation in thymic selection by the manipulating calcium levels leading alterations 

in RasGRP location and through a Raf construct targeted to either the plasma membrane or the golgi. We 

also examine differences in β-catenin expression  and its role in the expression of Bcl-XL, a pro-survival 

molecule critical for survival at the DP stage. 

  We find that activation of the ERK pathway from the plasma membrane converts positive 

selection to negative selection, while the activation of ERK from the golgi upon stimulation by a negative 

selector causes a deviation of these cells from apoptosis into the CD8αα
+
 lineage. In addition we show 

that the kinetics of β-catenin and Bcl-XL are initially consistent with a role in mediating survival. 

However, later in selection β-catenin may be more important in preventing cells that have been negatively 

signaled from maturing further, while Bcl-XL levels remain low, leading to their eventual death. 
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Introduction: 

 
T-cells are the primary effectors of cell mediated immunity and are thus responsible for the 

clearance of intracellular pathogens. Each T-cell expresses multiple copies of a single TCR, through 

which the cells mediate cellular immunity by interacting with peptide antigen presented by self-MHC. 

Upon, infection antigen presenting cells (APCs) become activated, take up and process the invading 

pathogen and enter the lymph node where they interact with naive T-cells, activating those that recognize 

the foreign antigen presented. These T-cells then move to the peripheral sites of infection and clear the 

pathogen.  

 The TCR is rearranged in a random fashion from multiple genes and put together by a process 

that alters the composition of the joints between variable regions. Rearrangement can lead to greater than  

10
15

 different possible TCRs (1) (2). However, only 3 x 10
11

 naive T-cells are present in an individual, 

mouse at any given time (2). Because the TCR must interact with MHC and only a few MHC alleles are 

present in an individual the majority of rearranged TCRs will be useless. A small number will even be 

potentially dangerous due to high affinity for self. Therefore, only receptors with a low to moderate 

affinity for MHC will be useful. The problem for the organism is how to retain T-cells that express useful 

receptors while deleting those that express useless and harmful ones and still maintain as much TCR 

diversity as possible. This is accomplished through the process of thymic selection.  

 Thymocytes arise from a seeding population of bone marrow precursor cells. These cells arrive in 

the thymus via blood vessels near the junction of two distinct anatomical regions of the thymus, the 

cortex and the medulla.  Once in the thymus these cells develop through several stages, defined first by 

the DN1-4 (double negative for CD4 and CD8) stages by expression of CD44 and CD25 (3). Upon, 

successful rearrangement of the TCRβ chain, at the DN3 stage, and surface expression of the receptor, 

with a pre-TCRα chain, the nascent receptor initiates a signaling event that allows the cells to proceed to 
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the DP stage (Juliet Mahtani-Patching (4), (5). It is at the DP stage that thymocytes express a fully 

rearranged TCRαβ receptor and positive or negative selection can occur.  

Pre-selection DP thymocytes are unique among lymphocytes in that they are unresponsive to pro-

survival cytokines such as IL-7 (6) due to low receptor expression, and the expression of negative 

regulators of cytokine signaling, such as the protein, suppressor of cytokine signaling (SOCS)(6, 7). 

Therefore, the survival signal the cells need to continue in development comes from a low- to moderate 

affinity TCR interaction with self-peptide bound MHC expressed on cortical thymic epithelial cells 

(cTECs). Thymocytes expressing receptors that do not interact with self-MHC die by ―neglect‖. Cells that 

interact too strongly undergo apoptosis and are removed from the repertoire. They may also undergo 

receptor editing or anergy. The result of this process is a T-cell repertoire that is self-restricted but self-

tolerant. Upon positive selection, DP cells become sensitive to CCR7 signaling via CCR7L and migrate to 

the medulla of the thymus (8, 9). Here, DP cells also up regulate IL-7R, cease SOCS production and are 

instructed to become either CD8 or CD4 SP cells, depending on TCR signal duration (10). In the medulla, 

thymocytes are able to scan a larger pool of self-antigen, including some peripheral gene products that 

would not normally be expressed in the thymus, due to the expression of the autoimmune regulator AIRE 

(11, 12). Strong interactions between TCR and MHC in the thymic medulla lead primarily to apoptosis. 

But there are alternatives to death upon TCR engagement in the medulla; including diversion into 

regulatory T-cell, CD8αα, and natural killer T-cell lineages (13). In the event the receptor does not 

interact strongly with self peptide displayed by MHC the cell will eventually leave the thymus and take 

up residence in the periphery as a naive T-cell.  

The signaling threshold for positive selection has been well defined (14-16) and a number of 

signaling mediators involved in selection have been characterized. Extra-cellular regulated kinase 5, c-Jun 

N-terminal kinase 1/2 (JNK1/2) and p38 all play roles in negative selection (17-19). The mitogen 

activated protein kinase (MAPK), ERK is crucial for survival and differentiation of DP thymocytes (20, 

21). Nuclear ERK kinase activity is known to be important in positive selection, including activation of 
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the transcription factor, SRF accessory protein 1 (SAP-1). Activation of SAP-1 leads to expression of the 

transcription factor early growth response protein 1 (EGR-1), and EGR-1 activity is critical for positive 

selection (22). Targets in the cytoplasm have been characterized as well and include, JNK1/2 and the pro-

apoptotic protein Bcl-2 like 11 (Bim); both play important roles in negative selection (18, 23). 

Together these studies suggest that we know the signaling mechanism that establishes the 

selection decision. However, upon TCR-pMHC interaction in the cortex, the pathways involved in both 

positive and negative selection become activated.  Thus, it is unclear how thymocytes distinguish positive 

from negative selection. One possibility is the differential localization of the ERK-MAPK 

pathway(14).Other groups have shown that different ERK-MAPK signaling locations can alter signaling 

duration and the outcome of signaling (24, 25). Indeed, differential localization of ERK, as well as 

upstream mediators of the pathway, has been described in thymocytes (14). Members of the ERK 

pathway, and ERK, were observed via confocal microscopy to be sequestered exclusively at the plasma 

membrane when cells were stimulated with a negative selector. The pattern of ERK was more diffuse, 

indicating both nuclear and cytoplasmic localization, upon positive selector stimulation. These 

observations suggest two possibilities: First, sequestering ERK at the plasma membrane may prevent it 

from interacting with downstream targets. Second, ERK activation at the plasma membrane may lead to 

an altered signal that ultimately leads to negative selection. The former possibility is tempting given that 

JNK activity alone is sufficient to induce apoptosis.  

Bim is a Bcl-2-Homology-Domain 3 (BH3) only, pro-apoptotic protein that plays an important 

role in apoptosis. Deficiency can lead to altered negative selection and has been shown to play a role in 

some models of autoimmunity, including the non-obese diabetic (NOD) mouse model of type 1 diabetes 

(26). Bim mediates apoptosis by binding pro-survival Bcl-2 family members, Bcl-XL, Bcl-2 and Mcl-1. 

In a cell with survival cues these molecules sequester BAX and BAK, by binding via the BH3 domain. It 

is interesting to note that ERK and JNK differentially phosphorylate Bim, phosphorylation by ERK leads 

to degradation, while JNK activity stabilizes Bim. Increasing levels of Bim and other pro-apoptotic 
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mediators such as PUMA and BAD relative to pro-survival proteins, determines whether or not a cell will 

undergo apoptosis. Bim and other pro-apoptotic molecules bind to pro-survival proteins through the BH3 

domain with greater affinity than BAX or BAK thus releasing them. BAX and BAK are then able to form 

pores in the outer mitochondrial membrane, resulting in release of cytochrome-c that initiates a caspase 

cascade eventually resulting in apoptosis.  

