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Abstract 

Title of Dissertation: 

Regulation of intrinsic activation thresholds of T cells 

Courtney A. Matson, Doctor of Philosophy, 2020 

Dissertation Directed by: 

Nevil Singh, PhD, Assistant Professor 

Department of Microbiology and Immunology 

University of Maryland School of Medicine 

 

T cells are activated when their T cell receptor (TCR) senses peptide-MHC 

(pMHC) molecules from pathogens and tumors. A network of signaling molecules 

downstream of the TCR drives the extent and nature of subsequent cellular responses. The 

activation threshold (AT) of these signaling pathways is a critical checkpoint for T cell 

responses. Here, we examined mechanisms by which the AT of a T cell is first determined 

and how it changes during the course of responding to antigen. The initial AT of a T cell 

is set during development by calibrating to how strongly it senses pMHC in the thymus. 

This calibration affects the surface levels of a receptor CD5, whose subsequent role is 

poorly defined. We found that CD5, independent of the TCR, sets basal levels of IκBα in 

T cells. Since IκBα critically modulates the transcription factor NFκB, which regulates 

multiple T cell functions including cell-survival, we hypothesized that variations in basal 

AT of T cells stem from varying NFκB depots maintained by CD5. Indeed, blocking NFκB 

abolished differences in cell-survival of thymocytes with different CD5 levels. The initial 



 
 

heterogeneities are further modified when peripheral T cells encounter antigen. Resulting 

memory T cells acquired higher CD5 levels and continuously required CD5 expression to 

maintain higher IκBα expression. If the stimulating antigen was not cleared efficiently, 

peripheral T cells further ‘tuned’ their AT in the opposite direction and resulted in loss of 

sensitivity to antigen (as seen in exhausted T cells). Importantly, this AT tuning involved 

additional regulation of TCR-proximal kinases such as Zap70 and was reversible in vivo, 

but not in vitro. We also found that rather than just the duration of antigen exposure, AT-

tuning was potentially influenced by the rate at which antigen changes in vivo. This can 

help us understand how different persistent pathogens or tumors affect T cell responses, 

potentially based on the rates at which they replicate in the host. Finally, we characterized 

compounds that can target a T cell’s AT, identified in a high-throughput pharmacological 

screen, to potentially isolate drugs for altering T cell function during these physiological 

contexts.  
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Chapter 1: The activation threshold of peripheral T cells 

1.1. Overview of the immune system 

1.1.1 Prelude  

The immune system is our body’s defense against the world of threats that we 

encounter throughout our lives. There are two main arms of the immune system that protect 

us: innate and adaptive (Figure 1.1) [1]. The innate system is responsible for providing 

fast-acting protection, but it is less nuanced in that it can only discriminate between broad 

swaths of microbial categories [2]. If this ‘hammer’ approach to protective immunity does 

not successfully clear out the threatening microbe or tumor, then the precise, scalpel-like 

adaptive system is activated. The response of most cells in the adaptive immune system is 

therefore quite delayed but, it is highly specific to match the particular threat to our body 

[3]. The functionality of both systems is absolutely critical; where the fast-acting innate 

system is the first line of defense against threats as they arrive and can potentially destroy 

them without any assistance from the adaptive response. Conversely, cells of the innate 

system are also important as they must communicate with the adaptive system to recruit 

them to the fight. Upon activation, the cells of the adaptive system are deployed in two 

ways. B cells help make specific proteins called antibodies which can bind the surface of 

pathogens and mark them for destruction or removal. T cells on the other hand are more 

versatile; some of them traffic to the site of the threat and ultimately clear it while others 

are involved in making sure every aspect of the immune response is coordinated and 

controlled. Together, the army of cells effectively protect the body from any insults over 

our lifetime. While overtly simplified in the above description, these processes are critical 

pillars of a successful immune response. This thesis focuses on the operation of T cells 
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during these responses. We will discuss how individual T cells differ in their ability to 

sense and respond to a threat outside of the genetically encoded differences imbued through 

their unique T cell receptors. This is controlled by the internal ‘wiring’ of each T cell – 

whose components and circuitry are still incompletely understood. Being able to 

manipulate the flow of information within these circuits is the key to future development 

of therapeutics that can effectively harness T cells during vaccination, tumor 

immunotherapy, as well as altering responses during autoimmunity and transplant 

rejection. Indeed, the value of unravelling basic mechanisms of T cell operational logic is 

that the eventual practical applications to real world problems are quite broad and far 

reaching. 
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Figure 1.1. Overview of the cellular components of the immune system. 

Our immune system is comprised of two main arms; the innate and adaptive systems. The innate system 

provides fast, relatively non-specific defenses from a variety of phagocytic and cytotoxic cells. The adaptive 

system conversely, is a slower responding system but has extremely specific targeting mechanisms through 

either humoral or cellular responses. The humoral adaptive response is coordinated through antibodies 

secreted from B cells. The cellular adaptive response is coordinated through T cells which come in a variety 

of flavors. There are two unique T cells, γδ T cells and natural killer T (NKT) that have overlapping functions 

and kinetics with the adaptive system. αβ T cells are the conventional T cells and they are further subdivided 

into CD4 and CD8 cells which have helper and cytotoxic functions, respectively. Figures adapted from [© 

2020 Oxford Immunotec, http://www.oxfordimmunotec.com/north-america/science/technology/] 
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1.1.2. The internal circuitry of a cell 

 As we dive deeper into the mechanics of these two systems, it is imperative to 

appreciate that immune responses are managed by the coordination of actions from single 

cells. All cells of the immune system develop from precursors in the bone marrow and 

become specialized artisans of their craft (Figure 1.1). Innate cells such as neutrophils, 

macrophages, dendritic cells (DC), and natural killer (NK) cells detect any and all pathogen 

intrusion quickly to limit the damage to the host. This detection is accomplished by having 

receptors on their surface that bind the pathogen or pathogen product, much in the same 

way a key fits a lock; where the ‘key’ is the pathogen and the ‘lock’ is the cell surface 

receptor (Figure 1.2A). The fitting of this ‘lock-and-key’ at any time is an indication to the 

cell that its receptor protein has now found something outside the cell that is potentially 

threatening to the body. The cell now goes through a process of acting upon this 

information. In general, the actions that a cell takes first involves changes inside a cell 

(referred to as ‘activation’), and then converts to an altered behavior (referred to as 

‘response’) of a cell. The steps involved in activation require the cell to identify what 

exactly the receptor is engaging with. Understanding the type, duration, persistence, and 

damage caused by the threat are all integral pieces to identifying and reacting appropriately 

upon ligand binding. Addressing these questions involves a series of ‘signals’ that must be 

transmitted from the surface receptor into the cell – which then ‘interprets’ these signals to 

act upon it. The bulk of this thesis focuses on questions related to how these signals are 

transmitted (albeit in the context of the T cell) and how they are interpreted by the cell. 

Much in the same way a computer chip uses flow of currents through its circuits to calculate 

and respond, the internal circuitry of the cell depends on biomolecules. Instead of currents, 
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information is transferred in a sequential fashion, by one biomolecule making a change to 

the next one (similar to flipping a switch), which turns on the next and so on in relay. These 

biomolecules are called enzymes – and in the context of receptor signaling, the ones that 

turn on relays of signals are usually kinases. The switch is flipped in these cases through 

the addition of a chemical (phosphate) group – by a process called phosphorylation. Of 

course, this would mean that there is an ongoing signal in the circuit when the kinase is 

active (a ‘positive’ signal). In turn, there are also resistors (or things that stop the flow of 

information down a circuit). Some of these are enzymes called phosphatases, which 

remove the chemical that the kinase added – to effectively terminate the signal. Other 

modifiers of the circuit simply cut away (degrade) pieces of the circuit to prevent flow of 

information. These enzymes include proteases and ubiquitin ligases that either directly 

degrade proteins or add other chemical modifications that target proteins for degradation. 

Taken together, the action of these resistors prevent the ongoing flow of information and 

are hence often referred to as ‘negative’ signals. So, it is easy to appreciate how these 

combinations of parts can be used to build a complex computational device in every single 

cell (Figure 1.2B, Creative Commons Attribution 4.0). Over evolutionary time, every 

intricate part of this circuitry has been optimized to perform its biological function at a high 

efficiency. Such evolutionary optimization has potentially involved patchworks and 

modifications that we are only now beginning to unravel. And unlike a simple electrical 

circuit, in many cases, we are unsure of what the parts are ‘supposed’ to do – and often 

they are capable of performing more than a single function. This analogy of a cellular 

signaling machine therefore has limits; and has been previously discussed as a thought 
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exercise, where the ways in which a biologist approaches a complex, multi-component 

system does not necessarily provide adequate contribution to each of the pieces [4].  
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Figure 1.2. Ligand receptor interactions initiate complex intracellular signaling networks. 

Pathogen associated molecular patterns (PAMPs) are conserved binding elements that pattern recognition 

receptors (PRRs) such as Toll-like receptors (TLRs) have evolved specificity for. (A) The binding of the 

pathogen to the PRR transduces an intracellular signal that is then integrated and generates a biological 

response appropriate to the initial signal from the pathogen to PRR binding. (B) If we zoom into the signal 

transduction between the surface receptor to the activation of transcription factors that carry out the 

generation of a biological response, we find that there is a complex network of signaling molecules that 

function in coordination to carry the information from the plasma membrane to the nucleus of the cell. Figures 

adapted from [5, 6].  
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1.1.3. Decision making in the immune system starts with a single cell 

 As described above, the two arms of the immune system are coordinated by a 

network of highly specialized cells (Figure 1.1). Once they have differentiated, they 

populate the various tissues and lymphatic organs to patrol the body for any threats as 

discussed above. The individual niches that each of these cell subsets occupy provides 

distinct environmental cues, sensed and integrated by different receptors on these cells, to 

poise them for whatever they may encounter. These cells interact with their environment 

through ligand-receptor interactions that transmit information into the cell to modify its 

behavior. These environmental cues can include nutrients, metabolites, or molecules such 

as homeostatic cytokines that maintain the proliferation and turnover of cells [7]. Examples 

of these in T cells include glucose signals through GLUT1 [8] or trophic signals through 

the common gamma chain cytokines [9.]. Even other T cells, such as T regulatory cells 

(Tregs), can provide cues that modify the milieu and drive localized functional changes 

[10]. The combination  of such signals activate and differentiate T cells to combat the 

threats that we face – for instance by modulating the biasing of a response towards different 

T helper subsets by cytokines from DCs [11, 12]. When distilled to the core principle, these 

complex biological responses are driven by individual ligand-receptor interactions specific 

to the environmental niche. Multiple such interactions are integrated to affect an eventual 

cell fate decision. This means that the same cell type, occupying different niches, may be 

prone to make different responses when triggered; whether it be an innate cell directly 

responding to a pathogen or an adaptive cell responding to presented antigen [13]. Cell-

type-specific responses are superimposed on the maintenance and homeostatic signals that 

each cell is already processing from the environmental milieu. Secondly, each of the 
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independently-responding immune cells must often also act in a coordinated fashion to 

generate an effective immune response. This requires the intercellular communication 

between different cells – whether it be from one arm of the immune system (the innate 

system) to the next (the adaptive system) or even within cells of the same arm. Unravelling 

the principles by which signals from separate ligand-receptor interactions in each T cell are 

superimposed and then interpreted by the cell to elicit a response that is appropriate for the 

antigen, the milieu and the needs of other collaborating cells, is challenging. Indeed this is 

an extensive area of research within ‘systems immunology’ that was overviewed by 

multiple expert articles in several special issues, including a 2009 Nature Immunology 

Focus Issue  [14]. These reviews and articles discuss moving to a network level of thinking 

with signaling in immune cells given the complexities and overlap that they have [14]. 

Therefore, rather than thinking about TCR signaling in purely biochemical terms, as a 

series of enzymatic reactions, it is important to think about the underlying logic [15]. This 

will help relate the details within intricate signaling interactions to the bigger picture – the 

goal of generating and maintaining a coordinated, multi-cellular, and protective immune 

response against a wide variety of threats without damaging autoimmunity, all from the 

predictable actions of individual cells.  

1.2. Receptor signaling: Triggering, propagation, and interpretation  

As discussed in basic terms above, intracellular signaling functions as a computing 

machinery to turn environmental stimuli into biological responses. This cascade of events 

is typically initiated when a receptor capable of receiving the environmental cue as an 

‘input’, perceives a critical amount or duration of this to then drive the propagation of 

downstream biochemical intermediates that progressively amplify the initial input to 



10 
 

produce some form of ‘output.’ The ‘output’ can range from metabolic, structural, or gene 

expression changes that affect cell function and fate. Understanding the precise rules by 

which these signaling systems interact and lead to cellular decision making is key to 

developing a complete and therapeutically manipulatable understanding of biological 

systems, including the working of T cells.  

Many principles linking cell signaling to fate decisions in immune cells, are shared 

with other cell types where they have also been extensively studied [16-18]. Considering 

these general concepts in the operation of mammalian signaling networks is therefore 

helpful, before layering on precepts unique to the TCR. Indeed, formulating a general and 

logical framework that aids our understanding of how parameters in signaling translate to 

functional consequences within signaling networks (along the lines of the central dogma 

or the histone code for molecular biology) is a lodestar that is far in the future. We can still 

draw on biochemical properties of protein signaling to unravel individual components to 

begin to formulate a framework for how these networks drive cellular decisions. I will first 

briefly lay out our current understanding of this framework in general signaling parlance 

and then extend it to the context of the regulation of activation and differentiation programs 

driven by the TCR itself.  

When considering the process of cellular decision-making driven by most cellular 

receptors, we can interrogate the underlying signaling logic using two broad categories of 

questions: first, how does a receptor ‘know’ to transmit the signals it is receiving from its 

ligand? Secondly, how are the downstream molecular networks engaged to turn receptor 

‘outputs’ into biological responses? The initial structural ‘lock-and-key’ receptor-ligand 

interaction for most receptors can be understood by pure biochemical properties – although 
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the T cell receptor (as discussed later) may be different in this regard. These two main 

questions are linked, but operate at different timescales and are subject to regulation by 

different parameters. The first is typically discussed as the problem of receptor triggering 

and the second as that of signal integration. Triggering initiates the flow of a biochemical 

flux down the circuitry of molecules associated with a receptor, while integration computes 

multiple parameters leading to functional alterations or gene expression. While these are 

intertwined in many ways, considering them separately allows us to appreciate the unique 

regulatory constraints that cells apply to each phase as well as the contributions of each to 

the eventual functional output of the cell. In many cases, including in the context of T cell 

activation, both are considered together under the umbrella of an “activation threshold”. 

As we will discuss further, the modulation of activation thresholds during different stages 

of a T cell’s life is a central part of its biology. A better understanding of the underlying 

circuitry and how it relates to T cell decision-making at each step is therefore critical. 

1.3. The concept of a receptor activation threshold 

Defining ‘activation threshold’ for any cellular system is not trivial – especially 

since it is often defined by the downstream consequence (‘output’ or response) which may 

be immediate or far removed. The quantitative metric typically used to define an activation 

threshold is the amount of ligand required to elicit a response from the cell. The higher the 

amount of ligand required, the less sensitive the cell is considered to be for responding to 

it and therefore assigned a higher activation threshold.  Thus, the activation threshold is 

usually implied to be a barrier to activation – a collection of biochemical ‘resistors’ that 

limit the receptor from powering downstream signaling networks which has to be 

overcome for successful responses. As we learn more about the specific role of TCR 
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signaling and the contributions of each individual branch downstream of the receptor, it is 

helpful to paint a clearer picture of this critical parameter to better understand the biological 

consequence of this signaling. 

The definition of activation threshold is perhaps easiest to define when considering 

a simplified receptor signaling network like those exemplified by steroid receptors. Here, 

the simplified ‘input’ to ‘output’ process allows a clearer discussion of the role of 

thresholding in the interim. Since steroid hormones can diffuse through the membrane, 

they bind their receptor directly in the cytoplasm. The binding at an allosteric site causes a 

conformational change that releases it from chaperones that hold the receptor in an inactive 

state [19]. This complex is then translocated to the nucleus where it dimerizes with another 

ligand bound receptor to form an active transcription factor that can influence gene 

expression (Figure 1.3A). Unlike surface receptors, multiple other signaling intermediates 

are not typically required for the ligand-bound receptor to elicit an output – i.e. exert 

cellular transcriptional activity to alter gene expression. Therefore, in its simplest form the 

response is determined by few parameters: the structural properties of the receptor to 

ligand, translocation to the nucleus, and binding of cognate DNA elements. This results in 

a traditional sigmoidal response curve as shown in Figure 1.3A, where the response from 

signaling is proportional to the input of the ligand for the receptor. The shape of the curve 

here is influenced by biophysical properties linked to the receptor. For instance, a lower 

affinity ligand-receptor interaction would shift the curve to the right (grey line Figure 1.3A, 

right panel) and vice versa (dotted grey line Figure 1.3A, right panel). Both of these 

effectively change the EC50 (see red line in Figure 1.3A right panel), with a higher EC50 

indicating an output that is less sensitive to the ligand but, this measurement is essentially 
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at a population level. At the receptor level, we would still expect that the changes for a 

single molecule to trigger gene expression also relates to this EC50. This is supported by 

the whole blue curve in Figure 1.3A, right panel, shifting either to the right (grey line) or 

left (grey dotted line). Therefore, whether you consider the initial phase (e.g. the inflection 

point at which the response “triggers” or comes off the baseline) or the maximal output 

(i.e. the top of the curve representing the saturation response the system is able to make) is 

unlikely to influence the quantitative interpretation of the response profile. And 

simplistically, whether we collapse this to a single molecule’s behavior or a single cell’s 

behavior the derived values for the activation threshold in this system are likely to remain 

relevant. But, an important point to make here is that each segment of this curve (e.g. 

trigger, EC50, maxima) can also differ due to two factors - cellular heterogeneity and time. 

For instance, if the population of cells to which the steroid is added differ in amounts of 

steroid receptor expression, then you will expect the differences in responses among 

individual cells in a population (Figure 1.4). Depending on when you measure the response, 

not all cells would have responded here – and the greater the heterogeneity, the bigger the 

impact on the dose response curve. Interestingly, when you plot the cumulative response 

(over a period of time from the entirety of the population) from the population (Figure 1.4), 

you could now have an interesting disconnect between the three parts of the curve. The 

trigger points can potentially remain the same (since a few cells responding would mark 

the curve leaving the basal levels), and given time perhaps the maxima as well (since that 

reflects the eventual maximum possible response). But the dose response can potentially 

shift around. Additionally, in this situation there is also the possibility that cells that do not 

respond in the same manner. For example, if there is a population of cells in which cell A 
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makes response X and cell B makes response Y then the average response (summation of 

all responses at a particular time) will not accurate reflect what each cell was doing. One 

molecular basis of such heterogeneity in responses among T cells is the focus of Chapters 

3 and 4 of this thesis. 
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Figure 1.3. Biochemical properties that contribute to receptor activation thresholds. 

(A) The affinity of binding of a ligand to a receptor causes displacement of an inhibitory factor and proceeds 

to propagate signals. The shifts in curves are reflective of an increase (grey dotted line) or a decrease (solid 

grey line) of the ligand-receptor interaction. The trigger point is defined as the concentration where the 

response is generated above baseline. EC50 is the concentration at half maximal response. Maxima is the 

maximal response generated despite any increase in ligand concentration. (B) Representative response 

demonstrating the influence of co-factor requirements for response generation where the ligand-receptor 

interaction alone is shown in blue and the addition of co-factors is shown in the grey dotted line. The addition 

of cofactors does not significantly alter the trigger or EC50 of this response but rather increases the maxima. 

(C) Representative response demonstrating a cooperative system where the binding of one ligand-receptor 

interaction increases the likelihood of a secondary ligand-receptor interaction and facilitates a switch like 

function from that. (D) Representative response demonstrating the change of feedback that can shift the 

trigger and EC50 of a response curve. Image generated using Biorender.  
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Figure 1.4. Heterogeneity in signaling components can influence the threshold measurement. 

The response of a population versus a single cell can convolve the response curves. (A) Synchronous 

activation at the population level would have all cells activating at the same time in response to a stimulus to 

generate a curve as designated in panel D (blue line, A). This though is an unlikely occurrence since there is 

variability in cellular expression of receptor and the interaction that it has with the ligand within the system. 

(B) Asynchronous activation takes into account the heterogeneity among cells and the time during which it 

would take these to activate based on the differences in expression of receptor and the interaction with the 

ligand as shown in panel D (red line, B). (C) Incomplete activation at a population level is a failure of some 

of the cells to activate despite any amount of time with that concentration of ligand as shown in panel D 

(black line, C).  
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A further wrinkle, even in this simplistic paradigm, is the requirement of additional 

co-factors to affect transcription. In the case of steroid receptors such as the estrogen 

receptor, the required co-factors include SRC-1 [20, 21], TIF2 [22], GRIP-1 [23], and AIB1 

[24] which are p160 family members of steroid receptor coactivators. Additionally, the 

estrogen receptor also recruits histone acetylases such as CBP and p300 [25, 26]. This 

assembly of proteins is essential to open the chromatin as well as efficiently recruit the 

RNA polymerase complex to initiate gene expression [27]. The limiting factor for eliciting 

a cellular response in this case is still the accumulation of transcription factor activity, but 

now it considers not just the activated steroid receptor complex but also the required 

cofactors. This modifies our simple concept of an activation threshold. The likelihood of 

activating a response by the receptor relies on two more parameters beyond the ligand 

availability itself – the expression levels of the steroid receptor and the cofactors necessary 

to initiate transcription. In this example, it has been shown that overexpression of the 

estrogen receptor or one of the cofactor proteins (SRC-1) increases transcription of 

estrogen responsive genes resulting in increased cell survival [28, 29]. Moreover, there is 

an ordered recruitment of the receptor and cofactors to produce gene expression changes; 

where the estrogen receptor binds first, then histone modifying cofactors, and finally 

additional cofactors for assistance in recruitment of the RNA polymerase complex to initial 

gene transcription [27]. This suggests that outside of the receptor itself, the cofactors and 

the way in which they are recruited to the DNA are absolutely critical for efficient 

transcription. As such, heterogeneity in responses to the ligand in this system, can result 

from the regulation of the required cofactors. As described above, the p160 cofactors are 

essential for estrogen receptor transcription since they are responsible for aiding in 
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recruitment of the RNA polymerase complex. This suggests that the regulation of these 

cofactor molecules would be closely tied with the biological outcome of the ligand-receptor 

interaction. As such, if these molecules are unable to be recruited (or not recruited) 

efficiently, the ability for transcription to proceed efficiently would significantly decrease. 

This has been demonstrated using mutant studies of these p160 cofactors where the mutants 

are unable to bind the activation estrogen receptor transcription factor and there is 

diminished gene transcription in the absence of a functional p160 cofactor [27]. While there 

is diminished activity the reporter is not completely abrogated so the role of these cofactors 

is instead to alter the maximal gene transcription from an activated ligand-receptor 

complex rather than altering the activation threshold of the ligand-receptor interaction 

(Figure 1.3B, right panel).  

As with any biological system, this simple input-output paradigm has additional 

layers of control (Figure 1.3C and 1.3D). One such layer of control is seen through 

cooperativity between signaling intermediates. In this case, recruitment of an initial binding 

partner happens relatively slowly but once the first partners are assembled, the ability to 

associate with another partner molecule is greatly accelerated. A classic example of 

cooperativity is the protein hemoglobin, where the first molecule of oxygen to bind one 

subunit increases the likelihood of another to bind to the additional subunits resulting in a 

binding curve that is sigmoidal rather than linear (Figure 1.3C). Therefore, this change in 

interaction between the protein network can change how the response curve looks. 

Cooperative interactions in signaling networks at an extreme can lead to a “switch-like” 

function where there is no evidence of the response being triggered for a while, until the 

response suddenly transitions to its maximum possible output. These are typically also 
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called “digital” responses, where there are only two states – on or off. A similar framework 

can be applied to transcription factor complexes where the binding of the transcription 

factor and its respective cofactors increases the likelihood of the RNA polymerase complex 

binding and therefore the gene transcription. To further use the example of estrogen 

receptors, it has been found that ligand-bound estrogen receptor dimers bind cooperatively 

when there are multiple estrogen-responsive elements within the promoter region, albeit 

dependent upon spacing and sequence, but this in part explains the synergistic effects seen 

in vivo [30]. Additionally, feedback mechanisms add an additional layer of control where 

the output can influence the original input signal [31]. We are most familiar with both 

positive and negative-feedback mechanisms in cellular signaling systems where a 

combination of these mechanisms are used to generate a variety of output amplitudes and 

duration. Again using the estrogen receptor as an example, it has been recently appreciated 

that CSK and PAK2 provide negative feedback on estrogen-regulated gene expression and 

have begun to explore modulating pathways for treatment of breast cancer [32]. The 

feedback ultimately shifts the response curve to the left or right from the initial parameter 

depending on whether the feedback is positive or negative, respectively (Figure 1.3D, right 

panel grey lines). Considering these factors together, a picture already emerges of the 

threshold for triggering responses as a malleable parameter, uniquely responsive to the 

lineage, experience and state of each cell which would modify the protein networks 

available to participate in signaling.   

The reason we used a simple ‘input - output’ module to discuss these core concepts 

is because the measurement of output is relatively straightforward here. Concentrations of 

ligand required to elicit the biological response (initiation of transcription in this simplified 
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system) is considered a direct measurement of the signaling thresholds that need to be 

overcome in order to induce a response. As we consider signaling pathways with additional 

steps, the definition of a ‘response’ itself is more layered. Overall, we are still interested in 

understanding how the ligand for a receptor elicits function – typically in terms of gene 

expression or (in more complex terms) cellular proliferation, migration, and differentiation 

to name a few. Yet, at each step of the signaling cascade, there are potentially 

independently operating input-output modules. So, there are other ways in which to 

measure output including phosphorylation of signaling intermediates, localization of 

signaling complexes, alteration of metabolism, etc. but, measuring these other parameters 

within the signaling cascade are not necessarily a reliable predictor for transcriptional 

activity since the generation of a phosphorylated intermediate does not guarantee 

transcription. Similarly, for a specific cellular function like proliferation, measurement of 

phosphorylated intermediates does not guarantee an accurate readout of these complex 

functions. Importantly, for each input-output module in the cascade, the amount of ligand 

elicited may vary. For instance, phosphorylation of ERK by EGFR happens at a 

concentration of 1ng/mL [33] of ligand, but expression of gene EGR1 coding for Egr-1 

requires 50ng/mL concentration of ligand [34]. In these models then the threshold for 

eliciting ERK phosphorylation is significantly different from the threshold for eliciting 

gene transcription. Equally important, if the signaling results in ERK phosphorylation, but 

no subsequent gene expression for a specific reporter, it is also not clear if recruited nuclear 

transcription factors were able to affect expression of other genes. An additional example 

is provided by responses to IL-12 in T cells. IL-12 is a critical cytokine that is responsible 

for skewing T cells towards particular effector fates. This is achieved through JAK-STAT 
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signaling and activation of gene expression programs that synthesizes the cytokine IFNγ. 

In human T cells, the stimulation with 50ng/mL IL-12 is sufficient to increase IFNγ 

production by two-fold [35] whereas the phosphorylation of pSTAT4, a signaling molecule 

downstream of the IL-12 receptor, can occur at concentrations as low as 2ng/mL [36]. This 

highlights the discrepancies between measuring the signaling intermediates and the 

biological outcome of the ligand-receptor interactions. These biochemical principles then 

afford contextual weight to the quantitation of activation threshold. Aspects of 

cooperativity in the signaling network can affect the shape of the dose response curve at 

each step of the cascade. If a very high ligand concentration is required to trigger the initial 

phosphorylation event, but the subsequent biochemical steps are very cooperative, this 

would yield a curve as in Figure 1.3C, essentially mimicking a switch-like behavior.  

Linear signaling pathways also generate feedback – mechanisms that alter the way 

in which the initial input is translated into an output [31] (Figure 1.5). There is both positive 

and negative feedback within signaling pathways that can either enhance or dampen the 

signaling capacity, respectively.  Positive feedback operates with the help of cooperative 

interactions to feed the output signal back to the input amplifying the response of the 

original input signal (Figure 1.5A). This type of signaling mechanism is seen with the 

inositol 1,4,5-triphosphate receptor (IP3R) which is a calcium-gated ion channel in the 

endoplasmic reticulum. This receptor can be partially activated by the binding of four IP3 

molecules which allows an initial release of calcium from the endoplasmic reticulum. This 

calcium release then fully activates the IP3R causing further calcium release completing a 

positive feedback loop. This loop provides an amplification of the initial calcium release 

through the released calcium feeding back on the IP3R [37]. This amplification is critical 
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because it takes the smaller initial output signal (calcium release) and ultimately increases 

the strength of that signal by feeding back to increase the activation of the initial receptor 

output. An additional example of a positive feedback loop is the ERK activation of 

phospholipase 2 (PLA2) which increases production of arachidonic acid to activate protein 

kinase C (PKC). PKC ultimately feeds back into ERK activation prolonging the signal 

potentiation [38]. Both of these examples do not require new protein synthesis and are fast 

acting ways to increase the impact of the initial receptor output signal.  
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Figure 1.5. Positive and negative feedback circuits in signaling. 