Bcl-XL is the most abundant pro-survival protein in DP thymocytes. It is considered to be 

responsible for cell survival during the DP stage (27-30). However, the signaling involved in the 

regulation of Bcl-XL is unclear Huimin et. al. correlated the level of Bcl-XL to β-catenin level. In this 

study, artificially increased β-catenin levels correlated with an increase in Bcl-XL, while a decrease in β-

catenin correlated with decreased Bcl-XL. This was linked to the activation of the transcription factor 

TCF-1by β-catenin (30, 31). Interestingly, signaling pathways that have been shown to stabilize β-catenin 

are also important in the survival and positive selection of thymocytes. ERK, PI3K and WNT signaling 

pathways can positively regulate β-catenin levels.  

Here, we examine two roles for signaling in the selection of thymocytes. In Chapter 1 we 

investigate the role of ERK localization in selection. Different affinity ligands have the ability to alter the 

localization of ERK (14). Strong (negative selectors) activates ERK at the plasma membrane, weak 

(positive selectors) activate the ERK pathway on endomembranes and leads to diffuse pERK (active 

ERK). Differential localization of the ERK pathway has been reported in other cell and receptor types. 

Localization of an upstream member of the pathway, Ras, can lead to different signaling outputs and 

different biological outcomes (24, 25). In Chapter 1 we test the role of ERK localization by altering the 

localization of members of the ERK pathway during selection and examine changes in the outcome of 

selection. 

Chapter 2 focuses on the role that signaling plays in regulating the pro-survival molecule Bcl-XL 

in thymocytes. Because apoptosis is the primary mechanism of negative selection, its regulation must be 

tightly controlled. Because, Bcl-XL plays an important role in the survival of DP thymocytes, it may be 
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regulated based on the TCR signals that determine selection. Several reports suggest that the regulation of 

Bcl-XL is dependent on β-catenin levels (27, 30, 31). Several pathways are known to positively regulate 

β-catenin level including PI3K, ERK and WNT.  In Chapter 2, we investigate the TCR component of 

these pathways and examine the role of PI3K and AKT signaling in the regulation of β-catenin and Bcl-

XL in early T-cell selection.      
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Chapter 1: 

The role of ERK localization in thymic selection.  

 

Summary:  
 

The molecular events that allow a DP thymocyte to properly interpret the TCR signals involved 

in selection are unclear. It has been suggested that a pathway of critical importance in positive selection, 

ERK, is differentially localized depending on the selection signal received by the thymocyte. Here we 

directly test the role of ERK localization in selection by chemically altering the levels of intracellular 

calcium thereby affecting RasGRP localization, and by targeting Raf to different cellular compartments. 

We find evidence in favor of ERK localization determining the outcome of selection. 

 

Introduction: 
 

 The process of thymic selection is crucial for the prevention of autoimmunity (1, 2). Selection is 

necessary due to the random production of TCRs most of which have no affinity for self MHC and the 

small percent that have an affinity for MHC that is too high. TCR affinity for self MHC determines the 

outcome of selection. This model of selection is often referred to as the ―Goldilocks‖ model; only TCRs, 

with intermediate affinity will be positively selected. Strong interactions will induce apoptosis, and no 

interaction will lead to ―death by neglect‖ while a weak to moderate affinity interaction will cause 

thymocytes to undergo positive selection. Yet the signaling events that mediate this process are not clear. 

Several signaling pathways have been demonstrated to be important for either positive or negative 

selection. Extra cellular regulated kinase 5 (ERK5), p38, c-Jun-NH3 terminal kinase 1/2 (JNK 1/2) are 

important mediators of negative selection (3-5). The MAP kinase, ERK 1/2 (referred to here as ERK), is 

essential for the positive selection of thymocytes (4, 6). Interestingly, TCR engagement, regardless of 

affinity, activates all of these pathways. Thymocytes must interpret all of these signals to decide cell fate.  
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The small GTPase Ras, an upstream member of the ERK pathway, may become active in several 

cellular compartments including endosomes, the ER, and the Golgi (7). Ras activation within different 

compartments leads to distinct signaling outputs as well as different biological outcomes (7). Work by 

Chiu et. al. suggests that Ras activation at the Golgi stimulates JNK activity, while active Ras at the ER 

and plasma membrane induce PI3K and ERK activation (8). More recent studies indicate that activation of 

Ras on endomembranes is dependent on the guanine exchange factor (GEF) RasGRP (9-11). In 

thymocytes, it has been shown that TCR affinity affects the levels of calcium and diacylglycerol (DAG), 

both secondary messengers important for the localization and activation of RasGRP(9). Ras activation on 

the plasma membrane is probably due to a combination of son-of-sevenloss (SOS) associated with GRB2 

and RasGRP. One possibility is that differential localization of the ERK pathway via RasGRP and Ras 

accounts for thymocytes ability to distinguish positive and negative selecting signals.  

Indeed, differential localization of ERK pathway members, RasGRP, Ras, Raf, and pERK (active 

ERK) has been observed in thymocytes. These molecules are exclusively localized to the plasma 

membrane upon stimulus with a negative selector. The same molecules exhibited a pattern consistent with 

Golgi staining when stimulated by a positive selecting peptide, with the exception of pERK, which 

appeared diffuse(12).  

Given the data from Daniels et. al., it is tempting to postulate that activation of Ras/ERK on the 

plasma membrane sequesters ERK from the intracellular targets ERK must act on to induce positive 

selection and mediate cell survival. Consistent with this JNK, ERK and AKT compete for the regulation 

of members of the apoptotic pathway, specifically Bim. Bim is an important pro-apoptotic protein that is 

differentially phosphorylated by JNK and ERK. Phosphorylation by JNK leads to stabilization, whereas 

ERK activity leads to its degradation. The previous work done by Daniels et. al. only explores differences 

in signal localization in vitro (not a selecting environment) and at early time points (selection takes about 

three days).  
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To investigate if ERK localization does indeed determine the outcome of selection, we artificially 

altered ERK localization. We also manipulated cellular calcium levels to alter RasGRP localization and 

introduced a Raf construct into thymocytes in a selecting thymic environment to prime different cellular 

compartments for ERK signaling. 

 

Results: 

Calcium manipulation alters RasGRP and pERK localization. 

To test if differential localization of ERK is the mechanism that thymocytes use to distinguish 

between a positive or negative selecting signal, we manipulated calcium levels in thymocytes. It is known 

that calcium level influences the localization and activation of RasGRP, the guanine exchange factor 

responsible for the activation of Ras an upstream member of the ERK pathway. Previous work suggests 

that RasGRP is the ―fork‖ in ERK signaling, as it is the most upstream member of the ERK pathway to 

exhibit differences in localization during selection (12). In keeping with this idea, it is known that calcium 

levels differ based on the strength of TCR signal: a strong signal induces a large calcium flux into the 

cytoplasm from both the intracellular endoplasmic reticulum (ER) stores as well as extracellular calcium 

via CRAC channels; while a weak signal induces a small calcium flux predominately from the ER.    

To test if calcium levels influence RasGRP localization and activation in thymocytes, we isolated 

OT-I DP thymocytes from a non-selecting background (Rag
-/-

, β2m
-/-

, OT-I) and stimulated them with 

either OVA (negative selector) or Q4H7 (positive selector) tetramers in vitro.  