Simplistic representations of positive and negative feedback loops. (A) Positive feedback is generated from 

the initial input to output relay and that signal then is integrated back into the input to further perpetuate 

additional output. (B) Negative feedback is generated from the initial input to output relay and that signal is 

then integrated back into the input to shut down additional output generation. Image generated using 

Biorender.  
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In contrast, negative feedback typically serves to turn off the incoming signaling 

flux by feeding negative signals back to the initial input mechanism (Figure 1.5B). For 

example, in the case of signal transduction involving kinases there are counterpart 

molecules that remove the activating phosphate group to terminate signaling. For example, 

one of the immediate early genes downstream of ERK1/2 activation are a class of 

phosphatases called DUSPs. These proteins are responsible for dephosphorylating the 

ERK1/2 complexes which precludes full activation and terminates their activity [39]. This 

serves to terminate the signal upon gene expression upregulation and prevents the 

continued positive signaling if the ligand is still present after these products have been 

made. Beyond new gene products, there are also immediate examples of phosphatase-

kinase regulation with the binding partners on the intracellular tail of CD28. CD28 

signaling proceeds through a variety of adapter molecules include Grb2 and MAPK but, it 

has also been appreciated that among this assembly is a MAP kinase phosphatase, MKP6. 

This phosphatase acts to attenuate the CD28 signaling in an immediate manner, in contrast 

to the previous example that required new protein synthesis [40].  Other forms of negative 

feedback involve the recruitment of degradative processes. Typically, these include 

ubiquitin ligases which are responsible for tagging proteins with a post-translational 

modification to target them to the proteasome. For example, osteoclast differentiation is a 

tightly controlled process that depends upon the activation of the transcription factor 

NFATc1. It has been shown that stimulation through macrophage-colony-stimulating-

factor (M-CSF) results in the degradation of NFATc1. This process is mediated by the E3 

ubiquitin protein ligase, Cbl, and is critical for downregulation of NFATc1 transcriptional 

activity [41]. These negative-feedback mechanisms all result in dampening the signals 
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from the initial input typically through post translational modifications to alter the activity 

of the ‘input to output’ computation. The generation of negative feedback and its 

consequence on T cell activation is the topic of Chapter 5 of this thesis. 

Importantly, in most signaling pathways, negative feedback is generated after a 

certain delay. Some of the examples given here require the synthesis of new gene products 

to provide feedback which of course will take a longer period of time to actually feedback 

on the process compared with the other examples where the feedback molecules are already 

only have to be recruited or activated in some way rather than synthesized. These 

differences in timing are critical pieces when understanding how signaling proceeds; does 

it involve a delay in the recruitment of the feedback or are those molecules made and ready 

to function? Typically, when feedback is on a delay from the initial output signal in order 

to allow signals to propagate, this generates a property known as hysteresis. It is a common 

property among signaling and particularly with regards to feedback mechanisms. This 

property can significantly alter the way in which a signaling pathway progresses since it 

provides feedback on the initial input mechanism. As this relates to the TCR, this delay in 

response is an integral part of the Tunable Activation Threshold (TAT) model proposed by 

Dr. William Paul and Dr. Zvi Grossman to explain the ways in which lymphocytes adapt 

their signaling machinery to adjust their sensitivity to antigen [42, 43]. This framework is 

the basis of concepts and experiments in Chapter 6.  

In the case of signaling from cell surface receptors such as the TCR, the activation 

of transcription factors is typically the ‘last’ stage leading to gene expression. Often 

multiple signaling cascades converge to generate a biological response (such as initiation 

of transcription). The integration of multiple branches adds the final layers of complexity 



26 
 

when discussing receptor signaling since each aspect of the ‘input to output’ chain (Figure 

1.3B – 1.3D) can be applied to each of the individual branches of the signal flow. This is 

typically discussed under the umbrella of emergent properties and how they alter the 

mechanics of the signaling systems as whole [38, 44]. One of these emergent properties is 

ultrasensitivity where a system of proteins functions as a switchover a narrow change in 

ligand concentration (Table 1.1). This arises in situations where protein systems work 

cooperatively, have multiple regulation steps, or by changes in inhibitor or activator 

concentrations. For example, one of the first demonstrations of this behavior was using 

Xenopus oocyte extracts to demonstrate the cooperativity of the MAPK system [45]. It was 

also demonstrated with the GTPase, Rap in response to cannabinoid receptor-1 signals 

[46]. These systems produce a switch-like behavior where the change in the system output 

is either at baseline or maxima over a narrow change in ligand which is reflected by the 

ultrasensitive naming.  Bistability is another emergent property where positive-feedback 

loops (or two negative feedback loops) result in switch like behavior as well but in this 

situation, there are two stable states within the signaling system where above a set amount 

of ligand the system will achieve a relatively high response steady state of below that 

amount will be set at a baseline (Table 1.1). These systems use a form of adaptation to 

convert graded input signals into a singular output behavior which can then persist after 

the activating stimulus is removed [47]. This type of behavior has been observed in the 

JNK cascade of Xenopus where upon stimulation JNK is either on or off. This then provides 

a positive feedback loop to increase JNK activation promoting factor causing other JNK 

molecules to be activated. A key piece of this system is that the removal of the initial 

stimulus does not immediately turn off the signaling due to the positive feedback loop 
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described [48]. Another example of an emergent property is the observation of oscillatory 

responses. This results from negative feedback loops that gate the maxima of a response as 

well as the duration of the response (Table 1.1). Interestingly, with this situation, an 

increase in ligand does not result in increased amplitude and duration but rather increases 

the number of oscillations of response that are generated. An example of this system is 

seen within the cell cycle where Cdc2 activates anaphase promoting complex which then 

feeds back to inactivate Cdc2. This system also has a positive feedback loop with Cdc2-

Wee1/Myt1 and Cdc2-Cdc25 [49]. Together these signaling mechanisms create a distinct 

pattern of output signal which has a controlled duration and maxima resulting in 

oscillations of outputs, compared to the other emergent properties. A final characteristic of 

emergent properties is the use of redundancy and robustness (Table 1.1) where multiple 

pathways will feed into the same biological response ultimately aiding to withstand 

perturbations within the system without losing the biological outcome, therefore increasing 

the robustness of the response from the pathway activation. One example of this is the 

downstream pathways of EGFRs which there is activation of PKC and Ras to both feed 

into the ERK pathway [17]. This provides another point of adaptation where there are 

multiple input signals to result in a singular output by ERK. Taken together, these 

properties demonstrate the powerful and complex regulatory mechanisms that occur upon 

the interaction of multiple signaling branches all of which contribute to the ability of the 

ligand-receptor to generate a biological response and therefore the activation threshold of 

that particular interaction.  
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Table 1.1. Biochemical properties that contribute to receptor activation thresholds. 

Term Definition Citation(s) 
Cooperativity Protein subunits that have similar binding sites for their ligand 

and upon binding of one site, there is an increased binding 

potential for all additional sites. Similar behavior can occur 

between different proteins as well.  

[50] 

Feedback The generation of a signaling output that then influences the 

initial input signal either positively or negatively 

[31] 

Digital signaling Switch-like outputs from ligand-receptor interactions [51] 

Analog signaling Graded outputs from graded input signals [52] 

Emergent properties Protein network level phenomena that are not observed within 

single ligand-receptor systems. This includes: ultrasensitivity, 

bistability, and oscillatory behavior.  

[44] 

Ultrasensitivity Protein systems that have switch-like responses over very narrow 

changes in ligand concentration typically through protein 

cooperativity or feedback loop interactions.  

[45, 53] 

Bistability This describes a protein system where there are two distinct 

equilibrium states that the proteins can operate at. These 

typically arise from feedback loop interactions.  

[47] 

Oscillations In certain systems, rather than increasing the duration or 

amplitude of a response, there is an increase in the number 

discrete output signals.  

[44] 

Redundancy Protein systems will typically have multiple players that can 

perform similar signaling mechanisms such that if one is 

rendered inactive it does not shut down the entire system.  

[54] 

Robustness The ability of a protein signal system to withstand perturbations 

from other components. This is closely tied with redundancy 

because that is the mechanisms that aids to withstand 

perturbations.  

[55] 
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Summarizing this section, I have reviewed some of the parameters that contribute 

to the response of a ligand-receptor interaction including the levels of the ligand, the 

affinity of the ligand-receptor interaction, cofactor requirements for the biological 

response, cooperativity and feedback loops within single pathways, and the interactions 

between pathways activated simultaneously by a single ligand-receptor interaction. From 

these, we can appreciate that the concept of an activation threshold takes into account the 

biochemical properties within a ligand-receptor signaling cascade including all of the 

downstream networks that translate those interactions into biological responses. The 

necessary partners that aid in producing a final response and the way in which those 

molecules are regulated, the interactions between those proteins (whether positive or 

negative mechanisms of action), as well as properties that exist through network 

interactions are all parameters that build into the framework of an activation threshold. 

Therefore, it is perhaps too simplistic to think of activation threshold as a system of 

negative ‘resistors’ that are working against the positive signal transduction. Rather, this is 

a network of interactions where each individual piece has its own regulatory processes at 

work and combines positive and negative components. Each process must be considered 

individually when defining mechanisms relevant the activation threshold. Each piece of 

the network contributes to the ability of the transduction cascade to culminate into a 

biological response and that first response is the point at which we define the activation 

threshold. Breaking down the cellular components that are responsible for the decision to 

generate a complex biological response (such as those seen downstream of the TCR) is 

imperative to understand how there is heterogeneity leading to the variety of survival, 

activation, and differentiation states that are associated with TCR signals. This is a focus 
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of two Chapters in this thesis, where one of the components (NFκB) of the signaling 

network downstream of the TCR is calibrated by another receptor (CD5) by modifying the 

stability of a negative regulator of NFκB. Importantly, for many of the regulatory processes 

to act in cells and determine cellular fates and behaviors, no concomitant changes in gene 

expression may be evident. In other words, modern techniques including high resolution 

single-cell measurements of RNA or the epigenome, may not inform us about unique 

cellular states that are sustained by purely systems-level biochemical alterations in the 

cellular signaling network. We discussed these levels of regulation without relying heavily 

on the literature on TCR signaling, primarily because very little is currently known about 

the logical principles regulating the signaling networks forming the activation threshold of 

peripheral T cells. We will now review the basic elements of TCR signaling and how some 

aspects of systems behavior may be evident in these pathways. 

1.4. Levels of the TCR signaling cascade and its essential components  

The T cell receptor (TCR) is composed of multiple subunits where the extracellular 

elements which recognize the ligand and the intracellular components which transduce 

signals are separated out (Figure 1.6A, Copyright Clearance Center Marketplace 

#1053561). The former is contained in the  and  chains, generated uniquely in each T 

cell precursor as a result of VDJ recombination. The latter complex is made up of the CD3 

molecules which engage downstream signals using unique motifs known as ITAMs (Figure 

1.6A).   The intricacies of signaling via the TCR has been heavily researched and 

extensively reviewed [56-63]. Here, we will discuss briefly each piece of this signaling 

pathway to emphasize the key components and regulatory nodes relevant to experiments 

in this thesis. We can divide the TCR signaling cascade into four distinct regions: proximal, 
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adapters and intermediates, distal, and nuclear (Figure 1.6B, Copyright Clearance Center 

#4882631444332). Each section below will describe the main components and the 

idealized flow through each of these levels leading to the response from pMHC 

engagement.  
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Figure 1.6. T cell receptor signaling modules 

(A) The T cell receptor complex is comprised of the T cell receptor itself (α chain and β chain) and multiple 

CD3 molecules (one γ, one δ, two ε, and two ζ chains). The CD3 complex is essential for signal transduction 

since there is no intrinsic signaling capabilities of the TCR. (B) Once the signal is transduced inside the cell 

from the TCR complex, the signaling cascade can be broken into distinct modules; proximal, intermediates, 

distal, and nuclear. The proximal module comprises the early kinases Lck and Zap70 that are responsible for 

transduction of the initial signals. These kinases then activate molecules in the intermediate module that also 

serve as scaffolds to diversify and amplify the signaling from the TCR. The intermediates branch into 

multiple distinct distal nodes including calcium, MAPK, and NFκB pathways. These distal components 

ultimately lead to activation of transcription factors that translocate to the nucleus to initiate gene programs 

to generate T cell responses as a part of the nuclear module. Figures adapted from [64, 65].   
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1.4.1. Proximal TCR signaling components 

The TCR binds small peptides displayed in the context of MHC to transduce signals 

intracellularly and the resulting signaling cascade has been reviewed [56]. The TCR is a 

complex of the alpha and beta chains (in the case of conventional T cells) and the 

association with multiple CD3 chains: one gamma, one delta, two epsilon, and two zeta 

chains. Since the TCR itself does not have any capability to signal intracellularly alone, the 

receptors associate with the CD3 complex to enable intracellular signaling through their 

multiple ITAMs and has been reviewed [66]. ITAMs have a defined amino acid structure 

that separate the tyrosines that are phosphorylated to create docking sites for downstream 

signaling molecules (Figure 1.7A). A similar consensus sequence is present in immune-

receptor tyrosine inhibitory receptor motifs (ITIM) that recruit inhibitory molecules to 

dampen signals rather than perpetuate them in other receptors [67]. The ITAMs of the TCR 

complex are distributed along the CD3 chains where CD3δ, CD3γ, and CD3ε each have 1 

ITAM and the ζ chains each have 3 ITAMs (Figure 1.7B, Creative Commons Attribution 

4.0). Evidence suggests that the CD3ε and ζ chains are crucial for effective TCR signaling 

but, the redundancy of ITAMs increases signaling from the complex [68-71]. Interestingly, 

there does seem to be a preferential binding of downstream molecules to particular ITAMs 

so, the redundancy may serve to recruit all necessary components in an optimal fashion as 

well as facilitate development of certain subsets of T cells like T follicular helper (Tfh) 

cells [72, 73]. Therefore, this particular motif is essential for the ability of the TCR to 

transduce signals downstream.  
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Figure 1.7. Immune-receptor-tyrosine-based-activation motif sequence and structure within the T cell 

receptor. 

(A) Amino acid sequences of the ITAM on CD3ε, CD3δ, CD3γ, and ζ chains with the consensus ITAM 

sequence. Conserved residues are highlighted in blue. (B) TCR complex with the ITAM labeled in grey on 

each molecule. CD3ε, CD3δ, and CD3γ each contain one ITAM and the ζ chains contain three for a total of 

ten ITAMs per TCR complex. Figures adapted from [66, 73] © Cold Spring Harbor Laboratory Press 

(panel A).  
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The propagation of signaling downstream of ITAM phosphorylation has been 

reviewed [56]. Briefly, ITAMs on the zeta chains are phosphorylated by Lck upon TCR 

binding to pMHC [74]. Coreceptor recruitment to the TCR complex brings in Lck since it 

is constitutively associated with CD4 and CD8 molecules [75, 76]. Active Lck is present 

in resting T cells and it is these molecules that initially potentiate TCR signals but, as the 

signaling continues, additional Lck molecules become activated and assist in initiating 

signaling [77, 78]. Lck activity is regulated by the phosphatase CD45 and the kinase CSK. 

ITAM phosphorylation on the zeta chains provide a docking site for another downstream 

kinase, Zap70, which then sets off a chain reaction of signaling to ultimately elicit 

downstream responses from the receptor interaction. The activation of Zap70 is two-fold; 

first the binding of Zap70 to the SH2 domains within the ITAMs disrupts the autoinhibited 

conformation and then Zap70 is further activated by phosphorylation via Lck. This 

proximal module directly translates the extracellular interaction of TCR:pMHC into an 

intracellular output that can then be fed into a network of signaling molecules towards the 

goal of T cell activation or differentiation (Figure 1.8, Copyright Clearance Center 

Marketplace #1053576).  

As discussed above, CD45 is another molecule that could be considered proximal 

but is not immediately downstream of the TCR itself and the structure and function of this 

molecule have been reviewed [79, 80]. CD45 is a type I transmembrane glycoprotein that 

has intracellular phosphatase activity. This intracellular tail interacts with Lck to 

dephosphorylate an inhibitory tyrosine (initially maintained by CSK) while also, 

dephosphorylating any targets of Lck such as the ζ chain ITAMs. An important note of 

CD45 is that it is both necessary to fully activate Lck but also the segregation of this 
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molecule from the TCR signalosome is necessary to prevent this inhibitory molecule from 

coming in too close of contact with the phosphorylation cascade that propagates TCR 

signals (Figure 1.8). Yet, this molecule is absolutely critical for T cell function since the 

genetic ablation of this molecule prevents T cell development in the thymus [81] and it has 

recently been appreciated that it functions as a ‘gatekeeper’ to allow graded signaling 

outputs while maintaining discrimination between weak signaling through the balance of 

activity with CSK [82].  
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Figure 1.8. Proximal and intermediate modules of TCR signaling. 

The TCR complex, upon engagement with pMHC, Lck phosphorylates the tyrosine residues within ITAMs 

on the zeta chains. This provides a docking site for Zap70 to be recruited which can then begin to 

phosphorylate its target. This is what comprises the proximal module where there are a few kinase molecules 

that interact with the pMHC engaged TCR complex. Upon Zap70 activation, it can phosphorylate targets 

such as LAT (a scaffold molecule) that coordinates the assembly and activation of many of the components 

of the intermediate module. This includes molecules such as PLCγ and Vav to name a few. Figure adapted 

from [83].  
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1.4.2. Adapters and intermediates 

The activation of Zap70 is a tipping point in the TCR signaling cascade since it is 

responsible for activating many of the downstream adapters that diversify the signals from 

the proximal module and its function has been reviewed [84]. Zap70 activates LAT which 

serves as a scaffold for many other signaling intermediates to bind and localize to the TCR 

signaling complex. Moreover, the multiple phosphorylation sites on LAT serve as docking 

sites for downstream mediators such as PLCγ1, Grb2, and Gads. Grb2 and Gads serve as 

further adapters to recruit SLP76, a target of Zap70, and SOS which potentiates additional 

signaling pathways (Figure 1.8). Interestingly, SOS and Grb2 can span multiple LAT 

molecules to serve as a super-scaffold of adapter molecules creating a large platform for 

amplifying TCR signals [85]. Adapters are a critical component to TCR signaling where 

the loss of LAT precludes both signaling and development past the double positive stage 

[86-89]. While there is redundancy within the system, these adapters each have a distinct 

role in recruiting individual signaling components such as MAPK, NFκB, and calcium 

signaling which all contribute to the branching of the TCR signal [90-92].  

Taken together these adapters are critical for recruiting many downstream signaling 

mediators such as PI3K, AKT, ITK, and PKC which will continue to propagate the signals 

down individualized branches of signaling (Figure 1.9, Copyright Clearance Center 

Marketplace #1053576) as reviewed [63]. PI3K activates PKCθ which ultimately feeds 

into the NFκB pathway. AKT is another target of PI3K which will activate mTOR signaling 

which is responsible for many alterations including changes in cellular metabolism. 

Additionally, ITK phosphorylates PLCγ1which hydrolyzes PIP2 to make IP3 and DAG. 

These second messengers, IP3 and DAG, are critical for activation of calcium channels 



39 
 

such as IP3R (IP3) and other proteins such as PKCθ and RasGRP-1 resulting in activation 

of downstream MAPK pathways. Ultimately, the activation of these molecules is what 

initiates the diversification of the TCR signaling into individual pathways and brings us to 

the distal components of the pathway.  
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Figure 1.9. Distal and nuclear components of TCR signaling. 

After the assembly of intermediates on the scaffolding molecules, the signals begin to diversify into 

independent pathways including calcium signaling, MAPK, and NFκB. These pathways are maintained 

relatively independently from each other considering the cascades do not have overlapping players and the 

endpoint transcription factors are NFAT, AP-1, and NFκB respectively for each distal pathway. These 

transcription factors are the nuclear components of the TCR signaling pathway that ultimately are responsible 

for integrating the signals and coordinating the biological response that is generated. Figure adapted from 

[83].  
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1.4.3. Distal components 

The main purpose of the above described adapters is to provide a jumping-off point 

for the individual branches to amplify the output signals from these adapters. Here we will 

discuss each of these downstream branches that ultimately lead to activation of a multitude 

of transcription factors that are essential for T cell activation processes and has been 

reviewed for the TCR signaling cascade [63].  

MAPK 

The role of MAPK pathways in T cell signaling has been extensively reviewed [93-

95]. Briefly, these pathways act as one of the main amplification processes of the TCR 

signaling. There are three main groups: ERK, p38, and JNK kinase cascades. These 

pathways are mediated by a serial phosphorylation of MAP3K, then MAP2K, and finally 

the MAPKs. These cascades are not unique to TCR and can be employed by many other 

receptors such as GPCRs and growth receptors. Specifically, the ERK pathway is activated 

by Ras via Raf MAP3K. p38 and JNK are activated by Rho GTPases such as Rac and 

Cdc42. As mentioned above, the ERK pathway is engaged through the recruitment of 

adapter molecules SLP76 and Grb2 activating the SOS-Ras-MEK-ERK pathway. ERK is 

one of the most important MAPK pathways since it plays a distinct role in thymocyte 

development, activation, and differentiation [96, 97]. The p38 MAPK pathway seems to 

play a larger role after T cells have differentiated into particular T helper clones such as 

Th1, which are critical for controlling viral infections and tumors [98]. Similar roles have 

been shown with JNK but it seems to be expressed at much lower levels than the other 

MAPK groups [99].  
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Calcium signaling  

Calcium signaling is one of the main read outs for productive TCR signaling and 

the role it plays in the cascade has been reviewed [100-102]. T cells have a variety of 

calcium channels that regulate the cytosolic concentrations of this ion since it is a critical 

determinant of the activation states of some of the downstream TCR signaling molecules. 

Calcium signaling is initiated downstream of the TCR through PLCγ1 production of IP3 

molecules that can then act on the intracellular calcium channels to release a large flux of 

ions. This then sets off a cascade to release additional calcium stores from STIM activation 

and release of other intracellular stores of calcium. This positive feedback loop further 

activates calmodulin and calcineurin ultimately leading to the activation of the transcription 

factor NFAT. Moreover, calcium signaling is one of the earliest outputs for TCR signaling 

since this operates on a short time scale compared to gene transcription [103].  

NFκB pathway 

A key pathway that regulates multiple arms of the T cell activation cascade is that 

of NFκB (Figure 1.10, Copyright Clearance Center #4882680015549). This is a ubiquitous 

pathway in many different cell types and has important relevance to cancer transformation 

and, as such, has been reviewed extensively [104-106]. TCR-specific activation of the 

canonical NFκB pathway is a critical component for effective activation and since this 

pathway is of specific relevance to Chapters 3 and 4, we discuss more detail here. 

The NFκB pathway can be activated through two independent signals from the 

TCR; activation of ITK as well as PI3K signaling from the costimulatory molecule CD28. 

These pathways converge on the activation of PKCθ which in turn activates the CBM 

complex composed of CARMA1, Bcl10, and MALT1. This complex adds post-
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translational modifications to the IKK complex that allows their kinase activity to be 

initiated. This in turn will phosphorylate the inhibitor of NFκB, IκBα, to target it for 

degradation. This degradation releases the NFκB subunits to translocate to the nucleus.  

The activation downstream of the TCR proceeds through the LAT scaffolding as 

SLP76 binds Vav. These two molecules complex with ITK which activate PLCγ1. This 

phospholipase generates two intermediates, one of which is DAG that activates PKCθ 

which then continues the cascade as outlined above.  

CD28 co-stimulation proceeds to activate PI3K via PDK1. PI3K in turn activates 

PKCθ and feeds into the same signaling pathway as the TCR from here forward. Although 

this is an example of the redundancy in activation of the NFκB pathway, it seems that the 

role of CD28 in this context is to aid in amplification of these signals rather than drive them 

alone. Without TCR activation of this pathway as well CD28 is not sufficient to recover 

full functionality of TCR signaling [107].  

Figure 1.10 also shows the wide variety of molecules that can influence the signal 

transduction of the NFκB pathway. Particularly there is a multitude of kinases that can 

phosphorylate molecules such as PKCθ and CARMA1. This emphasizes the importance of 

understanding the signaling molecules in the cell and how those can impinge on signaling 

pathways that they are not typically associated with. For example, CaMKII which is 

typically associated with the calcium signaling pathways downstream of the TCR has been 

shown to phosphorylate CARMA1 in vitro but, the exact role of this interaction in vivo is 

not clear [108]. Yet, this provides a distinct example of the interplay between these distal 

components that are typically thought to be relatively independent of one another.   
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Figure 1.10. TCR signaling to the NFκB pathway.  

Both the TCR complex and CD28 feed into the activation of the NFκB pathway. From the TCR, SLP76 is 

phosphorylated and activated by Zap70. This phosphorylation creates a binding site for Vav on SLP76 and, 

along with ITK, form a complex that activates PLCγ1. Activation of this phospholipase generates two 

products, IP3 and DAG; of which DAG continues the signaling cascade to ultimately activate PKCθ. This 

molecule is where the signaling from CD28 also converges but, the upstream activation mechanisms function 

through PI3K. Upon PKCθ activation, the assembly of CARMA1-Bcl10-MALT1 (CBM) will facilitate poly-

ubiquitylation of IKKγ and phosphorylation of IKKβ which then facilitates the degradation of IκBα to release 

NFκB transcription factors for translocation to the nucleus. Figure adapted from [106].  
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1.4.4. Nuclear components and transcription factors 

 As discussed in section 1.4.3., the distal components of the TCR end with the 

activation of multiple transcription factors: NFAT, AP-1 (Fos/Jun heterodimers), and 

NFκB. Here we will discuss the role that each of these play in TCR signaling and the gene 

programs that they help to initiate towards the goal of an effective T cell response.  

NFAT  

The utility of calcium signaling in a variety of cells culminates in the activation of 

NFAT transcription factors as reviewed [109-111]. In T cells, there are a few isoforms of 

NFAT: NFAT1 (NFATc2), NFAT2 (NFATc1), and NFAT4 (NFATc3). These 

transcription factors are aptly named since they were first characterized in a T cell system 

[112, 113]. Since their initial identification as Nuclear Factor of Activated T cells, these 

transcription factors have emerged as important players in many different T cell states. As 

discussed in Chapter 5, NFAT plays a particularly important role in defining certain 

subtypes of T cell hyporesponsiveness. This was particularly important to underscore the 

importance of costimulatory signals since activation of NFAT in the absence of those 

signals tends to lead T cells down a path towards hyporesponsiveness [114].  

These transcription factors bind to DNA regions such as the IL-2 promoter which 

is a critical cytokine for T cells particularly during their clonal expansion after activation. 

Typically, these transcription factors work in concert with other factors activated 

downstream of the TCR particularly AP-1 [115]. NFAT has also been shown to be 

important in the upregulation of many cytokines and surface receptors such as CD25 after 

TCR stimulation [110].  



46 
 

AP-1  

AP-1 transcription factors are heterodimeric proteins that are composed of Fos, Jun, 

Maf, and ATF partners [116, 117]. In T cells, these are typical heterodimers of Fos and Jun 

subunits. As mentioned above, the MAPK pathway activates these transcription factors to 

allow them to translocate to the nucleus. Given the wide breadth of MAPK, there are a 

variety of stimuli that can interact with these pathways. Additionally, since these pathways 

are used by a vast number of receptors, the signaling state of the MAPK pathway may be 

reflective of other environmental situations more so than just TCR signaling.  

AP-1 plays a critical function in T cells where it aids to prevent a default anergic 

state induced by NFAT activation alone [118]. Moreover, the activation of these 

transcription factors promotes expression of cytokines but, given the redundancy in the 

system with the variety of heterodimeric partners, it is difficult to discern direct roles with 

single knock out systems.  

NFκB  

As alluded to above, Chapter 3 and 4 will focus on the role of NFκB in T cells so 

here we discuss the role of this transcription factor in effective T cell activation and 

responses as well as the role in maintaining homeostasis. NFκB plays a critical role in cell 

survival in T cells and many other cells in the body as reviewed [104, 119]. The gene 

programs that are initiated by these transcription factors provide insight into how those 

phenotypes are elicited.  