As expected, stimulation of thymocytes with Q4H7 localized RasGRP to the Golgi, and active 

ERK exhibited a diffuse staining pattern upon Q4H7 stimulation.  Cells stimulated with OVA localized 

both ERK and RasGRP to the plasma membrane (Fig 1A). Increasing of calcium levels with the CRAC 

channel activator thapsigargan (THAPS) led to the localization of RasGRP and pERK at the plasma 

membrane. Localization was independent of the stimulus (Fig 1B). Reducing the calcium flux by using 
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EGTA localized RasGRP to the Golgi and distributed pERK evenly throughout the cell, even with OVA 

stimulation (Fig 1C). Thus, THAPS and EGTA successfully compartmentalized RasGRP and ERK.  

Figure 1 

 

 

Chemical manipulation of RasGRP localization alters Bim levels. 

 Since, altering calcium flux in thymocytes leads to differential localization of the ERK pathway 

(Fig 1), we wanted to examine if localization also has effects on selection.  Signals that induce positive 

selection must also lead to cell survival. Negative selection signals lead to apoptosis. We know signaling 

pathways involved in selection compete for regulation of members of the Bcl-2 family, specifically, 

regulation of the pro-apoptotic molecule Bim.  ERK phosphorylation of Bim leads to its degradation and 
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protection from apoptosis. Phosphorylation of Bim by JNK stabilizes Bim and can induce apoptosis. Bim, 

and other pro-apoptotic protein levels relative to the levels of pro-survival proteins determines cell 

survival. Other proteins are known to be important for survival. Bcl-XL a pro-survival protein is thought 

to be important for survival of CD4
+
- CD8

+ 
double positive cells (DP) (13, 14). Another protein of interest 

is Bcl-2, a protein important for survival of cells post selection (15, 16).  

Isolated DP thymocytes were stimulated with tetramers (OVA or Q4H7) in media alone or media 

containing either THAPS or EGTA. Protein levels of Bim, Bcl-2 and Bcl-XL were analyzed by flow 

cytometry. Consistent with the role of Bcl-2 late in selection, Bcl-2 levels were unchanged under all 

conditions (Fig 2A). The levels of Bcl-XL are important during the DP stage of T-cell development for 

survival. We would expect more Bcl-XL when cells are stimulated with Q4H7 than with OVA 

stimulation. However, under in vitro conditions, Bcl-XL levels remained unchanged (Fig 2B).  If 

localization of ERK at the plasma membrane prevents the phosphorylation of ERK targets such as Bim, 

we would have expected to see increased levels of Bim when ERK was at the plasma membrane. As 

expected, ERK activity at the plasma membrane, using either OVA alone or Q4H7 in the presence of 

THAPS (by altering RasGRP localization), Bim levels were increased. When RasGRP activity was 

localized to the Golgi, Bim levels decreased (Fig 2C). Consistent with a role for the location of ERK in 

selection its localization correlates with differences in Bim levels. 

Altering localization of Raf alters selection. 

 Because thymocytes cannot undergo selection in vitro we wanted to alter signaling in a selecting 

environment. In order to accomplish this, signaling in cells was manipulated in fetal thymic organ culture 

(FTOC), an ex vivo system. Use of this method allows for the introduction of gene constructs while the 

cells are in a selecting thymic environment.  

 Raf gene constructs were used to redirect ERK signaling. With the Raf-CTK construct Raf, is 

fused with the C-terminal portion of K-Ras, leading to plasma membrane localization and activation of 

ERK (Fig. 3A). Raf-181S is attached to a mutated version of the C-terminal portion of H-Ras (Fig 3A).  
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Figure 2 

 

 

 

  

 

Both constructs were fused with the enhanced green fluorescent protein (eGFP) gene. By localizing the 

Raf constructs to these cellular compartments, we are priming them for ERK signaling.  

Thymi from β2m -/-, Rag -/-, OT-I TCR transgenic mice were removed on day 15 of embryonic 

development and incubated for one day in the presence of a viral vector containing our Raf construct 



 

Olson, WJ  - 14 -  

   

   

(either Raf-CTK or Raf-181S) or media alone as a control. Thymocytes that populate the thymus at day 

15 of development are in the double negative (DN) stages. Cells transitioning from the DN4 stage to the 

double positive (DP) stage undergo a brief proliferative burst thereby increasing the chances of infection 

with the retroviral vector. By embryonic day 16, DP cells have started to develop from the seeding 

population of DN cells. On day 16, β2m and peptide (OVA or Q4H7) were added to reconstitute MHC 

allowing selection to proceed. 

As expected, stimulation with OVA led to the accumulation of DN cells, consistent with negative 

selection. Stimulation with Q4H7 lead to positive selection as shown by the accumulation of CD8 SP 

cells (Fig.3A). When cells treated with the viral vector containing Raf-CTK were analyzed based on GFP 

expression, GFP negative cells developed normally (Fig. 3B). Cells that were positive for GFP and thus 

contained Raf-CTK had normal negative selection (Fig. 3B). However, positive selection was disrupted in 

these cells and they accumulated a significant DN population consistent with negative selection (Fig. 3B). 

When cells were treated with Raf-181S, again the GFP negative cells proceeded through selection 

normally (Fig, 3C). In infected cells, where Raf was targeted to the Golgi, the positive selector lead to the 

accumulation of CD8 SP cells indicative of positive selection (Fig. 3C). However, when the thymocytes 

were treated with a negative selector while Raf was targeted to the Golgi, conventional positive selection 

did not occur (Fig. 3C). Interestingly, a population of CD8αα cells, a regulatory T-cell population found 

in the gut, accumulated (Fig. 3C). Thus, the location of ERK pathway activation appears to determine the 

outcome of selection.     
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Figure 3 

 

 

 

Discussion: 

We were able to test the role of subcellular ERK localization in thymic selection by manipulating 

calcium levels and through manipulation of Raf localization. Both methods effectively localized the ERK 

pathway independently of the selection stimulus. Altering ERK localization via calcium altered the levels 

of the pro-apoptotic protein Bim.  Manipulating ERK using a Raf construct altered thymic selection. Our 

data suggests that ERK localization determines the outcome of thymic selection. 

 From previous studies it is clear that variations in affinity of the TCR for pMHC, as well as 

interaction and duration, determine the outcome of selection (17-19). Because the pathways important for 

negative selection JNK, ERK5, and p38, as well as the pathway necessary for positive selection, ERK1/2, 
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are activated during TCR engagement, it is not clear how thymocytes integrate these signals (4, 5, 20, 21). 

It has been demonstrated that ERK activation kinetics differ based on selection signal. Negative selectors 

induce rapid and brief ERK activation, while positive selectors cause a slower sustained activation of 

ERK. Sustained activation of ERK is necessary for positive selection (6).This difference in ERK 

activation kinetic is at least partially due to the kinetics of co-receptor engagement (22) as well as 

negative regulators of Ras activity, which primarily reside on the plasma membrane(7).  