NFκB has a wide variety of target genes including cytokines, growth factors, pro-

survival molecules but importantly, it also upregulates expression of its own inhibitors such 

as IκBα [120]. While the functional consequences of the cytokines and growth factors are 
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easy to interpret for T cells, the upregulation of inhibitors provides a more interesting 

signaling regulation discussion. The upregulation of an inhibitor is direct negative feedback 

on the NFκB pathway but, this is upregulation at a transcriptional level. Therefore, the 

delay before actual inhibition of the transcription factor would allow for the productive 

transcription of other functional genes providing a uniquely timed regulation to allow 

signaling for a period of time while shutting down transcription before it gets out of control.  

Interestingly, this transcription factor exhibits oscillatory localization between the 

cytoplasm and nucleus as discussed as an emergent property in section 1.2 [121]. This 

behavior is likely enforced by the upstream regulators as discussed in sections 1.4.2 and 

1.4.3. The translocation of transcription factors is critical for their ability to regulate gene 

expression and as such understanding the localization patterns may provide insight into the 

function of NFκB.  

1.5. TCR triggering and generating the first intracellular ‘output’ 

A key characteristic of the TCR that makes the study of nuances in TCR signaling 

even more relevant, relates to its extremely low affinity for ligand and lack of obvious 

conformational changes during its activation [122, 123]. As we discuss below, control of 

TCR triggering itself relies on special signal-coupling features that are not well understood.   

First, the TCR is extremely sensitive to its target ligand (agonist). It has been shown 

that a single peptide MHC complex is sufficient to trigger naïve T cell activation in the 

form of cytokine secretion [124]. This suggests that the activation threshold for a T cell is 

less than the positive signal transduced by a single peptide MHC complex. Since there is 

no way to have less than a single pMHC, the question become does a T cell really have an 

activation threshold? In this study, the authors utilized a quantum dot labeling system to 
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visualize the pMHC-TCR contacts. Interestingly, although there was a single pMHC 

recruited between the T cell and APC contact, the authors did not label the TCR; so 

multiple TCRs could be recruited to the single visualized pMHC. This suggests that rather 

than a 1-1 relationship between the pMHC-TCR, there may be a larger number of TCRs 

present, supported by evidence of ‘nanoclusters’ of TCRs rearranging upon stimulation 

[125]. The role of multiple TCRs may explain how a single pMHC is able to lead to 

cytokine secretion.  

To further elaborate on multiple TCRs recruited to a single pMHC, it is important 

to understand the structures that form upon TCR-pMHC engagement. A distinct molecular 

structure called an ‘immunological synapse’ forms during T cell-APC contacts as reviewed 

[126]. Briefly, this structure includes a variety of receptors and ligands that are recruited 

into tight clusters to help perpetuate signaling from the TCR. Besides the TCR, coreceptors 

such as CD4 or CD8, integrins, and others are arranged into rings around the central TCR-

pMHC contacts. Importantly, as mentioned above, multiple TCRs are likely present within 

these clusters [125]. This could provide insight into how a single pMHC was able to cause 

cytokine secretion from naïve T cells [124]; where the recruited pMHC was not engaging 

a single TCR but rather sequential TCRs over the period of time that the analysis was 

conducted (the authors were measuring cytokine secretion over a period of hours). This 

unique structure provides insight into how a T cell alters the spatial arrangement of 

receptors to better conduct signal transduction and may play a role in the activation 

threshold; by physically clustering multiple TCRs the positive signals are able to 

accumulate from multiple TCR-pMHC engagements increasing the transduction of signal 

into the cell.  
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Quantity of antigen has always thought to contribute to T cell activation whereby 

the more antigen that is around, the more T cell activation there is. This is seen in antigen 

dose response curves where the number of activated T cells increases with increasing dose 

until it hits a plateau that reflects the saturation of the system. Yet, considering that a single 

pMHC is able to activate a T cell, quantity is not necessarily the defining factor of 

activation. The quality of the antigenic signal is also important; meaning, the way in which 

a TCR experiences antigen presentation plays a role in how that signal is interpreted by the 

T cell. For example, TCRs are low affinity receptors by comparison to other immune 

receptors (such as BCRs) but even within the low affinity, a single ligand is able to activate 

the cell. This may be due to the fact that when these TCRs are engaged, they are typically 

engaged within the clusters of the immunological synapse. In this case, the low affinity of 

the receptor does not have as much effect since they are able to engage and upon 

disengagement another TCR may be able to bind to the pMHC since they have fast on-

rates with the pMHC [127]. Beyond the spatial arrangement of the structure between the T 

cell-APC contact, the duration of this interaction plays a role in T cell signaling as well. 

Prolonged interaction of TCR with pMHC typically results in better activation compared 

to brief contacts. Both the affinity and duration of interaction are components of the quality 

of the antigen signal received and these become important concepts when considering 

dwell times of the receptors. Dwell time refers to the cell-to-cell contact made between the 

APC and the T cell and is a crucial component of the kinetic segregation model of TCR 

triggering. This model suggests that the exclusion of molecules such as CD45 from the 

immunological synapse will increase the likelihood that the TCR will bind and signal 

productively from pMHC [128, 129]. Moreover, through the physical clustering of TCRs 
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(to increase contacts of low affinity receptors with their ligand) as well as prolonging those 

interactions (by increasing the dwell time) to allow the accumulation of signal transduction 

within a defined space would ultimately aid in downstream signaling perpetuation.  

T cell activation models have taken into account the importance of the defined 

structures and duration of the TCR-pMHC interactions. For example, the kinetic 

segregation model describes the physical separation of the negative inhibitors like CD45 

from the immunological synapse due to their size; where the close interaction of the TCR-

pMHC shifts CD45 to the edge of the interaction area as discussed in section 1.4.1 [130]. 

This provides a spatial separation from the signaling molecules propagating the positive 

signals from TCR-pMHC and the negative inhibitors that could potentially block those 

signals. The topology of these receptors and their ligand interactions therefore physically 

segregate those that are positive and negative regulators of TCR signaling. Beyond this, 

multiple TCRs can be ‘trapped’ within these structures and continue to interact with the 

pMHC within the immune synapse. This further perpetuates positive signals all within a 

defined space which may amplify the overall signal from the pMHC within the synapse.   

Taken together, these elements of antigen quality, membrane remodeling, and 

segregation of inhibitory molecules are all points to consider when building a framework 

for activation thresholds of T cells (Figure 1.11, Copyright Clearance Center Marketplace 

#1053561). The way in which a TCR senses its antigen and the changes that it makes in 

order to prolong these low affinity interactions to accumulate signaling impacts the way in 

which a T cell ultimately responds to these signals.  
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Figure 1.11. Models of TCR triggering. 

(A) Mechanical force is applied to the TCR upon binding to pMHC which induces a conformational change 

in the CD3ε complex allowing phosphorylation of the ITAMs by Lck. (B) TCR clustering induces a local 

environment conducive for productive signaling by clustering multiple TCRs. (C) Segregation of 

phosphatases from pMHC engaged TCR prevents the dampening of the propagated TCR signal flow typically 

called kinetic segregation. Figure adapted from [65].   
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1.6. Control of the T cell’s activation threshold 

In sections 1.4 and 1.5, we discussed some of the major components of the TCR 

signaling machinery and how the initial signal transduction down these pathways are 

initiated. As we discussed in section 1.3, however, it is important to integrate how 

information flow through this machinery, logically drives the cellular fates and functions 

typically associated with T cells. Unlike the ‘simpler’ circuitry of a steroid receptor or even 

a more interwoven one of the EGFR [131], the TCR (as discussed in section 1.4) engages 

and modulates almost every signaling pathway available in the cell. The evolved logic 

integrating these are poorly understood. But there are already intriguing suggestions that, 

even before the first gene expression event is initiated, the signaling networks rewire the T 

cell and exert key influences on fate decisions. To emphasize this here, we relate how some 

of the control mechanisms discussed in section 1.3 (Table 1.1) apply to pathways of TCR 

signaling and to interpreting the data generated by the work described in this thesis.   

1.6.1. Sensitivity 

As discussed in section 1.5, the biochemical mechanisms responsible for triggering 

the TCR initially are not yet fully understood. Yet, it is clear that in spite of the relatively 

poor affinity of the receptor-ligand interaction involved, very few pMHC complexes can 

trigger full T cell activation, whether it be in terms of cytokine secretion or actual cell 

killing [124]. Thus, unlike many other receptor systems, a T cell’s ability to respond to 

antigen is dependent on its internal activation threshold, set by interplay of various 

molecules in its signaling network, rather than by purely biophysical metrics of the 

receptor-ligand interaction [132]. This is best illustrated by the mechanisms which 

determine how sensitive a T cell is to antigen (and the focus of Chapters 4 - 6). As a T cell 
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progresses through development, its activation threshold undergoes multiple changes, even 

though it carries the same TCR. Many of these changes, discussed in Chapter 4, are related 

to altered gene expression changes; but some occur without any evident transcriptional 

alterations. One example is the control of a T cell’s activation threshold by maintenance of 

contact with endogenous MHC. In one experiment, Stefanova et al demonstrated that T 

cells freshly isolated from mice rapidly showed an increased activation threshold (i.e. 

became less sensitive to antigen) just by ‘starving’ them of MHC contact for as little as 30 

minutes [133].  These changes were not dependent on gene expression, but reflected an 

altered signaling complex, anchored by partial phosphorylation of the TCR-zeta chain (in 

a p21 form instead of the p23 form). This rapid readjustment of sensitivity shows that 

signaling networks in T cells are constantly in flux, adapting to changes beyond the 

appearance of cognate antigen alone.  While there is yet to be a consensus on the impact of 

MHC on a TCR’s functional sensitivity [134], the broader view is that a T cell almost 

functions like a cellular processing unit or sensory apparatus, with the TCR only providing 

some of the information required [15]. 

1.6.2. Discrimination 

As discussed in Table 1.1, several properties of the TCR signaling network mimic 

the higher-level emergent behavior that relies on interactions between multiple pathways. 

For instance, how T cells actually distinguish qualitatively different ligands (ligand 

discrimination) also does not seem to rely heavily on physical TCR-pMHC characteristics 

alone  [132, 135, 136]. Rather, even ligands with similar biophysical constants can trigger 

different outcomes in T cells, which suggests that they use a different algorithm to 

discriminate between pMHC complexes. One such mechanism that has been uncovered is 
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the sequential phosphorylation of the ITAMs on the CD3 zeta chains that reveals a switch-

like response of Zap70 binding to the phosphorylated ITAMs within mathematical models 

[137]. Yet, when this was performed in an in vitro system, the same switch-like responses 

did not seem to be orchestrated by the sequential phosphorylation [138]. This suggests that 

there are emergent properties evident within the TCR signaling system that have yet to be 

completely understood.  

The molecular interactions between the TCR signaling components driving 

properties like cooperativity are becoming more apparent [139]. Part of the problem of 

building these network of interactions from our current understanding of TCR signaling 

alone is that we are still identifying new mechanisms of the flow of signaling information 

downstream of the TCR. For example, it was recently appreciated that Lck functions to 

bridge the kinase activity of Zap70 to LAT [140], which was previously considered an 

independent role of Zap70. Understanding all of the potential interactions and the ways in 

which they influence the flow of information is imperative to further defining the activation 

threshold of the TCR.  

While these vignettes suggest that deciphering biochemical paradigms similar to 

those discussed in section 1.3 are critical for developing a complete understanding of T cell 

activation, these data have been limiting. New techniques have recently allowed us to begin 

evaluating these principles in primary cells. Much of what we know about the building 

blocks of TCR signaling are derived from using in vitro and cell culture models. As we  

begin to build a picture of the complex network of interactions downstream of the TCR as 

it operates in vivo, it is important to keep track of functional significance of important 

biochemical nuances. While challenging, studying signaling using in vivo models is likely 
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the most promising strategy for dissecting the machinery that is directly relevant to 

dynamic immune responses.   

1.7 Lay Summary of Thesis Findings 

 The ability of T cells to be activated efficiently against pathogens and malignancies 

is largely dependent on each T cell’s ability to sense their targets, using the TCR and the 

signaling machinery associated with it. The composition and status of this signaling 

machinery determines a T cell’s activation threshold. While this activation threshold is 

modified during the life of a T cell in order to control immune responses, the underlying 

molecular mechanisms are unclear. In this thesis, we showed that the activation threshold 

for a key TCR signaling pathway (NFκB) was set during T cell development by the activity 

of a surface receptor CD5. We discovered a novel link between CD5 and a known inhibitor 

of NFκB, IκBα. This meant that T cells with more CD5 also built up a higher intracellular 

reservoir of NFκB. Accordingly, thymocytes with higher CD5 had an NFκB-dependent 

cell survival advantage compared to cells with lower expression. We then examined how 

this signaling circuitry changes when T cells encounter different kinds of targets – one that 

is transient versus one that is always present (chronic) in the body. Since the latter is 

typically associated with the body’s own proteins, we find that T cells rapidly adjust 

various signaling molecules in order to stop the flow of information that could potentially 

lead to deleterious T cell activation. While this is desirable to prevent autoimmunity, it is 

a problem in combating tumors and chronic infections; where T cells enter a state that turns 

off their sensory circuits. Finally, to begin to understand the molecular logic which 

modifies the signaling circuits in T cells, we turned to the TAT model which suggests that 

T cells sense the rates at which their targets appear. If a target increases quickly, T cells 
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equate that with a fast dividing pathogen or tumor, whereas if it increases slowly, it is 

interpreted to be part of the body. In order to test this logical framework, we used different 

approaches to change antigen levels at different rates. Interestingly, we empirically 

determined a rate at which even chronic antigen exposure allows T cells to continue 

responding rather than shut themselves down. Taken together, the findings in this thesis 

emphasize a continuum of activation threshold adjustment in T cells, initially driven in part 

by CD5 levels and subsequently by the rate of change of peripheral antigen, which 

determines a T cell’s ability to function.     
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Chapter 2: Materials and Methods 

Cell Culture 

BW-5147 TCR- (α−β−) cells originally generated by White et al. [141] were a gift 

from Philippa Marrack, National Jewish Health, Denver, CO, to B. J. Fowlkes, National 

Institute of Allergy and Infectious Diseases (NIAID), NIH, Bethesda, MD, and maintained 

as described by White et al. NIH 3T3 cells were obtained from ATCC. Cells were 

maintained in RPMI 1640 (Gibco) supplemented with 10% FCS (Gemini), 2% glutamine 

(Gibco), 1% sodium pyruvate (Gibco), and 1% antibiotic/antimycotic (Gibco) referred to 

as completed RPMI (cRPMI). Phoenix-GP cells were obtained from ATCC and maintained 

in DMEM (Gibco) supplemented with 10% FCS (Gemini), 2% glutamine (Gibco), 1% 

sodium pyruvate (Gibco), and 1% antibiotic/antimycotic (Gibco) referred to as complete 

DMEM (cDMEM). Primary murine thymocytes and T cells were maintained in RPMI-

1640 (Gibco) supplemented with 10% FCS (Gemini), 1% glutamine (Gibco), 1% 

antibiotic-antimycotic (Gibco), and 0.000014% β-mercaptoethanol referred to as T cell 

media (TCM). E.G7-OVA cells were obtained from ATCC and maintained in cRPMI.  

Mice 

Wild-type mice were obtained from both Jackson Laboratories (C57BL/6J and 

B6.SJL-PtprcaPepcb/BoyJ) and Taconic Biosciences (B6NTac and B6.SJL-

Ptprca/BoyAiTac). B6 mice were bred for dual congenic expression using a dam or sire 

from opposing place of purchase to eliminate any strain drift between the two wild-type 

strains. Wild-type B10.Q/Ai mice were originally obtained from Ron Schwartz, Institute 

of Allergy and Infection Diseases, NIH, Bethesda, MD. Wild-type B10.A-H2a H2-

T18a/SgSnJ mice were obtained from Jackson laboratories. B10.A mice were bred for 
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dual-congenic expression using a dam or sire from opposing genotypes. 5C.C7 TCR 

transgenic mice were obtained from Taconic Biosciences (B10.A-Rag2tm1FwaH2-

T18aTg (Tcra5CC7,Tcrb5CC7)lwep). SMARTA TCR transgenic mice were obtained from 

Jackson Laboratories (B6.Cg-Ptprca Pepcb Tg(TcrLCMV)1Aox/PpmJ).  TCRαβ knockout 

mice were obtained from Jackson Laboratories (B6.129S2-Tcratm1Mom/J). THEMIS 

knockout animals were generated as described [142]. SHP-1 knockout (C57BL/6J Ptpn6me-

v/me-v) animals were originally obtained from Samuel Lunenfeld Research Institute at the 

Mount Sinai Hospital and subsequently obtained from Paul Love, National Institute of 

Child Health and Human Development, NIH, Bethesda, MD for the experiments conducted 

here. CD5 knockout animals were generated as described [143] and obtained from Ron 

Schwartz Institute of Allergy and Infection Diseases, NIH, Bethesda, MD. CD5 transgenic 

mice were generated as described [144] and obtained from Paul Love, National Institute of 

Child Health and Human Development, NIH, Bethesda, MD. CD5 inducible knockout 

mice were generated by microinjection of constructs shown in Figure 3.12A into C57BL/6 

ES cells and implantation into super ovulated females. CD5 inducible knockout mice were 

obtained from Paul Love, National Institute of Child Health and Human Development, 

NIH, Bethesda, MD. CD3ε knockout mice were obtained from NIAID/Taconic mouse 

contract (B10.A-Cd45a(Ly5a)/NAi N5). PCC-CD3ε knockout mice were generated as 

described [145-147] and obtained from Ron Schwartz, Institute of Allergy and Infection 

Diseases, NIH, Bethesda, MD. Briefly, these mice have expression of a membrane targeted 

form of pigeon cytochrome C (PCC) under the control of the  MHC class I promoter and 

an Ig enhancer and carry a deletion of CD3ε gene such that they do not generate a functional 

T cell repertoire. PCC+ mice were generated by crossing PCC-CD3ε knock out mice with 
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B10.A wild-type mouse to generate heterozygotes that carry the PCC transgene and 

generate a full compartment of T cells.  

All animals were bred and maintained in modified specific-pathogen free (SPF) 

facilities at the University of Maryland Baltimore or at the National Cancer Institute at the 

National Institute of Health. Experiments were performed with animals at least six weeks 

of age and approved by University of Maryland Baltimore Institutional Animal Care and 

Use Committee or by the Animal Care and Use Committee of the National Institute of 

Child Health and Human Development. Table 2.1 contains the genetic designation, 

description of phenotype, and the abbreviation used within this thesis.  
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Table 2.1. Mouse model genetic designation and abbreviations. 

Mouse Genetic Strain Description Abbreviation Used 

C57BL/6J Wild-type B6 animal B6 

B6.SJL-PtprcaPepcb/BoyJ Wild-type B6 animal B6 

B6NTac Wild-type B6 animal B6 

B6.SJL-Ptprca/BoyAiTac Wild-type B6 animal B6 

B10.Q/Ai Wild-type B10.A animal B10.A 

B10.A-H2a H2-T18a/SgSnJ Wild-type B10.A animal B10.A 

B10.A-Rag2tm1FwaH2-T18aTg 

(Tcra5CC7,Tcrb5CC7)lwep 

CD4+ TCR-tg specific for pigeon 

or moth cytochrome C  peptide 

5C.C7 

B6.Cg-Ptprca Pepcb 

Tg(TcrLCMV)1Aox/PpmJ 

CD4+ TCR-tg specific for 

LCMV peptide 

SMARTA 

B6.129S2-Tcratm1Mom/J Animals lack expression of TCR 

alpha and beta chain which 

prevents T cell development  

TCRαβ-KO 

B6.129S-Themistm1Gasc/J Animals lack expression of 

THEMIS 

THEMIS-KO 

C57BL/6J Ptpn6me-v/me-v Animals lack expression of SHP-

1 

SHP-1-KO 

B6.129P2-Cd5tm1Cgn Animals lack expression of CD5  CD5-KO 

C57BL/6J. CD5Tg Animals have transgenic 

expression of CD5 under the 

control of human CD2 promoter 

CD5-Tg 

C57BL/6J.CD5iKO Animals have floxed CD5 gene 

and tamoxifen inducible 

expression of Cre recombinase 

CD5-iKO 

(B10.A-Cd45a(Ly5a)/NAi N5 Animals lack expression of CD3ε 

which prevents T cell 

development 

CD3ε-KO 

B10.A, mPCC (tg), CD3e-/- Animals lack expression of CD3ε 

which prevents T cell 

development. Animals also have 

transgenic expression of 

membrane localized pigeon 

cytochrome C under the MHC 

class I promoter and Ig enhancer.  

PCC-CD3ε-KO 

B10.A, mPCC (tg), Animals have single allele of 

CD3ε and transgenic expression 

of membrane localized pigeon 

cytochrome C under the MHC 

class I promoter and Ig enhancer 

PCC+ 
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T cell purification 

Lymph node and spleen (unless otherwise indicated) were isolated from mice and 

mechanically processed into single cell suspensions by mashing tissues through 100μM 

nylon mesh. The cell suspensions were then processed through a Ficoll-HiPaque Density 

Gradient to isolate lymphocytes. Magnetic depletion was performed with MyOne 

Streptavidin T1 DynaBeads with biotinylated anti-CD45R/B220 (RA3-6B2, Biolegend 

#103204), biotinylated anti-NK1.1 (PK136, Biolegend #108704), biotinylated anti-I-A/I-

E (M5/114, Biolegend #107604), and biotinylated anti-CD11b (M1/70, Biolegend 

#101204) for isolation of CD4 and CD8 T cells according to manufacturer instructions. For 

isolation of CD4 T cells only, the addition of biotinylated anti-CD8 (53-6.7, Biolegend, 

#100703).  

Proliferation dye labeling 

T cells were labeled with 2μM carboxyfluorescein succinmidyl ester (CFSE, 

Molecular Probes) or Cell Trace Violet (CTV, Thermo) in PBS supplemented with 0.5% 

FCS in 37°C water bath for 12 minutes. The cells were washed with neat FCS to quench 

labeling and then resuspended in crushing buffer or TCM dependent upon assay.  

Flow cytometry staining 

Fc-receptor blocking was performed for 15 minutes at 4°C in PBS supplemented 

with 2% FCS, 0.01% azide, 1% mouse serum, 1% hamster serum, and 1% rat serum 

(FcBlock). Surface staining was performed for 30 minutes at 4°C in PBS supplemented 

with 2% FCS, 0.01% azide, and 0.02% EDTA (FACS Buffer) using the antibodies 

provided in Table 2.2. Cells were washed once with FACS Buffer. Intracellular staining 
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was performed with eBioscience Fixation/Permeabilization Kit. Cells were resuspended in 

1X eBioscience Fixation/Permeabilization buffer and incubated overnight at 4°C. 

Intracellular staining was performed overnight at 4°C in 1X eBioscience Permeabilization 

Buffer using the antibodies listed in Table 2.2. Stained cells were washed twice with FACS 

buffer. Cells were analyzed on an LSR-Fortessa flow cytometer (BD). All data were 

analyzed using FlowJo (Tree Star).  
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Table 2.2. Antibodies used for flow cytometric analysis.   

Antibody Fluorochrome Manufacturer Catalog # Clone  

7AAD   Biolegend 420403   

B220 APC-Cy7 Biolegend 103224 RA3.6B2 

B220 PE BD Pharmingen 553090 RA3-6B2 

CD11b APC eBioscience 17-0112-83 M1/70 

CD11b PE eBioscience 12-0112-81 M1/70 

CD11c APC Biolegend 117309 N418 

CD11c PE eBioscience 12-0114-83 N418 

CD127 APC eBioscience 17-1271-82 A7R34 

CD19 APC eBioscience 17-0193-82 eBio1D3 

CD19 APC-Cy7 BD Pharmingen 557655 ID3 

CD25 BV650 Biolegend 102037 PC61 

CD25 APC-Cy7 BD Pharmingen 557658 PC61 

CD25 APC-Cy7 BD Pharmingen 557658 PC61.5 

CD4 BV605 Biolegend 100451 GK1.5 

CD4 APC-Cy7 BD Pharmingen 552051 GK1.5 

CD4 PE BD Pharmingen 553730 GK1.5 

CD4 PE eBioscience 12-0042-83 RM4-5 

CD4 Pac Orange Thermo MCD0430 RM4-5 

CD4 BV605 Biolegend 100451 GKJ1.5 

CD4 eFluor 450 eBioscience 48-0041-82 GK1.5 

CD4 FITC BD Pharmingen 553055 RM4-4 

CD4 BV605 Biolegend 100451 GK1.5 

CD4  APC Biolegend 100515 RM4-5 

CD44 FITC Biolegend 103006 IM7 

CD44 PerCPCy5.5 Biolegend 103032 IM7 

CD44 FITC BD Pharmingen 553133 IM7 

CD44 FITC eBioscience 11-0441-82 IM7 

CD45.1 FITC Biolegend 110706 A20 

CD45.1 APC-Cy7 Biolegend 110716 A20 

CD45.1 APC Biolegend 110714 A20 

CD45.1 PE-Cy7 eBioscience 25-0453-82 A20 

CD45.1 AF700 Biolegend 110724 A20 

CD45.2 PE-Cy5.5 Invitrogen 35-0454-82 104 

CD45.2 APC Biolegend 109814 104 

CD45.2 APC Biolegend 109814 104 

CD5 eFluro450 eBioscience 48-0051-82 53-7.3 

CD5 PE-Cy7 eBioscience 25-0051-81 53-7.3 

CD62L PE-Cy7 Biolegend 104418 MEL-14 
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Table 2.2. Antibodies used for flow cytometric analysis (cont.).   

CD62L AF700 Biolegend 104426 MEL-14 

CD69 PerCP-Cy5.5 BD Pharmingen 551113 H1.2F3 

CD69 FITC BD Pharmingen 553236 H1.2F3 

CD69 eFluor450 eBioscience 48-0691-82 H1.2F3 

CD69 APC eBioscience 17-0691-82 H1.2F3 

CD69 PE-Cy7 eBioscience 25-0691-82 H1.2F3 

CD8α PerCP-Cy5.5 BD Pharmingen 551162 53-6.7 

CD8α APC-Cy7 BD Pharmingen 557654 53-6.7 

CD8α FITC Biolegend 100706 53-6.7 

CD8α PerCP-Cy5.5 BD Pharmingen 551162 53-6.7 

CD8α FITC eBioscience 11-0081-85 56-6.7 

CD8α APC-eFluro780 eBioscience 47-0081-82 53-6.7 

CD8α BV650 BD OptiBuild 740552 H35-17.2 

CD8α BB515 BD Pharmingen 564422 53-6.7 

CD8α APC eBioscience 17-0081-81 53-6.7 

CD8α PE-Cy7 eBioscience 25-0081-81 53-6.7 

CTLA-4 APC eBioscience 17-1522-82 UC10-4B9 

Ghost Dye Red780 Tonbo 13-0865-T100   

Ghost Dye Violet450 Tonbo 13-0863-T100   

Ghost Dye Violet 510 Tonbo 13-0870-T100   

IκBα PE Invitrogen 12-9036-41 MFRDTRK 

LAT APC eBioscience 17-9967-42 LAT.10-17 

LiveDead Violet Invitrogen L34963   

LiveDead Aqua Invitrogen L34965   

NFAT1c PE Biolegend 649605 7A6 

NFκB p65 AF647 CST 8801S D14E12 

NK1.1 APC eBioscience 17-5941-82 PK136 

NK1.1 PE Biolegend 108708 PK136 

PD-1 FITC Biolegend 135213 29F.A12 

PLCγ PE BD Phosflow 558575 10/PLCg 

pZap70 (Y292) AF647 BD Biosciences 558515 J34-602 

pZap70 (Y319) PE-Cy7 BD Biosciences 561458 17A/P-ZAP70 

TCRβ PE-Cy7 BD 560720 H57-597 

TCRβ PE-Cy7 Biolegend 109222 H57-597 

TCRβ FITC BD Pharmingen 553171 H57-597 

Tox PE Invitrogen 12-6502-80 TXRX10 

Vβ3 BV650 BD OptiBuild 743415 KJ25 

Vβ3 PE BD Pharmingen 553209 KJ25 

Zap70 FITC eBioscience 11-6695-82 1E7.2  
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Flow assisted cell sorting 

Purified T cells were labeled with the antibodies listed in Table 2.2 and 7AAD in 

PBS supplemented with 2% FCS and 1% antibiotic-antimycotic (Gibco). Cells were sorted 

on a BD FACSAria II cytometer into the following groups: (1) 7AAD-CD44loCD4+CD5hi, 

(2) 7AAD-CD44loCD4+CD5lo, (3) 7AAD-CD44loCD8+CD5hi, or (4) 7AAD-

CD44loCD8+CD5lo.  