How is ERK prevented from inducing survival during negative selection? The answer may lie in 

differential localization of ERK during selection. Work from our lab indicates that members of the ERK 

pathway, including pERK (active ERK), localize exclusively to the plasma membrane during negative 

selection. But, during positive selection the pathway localizes to what appears to be the Golgi, with pERK 

distributed diffusely throughout the cell (12). ERK signaling from different cellular compartments has 

been well established, especially with G-protein coupled receptors (GPCRs). Interestingly, Ras activation 

on endomembranes leads to a sustained ERK signal, while activation of Ras on the plasma membrane by 

both SOS-GRB2 and RasGRP leads to robust yet transient ERK activation(7). Activation of Ras in 

different compartments also results in different signal outputs and thus different biological outcomes (7, 

8).These observations are consistent with known kinetics of ERK activation in thymocytes and our 

localization data (Fig 1). It is also of interest to note that Chiu et. al. observed JNK activation by Ras at 

the Golgi, while we have observed ERK pathway activation on this organelle. The discrepancy may lay in 

the cells used (COS-1 cells by Chiu,) in the method used to target Ras to the Golgi, or the Ras construct 

that was used.  

It isn’t clear if compartmentalized signaling is the mechanism thymocytes use to differentiate 

selection signals or if it is a side effect of negative versus positive selection. To test this, we demonstrated 

that by altering calcium levels we altered the location of RasGRP and thus where Ras was activated in the 

cell; we also change the levels of the pro-apoptotic molecule Bim (Fig. 2). Work by Barrett et. al. 

suggests PKC (possibly PKCα) activated by calcium and diacylglycerol (DAG) is critical for induction of 
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Bim and thymocyte apoptosis(23). This data, along with our localization data, strongly suggests that 

calcium plays a pivotal role in negative selection by increasing the expression of the pro-apoptotic 

molecule Bim, and by altering the cellular compartment upon which ERK is activated. Both of these 

events are necessary for the negative selection of thymocytes. 

 It was also of interest to determine what effect early localization of ERK had on later events, i.e. 

selection outcome. Previous work on ERK localization only looked at the first signaling events (12). Our 

data was consistent with a role of ERK localization affecting selection outcome (Fig. 3). Alteration, of 

Raf location to the plasma membrane induced apoptosis (Fig. 3B), while Raf located at the Golgi 

prevented apoptosis but did not lead to conventional positive selection (Fig. 3C). Intriguingly, Raf 

localized to the Golgi lead to the accumulation of CD8αα
+
 cells, a regulatory T-cell which resides in the 

gut, when the cells were stimulated with the negative selector OVA. One, of the caveats of our 

experiment is that endogenous Ras and Raf may become active elsewhere in the cell. It is therefore 

possible that what led to an accumulation of CD8αα
+
 thymocytes was signaling from both the Golgi by 

the Raf construct and signaling by endogenous Ras and Raf at the plasma membrane. Selection of CD8αα 

intraepithelial lymphocytes (IELs) has been the subject of intense debate. Previous work on IELs has 

suggested that they do not pass through a DP stage, and whether or not the thymus is the location of 

selection has been under debate (24). CD8αα
+
 IELs can have variations in TCR expression; they may be 

TCR αβ
+
 or γδ

+
. These cells likely arise at different developmental stages of the host, with γδ

+
 cells 

developing in the fetal stage and αβ
+
 cells from the neonatal stage onward. Variations in the phenotype of 

these cells are at least partially responsible for the difficulty in defining the selection requirements for 

them. Work by several groups on athymic mice has concluded that selection of CD8αα IELs occurs in the 

crypto patches (CP) of the gut wall as CD8αα cells are still found in the gut of these mice. TCRγδ
+
 

CD8αα
+
 cells were at equal numbers when compared to normal mice, but TCRαβ

+ 
CD8αα

+
  cells were 

reduced (25-28). Other groups have concluded, by thymic grafting into athymic mice or through TCR 

transgenic models that the thymus is required for at least the initial development of CD8αα
+
 cells (29-31). 
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Interestingly, many of the IELs in the gut in the TCR transgenic model were DN cells, which suggests 

these cells do not pass through a DP stage (24). These studies have been cited as data in favor of CD8αα 

IELs initially developing in the thymus, but leaving at the DN stage and finishing development in the CP. 

Our work would suggest that these cells develop in the thymus rather than extra-thymically (Fig. 3). The 

CD8αα cells in our system likely passed through a DP stage, as they were positive for GFP and thus 

virally infected. Thymocytes are normally very resistant to viral infection but are more receptive if they 

are undergoing proliferation. Cells going from the DN3 stage to the DP stage undergo a proliferative burst 

which would suggest that our cells were likely DP. It is also possible that the fetal stage is the 

developmental stage where CD8αα IELs are produced. At later stages in life, these IELs may develop 

differently. More work will be needed to determine the role of ERK localization in CD8αα selection.  

Our work certainly doesn't rule out the possibility of a negative selecting signal emanating from 

the ERK pathway active on the plasma membrane during negative selection. As discussed above, 

endogenous Ras and Raf are not under the control of our constructs they are free to signal from other 

compartments in the cell. It is interesting to note that thymocytes with Raf construct targeted to the 

plasma membrane underwent apoptosis efficiently, which may be evidence of a dominant, negative signal 

from the plasma membrane. However, it may also be due to the Raf construct interacting with most of the 

endogenous MEK and ERK and preventing a strong enough signal from the Golgi. More work is needed 

to determine the actual mechanism ERK localizations plays in selection.     

 

Materials and Methods: 

 

Mice and Cells 

OT-I TCR transgenic, Rag 
-/-

, β2M
-/-

 mice were generated in our lab and maintained under pathogen free 

conditions. Thymi from six-week old to 11 month old mice were removed and smashed between two 
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nylon filters (Sefar Nitex). Cells were then washed off of the filters with RPMI media containing 10% 

FCS.  Thymocytes were then resuspended in 2ml of the RPMI media per thymus. Most of the thymic 

epithelial cells remain trapped in the nylon filter and since the mice are non-selecting at least 85% of the 

cells are DP thymocytes, the rest are DN and either not expressing the receptor or are dying. No further 

purification was done.  

Thymocyte Stimulation 

Stimulation of thymocytes in vitro was done using synthetic tetramers made in the lab. Two 

million cells were stimulated in 100µL of RPMI (Gibco) media containing 10% FCS on ice, a 

1:100 dilution tetramer was used for stimulation. After the tetramer was added the cells were 

incubated at 37°C. The thymocytes were then centrifuged at full speed (13,300 RPM) for 10 

seconds and the supernatant aspirated.   

Fetal Thymic Organ Culture 

FTOC was done as described(32). Six well culture dishes containing RPMI (Gibco) with 10% FCS, a 

square of sterile surgical foam (Ferrosan) and a nitrocellulose filter (Millipore) was used to hold the 

thymi. Stimulation was done using (25µM) β2M (Invitrogen) and 20µM OVA (SIINFEKL) or 400nM 

Q4H7 (SIIQFEHL), peptides were made in house. Viral vectors were courtesy of Dr. Marc Johnson 

(University of Missouri-Columbia). Vectors were added at a ratio of 5:1 with the thymocytes. Media 

containing peptide and vectors from each well were used to ―baste‖ or cover the thymi of that well at least 

twice per day. Thymocytes were isolated by smashing between two nylon filters as described above.     

Flow Cytometry and Antibodies 

Isolated thymocytes were stained for CD4 (BD), CD8α (BD) and CD8β (BD) for 30 minutes on ice. The 

cells were then washed once with FACS buffer containing 1%FCS. The samples were then fixed for 10 

min on ice with 1% Formaldehyde to destroy any excess vector. Cells were than run on a FACScalibur 

and the data analyzed by FlowJo . 
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Chapter 2: 

The Regulation of Bcl-XL and β-catenin in early thymic selection. 
 

Summary: 

The pro-survival molecule Bcl-XL has been shown to play an essential role in the survival of DP 

thymocytes. However, the role of Bcl-XL during the selection process is unclear. We looked at the 

regulation by the known Bcl-XL regulator, β-catenin, and determined that Bcl-XL functions initially to 

protect positively signaled DP cells from apoptosis, but is later down regulated (along with the pro-

apoptotic molecule Bim). For negative selection, we saw reduced Bcl-XL expression, while Bim levels 

were initially higher than that seen during the course of positive selection. Interestingly, we also found 

evidence during negative selection that suggests β-catenin may prevent further differentiation.  

 

Introduction: 

Thymic selection is critical for the development of a healthy immune system. Roughly 95% of 

thymocytes will die during development, due to unsuccessful rearrangement of TCR chains, lack of 

affinity for self MHC or high affinity for MHC. Only a small percentage of thymocytes will display the 

proper affinity for self-pMHC. Apoptosis is the major mechanism for the disposal of non-reactive or auto-

reactive TCR-bearing thymocytes. Thus, the regulation of apoptosis is critical for the production of a 

healthy T-cell repertoire. Indeed, defects in apoptosis have been shown to at least partially account for the 

phenotype of non-obese diabetic mice (NOD), as well as other auto immune disease models in mice (1, 

2).  

The Bcl-2 family of proteins regulates apoptosis. This family can be divided into two groups: the 

pro-survival members, and the pro-apoptotic members. Pro-survival members of the Bcl-2 family include 

Bcl-XL, Mcl-1, Bcl-2, A1 and Bcl-W. These proteins contain all four of the Bcl-2-Homolgy-Domains 

(BH1-4), with the exception Mcl-1, which contains only BH1-3. They prevent apoptosis by binding 
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through BH3 domains to the proteins BAX and BAK, sequestering and preventing them from 

oligomerizing at the outer mitochondrial membrane, an event that initiates apoptosis. Pro-apoptotic 

molecules contain only the BH3 domain (they are also called BH3-only proteins); these proteins are able 

to displace BAX and BAK from the pro-survival molecules via BH3 interaction. Free BAX and BAK are 

able to initiate apoptosis by mitochondrial outer membrane permeabilization (MOMP) and the subsequent 

release of cytochrome-c. It is the balance between pro-survival and pro-apoptotic proteins that determines 

if the cell will undergo apoptosis(3).  

Several of the pro-survival proteins are known to be important for the survival of thymocytes at 

different stages of development. Bcl-2 for example, is the predominant pro-survival molecule in DN and 

SP thymocytes. Bcl-XL is critical for survival during the DP stage(4-7). The role of Bcl-XL at the DP 

stage makes it particularly relevant to early selection events. Yet, how Bcl-XL is regulated during this 

process is not clear.  Work by Huimin and colleagues correlated the levels of β-catenin with levels of Bcl-

XL(8). Consistent with signaling pathways known to be important for thymocyte positive selection and 

survival, pathways that positively regulate β-catenin are ERK, PI3K and WNT. Of particular interest are 

ERK and PI3K, which are both downstream of TCR signaling. ERK is necessary for positive selection and 

survival of these cells(9, 10). PI3K has been shown to positively regulate the positive selection of 

thymocytes possibly through the regulation of Itk and calcium flux(11, 12). WNT signaling in thymocytes 

should be a constant and should not differ between positive and negative selection. 

We tested the role of PI3K and ERK signaling in the regulation of Bcl-XL during thymic selection 

and showed that signaling through ERK had no effect on the levels of either β-catenin or Bcl-XL. 

However, blocking AKT activity lowered the overall levels of Bcl-XL and β-catenin. Effects of the AKT 

inhibitor were not dependent on TCR signaling as there was no difference observed with a positive 

selecting or negative selecting signal, indicating AKT regulates the steady state levels of these molecules.   

These experiments also elucidate the kinetics of β-catenin during selection at the DP stage.  

Results: 
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 Differential signaling and β-catenin level during in vitro stimulation. 

To test the role of signaling in Bcl-XL regulation, β2m
-/-

, Rag
-/-

 DP thymocytes transgenic for the 

MHC K
b
-restricted OT-I TCR, were stimulated in vitro with OVA (negative selector) or Q4H7 (positive 

selector) tetramers. If the regulation of β-catenin is important for thymocyte survival during selection, 

then the activating phosphorylation of AKT at threonine 308 and the inactivating phosphorylation of 

GSK3β at serine 9 should be increased during positive selection in contrast to negative selection (Fig.1). 

This differential phosphorylation should in turn lead to an increase in β-catenin and Bcl-XL with a 

positive selector (Fig.1). 

Figure 1 
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 Levels of AKT and GSK3β phosphorylation were measured by Western blot. β-catenin and Bcl-

XL protein levels were also measured by Western blot. Protein and phosphorylation levels were 

normalized to unstimulated samples. Stimulation by both OVA and Q4H7 tetramers led to a decrease in 

total levels of AKT and GSK3β phosphorylation. However, loss of phosphorylation was less pronounced 

with Q4H7 stimulation (Fig. 2A and 2B). These data are consistent with the role of these molecules in 

stabilizing β-catenin and maintaining thymocyte survival during positive selection. Indeed, β-catenin and 

Bcl-XL levels were increased with the positive selector over the negative selector (Fig. 2C and 2D). 

Although Bcl-XL levels were not significantly different with OVA or Q4H7 stimulation, this was most 

likely due to the short time frame for these experiments, as in vitro stimulation for longer than six hours 

results in apoptosis of thymocytes regardless of the strength of stimulus. 
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Figure  2 

 

 

Differential signaling and Bcl-XL levels in selecting thymi. 

  Because the in vitro environment is not a selecting environment and due to the short lifespan of 

thymocytes in media alone, we needed to examine signaling in a more physiologically relevant setting. To 

do this, we utilized the FTOC system which allowed us to measure signaling and Bcl-XL levels in the 

context of the fetal thymus. FTOC experiments were set up as described in (13). Briefly, embryonic day 

15 (E15) fetuses were removed from β2m 
-/-

, Rag
-/-

, OT-I TCR transgenic mice. Thymi from these mice 

were removed and placed in FTOC culture for one day. This allowed the development of DP cells, as 

most of the cells at day 15 are DN. The following day fetal thymi were treated with either positive 

selecting Q4H7 peptide or negatively selecting OVA peptide as well as β2m to reconstitute class I MHC. 
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Selection was allowed to proceed for one, two or three days; the thymi were then harvested, and protein 

levels were measured by Western blot.  

  At 24 hours, the phosphorylation level of AKT was increased in the presence of Q4H7 as was the 

phosphorylation of GSK3β (Fig. 3A). This suggests that very early signals involved in positive selection 

favor the inhibition of GSK3β by AKT. In agreement with these data, the levels of both Bcl-XL and β-

catenin were alsoincreased with the positive selector over the negative selector at 24 hours (Fig. 3A). This 

data is consistent with β-catenin being stabilized early in positive selection to prevent apoptosis by 

maintaining Bcl-XL. Loss of β-catenin corresponded with a decrease in the level of Bcl-XL. Stimulation 

of thymocytes with OVA also led to an increase in Bim expression. Taken together, early negative 

selection signaling appears to lead to a loss of Bcl-XL and β-catenin, and a concomitant increase in Bim, 

thus making the cells susceptible to apoptosis. Indeed even OVA stimulation after only 24 hours led to an 

increase in caspase 3 cleavage when compared to Q4H7 stimulation (data not shown).  Interestingly, at 

later time points, 48 or 72 hours, thymocytes displayed the opposite pattern of GSK3β phosphorylation 

and β-catenin levels with OVA stimulation eliciting more phosphorylation and higher β-catenin levels 

(Fig. 3B and 3C). However, Bcl-XL levels remained similar to the 24 hour time point with lower levels 

under negative selecting conditions. Bim levels at 48 hours were similar between positive and negative 

selection. However, at 72 hours the levels of Bim decreased under negative selecting conditions (Fig. 3B 

and 3C). Caspase 3 cleavage remained higher in the presence of OVA at 48 hours, but by 72 hours it had 

decreased to levels below the positive selector (Data not shown). 
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Figure  3 

 

 

Inhibition of AKT but not ERK alters β-catenin/Bcl-XL levels in vitro. 