Adoptive transfer and antigen challenge 

Lymph nodes were isolated from 5C.C7 mice and mechanically dissociated by 

mashing tissues through 100μM nylon mesh. 1 x 105 cells were transferred into B10.A mice 

and 24 hours later were challenged with MCC (30μG) and LPS (0.5μg) or PBS as a control. 

Spleen and lymph node tissue were isolated at varying time points (12, 60, and 84 hours 

post-challenge) and analyzed by flow cytometry.  

Imaging flow cytometry analysis 

B6 lymph nodes were stained with antibodies to CD4, CD8, CD5, and NFκB listed 

in Table 2.2. Nucleus was stained with DAPI. Cells were acquired on an ImageStream 

MarkII imaging flow analyzer (Luminex) equipped with two CCD cameras, at 60x 

magnification and low speed (7mm core stream). Analysis was performed using the IDEAS 

software package (Luminex). After spectral compensation, in focus, single cells were 

identified on the first camera bright field images and were further subdivided using two 

dimensional plots of CD4 and CD8 followed by CD5 histogram plots. The upper and lower 

20% of CD5-expressing subsets of CD4+ and CD8+ cells were analyzed for NFκB nuclear 

translocation and for nuclear NFκB fluorescent intensity measurements. Nuclear 
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translocation was determined by masking the nucleus based on DAPI staining and 

expressed as the log-transformed Pearson’s correlation coefficient between the nuclear 

(DAPI)- and NFκB (AF647)-masked images. The amount of nuclear NFκB was expressed 

as the geometric mean fluorescent intensity of AF647 staining signal within the DAPI-

masked nuclear image. 

Western blot analysis 

Sorted cells as described above were lysed in 1% Nonidet P-40, 10 mM Tris-HCl 

(pH 7.2), 140 mM NaCl, 2 mM EDTA, 5 mM iodoacetamide, 1mM Na3VO4, and complete 

protease inhibitor mixture (Roche) and incubated for 30 minutes on ice. Lysates were spun 

at 14,000rpm at 4°C and clarified lysate was removed. Samples were run on an SDS-PAGE 

gel and transferred onto nitrocellulose membranes. Membranes were blocked with 5% 

skim milk at room temperature for 1 hour. Membranes were incubated with primary 

antibodies of anti-CD5 (SC6986, SantaCruz Biotechnology), anti-IκBα (9242, Cell 

Signaling Technology), anti-phosphoSHP1(Y564)(8849, Cell Signaling Technology), 

anti-actin (A5441, Sigma Aldrich), anti-PLCγ1 (SC81, SantaCruz Biotechnology), anti-

p65 NFκB (SC372, SantaCruz Biotechnology), or anti-SP1 (SC59, SantaCruz 

Biotechnology),  for 4 hours followed by HRP-conjugated anti-mouse IgG, anti-rabbit IgG 

or anti-goat IgG. Membranes were developed and visualized using the ECL technique 

(Thermo Scientific). Band densitometry was analyzed with MultiGauge software 

(Fujifilm). 

Cellular fractionation 
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Nuclear and cytoplasmic extracts were prepared by using Subcellular Protein Fractionation 

Kit (78840, Thermo Scientific). 

Thymocyte ex vivo culture  

Thymus tissue was isolated and mechanically dissociated by mashing tissue 

through 100μM nylon mesh. 2 x 105 thymocytes were plated in T cell media and incubated 

for 24 hours at 37°C. Cells were harvested and surface stained as described above. Cells 

were washed twice with 1X Annexin Binding buffer (BD). Cells were resuspended in 1X 

Annexin Binding Buffer with Annexin V PE (BD) and 7AAD (BD) and incubated at 27°C 

for 10 minutes and then analyzed by flow cytometry.  

CX4945 and Bay 11-7082 ex vivo culture 

Thymocytes or peripheral T cells (lymph node and spleen) were plated at a density 

of 1 x 105 cells per well in T cell media. CX4945 (Enzo) or Bay 11-7082 (Sigma-Aldrich) 

was resuspended in DMSO and diluted in T cell media and then plated with thymocytes. 

Samples were incubated at 37°C harvested for flow cytometric analysis at varying time 

points (12, 15, 24, and 48 hours).  

Real-time quantitative PCR analysis 

Sorted cells were resuspended in Trizol and frozen at -80°C. Trizol suspension was 

filtered through a QIAShredder Mini Column (Qiagen). Chloroform was applied to filtrate 

and RNA layer was removed. RNA was further isolated using RNEasy MinElute Kit 

(Qiagen) according to manufacturer instructions. Total RNA was transcribed using 

SuperScript II reverse transcriptase and oligo(dT)20 primers (Invitrogen). The expression 

of the mRNA for Nfkbia and Actb were determined by real-time PCR using the following 
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primers. Gene-specific primer sets used in the real-time PCR assays were: Nfkbia 5’- 

GGAGACTCGTTCCTGCACTT -3’ and 5’-TCTCGGAGCTCAGGATCACA- 3’; Actb 

5’- GGAGCACCCTGTGCTGCTCACCGAGG 3’ and 5’- 

ATCTACGAGGGCTATGCTCTCCC -3’. The expression of genes was normalized to 

Actb. 

In Vitro Overexpression of CD5 

CD5 cDNA (amplified from Origene, Catalog #MR207937) was cloned into 

MIGR1 retroviral expression vector (submitted to Addgene, Catalog #27490) or pQ2aB 

retroviral vector (Addgene, Catalog #124887) after PCR amplification (primers 5′-CGC

CGGAATTAGATCCCATTATCCATGGACTCCCACGAAGT-3′ and 5′-GGGGGG

GGCGGAATTTTACAGTCTCTGAGCCACTTGCAG-3′ for MIGR1 and primers 5’-

AATTGATCCGCGGCCGGCCATTATCCATGGACTCCCAC-3’ and 5’-

GCGAGGCCTCCTAGGAGTCTCTGAGCCACTTGCAGG-3’ for pQ2aB) and in-fusion 

reaction. CD5 retroviral constructs and empty vectors were used to transfect Phoenix-GP 

cells, retroviral supernatants collected, concentrated, and used to transduce BW-5147 

TCR− and NIH3T3 cells by spinoculation. 

RNA-Seq and Data Analysis 

Total lymph node cells from B6 mice were stained with fluorochrome-conjugated 

antibodies against CD4, CD8, CD5, CD25, CD62L, and CD44. Sorted populations 

consisted of the one-third of CD25−CD62Lhi CD44lo CD4+ or CD8+ T cells expressing the 

highest surface levels of CD5 (CD5hi) or the one-third of CD25−CD62Lhi CD44lo CD4+ or 

CD8+ T cells expressing the lowest surface levels of CD5(CD5lo). RNA was extracted from 
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FACS-sorted T cells using TRIzol reagent (Invitrogen) followed by purification and DNase 

treatment with RNeasy columns (Qiagen) and submitted for library construction by the 

TruSeq RNA sample preparation kit v2 or TruSeq stranded mRNA sample preparation kit 

(Illumina). Sequencing was done on an Illumina HiSEq. 2500 sequencer, yielding 30 to 70 

million reads of 101 bp. The raw reads were aligned using STAR v2.5.2a [148] and reads 

quantified with featureCounts v1.4.6-p3 [149]. Differential expression analysis was 

performed using DESeq2 [150]. We used a false-discovery rate cutoff of <1% to define 

statistical significance. Data was analyzed using R Studio and Bioconductor. Heatmaps 

were generated using pHeatmap and Volcano plots with EnhancedVolcano. RNA-seq data 

are available in the Gene Expression Omnibus (accession GSE151395).  

Adoptive transfer for chronic self-antigen stimulation 

Lymph nodes were isolated from 5C.C7 and mechanically dissociated by mashing 

tissues through 100μM nylon mesh. 0.5 – 1 x 106 cells were injected intravenously (i.v.) 

into CD3ε-KO and PCC-CD3ε-KO hosts. 24 hours later, the CD3ε-KO hosts were 

challenged with MCC (30μg) and LPS (0.5μg) or PBS as a control. Cells were left resident 

for 28 days unless otherwise specified before isolation and analysis.  

Lymph nodes were isolated from 5C.C7 and mechanically dissociated by mashing 

tissues through 100μM nylon mesh. 0.5 – 1 x 106 cells were injected intravenously (i.v.) 

into B10.A and PCC+ hosts. 24 hours later, the B10.A hosts were challenged with MCC 

(30μg) and LPS (0.5μg) or PBS as a control. Cells were left resident for 5-18 days before 

isolation and analysis.  

Ex vivo proliferation assay 
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Lymph nodes and spleens were isolated from 5C.C7 mice or the CD3ε-KO or PCC-CD3ε-

KO hosts bearing adoptively transferred 5C.C7 cells. Tissue was mechanically dissociated 

through 100μM nylon mesh. Cells were purified as described above. Purified cells were 

then stained for expression of CD4 and Vβ3 to normalize number of 5C.C7 cells from each 

host. 1 x 104 CFSE or CTV labeled 5C.C7 cells were plated with 2.5 – 5 x 105 splenocytes 

from CD3ε-KO mice with pigeon cytochrome C (PCC) peptide at indicated concentrations 

in TCM. Cells were cultured at 37°C for 72 hours prior to flow cytometric analysis.  

Cytokine production quantification 

Supernatants were collected from the ex vivo proliferation assays and IL-2 was 

measured using Quantikine ELISA systems (R&D Systems). 

Adoptive transfer of acute and chronic cells into antigen free hosts 

Lymph nodes and spleens were isolated from 5C.C7 mice or the CD3ε-KO or PCC-

CD3ε-KO hosts bearing adoptively transferred 5C.C7 cells at indicated time points. Tissue 

was mechanically dissociated through 100μM nylon mesh. Cells were then stained for 

expression of CD4 and Vβ3 to normalize number of 5C.C7 cells from each host. 1 x 106 

cells were injected i.v. into CD3ε-KO and left resident for times indicated in each 

experiment (10 – 32 days). Cells were re-isolated and stained for expression of CD4 and 

Vβ3 to normalize number of 5C.C7 cells from each culture before CFSE labeling and 

plating for proliferation assay.  

In vitro culture system for naïve, acute, and chronic cells 

Lymph nodes and spleens were isolated from 5C.C7 mice or the CD3ε-KO or PCC-

CD3ε-KO hosts bearing adoptively transferred 5C.C7 cells. Tissue was mechanically 
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dissociated through 100μM nylon mesh. Aliquot of cells were stained for expression of 

CD4 and Vβ3 to normalize number of 5C.C7 cells from each culture before CFSE labeling 

and plated for proliferation assay (designated as initial). Remaining cells were cultured in 

TCM in 24 well plates with 2.5 x 106 splenocytes from CD3ε-KO mice at 37°C for 48 

hours. Cells were then isolated and stained for expression of CD4 and Vβ3 to normalize 

number of 5C.C7 cells from each culture before CFSE labeling and plating for proliferation 

assay.  

Peptide and drug in vitro cultures and proliferation assays for naïve, acute, and chronic 

cells 

Lymph nodes and spleens were isolated from 5C.C7 mice or the CD3ε-KO or PCC-

CD3ε-KO hosts bearing adoptively transferred 5C.C7 cells. Tissue was mechanically 

dissociated through 100μM nylon mesh. Cells were stained for expression of CD4 and Vβ3 

to normalize number of 5C.C7 cells and then 1 x 105 cells were plated in 24 well plates 

with 2.5 x 106 splenocytes from CD3ε-KO mice and 10μM PCC peptide. Cells were 

cultured for 48 hours before re-isolation for CFSE labeling and plating for proliferation 

assay. A second experiment was performed where the cells were labeled with CTV prior 

to peptide culture for 48 hours and then subsequently labeled with CFSE prior to plating 

for proliferation assay.  

Lymph nodes and spleens were isolated from 5C.C7 mice or the CD3ε-KO or PCC-

CD3ε-KO hosts bearing adoptively transferred 5C.C7 cells. Tissue was mechanically 

dissociated through 100μM nylon mesh. Cells were stained for expression of CD4 and Vβ3 

to normalize number of 5C.C7 cells and then 1 x 105 CFSE labeled cells were plated in 24 

well plates with 2.5 x 106 splenocytes from CD3ε-KO mice. Phosphatase inhibitor cocktail 
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set IV (1:100 dilution, Millipore Sigma #524628), okadaic acid (10nM, Millipore Sigma 

#O9381), and Trichostatin A (500nM, Millipore Sigma #T8552) were added to the 

cultures.  Cells were cultured at 37°C for 48 hours before re-isolation for plating for 

proliferation assay.  

Lymph nodes and spleens were isolated from 5C.C7 mice or PCC-CD3ε-KO hosts 

bearing adoptively transferred 5C.C7 cells. Tissue was mechanically dissociated through 

100μM nylon mesh. Cells were stained for expression of CD4 and Vβ3 to normalize 

number of 5C.C7 cells and CFSE labeled and then plated at a density of 2.5 x 104 in TCM 

in 96 well plates coated with varying doses of anti-CD3ε (145-2C11, Biolegend, #100301) 

as indicated. SU6656 (Cayman Chemical #13338) and SB216763 (Cayman Chemical 

#10010246) were added to cultures at indicated concentrations. Cells were cultured for 72 

hours before flow cytometric analysis 

Tumor inoculation and isolation of tumor infiltrating lymphocytes 

B6 mice were inoculated with 5 x 105 E.G7-OVA cells subcutaneously (s.c.) and 

allowed to grow for 21 days. At day 21 tumors, draining lymph node (popliteal), and non-

draining lymph node (contralateral popliteal) were isolated. Tumors were mechanically 

dissociated with a razor and placed in 1mL enzyme solution (1g collagenase, 100mg, 

hyaluronidase, 20,000U DNase IV in HBSS) on shaker at 37°C for 1 hour. After 

incubation, all tissues were mechanically dissociated through 100μM nylon mesh and 

stained for flow cytometric analysis.  

Microarray analysis 



73 
 

Naïve T cells from 5C.C7 mice or 5C.C7 cells that were acutely or chronically 

primed in vivo (described above) were enriched by negative selection and FACS sorted to 

greater than 99% purity gated as 7AAD-CD44loCD4+. Sorted T cells were suspended in 

Trizol reagent (Invitrogen/Life Technologies, CA) followed by homogenization by 

spinning through a Qiashredder column (Qiagen, MD). 0.2 volumes of chloroform was 

added to the lysate and the aqueous phase separated out after centrifugation. An equal 

volume of 70% ethanol was added to this phase and suspension was passed through a 

RNeasy mini column (Qiagen). Bound RNA was eluted and quantitated. 50ng of total RNA 

was then amplified using the Ovation RNA amplification system v2 (Nugen, CA), purified 

with DNA Clean & Concentrator -25 (Zymo Research), labeled with Cy3 using the Agilent 

ULS protocol. A standard reference RNA used in the laboratory derived from pooled 

mouse T cells was similarly labeled using the Cy5 dye. The two probes were mixed and 

hybridized to Agilent Mouse V2 chips at the NIAID Microarray core facility. Data 

extracted from the Genepix software was subjected to quality control on the mAdb platform 

(NIAID). Subsequent analyses were performed using BRB-ArrayTools developed by Dr. 

Richard Simon and BRB-ArrayTools Development Team. 

Adoptive transfer model system to investigate rate of change of antigen  

Lymph nodes were isolated from 5C.C7 and mechanically dissociated by mashing 

tissues through 100μM nylon mesh. Cells were purified, CFSE labeled, and 1 – 2.5 x 105 

cells were i.v. transferred into B10.A mice. Cells were allowed to seed for 24 hours prior 

to any antigen exposure.  

Daily intraperitoneal injection for antigen dosing 
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B10.A mice bearing 5C.C7 cells were injected intraperitoneally (i.p.) with varying 

concentrations of PCC peptide suspended in 1X PBS. 

iPrecio mini osmotic pump preparation, programming, and refilling 

iPrecio pumps were turned on and primed with 1X PBS. Using iPrecio management 

system, pumps were programmed according to dosing regimen as indicated in each 

experimental system. Within 2 hours of programming, pumps were implanted into animals. 

Reservoir of antigen solution was exchanged through dorsal port by aspiration using insulin 

syringe and refilled through dorsal port with an insulin syringe. This was done every 2 days 

to maintain sufficient fluid in the reservoir for delivery.  

Surgical implantation of mini osmotic pumps 

Administration of Tribromoethanol is used for anesthesia. Once animal loses 

righting reflex and this confirmed by lack of tail flex reflex, protective ophthalmic ointment 

is applied to both eyes (lacri-lube puralube) to reduce chance of corneal desiccation. Pre-

emptive analgesic of Buprenorphine is administered subcutaneous (s.c., 3 injections of 50 

ul each spread over the back area) and the post injection site is prepared with 70% alcohol 

on clean cotton gauze or clean Q tip. Buprenex is given at 0.05-0.1 mg/ kg using a 25 G or 

smaller bore needle every 8-12 hours for 2 days following surgical procedure. The surgery 

site hair is removed with electric clippers using a #40 blade in area adjacent to surgery 

table.  Fur is removed to provide 1 cm margins minimum for planned incision. After the 

removal of any loose hairs, the animal is placed on the surgery table warming pad. The 

clipped site will be scrubbed with an 8-12% final concentration of Betadine Surgical scrub 
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using clean Q tips or sterilized cotton gauze. Scrub is removed using 70 % alcohol on Q 

tips or gauze and repeated twice for a total of three applications.  

A 10 mm incision is made through the prepared skin site on the back of the mouse 

– dorsal opposition to the xiphoid cartilage just after the true ribs, above the rib cage. Blunt 

dissection creates a pocket for the iPrecio pump. The iPrecio pump is introduced into the 

pocket and slid in with frequent moistening of the pocket (using sterile saline drops). A 18 

gauge needle is used to make a trocar for delivering the iPrecio pump catheter into the 

peritoneal cavity and the catheter introduced through the portal. Pharmaceutical grade 

Bupivacaine is used (dripped) on incisions (0.25 % dilute 1: 4, dose not to exceed 2 mg/ 

kg bupivacaine) prior to closure to provide topical analgesia. Sutures, monofilament 4.0, 

or wound clips are used to close the skin and supplementation with tissue adhesive if 

necessary.  

After the surgery, animals are wrapped in sterile “blankets” of autoclaved tissue 

wads (i.e. paper towel) and placed in a cage atop a heating pad. The cage is placed with ½ 

of the cage bottom on a thick towel or piece of cardboard and the other ½ of the cage 

bottom on a thermal supportive device at 37ºC. Subsequently, animals are placed in sterile 

cages and monitored approximately every 2-3 hours for a 6-hour period to ensure complete 

recovery from procedure. Post-operative analgesia includes Pharmaceutical grade 

butorphanol (i.e. 1 – 5 mg/kg s.c. q 4 hrs.), or Pharmaceutical grade buprenex (i.e. 0.05 - 

0.1 mg/kg s.c. q 6 – 12 hrs.) as needed after surgical recovery. Animals may receive post-

operative analgesics for an additional 3 days if required. Skin staples or clips are removed 

7-14 days post-surgery. Animals are monitored twice a day for 72 hours and then every 

day for the remainder of the week following the surgical procedure 
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Serum collection and culture assay  

Mandibular bleeds were performed and collected in BD Microtainer Gold Tubes. 

Samples were spun at 14,000rpm for 2 min to collect serum. Serum was plated at varying 

concentrations with 1 x 104 naive 5C.C7 cells (collected as described above) with 2.5 x 106 

CD3ε-KO splenocytes (collected as described above) in a 96 well plate. Cells were 

incubated at 37ºC for 15 hours and subsequently stained for flow cytometric analysis.   

 

  



77 
 

Chapter 3: The initial setting of the T cell activation threshold 

3.1. Introduction 

3.1.1. Steps in T cell development 

All peripheral T cells develop from precursors in a specialized organ called the 

thymus. They acquire T cell receptors (TCR) for the first time as immature thymocytes. 

They subsequently go through multiple selection processes, ultimately developing into 

single positive mature thymocytes. The details of this process have been reviewed 

extensively [151-157]. In this chapter, we discuss the current understanding of how the 

signaling machinery downstream of the TCR is first assembled and how an initial 

activation threshold for the T cell is also set at this time. We will then outline how our 

studies have improved our understanding of this critical process. 

 After T cell precursors leave the bone marrow committed to a lymphoid lineage 

(Common Lymphoid Progenitors or CLP), these cells subsequently mature in a specialized 

organ called the thymus (Figure 3.1). This developmental progression can be traced by the 

expression of the co-receptors, CD4 and CD8. While mature cytotoxic T cells express CD8 

and mature helper T cells express CD4, the initial precursors that home to the thymus do 

not express either molecule, so these are deemed double negative (DN) cells. The DN cells 

can be further fractionated into 4 stages, based on the expression of CD25 and CD44. The 

initial DN1 stage stemming from the Thymus Seeding Precursor (TSP) that homed in from 

the CLP is marked by CD44 alone, but no CD25. Subsequently, expression of CD25 comes 

on, leading to the CD25+CD44+ DN2 cell. This cell then loses CD44, giving rise to the 

DN3 cell and eventually also loses CD25 becoming the DN4 cell. The exact roles of these 

molecules are not necessarily clear but, based on mixed-chimera studies, it seems that 
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CD44 provides a survival advantage to the thymocytes since the loss of this surface 

receptor decreases thymocyte survival in a competitive environment [158]. Yet, loss of 

either CD44 or CD25 does not completely abrogate thymocyte development so it is unclear 

what precise roles they may play during this early developmental stage [159, 160].  
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Figure 3.1. Overview of thymic development. 

Common lymphoid progenitor cells first enter the thymus and then become the precursor cell. This stage is 

designated as double-negative (DN) since these cells lack expression of both CD4 and CD8 surface co-

receptors. The DN stages can be further subsetted by CD44 and CD25 expression where the cells first are 

CD44+ and CD25- (DN1), then gain expression of CD25 (DN2), then lose expression of CD44 (DN3) and 

finally CD25 expression is lost (DN4). During the DN3 stage, VDJ recombination rearranges the TCRβ chain 

and tests to see if it is functional during a process called β-selection where a surrogate α-chain is partnered 

with the newly rearranged TCRβ. The T cells then gain expression of both CD4 and CD8 co-receptors and 

begin rearrangement of the TCRα chain. The newly formed TCRαβ pairing is then tested again to ensure 

proper signaling; both that it can signal effectively but that it does not signal too strongly. Finally, these cells 

commit to either the CD4 or CD8 lineage to become single-positive thymocytes. Figure adapted from [© 

April 2013 British Society for Immunology, https://www.immunology.org/public-information/bitesized-

immunology/immune-development/t-cell-development-in-thymus] 

 

  

https://www.immunology.org/public-information/bitesized-immunology/immune-development/t-cell-development-in-thymus
https://www.immunology.org/public-information/bitesized-immunology/immune-development/t-cell-development-in-thymus
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These stages marked by CD44 and CD25 are helpful, since the first time a 

developing thymocyte acquires a part of the TCR is at the DN3 stage (Figure 3.1). At this 

step, T cells undergo VDJ recombination to rearrange the endogenous TCR-β chain locus. 

The resulting TCR-β chain must pair with a surrogate for the alpha chain, called pre-Tα, 

and signal successfully into the T cell in order to further develop (Figure 3.2A). The key 

point is that while the TCR is assembled to form a stable structure it is ultimately the 

signaling of the TCR itself that is being tested. So, a T cell which has defects in molecules 

necessary for the signaling machinery (discussed in Chapter 1) will not develop past this 

stage. This concept is true for all subsequent selection steps discussed below. Efficient and 

appropriate signaling is a key quality control benchmark in all stages of a T cell’s 

development and life. 

  



81 
 

 

Figure 3.2. Steps of selection in the thymus. 

(A) Rearrangement of the β chain begins during the DN3 stage. Termination of β chain rearrangement occurs 

after successful β selection. These cells then proliferate and become double positive where the α chain is 

rearranged and tested by both positive and negative selection. This shows the phases in which either D-J or 

V-DJ or V-J arrangement occurs within each of these phases. (B) Fates of double-positive thymocytes as 

they proceed through positive selection are to either survive through both selection processes through 

successful but not overtly strong signaling. In other cases, T cells may die through lack of proper signals or 

signaling too strongly. This ultimately populates a repertoire with T cells that are within a particular window 

of affinity. Figures adapted from Janeway Immunobiology and [161].  
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After β selection, thymocytes go through rounds of proliferation to ensure that a 

successful β chain is preserved in the population. These dividing cells then proceed to 

develop to the double-positive stage, marked by the expression of both the CD4 and CD8 

molecules. In the double-positive stage, rearrangement of the α chain completes the TCR 

and sets the stage for at least three potential outcomes (Figure 3.2B, Creative Commons 

Attribution 3.0). All of these outcomes are driven by a sequence of antigen presentation 

events by specialized cells in the thymus. In the thymus, cortical epithelial cells present a 

milieu of self-peptides to first test if the newly generated TCR can engage peptide on self-

MHC. This ensures MHC restriction and overall utility of the TCR in that host; but also 

drives the lineage commitments to CD4 versus CD8. The lineage decision between CD4 

and CD8 begins when the cells downregulate CD8 and if they lose signal, from the lack of 

their interaction with class I pMHC, then they are instructed to upregulate CD8 and become 

CD8 T cells Conversely, if the downregulation of CD8 does not decrease signaling, since 

the TCR would still be able to interact appropriately with class II pMHC, then the cells are 

instructed to become CD4 T cells [162]. During this process the T cells must actively signal 

their ability to sense self-peptides in order to survive; failure to do so results in death via 

apoptosis – also known as death by neglect. This is a fundamentally important step, since 

the critical components of the TCR signaling machinery are not only checked here, but also 

adjusted for optimal sensitivity. On completing positive selection in the thymus, the 

maturing single-positive T cell tunes its TCR signaling using multiple processes, in such a 

way that the endogenous positive selecting ligand is no longer stimulatory. In addition to 

the intracellular signaling alterations, there is also an upregulation of the TCR itself after 

positive selection [163]. Moreover, there are changes in co-receptor expression 
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(particularly CD8) that modifies signaling downstream of the TCR, termed ‘co-receptor 

tuning’ [164]. As I discuss further below in section 3.1.2, this adjustment of reactivity alters 

the TCR activation threshold through intrinsic mechanisms and has a consequence on all 

subsequent steps of T cell activation.  

The third selection event is negative selection (Figure 3.2B) where TCRs that are 

overtly autoreactive are eliminated from the repertoire. The two major selection stages after 

a full TCR is generated (positive and negative) operate with the help of different antigen 

presenting cells (Fig 3.3, Copyright Clearance Center #4882680753890). Positive selection 

requires interactions with epithelial cells in the cortical regions of the thymus (cortical 

Epithelial cells or cTECs). Negative selection is more diffuse, requiring either dendritic 

cells (DC) or medullary epithelial cells (mTECs). This sets up a geographical sequence of 

events (Figure 3.3) where each stage of development is closely tied to interactions within 

a specific microenvironment. This is important to consider since signals other than TCR-

pMHC interactions can significantly impact T cell development. While these are not major 

focal points for this thesis, some such signals include cytokines [165, 166], chemokines 

[167], cell adhesion receptors [168, 169] and key regulators such as Notch [166, 170]. Once 

each of these selection steps are completed, the T cell finally becomes a mature single 

positive cell (SP) that is either CD4 (CD4-SP) or CD8 (CD8-SP) and emigrates to the 

periphery. Yet even at these early stages within a T cell’s life, there is a wide variety in 

signaling molecule expression and functionality in the remaining thymocytes. As a result 

of these molecular changes, the initial activation threshold of a T cell is determined by 

selection events in the thymus. In effect, while we are used to thinking about specific TCRs 

being selected for peripheral function from the vast diversity originally generated in the 
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thymus (Figure 3.4, Creative Commons Attribution 3.0), this is quite dependent on the 

actual signaling criteria as well. Independent of which TCR a T cell leaves the thymus with, 

intricate regulatory changes in the intrinsic signaling network are more deterministic, i.e. 

only T cells with a certain signaling framework successfully seed the periphery. 
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Figure 3.3. Geography of thymic T cell development. 

T cells develop in discrete stages within particular microenvironments of the thymus. β selection occurs 

within the cortex of the thymus where the thymocytes interact with cortical epithelial cells as the first quality 

control step of the newly generated TCRβ. These cells then develop into double-positive thymocytes and 

migrate to the medulla where they interact with either medullary epithelial cells or dendritic cells/mTECs 

and go through positive and negative selection, respectively. The location of each of these processes is critical 

because specialized antigen presenting cells are critical for the quality control of developing thymocytes. 