 To determine the signaling pathways important for β-catenin and Bcl-XL regulation during 

selection, we stimulated DP thymocytes with tetramers in the presence of either an ERK inhibitor or an 



 

Olson, WJ  - 29 -  

   

   

AKT inhibitor. Both the AKT and ERK pathways are of interest because they are downstream of the TCR 

and both pathways have been shown to regulate β-catenin levels. Inhibition of the ERK pathway with the 

MEK1/2 inhibitor UO129 did not alter the levels of pGSK3β, β-catenin or Bcl-XL from samples that 

were not treated with the inhibitor (Fig.4A and 4B). Thus, ERK signaling does not appear to be the 

dominant signal in the early regulation of β-catenin.  

 

Figure 4 
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  AKT has been shown to play multiple roles in the development of thymocytes, including 

survival, differentiation, and proliferation. The role of AKT in survival has been linked to its ability to 

upregulate Bcl-XL through phosphorylation and subsequent inhibition of GSK3β activity, thus preventing 

β-catenin degradation. ((14) (Figure 1)). However, the role of AKT in the regulation of Bcl-XL during 

selection of DP thymocytes is not clear. To examine this, we stimulated DP thymocytes in the presence of 

an AKT inhibitor and measured the level of GSK3β phosphorylation as well as the protein levels of β-

catenin and Bcl-XL. Inhibition of AKT did not alter the levels of GSK3β phosphorylation or the protein 

levels of β-catenin and Bcl-XL between positive and negative selecting signals (Fig. 5A and 5B), 

indicating that the regulation of these proteins is not predominantly AKT dependant. Interestingly, there 

were differences in the steady state levels of these proteins and their phosphorylation (Compare Fig.5A 

and 5B). Taken together these data suggest that AKT is important for the maintenance of steady state 

levels of Bcl-XL and β-catenin but not changes during selection.  
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Figure 5 

 

 

 

Discussion: 

 Through the use of the OT-I TCR transgenic system, FTOC and inhibitors of ERK and AKT, we 

were able to demonstrate the role of AKT but not ERK in maintaining the steady state levels of β-catenin 

and Bcl-XL. We were also able to demonstrate the kinetic of β-catenin through early selection. Our data 

coupled with data from other groups suggest a pro-survival role for β-catenin very early in selection, but a 

role later in negative selection characterized by the prevention of differentiation in negatively signaled DP 

thymocytes(15, 16). 
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   β-catenin has been linked to the survival of thymocytes in the DN and DP stages and in naive 

peripheral T-cells through TCF-1 and its role in Bcl-XL expression(7, 17, 18). However, the role of β-

catenin during DP selection has not been resolved. Several groups have concluded that β-catenin is pro-

apoptotic. Gounari et. al. 2001 used mice expressing a β-catenin mutant lacking exon 3, under the control 

of the proximal lck promoter this mutant is not phosphorylated and therefore not degraded. Cells 

expressing the mutant β-catenin were able to pass through the DN3 stage without rearranging a TCR. 

They also observed an increase in apoptosis that was likely due to the lack of TCR expression in these 

cells. Another group, Kovalovsky et. al. 2009 attempted to circumvent problems with stabilized β-catenin 

and β-selection by expressing mutant β-catenin under the control of the CD4 promoter. In this study, 

increased β-catenin was still associated with a decrease in TCR expression, and again likely accounted for 

most of the apoptosis observed. In addition, an unusual stimulation method makes the results from this 

study difficult to interpret. Other studies have concluded that β-catenin plays a pro-survival role in DP 

thymocytes by upregulating Bcl-XL. Huimin et. al. 2005 expressed a stabilized β-catenin under the CD4 

promoter. Stabilization of β-catenin led to increased Bcl-XL expression and resistance to apoptosis. 

Another group used various domain knockouts of TCF-1 to demonstrate the requirement of TCF-1, β-

catenin interaction in DP thymocyte survival (7). 

 Because the PI3K/AKT and ERK pathways have been linked to β-catenin stabilization and 

because they are downstream of the TCR, they are attractive candidates for the regulation of β-catenin 

during selection in the DP stage where the TCR mediates survival. Apoptosis is the primary means of 

negative selection. Therefore, the ability of β-catenin to upregulate Bcl-XL would suggest β-catenin is a 

crucial regulator of apoptosis during the selection process.  Since the role of β-catenin in DP selection is 

not clear, we tested the ability of the ERK and AKT pathways to alter β-catenin and Bcl-XL during 

selection. Our data is consistent with a role for AKT in maintaining cell survival via β-catenin and Bcl-

XL in pre-selection DP thymocytes, but not later in selection. Interestingly, β-catenin appears to mediate 

survival through Bcl-XL expression early in selection. OVA stimulated cells lose both β-catenin and Bcl-
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XL after 24 hours, whereas expression of these molecules with the positive selector Q4H7 is not affected, 

when compared with a null peptide (data not shown and Fig. 3). However, by days two and three β-

catenin levels are much higher under negative selecting conditions, yet Bcl-XL remains low.  

These observations suggest two interesting possibilities. Given the ability of artificially stabilized 

β-catenin to allow cells into the DP stage without first passing through the β-selection checkpoint, it is 

possible that the levels of β-catenin helps determine the developmental stage of thymocytes (15, 16). Here 

low levels of β-catenin are associated with survival and proliferation in the DN stage. Upon successful 

signaling through the pre-TCR, β-catenin levels increase and facilitate the transition to the DP stage. One 

of the known targets of β-catenin/TCF-1 is CD4, providing some direct evidence for β-catenin mediating 

the transition to the DP stage (19).  Our data indicate that early after stimulation with a negative selector, 

β-catenin is lost, but returns to higher level at about 48 hours. The loss of β-catenin explains the early loss 

of Bcl-XL in these cells as well as the increased apoptosis. The resurgence of expression may play a role 

in keeping these cells in the DP stage and may prevent any further differentiation to the SP stage. 

Consistent with this RoRγt  as well as TCF-1, must be down regulated for further differentiation of DP 

thymocytes and the concomitant increase in TCR expression (20, 21). β-catenin levels may also help to 

facilitate secondary rounds of TCRα rearrangement in an attempt to rearrange a useful TCR, a process 

termed ―receptor editing‖(22). Further work will be needed to fully elucidate the role of β-catenin in 

thymocyte selection.   

Our work also suggests a possible role for post-translational modifications to Bcl-XL that lead to 

its degradation, but little is known about post-translational modifications to Bcl-XL, however other pro-

survival members of the Bcl-2 family have been extensively studied, including Mcl-1 and Bcl-2. 