Figure adapted from [162].  
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Figure 3.4. Thymic development processes and peripheral activation poise the TCR repertoire. 

T cells go through thymic selection where a distinct window of affinity is selected. This leaves the remainder 

of generated thymocytes to die either through neglect or negative selection from either too low or too high 

affinities, respectively. This selection process results is a great deal of death since the random generation of 

TCR chains does not guarantee that they are functionally active. Beyond the thymus, there are additional 

pressures within the periphery, particularly upon antigen encounter, that further dwindle the repertoire of T 

cells. Figure adapted from [171].  
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3.1.2. The tuning of activation thresholds during development  

The molecular changes that accompany development serve a variety of purposes. 

The first series of signals (at the β selection step) is thought to be ligand independent; but 

all subsequent steps require a pMHC interaction. The key difference between positive and 

negative selection is in the strength of signal perceived by the TCR. If it can detect a pMHC 

complex, albeit very weakly, then the T cell survives positive selection. But negative 

selection is much more stringent. Based on the strength of TCR signaling, a decision is 

made that removes the T cell from the system if it signals too strongly [172]. Between these 

two extremes of selection, there is a wide variety of signaling states and concomitant T cell 

fates. The adjustments in the signaling machinery in the thymus cater to these choices. 

First, the TCR is kept maximally sensitive to any ligand, which would allow any weak 

interaction to positively select the TCR. Next, the TCR undergoes a second tuning phase 

where the activation threshold is adjusted to prevent being functionally triggered by that 

positively selecting self-ligand again. It should be noted that some of the changes after 

positive selection may also relate to lineage commitment [162]. While there are multiple 

key modifications of TCR signaling that are not completely understood now (Figure 3.5, 

Copyright Clearance Center #4882631444332), I will focus on some key regulators 

relevant to my thesis work including some of the best characterized regulators; mir181a, 

THEMIS, Tespa1, and finally, CD5.  
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Figure 3.5. Signaling molecules expressed in the thymocytes augment the TCR signaling cascade 

There are a multitude of signaling molecules that regulate the strength of TCR signals within the thymus. 

Some of these molecules, like miR181a function to inhibit negative regulators which allows TCR signaling 

to be heightened during the selection phases. Conversely, the upregulation of negative inhibitors such as 

PTPN22 dampens TCR signaling after the selection process. Together the checks and balances of signaling 

molecule expression aids to select thymocytes that bear TCRs that can signal upon encounter with peptide-

MHC but do not signal too strongly. Figure adapted from [64]. 
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The first, miR181a is expressed highly in pre-positive selection stages of thymic 

development. As a microRNA, miR181a potentially regulates multiple genes in T cells. 

Relevant to the TCR signaling cascade, it has been shown to negatively regulate some 

known negative regulators of TCR signaling. This double negative impact means that 

thymocytes with high levels of miR181a are more easily activated by weak ligands; those 

that are typically involved in positive selection. Targets of miR181a include ubiquitin 

ligases and phosphatases such as, DUSP5, DUSP6, SHP-2 and PTPN22 [173] (Figure 3.5). 

The loss of these negative regulators increases the signal transduction of the TCR and 

ultimately increases the antigen sensitivity of the T cell. miR181a expression seems to 

reflect TCR signaling. After positive selection, the expression of miR181a is decreased and 

allows the expression of the negative regulators it was keeping at bay to accumulate again. 

This results in an alteration of the overall activation threshold of the T cell preventing it 

from signaling in response to the original positively selecting self-peptides. The use of an 

antagomir to miR181a, prevents ERK activation during positive selection [173] to illustrate 

the importance of this regulator for activating key distal components of TCR signaling. It 

is important to point out that altering miR181a expression in T cells does not only affect 

positive selection, but also negative selection and peripheral autoreactivity [174]. Taken 

together, these data demonstrate the importance of balancing the expression of signaling 

molecules to modulate the activation threshold of a T cell.  

Two more recently appreciated molecules that affect TCR signal strength in the 

thymus are THEMIS and Tespa1. Genetic ablation of THEMIS reduces the number of 

single-positive thymocytes [142]. Later studies demonstrated that the activity of this 

adapter is through SHP-1 mediated repression of TCR signaling [175, 176]. Therefore, it 
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is not entirely clear if the loss of thymocytes in THEMIS knockout models is due to reduced 

positive selection or enhanced negative selection. The genetic ablation of THEMIS 

increased calcium flux and ERK phosphorylation in thymocytes compared to wild-type 

controls [175] further indicating that this molecule restrains TCR signaling. Recent studies 

have indicated that THEMIS inhibits the phosphatase activity of SHP-1 through CABIT 

domain interactions [177] suggesting that the loss of thymocytes in the THEMIS knock-

out models may be due to loss of positively selecting TCRs of lower affinities. Beyond 

thymic selection, the use of peripheral knock-out models of THEMIS from Brozstek et al 

found that proliferation under lymphopenic conditions requires the presence of THEMIS 

[178] where there is a competitive advantage to the wild-type cells compared to the knock-

outs. 

Tespa1 was first reported as a molecule that transduces positive selection signals 

since the genetic knock-out reduces the number of single positive thymocytes [179]. This 

has been further studied to show that Tespa1 recruits IP3R1 to the TCR proximal region to 

potentiate efficient calcium signaling [180]. More recently, there have been efforts to 

dissect the thymic versus peripheral roles of these two novel thymic regulators. Lyu et al. 

used conditional knock-out of Tespa1 to demonstrate that Tespa1, unlike THEMIS, does 

not play a role in maintaining TCR signaling in the periphery since there were no defects 

in TCR signaling or proliferation [181]. Taken together, this suggests that THEMIS 

augments TCR signaling and therefore the activation threshold through inhibiting negative 

regulators while Tespa1 aids in propagating signaling.  
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3.1.3. CD5 

One of the first mechanisms implicated in the tuning of signaling during T cell 

maturation is the surface glycoprotein CD5. CD5 is a Scavenger Receptor Cysteine Rich 

(SRCR) family protein expressed on all T cells and on subsets of B cells [182]. CD5 was 

initially identified and named T1/Leu-1 as a marker of CD4 T cells [183]. CD5 expression 

is tightly regulated by a variety of transcription factors including Ets-1 and AP-1 as well 

as other lymphocytic specific transcription factors which may explain the cell type 

restricted expression of the gene [184, 185]. The gene and protein structure of CD5 is 

shown in Figure 3.6A, Copyright Clearance Center #4882681061622. Briefly, there are 11 

exon regions in the gene that code for the following protein domains: a signal peptide, three 

SRCR domains, a hydrophobic transmembrane region, and a cytoplasmic tail that contain 

ITAM-like and ITIM-like sequences [186]. Unlike the consensus ITAM discussed in 

section 1.4.1, this contains tyrosines that are phosphorylated but, they are not spaced in the 

same manner as a canonical ITAM [186]. Moreover, ITIMs have similar structures but 

instead recruit molecules that typically dampen signaling rather than aid to propagate it. It 

has recently been appreciated that there is not strict positive and negative roles in signaling 

of these two amino acid sequences so the exact mechanism that CD5 recruits molecules to 

these sequences has yet to be fully appreciated [67]. To begin to investigate CD5 function, 

CD5 knockout (CD5-KO) animals were generated by homologous recombination to 

disrupt exon 7 and 8 in embryonic stem cells so that no functional protein can be formed 

[143]. CD5-KO thymocytes have higher calcium fluxes suggesting that CD5 restrains these 

signals through a negative regulatory mechanism [187].  
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Figure 3.6. CD5 gene and protein structure and potential interacting partners. 

(A) The CD5 gene is composed of 11 exons that codes for 6 different protein coding regions. These include 

a signal peptide, three scavenger receptor cysteine region domains, a transmembrane domain, and a 

cytoplasmic tail that contains ITAM-like and ITIM like domains with multiple target sites of other TCR 

signaling molecules as shown in the diagram. (B) CD5 has many proposed intracellular binding partners that 

mediate effects on the proximal TCR machinery such as Zap70 and Lck. Many of these attenuate the activity 

of TCR signaling molecules through post-translational modifications. Figures adapted from [186, 188].    
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CD5 does not have a single identified ligand but rather, has been shown to interact 

with a variety of molecules including CD6, IL-6, CD72, and CD5 itself through its 

extracellular domain [189, 190]. Yet, any potential ligand interaction or even the 

extracellular domain itself does not seem to be critical for CD5’s ability to negatively 

regulate TCR-signaling [191]. The intracellular domain of CD5 has multiple tyrosines 

within ITAM-like and ITIM-like motifs which are phosphorylated at various stages of T 

cell activation [188]. These phosphorylated tyrosines create SH2 binding sites for a variety 

of intracellular molecules to dock on the intracellular tail of CD5. The activation-induced 

recruitment of molecules such as the phosphatase SHP-1, the ubiquitin ligases Cbl-b and 

Cbl, CSK, and casein kinase II to these residues and thereby to the TCR signalosome is 

largely thought to mediate the negative regulatory impact of CD5 in lymphocytes [192-

202] (Figure 3.6B, Creative Commons Attribution 4.0). SHP-1 is one of the most well 

characterized binding partners of CD5. It has been shown that SHP-1 is recruited and 

mediates the dephosphorylation of proximal TCR signaling molecules to attenuate TCR 

signals [194]. However, SHP-1 is not essential to the inhibitory function of CD5 since in 

SHP-1 knock-out (SHP-1-KO) T cells, there is still an inhibitory effect of CD5 on TCR 

signaling [201]. Therefore, while SHP-1 associates with CD5 it is not essential to its 

function. Additionally, the recruitment of Cbl molecules to the intracellular tail of CD5 are 

able to target TCR signaling molecules for degradation such as the CD3 chains, Lck, 

Zap70, and PI3K [202-207]. Ultimately, downregulation of these molecules results in 

attenuation of TCR signaling, further contributing to the negative inhibition from CD5. 

Another contribution of these ubiquitin ligases is that they seem to form a complex on the 

intracellular tail of CD5 with CSK [202]. CSK impacts TCR signaling by regulating Src 
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family kinases such as Lck [208] and is thought to have an impact on actin remodeling 

which is critical for effective TCR signaling [209]. Finally, another binding partner of CD5 

is casein kinase II (CKII) [193]. CKII is a constitutively active serine/threonine kinase, 

composed of alpha and beta subunits, that phosphorylates the intracellular tail of CD5 

[210]. CKII has shown to influence thymocyte survival by modulating ERK signaling 

[211]. Recently, additional CD5 binding partners were identified through 

immunoprecipitation and mass-spectrometry analysis which may provide novel insight 

into the signaling modalities of CD5 beyond the above mentioned molecules [212, 213]. 

Taken together, there are a variety of mechanisms by which CD5 can mediate its inhibitory 

action, but the exact mechanisms are not well understood.  

Work from Paul Love and others demonstrated that CD5 is also upregulated in 

proportion to each TCR’s self-reactivity during positive selection [214]. As a negative 

regulator of TCR signaling, this is thought to dampen the signaling potential of the TCR 

such that it becomes virtually ignorant of self-peptide presentation. The authors find that 

alterations in CD5 expression can either decrease (through overexpression) or increase 

TCR signaling (through genetic ablation) to change the signaling predisposition of a 

particular TCR. Importantly, these effects are only evident within TCR-Tg models [144]. 

In a polyclonal repertoire, modulation of CD5 expression is masked by a shift in the 

repertoire itself rather than a loss or gain of cells in general [144]. Therefore, CD5 acts to 

control the selection boundaries of both positive and negative selection. CD5 restrains 

signaling of TCRs that are too highly reactive through upregulation of expression but, for 

those TCR already of low signaling, there is little upregulation of CD5 to prevent any 

dampening of the signals. Therefore, through the proportional upregulation of a negative 
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inhibitor, a variety of affinities of TCR during thymic development can be selected (Figure 

3.7, Copyright Clearance Center #4882631444332).   
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Figure 3.7. CD5 is developmentally regulated and proportional to TCR signaling strength in the 

thymus. 

During positive selection thymocytes must effectively signaling against self-peptide MHC to survive. During 

this process, CD5 is proportionally upregulated to the strength of that signal. As such, the negative inhibitory 

effects of CD5 exerted on the TCR signaling cascade is dictated by the original capacity to signal. This 

regulatory axis tunes the TCR to prevent it from begin able to react to self-peptide MHC presented in the 

thymus after these selection steps are completed. Figured adapted from [64].  
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Taken together, while the regulation of signaling networks in developing T cells is 

complex, CD5 remains one of the best indicators of these dynamic changes. Yet, it is not 

clear how exactly CD5 influences the developing thymocyte at a biochemical level. 

3.2. Chapter Summary 

Given that CD5 is widely used as a marker for broad alteration of T cell’s activation 

thresholds starting within the thymus, we set out to examine the signaling network in 

developing T cells that best correlates with CD5. We find that the negative regulator of 

NFκB, namely IκBα (see Figure 3.8 for a brief overview of the NFκB pathway), is 

expressed in very strict correlation with the thymocyte surface levels of CD5. IκBα, similar 

to CD5, is increased in expression after positive selection. Ablation of CD5 (in the germline 

or using a new inducible knockout mouse model) led to decreased IκBα in thymocytes. 

Interestingly, this regulatory axis is not maintained by canonical binding partners of CD5. 

Finally, we find that there is a significant survival advantage of CD5hi cells that is 

dependent on the activity of NFκB. Taken together, these data demonstrate the variability 

in T cell responses may reflect the alterations that are made early at the selection phase. In 

turn, this variability is a reflection of the activation threshold of each cell which is 

modulated, in this particular example, through changes in the NFκB pathway.  
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Figure 3.8. Overview of the components of the NFκB pathway.  

There are two arms of the NFκB pathway, the canonical and non-canonical pathways. The canonical pathway 

lies downstream of the TCR signaling pathway where proximal kinases activate PKCθ. This kinase then 

activates the CBM complex which is composed of CARMA1, Bcl10, and MALT1. This complex activates 

the IKK complex which then causes the degradation of IκB to release NFκB transcription factors, p50 and 

p65. These then translocate to the nucleus to exert their transcription factor function. In parallel, there is also 

a non-canonical NFκB that is induced by activation of NFκB-inducing kinase (NIK) downstream of TNF 

receptors and other costimulatory molecules. NIK activation leads to activation of IKKα that then processes 

p100 into p52. The heterodimer of processes p52 and RelB are then translocated to the nucleus to regulate 

gene expression. Figure adapted from [© 2020 Novus BiologicalsTM a Bio-Techne® Company, 

https://www.novusbio.com/nfkbpathway] 

  

https://www.novusbio.com/nfkbpathway
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3.3. Results 

3.3.1. Analysis strategy for identifying thymocyte subsets. 

To first begin to analyze thymocytes, we used a flow cytometry approach to subset 

the thymocyte populations by their developmental stages as discussed in section 3.1.1. We 

used a combination of CD4, CD8, and CD69 staining to subset thymocyte populations in 

B6 mice. CD69 was used to distinguish pre-selection and post-selection thymocytes as 

previously described [215]. The DN populations were gated as CD4-CD8-, DP pre-

selection were gated as CD4+CD8+ CD69lo, DP post-selection were gated as 

CD4+CD8+CD69hi, single-positive (SP) CD4 were gated as CD4+CD8-, and SP CD8 were 

gated as CD4-CD8+ (Figure 3.9). This was the gating strategy that is used for the remainder 

of the thymocyte analysis in all subsequent sections of Chapter 3.  
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Figure 3.9. Flow cytometric staging of thymic development in a C57BL/6 mouse.  

Thymocytes were isolated from wild-type mice and analyzed by flow cytometry. First setting a lymphocyte 

gate, singlet gate, then gating live cells as designated by 7AAD negativity. To separate thymocyte 

populations, the expression of CD4 and CD8 were examined to bin these into either double-negative, double-

positive, or single-positive thymocytes. The double-positive population was further subsetted by CD69 

expression to designate those thymocytes that had undergone positive selection.  
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3.3.2. Signaling variations during development in thymocytes reflects the heterogeneity of 

T cell responses 

 The increasing levels of CD5 on T cells typically reflects a developmental 

continuum in the thymus as discussed above. As previously reported, early thymic 

precursors to T cells (CD4-CD8- double-negative (DN) thymocytes) express very little 

surface CD5 [214]. During the positive-selection step (transition of the CD4+CD8+ double-

positive (DP) cells to express CD69), there is a proportional upregulation of CD5 to the 

strength of the positively-selecting TCR signal [214]. We therefore examined if the levels 

of IκBα are also dynamically regulated with CD5 during T cell development (Figure 3.10).  

As previously described, CD4-CD8- thymocytes had lower expression of CD5 

(gMFI 1917.55 ± 729.76) compared to developing T cells that are DP CD69hi cells (gMFI 

4647.27 ± 1644.39, Figure 3.10). In concert with CD5 upregulation, IκBα expression also 

increased through these developmental stages in a tight relationship, such that it resembles 

two epitopes on the same molecule based on the proportional relationship (Figure 3.10). 

CD5 levels remained low prior to positive selection at the double-positive CD69lo stage 

but there was concurrent upregulation of both CD5 and IκBα at the positive-selection stage 

where double-positive CD69lo cells transition to double-positive CD69hi cells (Figure 

3.10B) This suggested that not only does IκBα expression correlate with CD5 but, it may 

be a novel quantitative marker for positive selection and TCR self-reactivity as previously 

reported for CD5 and Nur77 [216].  
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Figure 3.10. CD5 and IκBα are developmentally regulated in thymocytes.  

(A) Representative plots showing the levels of CD5 versus IκBα during progressive stages of T cell 

development in the thymus. Thymocytes were stained for CD4, CD8, and CD69 and gated on markers listed 

on top of each panel (gating strategy shown in Figure 3.9). DP = CD4+CD8+ and SP = single positive for 

either CD4 or CD8 expression as designated. (B) The CD5 and IκBα gMFI on thymocyte subsets as identified 

in panel A. (n = 11 from 3 independent experiments. Statistical significance was calculated using two-way 

ANOVA with Sidak’s multiple comparisons). Significance is indicated as follows: p<0.05 = * ; p<0.01 = ** 

; p<0.001 = *** ; p<0.0001 = ****. Anything not marked is not statistically significant.  
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3.3.3. CD5 expression is required for the upregulation of IκBα and is independent of 

canonical regulators 

Given our current understanding of how TCR affinity to self-ligands, and by 

extension TCR-signal intensity, influences CD5 expression, it was formerly possible that 

the concordance we observed between CD5 and IκBα expression were both independently 

regulated by TCR; where higher affinity interactions with self-peptides resulted in 

upregulation of IκBα as well as CD5. If this were true, we would expect the IκBα levels in 

a CD5 knockout (CD5-KO) T cell to be either unchanged relative to a wild-type (WT) T 

cell or potentially slightly higher due to stronger TCR signals from a loss of CD5 inhibition. 

In the absence of CD5, to correlate with the levels of IκBα, we examined the gradation of 

IκBα levels as the CD5-KO T cells progress from DN through positive selection and 

transition into SP thymocytes (Figure 3.11).   

We found that CD5-KO thymocytes had significantly lower expression of IκBα in 

DP CD69hi, SP CD4, and SP CD8 thymocytes compared to wild-type (CD5+/+) animals 

(Figure 3.11) but not within the CD4-CD8- and DP CD69lo. This suggests a failure to 

upregulate IκBα in CD5-KO (CD5-/-) animals as thymocyte development progresses 

through TCR-dependent selection stages.  
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Figure 3.11. Loss of CD5 decreases IκBα expression in thymocytes. 

 (A) A similar gating strategy as in Figure 3.9, was used to examine different thymocyte subsets in wild-type 

(WT, top row) or CD5 knock out (CD5-KO, bottom row) mice and representative flow plots are shown. (B) 

The gMFI of CD5 and IκBα on thymocyte populations as gated in panel A from WT or CD5-KO mice (n = 

3 - 5 from 1 experiment. Statistical significance was calculated using two-way ANOVA with Sidak’s multiple 

comparisons test). Significance is indicated as follows: p<0.05 = * ; p<0.01 = ** ; p<0.001 = *** ; p<0.0001 

= ****. Anything not marked is not statistically significant.  
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While these data revealed an unexpected role for CD5 in directly modulating IκBα 

levels, the possibility still existed that our observations resulted from the selection of 

different TCRs in the WT versus CD5-KO mice [194, 217]. Since CD5 regulates TCR 

signals in developing thymocytes, the absence of CD5 could lead to the selection of a lower 

self-affinity TCR repertoire resulting in basal differences of IκBα expression. To evaluate 

this, we used an inducible knockout mouse model in which CD5 was ablated only after 

administration of Tamoxifen (referred to as CD5-iKO) as shown in Figure 3.12. 

Administration of tamoxifen induced expression of Cre recombinase. Exons 3-5 of the CD5 

gene were flanked by loxP sites so, upon expression of Cre, this gene segment is excised 

and removed (Figure 3.12A). This leaves the gene without critical domains and renders the 

expression of CD5 nonfunctional. For validation, tamoxifen was administered for 5 days 

and then thymocyte populations were measured (Figure 3.12B and 3.12C). There were no 

changes in the frequency or cell number of the populations within the tamoxifen 

administered ERT2-Cre CD5 floxed animals compared to their floxed only littermate 

controls (Figure 3.12B). Additionally, there was complete ablation of CD5 expression in 

SP CD4 and SP CD8 thymocytes (Figure 3.12C).  
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Figure 3.12. Construct design and characterization of CD5 inducible knock-out mouse model. 

(A) Schematic of CD5-floxed mice with the CAG-ERT2 transgene showing the excision of CD5 gene before 

and after tamoxifen administration. (B) Representative flow plots of thymocytes isolated from CD5-floxed 

mice with CAG-CreERT2 transgene (CD5 inducible knock-outs; CD5-iKO) after treatment with tamoxifen 

for 5 days. (C) Histograms of CD5 expression are shown in single-positive CD4 and CD8 T cells. (D) 

Frequency of each thymocyte subsets and absolute cell counts from WT and CD5-iKO animals.  
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Upon observation of the thymocyte populations in the CD5-iKO mice, we found 

that there was a significant decrease in the expression of IκBα, in post selection 

thymocytes: DP CD69hi, SP CD4, and SP CD8 (Figure 3.13). This was consistent with the 

previous data in the genomic deletion of CD5, further supporting an active role of CD5 in 

maintaining IκBα expression.  
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Figure 3.13. Inducible loss of CD5 decreases IκBα in post-selection thymocytes. 

(A) A similar gating strategy as in Figure 3.9, was used to examine different thymocyte subsets in wild-type 

(WT, top row) or CD5 inducible knock out (CD5-iKO, bottom row) mice and representative flow plots are 

shown. (B) The gMFI of CD5 and IκBα on thymocyte populations as gated in Figure 3.9 from WT or CD5-

iKO mice (n = 2 - 5 from 1 experiment. Statistical significance was calculated using two-way ANOVA with 

Sidak’s multiple comparisons test). Significance is indicated as follows: p<0.05 = * ; p<0.01 = ** ; p<0.001 

= *** ; p<0.0001 = ****. Anything not marked is not statistically significant.  
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Given that there was a direct role of CD5 expression to increase IκBα expression, 

we first investigated a known binding partners of CD5 that could influence the expression 

of IκBα, SHP-1 as well as THEMIS, an additional thymic regulator, as discussed in section 

3.1.2. We found that genomic ablation of either SHP-1 or THEMIS did not impair 

expression of CD5 nor IκBα in bulk thymocytes via western blot analysis (Figure 3.14).  
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Figure 3.14. SHP-1 and THEMIS ablation does not impact CD5-IκBα axis in thymocytes. 

Western blot analysis of CD5, IκBα, pSHP-1, and actin in thymocytes from wild-type (WT), THEMIS knock-

out (THEMIS-KO), and SHP-1 knock-out (SHP-1-KO) animals (n = 1 from 1 independent experiment). 

Western blot, courtesy Seeyoung Choi.  
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3.3.4. CD5 expression provides an NFκB-dependent survival advantage in thymocytes 

NFκB transcription factors are involved in multiple cellular functions including the 

survival of thymocytes and T cells both under homeostatic conditions or after selection 

[218]. We examined the survival of CD5hi and CD5lo thymocytes using a simple ex vivo 

culture assay (mimicking trophic factor withdrawal induced apoptosis as described [219]). 

After 24 hours of culture without additional cytokines, we found that the expression of 

CD5 had a significant impact on cell death as measured by 7AAD and Annexin V staining 

(Figure 3.15). CD5hi populations, as gated by the top 20% expressors within each 

thymocyte population (and conversely CD5lo populations are the lowest 20% expressors), 

had lower proportions of Annexin V+ cells in the developmental stages after positive 

selection including DP CD69hi, SP CD4, and SP CD8 (Figure 3.15B). This suggests that 

the upregulation of CD5 after TCR stimulation, and by extension IκBα, during positive 

selection provides a survival advantage, potentially through NFκB signaling.  
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Figure 3.15. CD5hi thymocytes have a survival advantage over CD5lo cells. 

Thymocytes from B6 mice were cultured ex vivo for 24 hours. Cells were stained and gated as in Figure 3.9, 

together with Annexin V and 7AAD to assess cell death. The populations were grouped based on top and 

bottom 20% of CD5 expression within each population. (A) Representative flow plots are shown.  (B) The 

frequencies of Annexin V+ cells within the top and bottom 20% of CD5 expressers are shown (n= 4 from 1 

experiment is shown and n = 3 from second independent experiment). Significance is indicated as follows: 

p<0.05 = * ; p<0.01 = ** ; p<0.001 = *** ; p<0.0001 = ****. Anything not marked is not statistically 

significant.  
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We then investigated if NFκB signaling was required for this survival effect. We 

cultured thymocytes ex vivo in the presence or absence of an NFκB inhibitor, Bay 11-7082, 

at varying concentrations. After 15 hours, cell death was analyzed by staining with 7AAD 

and Annexin V. We found that with increasing doses of Bay 11-7082, the significant 

differences in death between the CD5hi and CD5lo in post-selection DP CD69hi, SP CD4, 

and SP CD8 populations was abrogated (Figure 3.16). This suggests that the survival 

advantage of CD5hi cells as seen in Figure 3.15, is mediated through NFκB signaling.  
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Figure 3.16. Survival advantage of CD5hi thymocytes is dependent on NFκB function. 

Thymocytes from B6 mice were cultured ex vivo for 15 hours with or without varying Bay11-7082 doses. 

Cells were stained and gated as in Figure 3.9, together with Annexin V and 7AAD to assess cell death. (A) 

Frequency of Annexin V cells in each thymocyte subsets. Representative flow plots are shown for the, 

double-negative (B), double-positive CD69lo (D), double-positive CD69hi population (F), single-positive 

CD4 (H), single-positive CD8 (J). The frequencies of Annexin V+ cells within the top and bottom 20% of 

CD5 expressers of the double-negative (C), double-positive CD69lo (E), double-positive CD69hi population 

(G), single-positive CD4 (I), single-positive CD8 (K). (n = 3 from 1 independent experiment). Significance 

is indicated as follows: p<0.05 = * ; p<0.01 = ** ; p<0.001 = *** ; p<0.0001 = ****. Anything not marked 

is not statistically significant.  
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Figure 3.16. Survival advantage of CD5hi thymocytes is dependent on NFκB function (cont.). 

Thymocytes from B6 mice were cultured ex vivo for 15 hours with or without varying Bay11-7082 doses. 

Cells were stained and gated as in Figure 3.9, together with Annexin V and 7AAD to assess cell death. (A) 

Frequency of Annexin V cells in each thymocyte subsets. Representative flow plots are shown for the, 

double-negative (B), double-positive CD69lo (D), double-positive CD69hi population (F), single-positive 

CD4 (H), single-positive CD8 (J). The frequencies of Annexin V+ cells within the top and bottom 20% of 

CD5 expressers of the double-negative (C), double-positive CD69lo (E), double-positive CD69hi population 

(G), single-positive CD4 (I), single-positive CD8 (K). (n = 3 from 1 independent experiment). Significance 

is indicated as follows: p<0.05 = * ; p<0.01 = ** ; p<0.001 = *** ; p<0.0001 = ****. Anything not marked 

is not statistically significant.  
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A second molecule involved in CD5 signaling is casein kinase II (CKII). CKII 

interacts with the cytoplasmic tail of CD5 [193] to influence T cell subset survival in the 

thymus [220]. We were interested in understanding the potential role of CKII activity in 

survival of thymocytes since CKII can influence ERK and NFκB signaling [211, 221]. To 

address this, we cultured thymocytes ex vivo in the presence or absence of a well-

characterized CKII inhibitor CX4945 [222, 223]. This is an ATP-competitive inhibitor of 

CKII that abrogates kinase activity [224, 225]. After 15 hours of culture, there were no 

significant differences in survival compared to DMSO controls in total thymocytes within 

each subset (Figure 3.17A). When comparing CD5hi and CD5lo thymocytes of each stage 

we found that CX4945 treatment did not impair the survival advantage of CD5hi 

thymocytes in any subsets (Figure 3.17B – 3.17K), unlike what was seen with the NFκB 

inhibitor treatment (Figure 3.16). As seen with the initial thymocyte culture (Figure 3.15), 

the survival advantage was not observed in pre-selection thymocytes (Figure 3.17B – 

3.17E). Upon positive selection and the upregulation of both CD5 and IκBα (Figure 3.10), 

the survival advantage seen in Figure 3.15 was maintained in the presence of CKII 

inhibition suggesting that it does not play a role in maintaining the survival phenotype of 

CD5hi cells (Figure 3.17F – 3.17K).  
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Figure 3.17. Casein kinase II inhibition does not impair survival of CD5hi thymocytes. 

Thymocytes were cultured ex vivo for 15 hours with varying concentrations of the casein kinase II inhibitor, 

CX4945. (A) The frequency of Annexin V+ cells within each population gated as in Figure 3.9 is shown (n 

= 3 from 1 independent experiment). Representative flow plots are shown for the, double-negative (B), 

double-positive CD69lo (D), double-positive CD69hi population (F), single-positive CD4 (H), single-positive 

CD8 (J). The frequencies of Annexin V+ cells within the top and bottom 20% of CD5 expressers of the 

double-negative (C), double-positive CD69lo (E), double-positive CD69hi population (G), single-positive 

CD4 (I), single-positive CD8 (K). (n = 3 from 1 independent experiment). Significance is indicated as 

follows: p<0.05 = * ; p<0.01 = ** ; p<0.001 = *** ; p<0.0001 = ****. Anything not marked is not statistically 

significant.  
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Figure 3.17. Casein kinase II inhibition does not impair survival of CD5hi thymocytes (cont.). 

Thymocytes were cultured ex vivo for 15 hours with varying concentrations of the casein kinase II inhibitor, 

CX4945. (A) The frequency of Annexin V+ cells within each population gated as in Figure 3.9 is shown (n 

= 3 from 1 independent experiment). Representative flow plots are shown for the, double-negative (B), 

double-positive CD69lo (D), double-positive CD69hi population (F), single-positive CD4 (H), single-positive 

CD8 (J). The frequencies of Annexin V+ cells within the top and bottom 20% of CD5 expressers of the 

double-negative (C), double-positive CD69lo (E), double-positive CD69hi population (G), single-positive 

CD4 (I), single-positive CD8 (K). (n = 3 from 1 independent experiment). Significance is indicated as 

follows: p<0.05 = * ; p<0.01 = ** ; p<0.001 = *** ; p<0.0001 = ****. Anything not marked is not statistically 

significant.  
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3.3. Discussion 

CD5 has typically been used as a surrogate marker of signal strength received 

during positive selection and is a well characterized negative inhibitor of TCR signaling. 

Yet, the exact mechanisms of how these roles are exerted is not well understood. CD5 

recruits a variety of molecules through its ITAM-like and ITIM-like motifs such as SHP-

1, Cbl molecules, and CKII but these molecules do not explain the roles of CD5 entirely. 

Here we find that there is a distinct correlation between the expression of CD5 and an 

inhibitor of NFκB, IκBα, suggesting a novel link to the NFκB pathway.  

It was first appreciated that SHP-1 was recruited to the cytoplasmic tail of CD5 and 

recruited into the TCR signaling complex to dephosphorylate kinases within the TCR 

signaling cascade [194]. Yet, it was subsequently shown that the inhibitory function of 

CD5 is maintained in the absence of SHP-1 [201]. Despite the non-essential role of SHP-

1 we were interested in understanding if this molecule plays a role in the CD5- IκBα. We 

found that SHP-1-KO mice do not have altered relationship between CD5 and IκBα which 

suggests that it does not play an essential role in maintaining this signaling axis either 

(Figure 3.14). These data further highlight that the molecular mechanisms of CD5 have yet 

to be completely explained.  

As such, there is continuing research to identify binding partners of CD5. CD5 has 

also been shown to bind Cbl proteins [202]. These proteins are ubiquitin ligases that target 

proteins for degradation and can negatively regulate TCR signaling [203]. Therefore, it can 

be interpreted that CD5 acts as a scaffold to allow the recruitment of Cbl molecules into 

proximity of the TCR complex to negatively regulate the signaling cascade. Moreover, 

recent proteomics analysis of these molecules has highlighted novel interactions between 
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CD5, Cbl, and other regulatory molecules that may provide further insight into the potential 

regulatory mechanism [213]. We have yet to investigate the role of Cbl molecules in the 

CD5- IκBα axis.  

The intracellular tail of CD5 also contains a CK2 binding/activation domain which 

facilitates interactions with CKII. CKII is a broad acting serine threonine kinase that has a 

multitude of cellular targets [226]. Interestingly, disrupting the CK2 domain on the 

intracellular tail of CD5 modulates ERK activation and thymocyte survival, indicating that 

CKII via CD5 may influence TCR signaling [211]. Moreover, there is evidence that CKII 

interacts with the NFκB pathway by increasing IκBα expression via NFκB mediated 

synthesis [221] as well as through a post-translational stabilization via phosphorylation in 

the C-terminal PEST domain of IκBα [227]. Given these data we were interested in 

understanding the potential role of CKII activity in the novel CD5- IκBα axis but, as 

discussed above there was no change in thymocyte survival with CKII kinase inhibition 

(Figure 3.17) suggesting that the kinase activity of this molecule does not affect the 

functionality of the CD5- IκBα axis at least in short term culture conditions.  

The NFκB pathway is essential for thymocyte development [228]. First, it is a 

critical pathway engaged downstream of the TCR where the loss of NFκB activity prevents 

the development of SP CD8 thymocytes [229]. For example, the loss of NEMO or 

IKK1/IKK2 results in arrest at the SP stage [230, 231]. Interestingly, over-active NFκB 

signals preclude development of SP CD4 T cells emphasizing distinct control of this 

pathway to balance the dichotomy between CD4 and CD8 T cells. These checkpoints all 

seem to operate at the level of selection where NFκB signals are critical for the cell to have 

functional TCR signaling.  
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Secondly, NFκB signals provide pro-survival cues in response to cytokine 

stimulation within the thymus where cells with NFκB impairments had increased cell death 

in response to cytokine stimulation such as with TNFα [231]. Unconventionally, this is 

through the inhibition of RIPK1 in SP thymocytes [219]. Briefly, the authors were 

interested in understanding the role of NFκB signaling downstream of TNF signals in 

thymocytes. What they found was that the loss of canonical NFκB subunits, Nfkb1 and 

Rel, did not alter development as was expected given the essential roles of NFκB signaling 

described above. The authors found that there was a developmentally regulated kinase, 

RIPK1 that has dual functionality in thymocyte survival; where RIPK1 in the absence of 

proper NFκB signaling sensitized thymocytes to TNF induced death but, in the absence of 

RIPK1 there was also cell death. The IKK complex was responsible for inhibiting the 

formation of RIPK1 complex IIb for induction of cell death. This demonstrates a novel and 

complex molecular interaction in thymocytes involving NFκB signaling for survival.  

We found a distinct role of NFκB activity in maintaining the phenotype observed 

with higher expression of CD5 and IκBα. We found that CD5hi T cells have a survival 

advantage that when cultured with an NFκB inhibitor, abrogated the survival advantage. In 

this assay we used Bay11-7082 which was initially characterized as an inhibitor of IκB 

kinase activity [232]. This compound prevents the phosphorylation and degradation of 

IκBα therefore inhibiting the translocation of NFκB to the nucleus. Yet, it has recently been 

demonstrated that this compound has off target effects including irreversible inhibition of 

protein tyrosine phosphatases [233]. So, while we interpret the loss of survival effect in the 

CD5hi cells as due to the loss of NFκB activity based on the previous characterization, it 

does not eliminate the potential for an off-target mediator to be involved in this pathway.  
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Our data provides a novel mechanistic link between the CD5 and NFκB pathways. 

Where an increase in CD5 is concurrent with the upregulation of a negative inhibitor of the 

NFκB pathway, IκBα. Interestingly, an increase in expression of both these negative 

regulators provides a survival advantage that is NFκB dependent. This points to a positive 

regulatory role of CD5 and by extension, IκBα, in thymocyte survival which is counter-

intuitive to their canonical inhibitory roles. Importantly, this reveals a new pathway that 

sets differential thresholds for T cells prior to their emigration from the thymus into the 

periphery.  
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Chapter 4: Origins of signaling heterogeneity in steady-state peripheral T cells 

4.1. Introduction 

Once the T cells complete development in the thymus, they migrate to the peripheral 

lymphoid organs as naïve CD4 or CD8 T cells and await cognate antigen stimulation. At 

this stage, the reactivity of individual T cells reflects a continuum of their thymic 

experience as discussed in Chapter 3. As a result, each T cell’s activation threshold, set by 

the affinity of the TCR for thymic-selecting ligands, continues to be the baseline in the 

periphery.  

There is accumulating evidence suggesting that T cells are aware of self-pMHC 

complexes within the periphery as well [234]. While these interactions were sufficient to 

complete selection in the thymus, within the periphery weak signals through the TCR may 

have functional relevance to T cell responses generated against foreign agonists. As of date, 

there are varying reports of what exactly the functional relevance of self-pMHC in the 

periphery may be [133, 164, 235-240] and the current consensus has been reviewed [241-

243]. For example, one functional consequence of self-pMHC signaling to naïve peripheral 

T cells is the maintenance of phosphorylated zeta chains as evidenced by the loss of these 

post-translational modifications upon transfer into MHC class II deficient hosts [235]. 

Many of the reports seem to demonstrate a positive role of self pMHC in the peripheral 

compartment, particularly through poising the TCR signaling pathway to respond better 

upon engagement with foreign agonists. For example, transfer of T cells into MHC-KO 

hosts has been shown to decrease the activity of small GTPases, Rap1 and Rac1 but with 

strong stimulation through CD3 crosslinking, the cells are still able to respond [240]. When 

considering these observed changes and their effects on peripheral activation thresholds, it 
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is important to note the signaling changes that are made with or without pMHC. The 

presence of pMHC seems to continually provide low level stimulation which keeps the 

TCR signaling machinery primed for responsiveness, as evidenced by the phosphorylation 

of the zeta chains in the presence of pMHC interactions.  

Woven into these studies, is the use of CD5 as a surrogate for measuring TCR self-

reactivity [244]. As discussed in Chapter 3, CD5 is upregulated proportional to the TCR 

signal strength in the thymus and that expression is maintained into the periphery [214]. 

As such, this has used as a marker to measure T cell self pMHC reactivity via surface 

receptor expression of CD5 which has made possible many adoptive transfer experiments 

through flow assisted cell sorting (FACS). Additionally, Nur77 is used as another marker 

for self-reactivity [245] but, unlike CD5, is an intracellular molecule so it does not provide 

the same advantages for subsetting T cells for FACS unless used as a reporter system [246, 

247]. As such, it has been accepted that CD5 is a surrogate marker for self pMHC signal 

strength during thymic selection.  

 Multiple labs have shown that high CD5 expression on T cells, and by extension the 

population of more self-reactive T cells, respond better to a variety of pathogens compared 

to T cells with lower CD5 expression in both CD8 and CD4 T cells [248-251]. Specifically, 

one study finds CD8 CD5hi cells accumulate in higher numbers after Listeria 

monocytogenes infection by day 7 and persist at higher numbers through day 30 [248]. This 

suggests that high self-reactivity of T cells, as denoted by higher CD5 expression, during 

thymic selection improves the peripheral responses of T cells to invading pathogens. The 

continued expression of higher CD5 (and the functional benefit of that) is thought to accrue 
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from the ability of some TCRs to continue sensing their positively selecting ligands in the 

periphery but, this has not been explicitly tested.  

Beyond its associated with self-reactivity, CD5 has been associated with other 

functional alterations in lymphocytes and was recently reviewed [252]. In human T cells 

isolated from cancer patients, it was shown that higher expression of CD5 protects clones 

from activation induced cell death [253]. Similarly, it was found that higher CD5 

expression also protects T cells from Fas-mediated cell death programs [254]. Within 

murine disease models, similar results were obtained since there was decreased severity of 

induced experimental autoimmune encephalitis due to increased cell death in CD5-KO 

animals or through CD5 blockade [255]. Taken together, these data demonstrate a stiking 

role of CD5 in maintaining T cell survival although the exact molecular mechanisms are 

not well characterized.  

Moreover, Paul Allen’s lab has generated two listeria specific T cell clones that vary 

only in their expression of CD5 [251]. Interestingly, these cells have different responses to 

bacterial infection, where the CD5lo clone initial responds better but the persistence and 

secondary responses are dominated by the CD5hi clone [251, 256]. The follow up studies 

from these findings are reviewed [257] but there are distinct changes in the calcium 

responses as well as cytokine secretion kinetics [258, 259]. Yet, the exact molecular 

mechanisms that mediate these cellular responses are not well characterized.  

The consequences of CD5 signaling has typically been measured by its impact on TCR 

proximal adapters, cytokine secretion, and proliferation of T cells [190, 200, 217, 260-

263]. As discussed in Chapter 3, SHP-1 is one of the most well characterized binding 

partners and signaling mediators downstream of CD5 [194]. There are also links to the 
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mTOR pathway that could alter T cell metabolism and impair the proliferative burst upon 

antigen encounter [262]. Interestingly, higher expression of CD5 seems to allow faster 

secretion of IL-2 upon stimulation [246]. Moreover, there are differentiation effects seen 

between expression of CD5 particularly with the balance between Th17 and T regulatory 

cells with a role for casein kinase II in this process as well [223, 262, 264]. There is also 

recent evidence demonstrating the binding of IL-6 to CD5 which then triggers STAT3 

signaling within the cell [190]. Taken together, this suggests that there is varied functional 

consequences of CD5 in peripheral T cells.  

Taken together, the field has coalesced around the idea that self-reactivity of individual 

TCRs dictates their ability to respond to antigen. Moreover, the current consensus is that 

heterogeneity between individual T cells is directly a reflection on TCR affinity for tonic 

self-antigens as well as the amounts of those antigens in the body. Our findings in Chapter 

3, where CD5 itself directly controls the expression of IκBα as well as the survival 

advantage of CD5hi thymocytes, suggested an alternate hypothesis. Contrary to the 

prevailing idea we suggest that CD5 dictates the signaling thresholds – at least of the NFκB 

pathway – without additional help from the TCR. In this chapter we evaluated this 

hypothesis using peripheral T cells.  

4.2. Chapter Summary 

We found that, similar to the data in the thymus, CD5 and IκBα are tightly 

correlated in peripheral T cell populations. CD5 expression was continually required for 

maintaining IκBα in the periphery rather than only a reflection of thymic commitment. 

Mechanistically, CD5 regulated IκBα levels post-transcriptionally and independently of 

canonical regulators. Antigen stimulation upregulated CD5 and IκBα suggesting a two-
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step model wherein TCR signals regulate transcript levels of IκBα whereas CD5 controls 

the post-transcriptional regulation. We found that CD5 is sufficient to upregulate IκBα in 

a TCR deficient lymphoma line but not in a fibroblast line which suggests the role of a 

lymphocytic signaling molecule to mediate this correlation. Finally, to address the potential 

activity of NFκB, we found enhanced NFκB accumulation in cells with higher CD5 and 

IκBα expression. Taken together, these data create a picture where the expression of two 

canonical regulators, CD5 and IκBα, create a depot of a critical transcription factor, NFκB, 

that may imbue high expressor cells with advantageous responses upon antigenic 

stimulation.  

4.3. Results 

4.3.1. Gating strategy for analyzing peripheral T cell populations.  

 In order to analyze peripheral T cells, we used a flow cytometric approach and 

staining with TCRβ, CD4, CD8α, CD44, and CD25. CD4 and CD8 T cells were defined as 

TCRβ+ and positivity for their respective co-receptor (Figure 4.1). Furthermore, from these 

subsets, we gated by CD44 expression to designate antigen experienced cells as represented 

by CD44hi cells within naïve animals (Figure 4.2). Within CD4 subsets, T regulatory cells 

can be defined by a variety of transcription factor but, here we used CD25hi as a surrogate 

marker (Figure 4.1) acknowledging that it was not a pure T regulatory population for these 

analyses since CD25 is also an activation marker on T cells. These gating strategies were 

used throughout the remainder of this Chapter for all subsequent experiments.   
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Figure 4.1. Peripheral T cell subset gating. 

Lymph nodes and/or spleens were isolated from C57BL/6 mice and analyzed by flow cytometry. Cells were 

stained with 7AAD, TCRβ, CD4, CD8α, CD25, and CD44 to subset populations. CD4 and CD8 populations 

were gated as 7AAD-, TCRβ+, and either CD4+ or CD8+ respectively. Further subsets were generated based 

on CD44hi expression as ‘memory phenotype’ T cells. Within the CD4 population, CD25hi was used as a 

surrogate marker to enrich for T regulatory cells.  
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4.3.2. Peripheral T cells have altered signaling molecule expression compared to their 

thymic counterparts 

We first investigated the expression of TCR signaling molecules to determine if 

there were any basal variation among a polyclonal population of T cells that may reflect 

the tonic signaling from self-peptide MHC engagement (Figure 4.2). As discussed in 

Chapter 1, TCR signal transduction is initiated by the activity of the CD4/CD8 co-receptor 

associated kinase Lck, which phosphorylates immunoreceptor tyrosine-based activating 

motifs (ITAMS) on the CD3ζ chain, resulting in recruitment of the kinase Zap70 and 

subsequent signaling through LAT, ERK, PLCγ, p38 etc. Typically, the TCR proximal 

signaling machinery converges on key transcription factor complexes which activate gene 

expression. Of these, the NFκB pathway involves a tightly regulated cytoplasm to nucleus 

transit of the transcription factor (TF) complex. Typically, the dimeric TFs of NFκB p50 

or p65 are complexed with the inhibitor, IκB – which masks their nuclear localization 

signals and retains them in the cytoplasm. Upon TCR signaling, proximal kinases 

phosphorylate IκB and mark it for ubiquitin tagging and degradation, allowing the 

cytoplasmic pool of NFκB TF to translocate to the nucleus and drive gene expression. We 

found that there was tight expression of Zap70 and LAT but variable expression of PLCγ 

and IκBα (Figure 4.2).  
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Figure 4.2. Expression of TCR signaling molecules in peripheral T cells. 

Lymph nodes were isolated from wild-type mice and analyzed via flow cytometry for the expression of 

Zap70, LAT, PLCγ, and IκBα in CD4 and CD8 T cells using the gating strategy in Figure 4.1.  

  



131 
 

The functional differences in peripheral T cells with varying levels of CD5 from 

thymic development signals or from tonic signals in the periphery have been described 

[249, 265-268], but the underlying molecular mechanisms are not fully understood. This is 

especially true in the context of reports that CD5hi T cells respond better to foreign antigens 

[248, 249, 268], although CD5 is reported to be a negative regulator of TCR signaling.  

Moreover, Previous studies have examined gene expression changes between CD5hi and 

CD5lo cells as well as direct consequences on TCR signaling [268]. We reasoned that any 

basal differences in the signaling capacity of these cells might also be discerned by 

analyzing the protein expression of key mediators of signaling in T cells, in relation to the 

levels of CD5 (Figure 4.2 and 4.3).  
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Figure 4.3. Zap70, LAT, and PLCγ expression are not correlated with CD5 in peripheral T cells. 

Lymph nodes were isolated and stained for flow cytometric analysis for expression of CD5, Zap70, LAT and 

PLCγ in CD4 and CD8 T cell populations as gated in Figure 4.1. Representative flow plots of Zap70 (A), 

LAT (B), and PLCγ (C) in either CD4 (left panel) or CD8 (right panel) T cells are shown.   
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Since peripheral T cells express a continuum of CD5 ([265], also see Y-axis in 

Figure 4.3) we first examined whether higher CD5 expression correlated with higher or 

lower expression of any TCR signaling intermediates. There was no apparent correlation 

between CD5 levels to the total intracellular levels of Zap70, PLCγ or LAT (Figure 4.3). 

We found that the expression levels of IκBα in T cells consistently showed a broad 

distribution similar to the distribution of CD5 in CD4 and CD8 T cells (Figure 4.4A and 

4.4B) similar to the relationship that we observed in the thymus as discussed in Chapter 3. 

Furthermore, as shown in Figure 4.4B, peripheral CD4 T cells typically expressed a higher 

level of CD5 (mean fluorescence intensity (MFI) of 10631 ± 3025) than CD8s (gMFI of 

5953 ± 2252) and the IκBα levels showed a similar trend (gMFI of 4709 ± 1041 in CD4s 

and gMFI of 2155 ± 364 in CD8s) as seen in Figure 4.4B. This striking correlation between 

CD5 and IκBα expression was not shared with other surface receptors such as CD127, 

CD44, CD62L, or TCRβ (Figure 4.5) or signaling molecules as discussed above (Figure 

4.3).  
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Figure 4.4. CD5 and IκBα expression are tightly correlated in peripheral T cell populations. 

Lymph nodes and spleens were isolated and stained for flow cytometric analysis for expression of CD5 and 

IκBα in peripheral T cell populations as gated in Figure 4.1. (A) Representative flow plot of CD5 and IκBα 

expression in CD4 (left) and CD8 (right) T cells. (B) The geometric mean fluorescence intensity (gMFI) of 

CD5 and IκBα in CD4 and CD8 T cells (n= 11 from 3 independent experiments. Statistical significance was 

calculated using a paired t-test.)  (C) Representative flow plot of CD5 and IκBα expression in CD25lo and 

CD25hi CD4 T cells (n= 7 from 3 independent experiments. Statistical significance was calculated using 

paired t tests). (D) The gMFI of CD5 and IκBα in CD25lo and CD25hi CD4 T cells. (E) Representative flow 

plots of CD5 and IκBα in CD44lo (left column) or CD44hi (right column) CD4 (top row) and CD8 (bottom 

row). (F) The gMFI of CD5 and IκBα in CD44 subsets of CD4 and CD8 T cells (n = 11 from 3 independent 

experiments. Statistical significance was calculated using two-way ANOVA with Sidak’s multiple 

comparisons). Significance is indicated as follows: p<0.05 = * ; p<0.01 = ** ; p<0.001 = *** ; p<0.0001 = 

****. Anything not marked is not statistically significant.  



135 
 

 

Figure 4.5. IκBα expression does not correlate with other T cell surface molecules. 

 (A) Lymph nodes were isolated and stained for flow cytometric analysis for expression of CD44, CD127, 

CD62L, and TCRβ in either CD4 or CD8 T cells as gated in Figure 4.1. (B) Lymph nodes were isolated and 

stained for flow cytometric analysis for expression of CD5 and CD44 in either CD4 or CD8 T cells as gated 

in Figure 4.1. 
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Typically, T cells that complete thymic development and emigrate to the periphery 

maintain the levels of CD5 they acquired in the thymus [214]. Tregs – which also have 

highly self-reactive TCRs - have been shown to express high levels of CD5 [269, 270]. We 

also found higher IκBα expression in the peripheral CD25hi population of CD4+ T cells 

compared to the CD25lo population (Figure 4.4C and 4.4D). 

The overall levels of CD5 were higher in the discrete memory T cell population 

identified as CD44hi T cells (Figure 4.4E and 4.4F); but the distribution of CD44 itself did 

not follow a correlation with either CD5 or IκBα (Figure 4.5). Peripheral “memory” 

phenotype T cells in a polyclonal C57BL/6 repertoire (identified as CD44hi) also 

maintained higher CD5 expression (Figure 4.4E and 4.4F). Similarly, the basal IκBα 

expression in peripheral CD44hi CD4 and CD8 T cells increased correspondingly (Figure 

4.4E and 4.4F). 

4.3.3. CD5, not TCR signals, is necessary for the continued upregulation of IκBα in the 

periphery and is independent of canonical regulators 

As discussed in Chapter 3, CD5 was essential for the developmental upregulation 

of IκBα expression. We were interested in understanding how this relationship is set either 

at the developmental phase in the thymus or if the continuous expression of CD5 in the 

periphery was necessary for IκBα expression. As expected, IκBα expression was decreased 

in both the peripheral CD4 and CD8 T cells of CD5-KO mice, regardless of the expression 

of CD44 (Figure 4.6). This suggested that IκBα upregulation during antigen encounter 

required the presence of CD5 but, could alternatively reflect the loss of this upregulation 

step within the thymus. 
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Figure 4.6. Genomic ablation of CD5 decreases expression of IκBα in peripheral T cells. 

(A) CD4 or CD8 T cells as gated in Figure 4.1 from the pooled lymph nodes of WT or CD5 knock-out (CD5-

KO) mice were analyzed for CD5 and IκBα expression and a representative set of flow plots are shown. (B) 

The gMFI of CD5 and IκBα gMFI in peripheral CD4 or CD8 T cells gated as in Figure 4.1 from lymph nodes 

(n= 3 - 5 from 1 experiment. Statistical significance was calculated using two-way ANOVA with Sidak’s 

multiple comparisons test). Significance is indicated as follows: p<0.05 = * ; p<0.01 = ** ; p<0.001 = *** ; 

p<0.0001 = ****. Anything not marked is not statistically significant.  
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To dissect the differential roles of CD5 in the thymus and periphery, we next 

examined the peripheral population of T cells in the CD5-iKO mice. Although the ablation 

of CD5 will impact the recent thymic emigrants within the periphery, this composes less 

than 25% of the total peripheral population within the window of analysis and therefore 

should not significantly impact selection and the analysis of IκBα expression [271]. First, 

we found that within 5 days of tamoxifen administration the entire peripheral compartment 

of both CD4 and CD8 T cells lacked CD5 expression (Figure 4.7A). Interestingly, we found 

that the loss of IκBα expression was significant in the CD44hi CD4 T cells, but not within 

the CD44lo CD4 T cells (Figure 4.7B and 4.7C). Although CD8 T cells also trended 

similarly, the levels of IκBα in the WT versus CD5-iKO in these cells were not statistically 

significant at the time frame of CD5 ablation or with the number of mice used here. 
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Figure 4.7. Peripheral ablation of CD5 decreases expression of IκBα in T cells. 

(A) Representative flow plots of peripheral T cells isolated from lymph nodes of CD5-floxed mice with 

CAG-CreERT2 transgene (CD5 inducible knock-outs; CD5-iKO) after treatment with tamoxifen for 5 days. 

Histograms of CD5 expression are shown. (B) Frequency and absolute number of peripheral cell subsets. (C) 

The expression of CD5 and IκBα in peripheral T cells in either WT or CD5-iKO mice after treatment with 

tamoxifen for 5 days. Representative flow plots are shown. (D) CD5 and IκBα of peripheral CD4 or CD8 T 

cells gated as in Figure 4.1 above from lymph nodes of WT or CD5-iKO mice (n = 2 - 5 from 1 experiment. 

Statistical significance was calculated using two-way ANOVA with Sidak’s multiple comparisons test). 

Significance is indicated as follows: p<0.05 = * ; p<0.01 = ** ; p<0.001 = *** ; p<0.0001 = ****. Anything 

not marked is not statistically significant.  
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Since we have unveiled a novel connection between the surface molecule CD5 and 

an intracellular component of the NFκB pathway, we next investigated the molecular 

mechanisms that maintain the regulatory relationship between CD5 and IκBα in peripheral 

T cell compartments. Although recent reports hint at “non-canonical” roles for CD5 [190], 

it is typically thought to act by negatively regulating the TCR-proximal signaling pathway 

as discussed in section 3.1.3. The intracellular tail of CD5 recruits negative regulators, most 

prominently the phosphatase SHP-1 to TCR signaling complexes [194]. We therefore 

examined the levels of CD5 and IκBα in SHP-1 knockout (SHP-1-KO) mice as well. 

Similarly, the adapter protein THEMIS is a critical integrator of TCR signaling, especially 

in the thymus. More as a matter of opportunity, since THEMIS-KO cells were available 

from our collaborator Dr. Paul Love, we examined CD5 and IκBα in THEMIS-KO mice 

as well (Figure 4.8). Intriguingly, the proportional relationship between CD5 and IκBα 

expression was maintained despite increased expression of both CD5 and IκBα in the SHP-

1-KO T cells and conversely, decreased in expression in the THEMIS-KO T cells (Figure 

4.8). The two populations in these plots were likely from contaminating cells since this 

particular flow panel did not have a TCRβ gating strategy due to technical constraints.  
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Figure 4.8. The CD5-IκBα regulation is maintained independently of SHP-1 and THEMIS. 