Modification of Mcl-1 by different pathways leads to distinct outcomes. JNK phosphorylation of Mcl-1 

leads to its degradation and prevents its binding of Bim, both of which result in susceptibility to 

apoptosis. Phosphorylation of Mcl-1by ERK leads to its stabilization of Mcl-1 and protection from 
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apoptosis(23). Bcl-2 is known to be phosphorylated by both JNK 1 and the ERK1/2 pathway, yet the 

physiological relevance of these modifications is unclear (24-26).  

The transcription factor c-Myb has been linked to the expression of Bcl-XL in thymocytes as well 

as their proliferation and differentiation. Of note, loss of c-Myb results in a phenotype similar to the loss 

of the β-catenin linked transcription factor, TCF-1. Both c-Myb and β-catenin appear to play important 

roles in the transition from DN3 to the DP stage as well as survival during the DP stage(27, 28). 

Interestingly, loss of c-Myb appears to be required for the differentiation of thymocytes, as suggested 

above with β-catenin (29). It is not immediately clear why one molecule cannot compensate for the loss 

of the other. It has been demonstrated that β-catenin/TCF-1 mediated survival of DP thymocytes is 

dependent on RoRγt, suggesting that the loss of TCF-1 may be compensated by regulation of RoRγt 

through other mechanisms (30). Potential cross talk between these molecules warrants further study.   

   

Materials and Methods: 

 

Mice and Cells 

OT-I TCR transgenic, Rag 
-/-

, β2M
-/-

 mice were generated in our lab and maintained under pathogen free 

conditions. Thymi from six-week old to 11 month old mice were removed and smashed between two 

nylon filters (Sefar Nitex). Cells were then washed off of the filters with RPMI media containing 10% 

FCS.  Thymocytes were then resuspended in 2ml of the RPMI media per thymus. Most of the thymic 

epithelial cells remain trapped in the nylon filter and since the mice are non-selecting at least 85% of the 

cells are DP thymocytes, the rest are DN and either not expressing the receptor or are dying. No further 

purification was done.  

Thymocyte Stimulation 

Stimulation of thymocytes in vitro was done using synthetic tetramers made in the lab. Two million cells 

were stimulated in 100µL of RPMI (Gibco) media containing 10% FCS on ice, a 1:100 dilution tetramer 
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was used for stimulation. After the tetramer was added the cells were incubated at 37°C. The thymocytes 

were then centrifuged at full speed (13,300 RPM) for 10 seconds and the supernatant aspirated. AKT-X 

inhibitor (EMD), 5µM, or U0129 (EMD) 10µM were added fresh to media containing thymocytes to be 

stimulated; cells were placed with the inhibitor at 37°C for 30 minutes before stimulating.   

Fetal Thymic Organ Culture 

FTOC was done as described(13). Six well culture dishes containing RPMI (Gibco) with 10% FCS, a 

square of sterile surgical foam (Ferrosan) and a nitrocellulose filter (Millipore) was used to hold the 

thymi. Stimulation was done using (25µM) β2M (Invitrogen) and 20µM OVA (SIINFEKL) or 400nM 

Q4H7 (SIIQFEHL) peptides were made in house. Viral vectors were courtesy of Dr. Marc Johnson 

(University of Missouri-Columbia). Vectors were added at a ratio of 5:1 with the thymocytes. Media 

containing peptide and vectors from each well was used to ―baste‖ or cover the thymi of that well at least 

twice per day. Thymocytes were isolated by smashing between two nylon filters.     

Western Blotting 

After the thymocytes were spun down and the supernatant removed the cells were lysed. The lysis buffer 

used 10mM Tris (Sigma), 5mM EDTA (Sigma), 250mM Glucose (Sigma), 4% Triton-X100 (Invitrogen), 

2% Na Deoxycholate (Sigma), 0.4% SDS (Sigma), 1 mM DTT. The following were were added fresh 

1mM Na3VO4 (Sigma), 1mM NaF (Sigma), 100µM PMSF (Invitrogen), 1µg/ml Leupeptine (Sigma) and 

1µg/ml Aprotinin (Sigma). The lysis step was performed on ice for 30 minutes. Following lysis the 

samples were centrifuged for 60 minutes at full speed (13,300 RPM, 4°C). Supernatant was removed and 

placed in a fresh 1.5ml eppendorf tube. Lysates were run on 12.5% acrylimide gel (Bio Rad) and proteins 

were transferred to a nitrocellulose membrane (Bio Rad). Membranes were blocked with 5% milk for 60 

min prior to staining. Primary antibodies in 5% milk with 0.1% sodium azide (Sigma) were left on 

membranes overnight at 4°C with agitation. Membranes were washed four times for seven minutes with 

TBS buffer containing 0.1% Tween 20 with agitation. Secondary antibodies were incubated at room 
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temperature in 5% milk. Washes were repeated as described above. Films (Invitrogen) were developed 

using chemi-luminescent substrate (Bio Rad) following manufacturer recommendations.  
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Conclusions:  

 We have looked at several roles for signaling in the selection decision of DP thymocytes, 

specifically the role of ERK pathway localization, and the signaling required for the regulation of the 

survival molecule Bcl-XL through β-catenin.  

 In Chapter 1, we demonstrate a role for ERK localization in the thymic selection decision. ERK 

localization is critical for the selection decision, as alterations in ERK localization lead to outcomes that 

are inconsistent with the selecting stimulus provided the cells. ERK artificially targeted to the plasma 

membrane by a Raf construct induced negative selection, regardless of the selector stimulus. Localizing 

ERK to the Golgi and stimulating the cells with a negative selector induced the differentiation of cells 

into an alternate T-cell fate, the CD8αα lineage. Given the necessity of sustained ERK signaling for 

positive selection (1) and the known kinetics of ERK signaling on endomembranes versus the plasma 

membrane (2), it is entirely consistent that ERK localization plays an essential role in the thymic selection 

decision.  

 The coactivator β-catenin has been shown to play a critical role in the development of 

thymocytes, through both an increase in the pro-survival protein Bcl-XL and its ability to regulate RoRγt 

and TCF-1 activity (3-6). Our data suggest a unique role for β-catenin in negative selection. Initially, a 

negative selecting signal leads to both lower levels of β-catenin and Bcl-XL. Continued expression or 

induction of Bim sensitizes the cells to apoptosis. However, the cells that survive the initial negative 

selection signal increase the expression of β-catenin while keeping Bcl-XL levels low, a mechanism that 

may prevent these DP thymocytes from differentiating further and most likely leads to their death. This 

block in development has been suggested previously (7) in a study where a mutant stabilized form of β-

catenin was expressed under the control of either an lck or CD4 promoter. However, other work by this 

group demonstrated a loss in TCR expression after β-catenin stabilization. Therefore, it is not clear if loss 

of TCR is preventing further differentiation of DP cells or if the stable β-catenin is responsible for 

observed defects in differentiation with this study (8). We were able to observe the β-catenin kinetics 
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without manipulation of thymocytes and provide some preliminary evidence in favor of the conclusions 

reached by Guo and colleagues.  

 TCR signaling mediates the fate of DP thymocytes, either a strong or lack of signal leads to death 

by apoptosis and is considered either negative selection or death by neglect (respectively), while a weak 

to moderate strength signal facilitates the differentiation of DP thymocytes into SP cells, known as 

positive selection. The molecular mechanism that determines positive or negative selection is not clear. It 

has been shown that the calcium flux downstream of a negative selecting signal is higher than that seen 

during positive selection (9). Negative selectors are known to induce transient activation of ERK at the 

plasma membrane, while positive selectors lead to RasGRP activation on the Golgi, diffuse pERK 

(active), and sustained ERK activity. High calcium, levels as well as its activation of PKC (likely PKCα), 

has also been linked with an increase in the pro-apoptotic molecule Bim and is crucial for negative 

selection (10). Calcium and DAG production are also pivotal in the localization of ERK via RasGRP 

activation and localization (2). We demonstrate in Chapter 1, a role for calcium in the differential 

localization of ERK during thymocyte selection. By increasing intracellular levels of calcium we were 

able to activate ERK primarily at the plasma membrane. Decreasing intracellular calcium targeted 

RasGRP to the Golgi and allowed production of diffuse ERK, thus mimicking positive selection(9). ERK 

localization was also crucial for the final outcome of selection, as artificial targeting of ERK altered 

selection of DP thymocytes (Chapter 1). This data is also consistent with previous reports describing 

negative selection in the cortex. In our study thymocytes underwent negative selection but were only 

allowed to develop for four days, roughly the time it has been reported that thymocytes remain in the 

cortex(11, 12). 

Targeting Raf to the Golgi, coupled with a negative selecting stimulus, induced the differentiation 

of CD8αα
+ 

T-cells (Chapter 1). Previous work done on the development of this cell type came to one of 

two conclusions. Development was either independent of the thymus and took place entirely in CP (13-

16); or the thymus was needed initially but later differentiation took place in the gut wall(17-19). The 
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property of the gut as the primary organ for the development of immune cells in lower organisms was 

given as evidence for the possibility of extra thymic development of CD8αα T-cells in either case (20). 

However, it is hard to reconcile this with the fact that the thymus appears to be the only location for all 

other T-cell development in higher animals. Contrary to the previous work done on these cells (20), our 

data suggests that these cells pass through a DP stage. GFP expression in the pre-selected controls and 

CD8αα population suggests these were infected during their proliferative burst, as they transition from 

DN to DP. Previous studies suggested that cells did not pass through the DP stage, but developed directly 

into CD8αα
+
 T-cells from the DN stages (20).  It would appear from our data, that CD8αα cells develop 

based on a unique localization pattern of ERK where the ERK pathway localizes activation to the plasma 

membrane and the Golgi. Our experiments were done with endogenous Raf still present in the cells. 

Therefore, it is plausible that the negative selecting stimulus localized endogenous Raf to the plasma 

membrane, while our targeted Raf signaled from the golgi and that this combination of signals leads to 

lineage deviation. This does not rule out the possibility of weak signaling from the Golgi alone as the 

mechanism for CD8αα development, as it is still unclear if ERK at the plasma membrane propagates a 

signal. If there is no ERK signal from its apparent sequestration at the plasma membrane, our Raf 

construct may have served to dilute the endogenous ERK reducing the signal from the Golgi. This type of 

signaling may occur when the strength TCR signal is at or near the threshold between negative and 

positive selection, and the ERK pathway localizes to multiple compartments.  Future work on the 

signaling output of this unique localization pattern, as well as the signal that leads to this pattern and its 

relation to CD8αα development, is needed to fully corroborate these conclusions. It cannot be ruled out 

that active ERK at the plasma membrane activates a unique signal leading to negative selection, or when 

coupled with Golgi signaling, lineage deviation. It is also possible that the developmental state of the fetal 

thymi or thymocytes plays a role in the unique cellular output observed, as has been described with other 

cell types (21, 22). 
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   As described above, high calcium levels are necessary for both the increase in Bim by PKC and 

the localization of ERK to the plasma membrane. Both of these events are necessary for the proper 

negative selection of thymocytes (Chapter 1). However, calcium levels may also play a role in the loss of 

β-catenin and Bcl-XL levels that are seen early in negative selection (Chapter 2). Destabilization of β-

catenin may initially be due to PKCα activation as has been demonstrated (23), as well as a decrease in 

the levels of inactive GSK3β (Chapter 2). A role for PKCα in β-catenin degradation during negative 

selection is also consistent given that its activation is mediated by calcium and DAG, two secondary 

messengers that are highly induced during negative selection. However, later time points in selection are 

inconsistent with a role in survival for β-catenin under negatively selecting conditions as the levels of β-

catenin eventually increase, while Bcl-XL levels remain low. Given the ability of β-catenin to mediate the 

transition of DN cells into DP cells (7, 8), it is plausible that β-catenin prevents the further differentiation 

of these cells by keeping them in the DP stage. Consistent with this, it has been demonstrated that RoRγt 

and TCF-1 must be down regulated to allow further differentiation of DP thymocytes (6, 24). By keeping 

negatively stimulated cells in the DP stage, increased β-catenin may help to facilitate further TCRα chain 

rearrangements (25). 

 It is not clear how β-catenin is regulated later in selection. Our data suggest, as mentioned above, 

that PKCα coupled with decreased phosphorylation of GSK3β is the cause of the initial loss of β-catenin. 

In our system, the cells should be continuously receiving negatively selecting signals. It is not clear how 

PKCα and GSK3β are regulated differently under these conditions. Later time points and the increase in 

β-catenin are correlated with increases in pGSK3β which would implicate ERK, PI3K or WNT signaling. 

An intriguing possibility is that the cells found later in selection are a distinct subset of thymocytes that 

are ―pre-programmed‖ to become agonist selected T-cells such as Tregs  as has been suggested by several 

groups(21, 22). This would explain the unique response to a negative selecting stimulus, but would 

suggest that negative selection of traditional thymocytes happens within the first 48 hours of selection. 
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This is consistent with the idea that deletion can occur in the cortex and similar to studies that suggest it 

takes three days for selection to be completed in this compartment (11, 12).  

The phenotype of c-Myb knockouts are similar to that of  TCF-1 knockouts, and are characterized 

by a block in T-cell development at the DN3 stage, and decreased survival in the DP stage due to the loss 

of Bcl-XL expression, c-Myb must be considered in future studies (26, 27). Work in the FTOC system 

will be needed to sort out the signaling involved at days two and three of thymic negative selection, 

specifically, experiments where inhibition of PI3K and ERK are done to determine the pathways 

necessary for the observed β-catenin kinetic. Other experiments will need to be done to determine the role 

of PKC in β-catenin down regulation and the role of c-Myb and RoRγt in development.  

 Our data also suggest possible post-translational modifications to Bcl-XL (Chapter 2), yet, little is 

known about post-translational modifications to Bcl-XL. It is not clear how Bcl-XL is regulated after two 

days of negative stimulation.β-catenin levels are high at this time, but Bcl-XL levels remain low. One 

possibility is phosphorylation leading to degradation which has been observed in another pro-survival 

Bcl-2 family member, Mcl-1. Phosphorylation of Mcl-1 by JNK leads to its proteasome dependent 

degradation(28). Modifications to Bcl-2 by ERK1/2 and JNK 1 have also been observed, but the 

relevance of these phosphorylations is unclear (29-31).  Another possibility is an increase in a negative 

regulator of transcription. Further study is required to determine which of these possibilities results in the 

loss of Bcl-XL. 

 This study has helped to elucidate the molecular mechanisms of conventional thymocyte 

development and may have revealed part of the mechanisms involved in the development of 

unconventional CD8αα
+
 T-cells. We have also highlighted some of the molecular changes that 

differentiates positive selection and negative selection of DP thymocytes.  
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