(A) Flow cytometry analysis of wild-type (WT), SHP-1-KO, and THEMIS-KO splenocytes (n = 1 from 1 

independent experiment). (B) CD5 and IκBα gMFI in WT, SHP-1-KO, and THEMIS-KO splenocytes (n = 

1 from 1 independent experiment). 
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A second molecule involved in CD5 signaling is casein kinase II (CKII). CKII 

binds to the cytoplasmic tail of CD5 influences T cell function and differentiation and has 

also been shown to modulate IκBα activation [200, 211, 272]. Treatment with a well-

characterized CKII inhibitor CX4945 [222, 223] also did not affect the levels of CD5 or 

IκBα in peripheral T cells in a dose-dependent manner (Figure 4.9). Taken together this 

suggests that the regulation between CD5 and IκBα is maintained independently of SHP-

1, THEMIS, and CKII kinase activity.  
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Figure 4.9. Casein kinase II activity is not required to maintain CD5-dependent IκBα expression. 

Pooled lymph node and spleens were homogenized into a single cell suspension and cultured ex vivo with 

varying concentrations of CX4945 and harvested at the indicated time points. Cells were analyzed for 

expression of CD5 and IκBα within CD4 (A) and CD8 (B) T cell populations as gated in Figure 4.1 via flow 

cytometry (n = 3 from 1 independent experiment).  
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4.3.4. CD5 upregulation of IκBα acts at a post-transcriptional level of regulation and 

involves a saturable mechanism  

Since we were unable to find any direct links from canonical binding partners of 

CD5, we examined if CD5hi cells expressed more Nfkbia mRNA, the gene that encodes the 

IκBα protein (Figure 4.10). Cells were sorted as gated in Figure 4.10A and the expression 

of CD5 did not seem to reflect higher expression of Nfkbia transcript by qRT-PCR (Figure 

4.10B, left panel). Furthermore, additional analysis of transcripts for NFκB subunits by 

qRT-PCR did not show significant differences between CD5hi and CD5lo T cells (Figure 

4.10B middle and right panels). To validate our flow cytometry findings, western blot 

analysis was performed on FACS sorted CD5hi and CD5lo cells and immunoblotted for 

expression of CD5 and IκBα. We find that similar to our flow cytometric analysis, there 

was increased expression of IκBα in the CD5hi sorted populations (Figure 4.10C). Taken 

together, these findings suggest that the relationship between CD5 and IκBα is likely 

maintained at a post-transcriptional level.  
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Figure 4.10. The CD5-IκBα axis is maintained post-transcriptionally. 

(A) Peripheral T cells from wild-type animals were sorted on 20% CD5hi and CD5lo expression as indicated. 

Representative flow plots are shown. (B) Sorted cells were lysed and RNA was harvested for reverse 

transcription. cDNA was analyzed for expression of Actb and Nfkbia between groups. Fold change (2^ΔΔCT) 

of CD5hi cells compared to CD5lo cells of either CD4 or CD8 populations normalized to expression of Actb 

(n = 6 from 2 independent experiments). (C) Western blot analysis from B6 lymphocytes sorted on 20% 

CD5hi and CD5lo within CD4+ and CD8+ T cell (TCRβ+) populations. Representative western blot is shown 

(n = 3 from 3 independent experiments). Western blot, courtesy Seeyoung Choi.  
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To further interrogate transcriptional differences in CD5lo and CD5hi cells to 

potentially identify factors that may mediate the CD5- IκBα axis, we analyzed an RNA-

sequencing (RNA-seq) dataset of FACS-sorted CD5lo and CD5hi T cells (both CD4 and 

CD8). We first generated heat maps and performed a principal component analysis between 

CD5lo and CD5hi T cells and found there is distinct expression differences between these 

populations (Figure 4.11). Moreover, we constructed volcano plots of the differentially 

expressed genes in CD5lo and CD5hi T cells (Figure 4.12). We found identical changes in 

the genes that were upregulated between CD4 and CD8 T cells (Table 4.1) but, the 

downregulated genes vary between the two T cell subsets (Table 4.2). Similar analysis has 

been performed by others in CD8 T cells sorted by CD5 expression and shares some 

overlapping gene profiles from our analysis [248]. To specifically investigate any 

expression alterations in the NFκB pathway, we queried the expression of genes in this 

pathway. We found that none of the genes in the pathway, including IκBα, had differential 

expression based on CD5 surface expression (Table 4.3). Taken together, these data 

suggest that the regulation of IκBα protein levels in correspondence to CD5 levels involves 

posttranscriptional mechanisms that identifies a novel regulatory axis between CD5 and 

IκBα.  
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Figure 4.11. RNA-Seq analysis of CD5lo and CD5hi T cells. 

CD4 and CD8 T cells were sorted based on CD5 expression, RNA was collected, and sequenced for analysis. 

(A) Unsupervised hierarchical clustering of genes significantly different between each group.  
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Figure 4.11. RNA-Seq analysis of CD5lo and CD5hi T cells (cont.). CD4 and CD8 T cells were sorted based 

on CD5 expression, RNA was collected, and sequenced for analysis. (B) Principal component analysis of 

RNAseq.  
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Figure 4.12. RNA-Seq analysis of CD5lo and CD5hi T cells. 

CD4 and CD8 T cells were sorted on based on CD5 expression, RNA was collected, and sequenced for 

analysis. Volcano plots of the top 100 differentially expressed genes (p<0.001) for CD4 (A) and CD8 (B) 

samples.  
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Figure 4.12. RNA-Seq analysis of CD5lo and CD5hi T cells (cont.). CD4 and CD8 T cells were sorted on 

based on CD5 expression, RNA was collected, and sequenced for analysis. Volcano plots of the top 100 

differentially expressed genes (p<0.001) for CD4 (A) and CD8 (B) samples.  
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Table 4.1. Upregulated genes in CD5lo and CD5hi T cells. 

Upregulated CD4 Upregulated CD8 

A530032D15Rik A530032D15Rik 

Glrp1 Glrp1 

Hmcn1 Hmcn1 

Arfgef3 Arfgef3 

Adamts14 Adamts14 

Lyz2 Lyz2 

Grm6 Grm6 

Trim80 Trim80 

Ly86 Ly86 

Pcsk1 Pcsk1 

Gzma Gzma 

Lrrc3b Lrrc3b 

Ly6c1 Ly6c1 

Prss30 Prss30 

Nrg2 Nrg2 

Dntt Dntt 

Lamc3 Lamc3 

S100a8 S100a8 

Plac8 Plac8 

Gprin3 Gprin3 

Cd163 Cd163 

Nkg7 Nkg7 

1-Mar.1 1-Mar.1 

Cilp Cilp 
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Table 4.2. Downregulated genes in CD5lo and CD5hi T cells. 

Downregulated CD8 Downregulated CD4 

Gm4956 Gm4956+G46D1F2:F31F2:F63 

Kcnq5 Nrp2 

Steap3 Map2 

Kif14 Ikzf2 

Aspm Fam124b 

Dpt Lad1 

Xcl1 Rgs16 

Nuf2 Gm20743 

Armc2 Atp1a2 

Cdk1 Phactr2 

Ntn4 Ntn4 

E2f7 9530020I12Rik 

Fignl1 Msgn1 

Hmmr Kcnf1 

Aurkb 9430078K24Rik 

Fam64a Mctp1 

Spag5 Gm10406 

Tbx21 Gm3696 

Tbkbp1 4930431P03Rik 

Cdc6 Gjb2 

BC030867 Cldn10 

Kif18b Prlr 

Tcam1 Apol9b 

Kcnf1 Scn8a 

Lrr1 Litaf 

Hist1h3c Slc22a2 

F13a1 Pstpip2 

Mxd3 Cd5 

Crhbp A430093F15Rik 

4930431P03Rik Plce1 

Gjb2 Itih5 

Pbk C1ql3 

Pdgfb Nebl 

Cenpm Fam163b 

Espl1 Dbhos 

Gpr15 Fibcd1 

Cdc25c Acvr1c 

Ska1 Ccdc148 

A430093F15Rik Prr5l 

Kif11 D430041D05Rik 

Entpd1 Pla2g4f 
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Table 4.2. Downregulated genes in CD5lo and CD5hi T cells (cont.).  

Mcm10 Il2 

Itih5 Fgf2 

Nebl Gucy1b3 

Adamtsl2 Gucy1a3 

Fam163b Slc9b2 

1700026L06Rik Ccdc180 

Ak8 Coro2a 

Fibcd1 D630039A03Rik 

Ccdc148 Clcnkb 

Bub1b Dhrs3 

Rad51 Tnfrsf9 

Nusap1 Kit 

Bub1 Syna 

Ckap2l Slc29a4 

Tpx2 Chn2 

Ube2c Chl1 

Bmp7 Cecr6 

Ccna2 Lag3 

Mnd1 Bcat1 

Nes Trpm1 

Iqgap3 Sh3gl3 

Slc9b2 Map6 

Depdc1a Tubb3 

Rad54b Izumo1r 

Melk Nrgn 

Coro2a Arhgap20 

Stil Kdelc2 

Rad54l Gsta4 

Kif2c Nt5e 

Stmn1 Itga9 

Ncapg Cdcp1 

Kit 
 

Cit 
 

Kntc1 
 

Slc29a4 
 

Wdr95 
 

Osbpl3 
 

Chn2 
 

Chl1 
 

Srgap3 
 

Cecr6 
 

Lag3 
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Figure 4.2. Downregulated genes in CD5lo and CD5hi T cells (cont.). 

Rad51ap1 
 

Klra3 
 

Klra1 
 

Bcat1 
 

Ccdc155 
 

E2f8 
 

Mki67 
 

Shcbp1 
 

Neil3 
 

Gins2 
 

Chek1 
 

Nrgn 
 

Arhgap20 
 

Kdelc2 
 

2810417H13Rik 
 

Ttk 
 

Kif15 
 

Kif4 
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Table 4.3. Differential expression of NFκB pathway genes in CD5lo and CD5hi T cells. 
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To begin to unravel this novel regulatory pathway, we wanted to address whether 

further synthetic increases in CD5 levels would also increase IκBα expression by using a 

CD5 transgenic mouse model [144]. In these mice, CD5 levels in peripheral T cells 

increased by less than two-fold (1.52-fold increase in CD4 T cells; 1.39-fold increase in 

CD8 T cells) (Figure 4.13A and 4.13B). Accordingly, a subtle shift in IκBα (gMFI of 4734 

± 867 in CD5-Tg and 3412 ± 452 in WT) in CD4 T cells, was also observed but did not 

approach significance (Figure 4.13A and 4.13B). Importantly, although CD5 

overexpression in the transgenic mice did increase, this was relatively small compared to 

the normal expression range. For instance, the gMFI of CD5 in peripheral T cells range 

from 1060 to 32150 in CD4 T cells and 1211 to 14873 in CD8 T cells, while in CD5-Tg 

mice this was 4193 to 37951 and 3202 to 19213, respectively. Intriguingly, on further 

examination of the data, we observed that the maximum value of IκBα expression between 

WT and CD5-Tg mice was similar (Figure 4.13A, grey dashed line) but, the average of 

IκBα expression trended higher in CD5-Tg cells compared to WT cells (Figure 4.13B). To 

further elaborate this, we examined the frequency of the population of T cells in 7 bins 

based on equivalent CD5 levels in both WT and CD5-Tg mice (Figure 4.13C). Plotting of 

the frequency of T cells in each bin clearly demonstrated slight skewing, with significantly 

less of the population of CD5-Tg T cells in the lower bins (Figure 4.13D, Bin 4) and 

increased populations in the higher bins (Figure 4.13D, Bin 6). This suggests that within 

resting (steady state, non-antigen-activated) T cells, the levels of IκBα are limited to a point 

of saturation despite the enforced, marginal increase in CD5 expression through transgenic 

overexpression. 
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Figure 4.13. CD5-driven IκBα expression has a saturation level. 

(A) Wild-type (WT) and CD5 transgenic (CD5-Tg) pooled lymph nodes were harvested and analyzed for 

expression of CD5 and IκBα. Representative flow plots are shown. (B) CD5 and IκBα gMFI on peripheral 

CD4 and CD8 T cells from WT and CD5-Tg animals (n = 3 from 1 independent experiment. Statistical 

significance was calculated using two-way ANOVA with Sidak’s multiple comparisons test.) (C) WT and 

CD5-Tg lymphocytes were harvested from pooled lymph nodes and grouped into bins by CD5 expression as 

shown. (D) Frequency of population in each bin is displayed for CD4 and CD8 peripheral T cells. (n = 3 from 

1 independent experiment. Statistical significance was calculated using two-way ANOVA with Sidak’s 

multiple comparisons test.) Significance is indicated as follows: p<0.05 = * ; p<0.01 = ** ; p<0.001 = *** ; 

p<0.0001 = ****. Anything not marked is not statistically significant.  
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4.3.5. Antigen exposure further increases the expression of CD5 and IκBα 

Given that the transgenic overexpression had a very subtle and non-significant 

increase in IκBα expression and knowing that CD5 is upregulated when peripheral T cells 

undergo antigen-dependent activation ([258] and Figure 4.14A), we wanted to understand 

if TCR signaling could upregulate IκBα expression. We first validated the CD5 

upregulation after antigenic stimulation with an in vivo activation time course. We 

adoptively transferred 5C.C7 TCR-tg CD4+ T cells specific for the model antigen, pigeon 

cytochrome C (PCC), with a subsequent PCC peptide and adjuvant (LPS) challenge and 

recovered the cells at various time points for analysis of surface CD5 expression (Figure 

4.14A). Within 12 hours after challenge, there was a significant upregulation of CD5 on 

the adoptively transferred 5C.C7 population that continued to increase up to 60 hours after 

challenge (Figure 4.14A). Importantly, the saturation of IκBα expression as seen in the 

overexpression mouse model (Figure 4.13) was overcome during T cell activation by 

antigen – i.e. the physiological increase of CD5 in such cases leads to a corresponding and 

further increase in IκBα (Figure 4.14B) beyond the saturating limit found in resting T cells. 

This reveals another level of regulation for CD5-mediated control of IκBα in peripheral T 

cells.   
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Figure 4.14. Antigen exposure further upregulates CD5 and IκBα expression in peripheral T cells. 

(A) 5C.C7 TCR-tg CD4+ T cells were adoptively transferred to congenically distinct B10.A mice and 

challenged with MCC peptide and LPS challenge in B10.A hosts. Expression of CD5 was analyzed at varying 

time points after challenge on adoptively transferred TCR-tg CD4+ T cells. (n = 2-3 from 1 independent 

experiment. Statistical significance was calculated using Tukey’s multiple comparisons). (B) Lymphocytes 

from SMARTA CD4+ TCR-Tg mice were isolated and stimulated ex vivo with TCRαβ-KO APCs and 

cognate peptide for the indicated time points. Cells were harvested and analyzed by flow cytometry. CD5 

and IκBα gMFI of SMARTA CD4+ TCR-Tg T cells (n = 1 from 1 independent experiment). Significance is 

indicated as follows: p<0.05 = * ; p<0.01 = ** ; p<0.001 = *** ; p<0.0001 = ****. Anything not marked is 

not statistically significant.  
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4.3.6. CD5 alone is sufficient to upregulate IκBα but requires a lymphocytic signaling 

mediator and a functional cytoplasmic tail 

Given the difficulty in effectively separating the roles of tonic TCR signals and 

CD5 toward the regulation of IκBα levels (Figure 4.13 and Figure 4.14), we used a cell 

culture model with the T cell (lymphoma) line BW-5147 that lacks TCR expression and 

expresses relatively low levels of CD5 natively. Retroviral transduction for overexpression 

of CD5 in these cells also resulted in a proportional upregulation of IκBα (Fig 4.15). 

Interestingly, in a control group using the fibroblastic cell line NIH 3T3, we did not find 

any consequence to IκBα levels even though high levels of CD5 is expressed (Fig 4.15). 

Apart from demonstrating a necessary and sufficient role for CD5 in the control of 

lymphocytic IκBα, this also suggests the involvement of lineage-specific interactors to 

mediate the proportional relationship between CD5 and IκBα. 
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Figure 4.15. CD5 upregulation of IκBα is independent of TCR expression and requires lymphocytic-

specific molecules. 

(A) BW-5147 TCR deficient lymphoma cells or NIH3T3 cells were transduced with empty or CD5 retroviral 

vector. Cells were rested for 5 d (BW5147) or (48 hours) after transduction and then analyzed by flow 

cytometry. Representative flow plots are shown. (B) Fold change of CD5 and IκBα gMFI on retrovirally 

transduced BW-5147 TCR deficient lymphoma cells (n = 5 from 3 independent experiments; statistical 

significance was calculated using one-way ANOVA with Tukey’s multiple comparisons test for BW5147 

experiments and n = 1 from 1 independent experiment for NIH3T3 experiments). 
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A fortuitous finding while generating CD5 overexpression constructs was that the 

construct in which the CD5 gene is overexpressed matters. We used two different retroviral 

overexpression plasmids, MIGR1 and pQ2aB (Figure 4.16A and 4.16B). MIGR1 does not 

have any additional sequence added to the cDNA of CD5 whereas the pQ2aB plasmid adds 

a small peptide sequence. In transduced BW5147 TCR deficient cells, we found that the 

pQ2aB plasmid was unable to upregulate the expression of IκBα in contrast to the MIGR1 

construct (Figure 4.16C and 4.16D). This suggests that disruption of the cytoplasmic tail, 

even by a small peptide abrogates the CD5-IκBα axis. Furthermore, this disruption suggests 

that a binding partner is recruited to the cytoplasmic tail of CD5 to mediate this relationship 

with IκBα.   
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Figure 4.16. CD5 upregulation of IκBα requires the intracellular tail of CD5. 

(A) MIGR1 retroviral vector with CD5 insertion. 

  



164 
 

 

Figure 4.16. CD5 upregulation of IκBα requires the intracellular tail of CD5 (cont.). (B) pQ2aB 

retroviral vector with CD5 insertion.  

  



165 
 

 

Figure 4.16. CD5 upregulation of IκBα requires the intracellular tail of CD5 (cont.). (C) BW-5147 TCR 

deficient lymphoma cells were transduced with CD5 containing MIGR1 and pQ2aB vectors. Cells were 

rested for 5 d after transduction and then analyzed by flow cytometry. Representative flow plots are shown. 

(D) Fold change of CD5 and IκBα gMFI on retrovirally transduced BW-5147 TCR deficient lymphoma cells 

(n = 5 from 3 independent experiments).  



166 
 

4.3.7. CD5 increases the NFκB depot in peripheral T cells 

Although IκBα is well characterized as a cytoplasmic protein that binds 

components of the NFκB transcription factor and prevents them from triggering gene 

expression in the nucleus, the expression of IκBα is also regulated by NFκB itself [273, 

274]. Therefore, it is not trivial to discern if the enhanced IκBα expression would lead to 

lower expression of NFκB target genes or conversely it simply reflects a greater amount of 

NFκB activity within the cell. Given the results from the RNA-Seq data analysis (Figure 

4.11 and 4.12 and Table 4.1 – 4.3), the increased expression of IκBα does not seem to be 

exclusively driven by increased NFκB signaling. To begin to understand the impact of 

increased IκBα on the NFκB pathway, we first examined the expression patterns of NFκB 

p65. We found that CD5hi cells had an increase in expression of p65 compared to CD5lo 

cells in both CD4 and CD8 T cells and, as discussed previously, CD8 T cells have higher 

expression of NFκB p65 (Figure 4.17A and 4.17B). To resolve whether this implies higher 

NFκB activity we used localization of NFκB p65 as a surrogate marker – since active NFκB 

is translocated to the nucleus.  
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Figure 4.17. CD5 expression alters the localization of NFκB in peripheral T cells. 

 (A) The surface levels of CD5 and intracellular levels of NFκB for either CD4 or CD8 T cells from pooled 

lymph nodes as gated in Figure 4.1. Representative flow plots are shown. (B) The gMFI of NFκB expressed 

by CD4 or CD8 T cells from lymph node or spleen gated in Figure 4.1 (n= 8 from 2 independent experiments. 

Statistical significance was calculated using a paired t-test. Statistical significance was calculated using two-

way ANOVA with Sidak’s multiple comparisons test). Significance is indicated as follows: p<0.05 = * ; 

p<0.01 = ** ; p<0.001 = *** ; p<0.0001 = ****. Anything not marked is not statistically significant.  
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Figure 4.17. CD5 expression alters the localization of NFκB in peripheral T cells (cont.). (C) Screenshot 

of dashboard from IDEAS analysis.  
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Figure 4.17. CD5 expression alters the localization of NFκB in peripheral T cells (cont.). (D) 

Quantitation of nuclear and cytoplasmic localization of NFκB from imaging flow cytometric analysis. (n = 8 

from 3 independent experiments; statistical significance was calculated using two-way ANOVA with Sidak’s 

multiple comparisons test). Significance is indicated as follows: p<0.05 = * ; p<0.01 = ** ; p<0.001 = *** ; 

p<0.0001 = ****. Anything not marked is not statistically significant.   
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Intriguingly, using imaging flow cytometry to determine the localization of the 

NFκB p65, we found that the proportion of nuclear-localized NFκB p65 was not 

significantly different between the CD5lo and CD5hi cells in either CD4 or CD8 T cells 

despite the higher expression of NFκB p65 in the CD8 CD5hi T cell population (Figure 

4.17C and 4.17D). To further validate this, we separated the nuclear and cytoplasmic 

fractions from sorted CD5hi and CD5lo populations of both CD4 and CD8 T cells and the 

relative location of p65 was quantified using western blot (Figure 4.18). We found that 

there was no significant increase in the nuclear fraction of NFκB p65 in CD5hi cells 

compared to CD5lo populations in both CD4 and CD8 T cells (Figure 4.18). Interestingly, 

despite the lack of difference in the proportion of nuclear NFκB p65, there was a significant 

increase in the gMFI of nuclear NFκB in CD5hi CD8 but not, CD5hi CD4 T cells (Figure 

4.18). This suggests that the overall increase in NFκB p65 in CD5hi CD8 cells reflects an 

increase in both the nuclear and cytoplasmic compartments within the cell. Since this was 

not evident in CD4 T cells, it suggests that there is a specific accumulation of cytoplasmic 

NFκB p65 in CD5hi CD4 T cells that accounts for the significant difference in total NFκB 

p65 in CD5hi CD4 (Figure 4.18). This was further supported by the cellular fractionation 

and western blot analysis of NFκB p65 in sorted T cells that shows a higher proportion of 

NFκB p65 in the cytoplasmic fraction in CD5hi CD4 compared to CD5lo CD4 T cells 

(Figure 4.18).  
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Figure 4.18. CD5 expression alters the localization of NFκB in peripheral T cells. 

CD4 and CD8 T cells were sorted based on CD5 expression. Cell fractionation was performed to separate 

cytoplasmic and nuclear components for western blot analysis. Three independent cell sorts were performed 

and western blot analysis for NFκB p65 was performed (panels A, B, and C). NFκBp65 was quantitated to 

SP1 or PARP as indicated. (D) Relative values of nuclear localized NFκBp65. Western blots, courtesy of 

Seeyoung Choi.  
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Taken together these data suggest that increased expression of IκBα in CD5hi T cells 

may allow more NFκB proteins to be present in CD5hi T cells (and potentially retained in 

the cytoplasm) providing an advantageous depot of NFκB transcription factors, ready to be 

translocated to the nucleus upon TCR-driven activation.  

4.4. Discussion 

CD5 plays a critical role as a rheostat for TCR signaling in T cells, but the molecular 

mechanisms by which it regulates multiple aspects of T cell function in the periphery are 

not completely understood. This is especially true in the context of responses to pathogens, 

where unexpectedly, T cells with higher levels of CD5 (a negative regulator) survive better 

and form a larger memory compartment than their CD5lo companions [248, 249, 251]. 

Here, we identify a molecular mechanism that can help clarify such a duality of functions.  

We find that similar to the expression in the thymus as discussed in Chapter 3, CD5 

regulates the expression of IκBα within the peripheral compartment. The increased 

expression of IκBα allows for an accumulation of NFκB p65, potentially helping to 

‘jumpstart’ the NFκB pathways during T cell activation by antigen. The ease of triggering 

robust NFκB driven gene expression in these cells can also help explain the enhanced 

survival of the cells previously observed during peripheral immune responses [248, 249]. 

Overall, these data suggest an intriguing model for the duality of CD5 function in 

peripheral T cells – i.e. the role as a negative regulator which also imbues T cells with 

better reactivity to agonist stimulation. The enhanced expression of IκBα confers a basal 

inhibitory component to the CD5hi T cells. However, these T cells also express a higher 

level of NFκB p65, which is potentially restrained in the cytoplasm. This “poised” state of 

the NFκB pathway in CD5hi T cells may also confer a faster activation of NFκB-dependent 
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gene transcription when it receives strong agonistic TCR signals to facilitate IκBα 

degradation releasing the depot of NFκB to translocate to the nucleus and initiate gene 

transcription. Thus, CD5 dependent differences in depots of NFκB may account for 

heterogeneity and intrinsic biases in subsequent antigen-responses by peripheral T cells 

with distinct phenotypes in CD4 and CD8 populations.   

The identification of CD5 as a rheostat for NFκB function can also help resolve many 

biological paradoxes in T cell development and activation. CD5 has been implicated in 

multiple different signaling activities in peripheral T cells. CD5hi cells have been shown to 

have reduced calcium flux after stimulation via CD3 crosslinking – consistent with its role 

as an inhibitory molecule - yet generate faster IL-2 secretion after anti-CD3/CD28 

stimulation [246]. Interestingly, there is less IFNγ secretion in CD5hi cells after 5 days of 

TCR stimulation but, the early kinetic differences as seen with IL-2 have yet to be explored 

[275]. While biochemical data support a TCR proximal effect of CD5 (e.g. on TCRζ 

phosphorylation) it has also been shown to affect phosphorylation of ERK after PMA 

stimulation [250] – which does not typically require TCRζ phosphorylation. As discussed 

above, the enhanced survival of CD5hi T cells in the context of an infectious challenge is 

also not intuitive, given its negative regulatory role. Our data suggest that many of these 

disparate phenotypes stem from the differential signaling potential of the NFκB pathway 

in CD5hi compared to CD5lo cells. Since NFκB is involved in regulating the expression of 

multiple genes in T cells, some of the other altered functions in CD5hi T cells discussed 

above could stem from the gene products of NFκB signaling that are triggered either at 

basal state or more rapidly following T cell activation. Indeed, the NFκB pathway can 

directly account for some of the responses – such as the increased early IL-2 production 
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and increased survival in CD5hi T cells [276]. Interestingly, the expression of CD5 is also 

maintained on some population of B cells [277] so it is not hard to speculate that similar 

mechanisms governing NFκB function in B cells may exist.  

The duality of the effect of CD5 on IκBα levels is also underscored by the saturation 

effect we observe (Figure 4.13). In resting or steady state T cells, although IκBα follows a 

striking correlation with CD5 (Figure 4.4A) in wild type mice, artificially increasing CD5 

through transgenic overexpression in the CD5-Tg mice, cannot increase IκBα beyond the 

maximum value that wildtype T cells normally have (Figure 4.13). The simplest 

explanation for this is that CD5 only regulates the post-translational levels of IκBα – 

whereas antigen activation by TCR signals allows a transcriptional upregulation of IκBα 

[278]. Indeed, this is validated by the further increase in IκBα in antigen-activated T cells 

(Figure 4.14). While the increase was attributed to the increase in antigen, the challenge in 

these studies did include an LPS adjuvant so it is not possible to dissect the effects from 

co-stimulation on the increase in CD5 and IκBα with the present studies. It is not yet clear 

if this additional increase would serve a positive or negative role in T cell activation. While 

the basal levels of IκBα can help maintain an NFκB depot, the further increase (driven by 

TCR rather than CD5) may in fact serve an inhibitory role as it has been commonly studied. 

Further, antigen activated T cells, which may rest down from the acute TCR signaling, set 

IκBα levels higher than naïve T cells (Figure 4.4) in a CD5-dependent fashion (Figure 4.6 

and 4.8). This is critical because the protein levels of NFκB members are known to require 

post-translational control of their stoichiometry [273, 274]. CD5 could be the mechanism 

that fixes the IκBα expression gain (initially driven the TCR signals) by stabilizing a larger 

NFκB pool in resting memory-phenotype T cells. Whether this increased NFκB depot in 
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memory T cells could drive some of the rapid responses associated with memory function 

is a significant question that remains to be studied. It is also important to note that NFκB 

does not necessarily mean positive or negative responses, but rather relies on the unique 

chromatin landscape in a cell. So, in cells like Tregs the effect of an NFκB depot could be 

quite contrary to that in memory T cells depending on the genes transcribed given the 

varied accessibility of genes between these two populations. The precise dynamics of TCR 

signaling in peripheral T cells and its relationship to heterogeneity in cell fates is still being 

resolved. A variable and CD5 dependent NFκB depot in such cells can be a key part of this 

signaling network. 

Finally, it is intriguing to find that the cytoplasmic tail is critical for maintenance of the 

CD5- IκBα axis as evidence by the loss of the relationship in a cell line overexpression 

system if protein tags are added to the cytoplasmic portion of the tail (Figure 4.16). This 

suggests that a protein-binding partner to the intracellular tail is necessary to maintain this 

relationship. Yet, this binding partner does not seem to be SHP-1, THEMIS, or CKII given 

that the loss or inhibition of the kinase activity for CKII disrupts the CD5- IκBα 

relationship (Figure 4.8 and 4.9). Recent immunoprecipitation studies identify interacting 

partners of the TCR signaling complex diversification including CD5 but, none of the 

identified partners of CD5 were IκBα [213]. This suggests that there is likely an 

intermediate between CD5 and IκBα through a novel interaction.  

 

  



176 
 

Chapter 5: Reversible activation threshold modulation from chronic antigen 

stimulation 

5.1. Introduction 

In the previous chapters we have discussed how the basal NFκB signaling 

machinery, a critical component of the T cell’s activation threshold, is first set in the 

thymus and then actively maintained and regulated by CD5 within the periphery. Here, we 

take a broader vantage on multiple signaling pathways and how they change when a T cell 

faces a unique stimulation context: persistent antigen stimulation. It is increasingly clear 

that constant stimulation by either self-antigens, tumors or persistent pathogens, triggers 

pathways of T cell tolerance in peripheral T cells. While both intrinsic mechanisms 

(anergy, exhaustion, etc.) as well as regulatory interactions mediate tolerance, we focus on 

the former as they are directly contingent on modification of a T cell’s ability to activate. 

Indeed, a key readout of a T cell’s intrinsic tolerance is the loss of responsiveness to 

antigen.  Many transcriptional and epigenetic changes associated with such a form of 

tolerance have been characterized, but key signaling changes that unify multiple different 

contexts of tolerance are not well understood. In Chapters 5 and 6, we will discuss how the 

regulation of a T cell’s activation threshold is a key regulator of tolerance to chronic antigen 

stimulation. Given that self-antigens or persistent foreign antigens result in the loss of T 

cell responses, similar molecular mechanisms may underly both situations; where T cells 

alter their activation threshold to reflect the persistence of the antigen and shut down their 

ability to generate productive responses.  

Understanding the ways in which activation thresholds are altered during chronic 

stimulation may provide insight into how to reverse the hyporesponsive phenotype. If we 
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are able to understand the molecular logic that the T cell uses to decide between responding 

and not-responding, we can harness that logic to design better therapeutics through 

modulation of those molecules that mediate the activation threshold of these cells. This is 

a critical focus of research in the area of immunotherapy for improving T cell function 

during chronic infection and cancer where the re-invigoration of T cell function is critical 

for clearance of these threats.  

5.1.1. Tolerance 

Tolerance is a broad term that encompasses the regulation of T cell function both 

within the thymus and the periphery to control overt reactions to self-antigens. The concept 

emerges from studies in tissue transplantation by Medawar, Billingham, and Brent where 

neonatal exposure to antigen prevented lifelong responses to tissues bearing that antigen 

(the ‘tolerogen’) while preserving responses to unrelated targets (third party) [279, 280]. 

Over the last 70 years, research into the cellular and molecular mechanisms of antigen-

specific tolerance have unraveled multiple cellular processes that mesh together to result 

in the tolerant state. We now know that this happens in two distinct phases - central and 

peripheral tolerance (Figure 5.1). Central tolerance is enforced during thymic selection by 

a combination of different processes. The most well understood of which is that T cells that 

are too highly reactive undergo apoptotic death (deletion) during negative selection [172]. 

In addition to deletional tolerance, T cells that are autoreactive are also converted to Tregs 

in the thymus. These cells are marked by the expression of the transcription factor Foxp3, 

Tregs are the major subset of T cells that enforce a ‘dominant’ form of tolerance – i.e. they 

suppress other effector T cell responses to prevent autoreactive T cells from causing 

pathology. In contrast, cell-intrinsic silencing of T cell functions only limits that particular 
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autoreactive T cell from causing damage and is deemed a ‘recessive’ form of tolerance.  It 

is important to note that Treg suppression can be done on a larger scale; where a single 

Treg is able to suppress multiple effector T cells simultaneously. In contrast, intrinsic 

changes to autoreactive T cells happen on a single cell basis. As T cells complete 

development in the thymus, dominant (conversion to thymically derived natural Tregs) as 

well as recessive (deletion and the process of intrinsically tuning T cell activation 

thresholds, discussed in Chapter 3) forms of controlling autoreactive responses are invoked 

[281].  Since this is still an imperfect process and self-reactive T cells are able to emigrate 

to the periphery, there are mechanisms to continue to limit the function of these potentially 

deleterious T cells as well. These include, the activity of thymically-derived regulatory T 

cells (Fig 5.1), new induction of peripheral T regs, peripheral deletion, as well as new 

changes to the T cell that allow for cell intrinsic alteration of the activation threshold of the 

TCR for its self-pMHC such that it renders the cell non-functional. The last of these, 

involving intrinsic changes to T cell function is the focus of this Chapter. In the literature, 

these phenomena have been discussed under the umbrella of three terms – anergy, 

exhaustion and co-inhibition – yet, each of these shares considerable overlap at the cellular 

level since they all involve a failure of T cells to respond maximally to a new antigenic 

stimulus. This hyporesponsiveness is acquired and may have shared molecular 

characteristics in all three cell states as we discuss further below. Nevertheless, it is easy 

to get the impression from reading the current literature that these recessive mechanisms 

are secondary to the activity of dominant regulation by Tregs during peripheral tolerance 

[282]. This notion, however, as we discuss below, is mostly fueled by an incomplete 

understanding of peripheral tolerance. 
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Figure 5.1. Overview of central and peripheral T cell tolerance mechanisms. 

T cells during development undergo mechanisms that prevent self-reactive T cell clones from entering the 

periphery. This is achieved through negative selection where if T cells bind too strongly to self-pMHC they 

undergo apoptosis. This is called central tolerance. Yet, this is an imperfect process and T cells that are self-

reactive have been found in the periphery. As such, there are also peripheral tolerance mechanisms such as 

regulatory T cells (either thymically derived or peripherally induced) that suppress the function of auto-

reactive clones, peripheral deletion, or the induction of the anergic state. Figure adapted from [Robbins and 

Cotran Pathologic Basis of Disease, 2020] 
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5.1.2. The view past Regulatory T cells 

The identification of a continuous role Treg activity in the maintenance of 

peripheral tolerance has perhaps been one of the major breakthroughs in the field over the 

past two decades. Studies by multiple groups identified subsets of CD4 T cells which 

constitutively expressed the high affinity IL-2 receptor CD25, as key suppressive cells in 

the peripheral immune system, whose development and function was controlled by the 

master transcription factor Foxp3 [283-287]. Soon afterwards, a key experiment was 

influential to our understanding of peripheral tolerance as we know it today. The Rudensky 

and Sparwasser groups demonstrated that removing Tregs only, from an otherwise healthy 

adult mouse, without any other overt triggering event, was sufficient for the development 

of autoimmunity in mice [288, 289]. Rightfully, this established Tregs as an identifiable 

and primary cellular mechanism regulating peripheral tolerance. Studies other than those 

directly evaluating fundamental mechanisms of tolerance have since tended to focus on 

these cells and the mechanisms by which they act as a surrogate of peripheral tolerance as 

a whole. Indeed, these days when a publication comes from labs that are further removed 

from directly investigating mechanisms of peripheral tolerance, oftentimes the 

enumeration and frequency of regulatory T cells or even the expression of Foxp3 itself, are 

used as the primary readouts (or even sole indicators) of tolerance.  Yet, there are several 

reasons why dominant immunosuppression by Tregs alone does not offer a complete 

picture of the tolerance machinery operating in our peripheral immune system. 

Critically, the tremendous advances in basic immunology of regulatory T cells 

come from two singular advances – a fairly reliable cell surface marker, CD25 [283] that 

allows researchers to identify, isolate, and ablate these cells using antibodies against this 
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receptor as well as the critical molecular mapping of Foxp3 as a fundamental regulator of 

this group of T cells. After decades of controversy over the nature of ‘suppressor cells’ 

[282], these molecular tools allowed the Rudensky, Sakaguchi, and other labs to develop 

multiple approaches to critically eliminate these cells (without many off-target effects) 

from the system or even introduce them to new animals by adoptive transfer through 

isolation from fluorescence-activated cell sorting (FACS) using CD25 and other markers 

for isolating pure populations of these cells. As discussed above, this led them, (for e.g. the 

Rudensky group,) to conclude that, (as quoted from [288]) “… Foxp3-independent 

recessive and dominant tolerance mechanisms established in adult mice are not sufficient 

to protect mice from fatal autoimmunity after Treg cell elimination..”. This is an accurate 

statement but, the missing corollary is whether elimination of other (recessive) mechanisms 

of tolerance would have the same outcomes. So, for instance, if a master transcription factor 

driving a recessive form of peripheral tolerance through mechanism X was available – if 

we disable the master transcription factor through a genetic ablation, would the deficiency 

in mechanism X also behave the same way and allow us to state that in the absence of 

mechanism X,   “… Foxp3-dependent dominant tolerance mechanisms established in adult 

mice are not sufficient to protect mice from fatal autoimmunity ....” ? Indeed, this is exactly 

what would be expected, if all forms of peripheral tolerance, whether dominant or 

recessive, play co-equal roles in cooperatively maintaining peripheral tolerance. The 

roadblock, however, is that there is currently no known ‘master regulator’ for any other 

form of tolerance other than Tregs so, this remains to be investigated. A close 

approximation is data from elimination of other molecules, which also disrupt peripheral 

tolerance, without directly targeting Tregs. For instance, in the absence of Fas/FasL 
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interactions that mediate deletion of autoreactive clones, autoimmunity develops despite 

the presence of Tregs [290]. This suggests that other peripheral tolerance mechanisms are 

also critical for maintenance of a healthy state.  

Additionally, hints for the requirement of additional mechanisms towards stable 

peripheral tolerance are already present in the existing literature analyzing CD25+ and 

Foxp3 cells. In early experiments depleting Tregs of adult mice using the anti-CD25 

antibody PC61, spontaneous autoimmunity did not result [291]. This was superseded by 

the diphtheria toxin mediated deletion of Tregs in mice expressing the diphtheria toxin 

(DT) receptor (DTR) under the control of the Foxp3 promoter (Foxp3-DTR) [288, 289]. In 

the absence of a clear understanding of the recessive mechanisms, it has not been possible 

to examine if DT treatment also disrupts other forms of tolerance at the same time (since 

even the attenuated toxin can activate DCs and drive up some inflammatory markers). 

Further, in these elegant studies, the elimination of Tregs by neonatal DT treatment allowed 

the mice to survive for 24 days before developing immunopathology, while adults 

developed it more quickly [288]. Importantly, in a parallel study using a different Foxp3-

DTR construct, elimination of Tregs only led to spontaneous immunopathology in 

neonates, but not in adults [289]. While these wrinkles do not reduce the significance of 

Tregs, it certainly justifies a search for parallel and cooperative mechanisms that contribute 

to peripheral tolerance mechanisms. 

A precise biochemical and molecular blueprint of other forms of tolerance are also 

likely to clarify the activity of Tregs themselves. For instance, it has long been known that 

Tregs display an anergic phenotype [292] but, it is not clear if that is central to their ability 

to be functionally suppressive as well. Similarly, eliminating co-inhibitory molecules such 
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as CTLA-4 in Tregs also affects suppressive activity [293-295]. For example, ablation of 

CTLA-4 expression on Tregs did not prevent their in vitro suppression activity but rather 

caused an increased immunoregulatory phenotype in the conventional T cell compartment 

where there was upregulation of IL-10, LAG-3, and PD-1 suggesting that the loss of 

suppression activity from CTLA-4 on Tregs causes compensatory tolerance mechanisms 

to be activated [294].  Given these, it is not hard to envision how recessive mechanisms 

may facilitate the dominant ones and how these are more interconnected than is currently 

appreciated.    

5.1.3. Recessive forms of tolerance: Anergy, Exhaustion and Deletion 

Anergy was first coined by Dr. Gustav Nossal to describe the loss of response in B 

cells and this eventually became a universally accepted term for the loss of response in any 

lymphocyte including T cells [296]. Although R.H. Schwartz, the co-discoverer of anergy 

in T cells with M.K. Jenkins,  advocated the use of the term clonal anergy mostly for in 

vitro derived anergic cells and a new term ‘adaptive tolerance’ for in vivo anergized T cells 

[297], T cell anergy is currently used to refer to both. Clonal anergy was first discovered 

when Jenkins and Schwartz showed that in the absence of active co-stimulation, APCs that 

only present antigen to a T cell, would induce biochemical changes in the T cell, such that 

any subsequent stimulation failed to trigger robust proliferation or cytokine production by 

the same T cell [298]. Several subsequent studies elaborated on this process and led to the 

appreciation that T cells require two separate signals (signal 1 via the TCR and signal 2 via 

the CD28 pathway) for full activation (Figure 5.2, Copyright Clearance Center 

#4882690225672). Intriguingly, as the molecular paradigms intertwining the two signals 

were better described, it was also appreciated that the nature of the TCR signals received 
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by a T cell also plays a key role in the induction of anergy [299-301]. Overall, the a 

consensus emerged that a partial/incomplete activation signal due to absence of co-

stimulation or weak signals from altered peptides or low levels of antigen, could trigger 

anergy in T cells [302].    
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Figure 5.2. Two-signal model of T cell activation. 

T cell activation is typically thought of in the context of two main signals. The first of which is the 

interaction between the TCR and the pMHC complex on the APC. The second signal is co-stimulation, 

typically through B7 and CD28 interactions but there are also other molecules such as CD40 and CD40L 

that are used in other contexts. A final and third signal that helps to differentiate CD4 T cells in particular is 

cytokine secretion from APCs. Figure adapted from [303].   
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But, even in its early iterations, anergy was not associated with a complete loss of 

functional responsiveness. Instead, T cells which were anergized (i.e. stimulated once 

without co-stimulation) would subsequently show a gradation in their ability to make 

different cytokines – e.g. they could make some amount of IFN but not much IL-2 at all 

[304, 305] as such, the loss of IL-2 production became a key signature of the anergic state 

in T cells [306]. Studies also established that while anergy was very stable in culture, even 

in the absence of continued stimulation, these cells could be “reversed” by culture with 

exogenous IL-2 [304, 307]. Finally, biochemical analysis of TCR signaling in anergic cells 

led to the appreciation that the Ras-MAPK pathway and AP-1 activation (necessary for 

transcription of the IL-2 gene, Figure 5.3) were impaired in anergic T cells [308-312]. 

 

 

  



187 
 

 

Figure 5.3. IL-2 promoter requires multiple transcription factors for effective transcription. 

IL-2 is a critical cytokine for T cell activation. Interestingly, the IL-2 promoter has binding sites for many 

different transcription factors that are required for successful transcription illustrating the importance of 

proper activation along multiple signaling pathways for induction of IL-2 during T cell activation. Figure 

adapted from [313].  
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Experiments to extend studies on anergy to in vivo models used a variety of 

experimental setups – immunization with altered peptide ligands, superantigens, 

constitutive expression of self-proteins as well as other model systems [314-320]. In many 

of these cases, these resulted in T cells that entered states of anergy marked by poor 

proliferation and IL-2 production but, they also revealed differences from the strict 

parameters of the in vitro Jenkins-Schwartz paradigm of clonal anergy. For instance, the 

Rocha lab showed that anergy was reversible if the T cells were removed from chronic 

stimulation and ‘parked’ in a new animal without antigen – leading them to suggest that 

exhaustion (induced by persistent low level antigen) and anergy (high antigen stimulation) 

are distinct processes [321, 322]. A critical difference in the reversal of T cells from this in 

vivo form of tolerance was that it was independent of IL-2, but rather relied on the removal 

of continuous antigen stimulation. Using a similar approach (which we discuss further 

below) the Schwartz group showed that CD4 T cells could fluidly shift between tolerant, 

non-tolerant and more tolerant states – depending on the presence, absence or increased 

presence of peripheral antigen [323]. This state was coined (primarily by the Schwartz 

group) as adaptive tolerance. Overall, these multiple phenotypes associated with anergy in 

vivo, may also reflect some of the heterogeneity observed in the in vitro models – related 

to differences in the TCR ligand quality and quantity. 

 In studies from the Rocha lab, where they discussed anergy, they also considered a 

distinct form of tolerance called exhaustion [322]. This term owes its origins to work from 

the Zinkernagel and Hengartner groups where they studied how persistent infection with 

LCMV led to the loss of effector functions against the virus [324]. Both the Rocha and 

Zinkernagel groups referred to ‘exhaustion’ to imply a gradual death of effector T cells, 
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such that CTLs capable of mediating immune functions were no longer present in the 

animal (i.e. literally, the immune system was exhausted out of the pool of available CTLs). 

Both groups also discussed that there can be gradations of exhaustion based on the number 

of CTLs that remained in vivo. Therefore, the effort by the Rocha group to define anergy 

and exhaustion as two different physiological processes of tolerance was in effect a 

separation of anergy (mechanisms of recessive tolerance, that were non-deletional) from 

slow elimination of cells (mechanisms of recessive tolerance, that were ‘eventually’ 

deletional in nature). Further studies, once tetramers were available to track LCMV-

specific T cells directly these distinctions were not so easily discernable.  

Work from the Rafi Ahmed and Zinkernagel groups showed that during the T cell 

response to chronic LCMV infection a gradual loss of response in the LCMV-specific 

CTL’s effector functions preceded any loss of CTLs themselves  [325, 326].  In addition, 

these poorly functional T cells could persist in vivo for weeks, without necessarily 

undergoing clonal deletion unlike the previous models discussed above. The loss of 

function was progressive  - with a relatively rapid loss of IL-2 production, while loss of 

cytokine production such as TNFα or IFNγ from T cells took longer to extinguish and 

proceeded in a step-wise fashion [327].  It is also noteworthy that even though CTLs 

became progressively poor functioning, they were still capable of clearing virus in different 

tissues [324].  In essence, this metamorphosis of the definition of exhaustion was not 

fundamentally different from that of anergy. In fact the disconnect between growth 

promoting cytokines (IL-2) and effector function (e.g. secretion of IFN or B cell helper 

functions) was also appreciated early in the history of anergy – although sometimes called 

‘split-anergy’  for CTLs [328].  Over time, the broad swath of tolerant (hyporesponsive) T 
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cell states have now been collectively referred to as exhaustion. While a rudimentary 

distinction from anergy is sometimes made, it is no longer clear if all cases of exhaustion 

or anergy are truly distinct at the molecular level. Perhaps, a simple discriminator is the 

need for persistent antigenic stimulation to induce exhaustion, but perhaps not anergy. Yet, 

as we discuss in 5.1.4, this is also not a clear distinction now either. 

In its currently defined state, exhaustion is characterized by an accumulation of 

inhibitory receptors (e.g. PD-1, CTLA-4, LAG-3, etc) and persistent antigen stimulation as 

reviewed [329-333]. Additionally, lack of CD4 T cell help [334] or a variety of other 

extrinsic mechanisms can influence the development of CD8 T cell exhaustion (reviewed 

in [330]). Ultimately, this results in functional and molecular changes to these cells that 

separate them from classical memory differentiation. CD8 memory cells can survive in 

vivo in the absence of antigen using IL-7 and IL-15, but chronic stimulation causes an 

‘addiction’ to antigen so that exhausted T cells cannot survive without the persistence of 

cognate antigen [335]. In tumor-specific T cells, constant exposure to the tumor antigen is 

also thought to drive an exhaustion/anergy phenotype; but in this case, an additional term 

‘dysfunction’ has also been coined [336] and there is disagreement within the field what 

this terms exactly refers to [337]. In light of the above discussion, perhaps the use of the 

term ‘tolerance’ (or more aptly non-deletional tolerance) is an appropriate umbrella to 

consider all these overlapping mechanisms, until we can parse them out based on discrete 

molecular operators. At this time, however, major outstanding questions related to the 

physiological, molecular, phenotypic, and functional consequences for T cells exposed to 

chronic and acute antigenic stimulation can be seamlessly transferred to each of these terms 

(Figure 5.4, Copyright Clearance Center #4882690521166). 
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Figure 5.4. Outstanding questions related to T cell functional alterations following chronic stimulation. 

The differentiation of T cells from naïve to memory or exhausted T cells has many unanswered questions. 

First, defining the differences between memory and exhausted precursors cells remains to be completely 

understood but, unraveling the differences between these two programs may provide insight into potential 

therapeutic avenues. Secondly, it is not well defined if there is conversion from exhausted cells to memory 

cells and along the same thread the reversal of exhausted cells back to effector cells. Reversal will be further 

discussed in this Chapter. Finally, defining the molecular networks that govern the signaling and transduction 

potential of exhausted T cells remains to be completely understood. Significant progress has been made 

towards this goal particularly in the area of transcription factor expression and epigenetic modifications. 

Figure adapted from [337].  
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In addition to anergy and exhaustion, the other forms of recessive tolerance that 

have been described including clonal deletion, senescence and ignorance. Clonal deletion 

plays a significant role in the control of effector T cell populations after every immune 

response. In addition, interaction of molecules such as Fas/FasL and TRAIL are also 

involved in controlling the viability of T cells around specific organs [338]. It is not clear 

how relevant these processes are to antigen-specific peripheral tolerance versus broad 

homeostasis. Similarly, both ignorance and senescence are not equated with actively 

regulated tolerance as both are part of the continuum of a T cell’s life – even outside of 

tolerogenic antigen encounters. While some organs may shield antigens from T cells to 

offer ‘immunological privilege’ and lead to the T cell being ‘ignorant’ of the antigen, it is 

increasingly clear that this is not absolute [339]. Organs like the brain have their own 

lymphatic drainage and may elicit T cell responses distinct from those that were previously 

measured. Along these lines, senescence is typically seen in aging T cells where they have 

lost some ability to proliferative in response to TCR signaling [340]. General cell biology 

processes such as telomere shortening may play a role here. Yet, the proliferation loss 

results as a consequence of persistent antigen or self-tissues and it is not clear if senescence 

is sufficiently distinct from anergy or exhaustion.  In a polyclonal repertoire, the selective 

retention of some TCRs versus others are also a confounding factor in interpreting models 

of senescence [341]. Although we don’t discuss ignorance or senescence further here, it is 

possible that once we have a better molecular understanding of these processes, 

overlapping molecular patterns can eventually be defined.    
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5.1.4. The molecular-genetic signatures of peripheral recessive tolerance 

As discussed above, the functional readouts for the fate of T cells that have 

encountered a chronic self or viral antigen in vivo, are similar in the case of anergy and 

exhaustion (or for that matter dysfunction). These typically include reduced proliferation 

to antigen challenge and poorer production of cytokines.  Since T cells use a definitive set 

of signaling and gene expression networks to express cytokines, proliferate, and 

differentiate, it is natural that some of the molecular changes associated with anergy and 

exhaustion considerably overlap since they both result in the loss of these programs.  

Although exhausted CD8 T cells were initially thought of as a relatively 

homogenous albeit progressively acquired state, recent research has begun to parse these 

cells into distinct subsets, and importantly has identified a progenitor population 

responsible for maintaining the terminally differentiated cells [342]. There are markers that 

have been used to subset these populations (some shown in Figure 5.4) that include the 

overlap in transcription factors like T-bet, Eomes, TCF-1, and Tox as well as surface 

markers like PD1, KLRG1, IL7R, and others that are typical of T cell effector and memory 

differentiation [332]. These stages of exhaustion differentiation provide tools to determine 

where along the hierarchical and progressive path of exhaustion these cells are. With the 

recent advanced in genomic analysis, there have been studies that examines these 

populations of T cells to parse out the different molecular patterns as they differentiate 

from naïve to terminally differentiated states [343].  

 Compared to CD8 T cells, the hyporesponsive states in CD4 T cells are more 

complex. As they lose the ability to proliferate they seem to still have the capacity to make 

some cytokines, albeit different ones than the canonical IL-2 and IFNγ [329]. Recently, 
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exhausted CD4 T cells have more T follicular helper (Tfh) like phenotypes with increased 

production of IL-10 and IL-21 as well as similar gene signatures such as the expression of 

Bcl-6 [331, 344-349]. This suggests that similar to the altered differentiation fate that is 

seen with CD8 T cells, CD4 T cells may progress toward a Tfh like state in the context of 

chronic stimulation. Interestingly, a similar Tfh like gene expression pattern is seen in CD8 

T cells but has yet to be completely understood but the expression of PD-1 and CXCR5 are 

common surface markers of both Tfh and exhausted cells [350-352]. These heterogeneities 

have made it more difficult to stage the onset of exhaustion in CD4s, without parallel 

measurement of functional correlates. 

 In other studies of T cells specific for a self-antigen (glucose-6-phosphate 

isomerase, GPI) induce an arthritic phenotype. In the presence of Tregs in a lymphopenic 

system, these cells become anergic and do not cause pathology. Interestingly, there is a 

significant upregulation of two molecules, folate receptor 4 (FR4) and CD73, an ecto-5’-

nucleotidase, on anergic cells [353].  These molecules were previously observed on Tregs 

[354, 355] and seem to be concurrently upregulated as cells become anergic but, a 

functional role of these has yet to be completely understood. Yet, one can speculate that 

these markers are likely part of a non-responsive program.  

Beyond changes at the level of surface receptors, it has recently been appreciated 

that there are epigenetic changes within exhausted T cells such that they have heritable 

alterations to their genetic programs [330, 343, 349, 356]. Most of the studies thus far have 

focused on comparing activated or memory cells with exhausted T cells such that they 

eliminate any changes that occur from antigen interaction alone. The changes occur at 

genes for effector responses to silence them while opening the chromatin around genes like 
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checkpoint molecules. Alterations at this level provide a stability to the phenotype that is 

not possible with other mechanisms like the upregulation of checkpoint molecules or 

altering other surface receptors.  

Taken together, while there are shared factors between both CD4 and CD8 T cells 

during exhaustion, the programs that are initiated within these cells during chronic viral 

infection seem to have distinct molecular consequences between these two T cell lineages.   

 5.1.5. Reversibility of hypo responsiveness in T cells 

 A key feature described during peripheral tolerance in vivo, driven by the encounter 

of T cells with their cognate antigen either as a self-antigen or as a chronic viral infection 

was reversibility. Unlike clonally anergic T cells in vitro, whose functioning could be 

reversed upon treatment with non-TCR mitogens such as IL-2, tolerant T cells in vivo, 

could recover functions upon removal of antigen [321, 323]. The significance of this 

finding was that it offered a therapeutic recourse for instances where T cell tolerance was 

not desirable such as in the case of chronic infections and tumors. It is still debated whether 

or not reversal is possible in all chronically stimulated T cells [337]. Some suggest that 

there is a terminal differentiation state where upon entry, there is no way to recover the 

functionality of these cells due the epigenetic modifications that silence their effector 

molecule expression [357]. Here we will discuss the evidence of reversibility and the 

specifics of what has been achieved thus far.  

 Given the importance of antigen continuity in all of these situations, as proof of 

principle one of the easiest ways to determine the reversibility of this state is through 

removal of antigen. In the Rocha and von Boehmer experiments, this was done through a 

secondary adoptive transfer of the tolerant T cells into antigen free hosts as discussed in 
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section 5.1.3 where the cells recover the ability to proliferate in vitro [358]. Similarly, cells 

from a different model system after removal from chronic stimulation, there is a recovery 

of proliferation and production of cytokines (IL-2 and IFNγ) [359].  Additionally, another 

model system had recovery of proliferation and cytokine production but interestingly if the 

tolerant cells were re-transferred into an antigen bearing host they further lost functionality 

[146]. Taken together, these multiple model systems provide strong evidence that the 

removal of antigen can reverse the hyporesponsive state and allow cells to recover both 

their proliferative and cytokine production capacity.  

One regulatory pathway of T cells that has been exploited for reversal purposes has 

been checkpoint molecules. T cells upregulate these surface receptors as the molecular 

breaks to prevent overly responding to pathogenic insults. Unfortunately, in cases of 

chronic infection or cancer, these pathways shut down T cell responses to the insult and 

prevents effective clearance. As such, the use of checkpoint inhibitor therapies are 

extremely successful in re-invigorating the responses of some populations T cells in the 

context of cancer [360]. Yet, these do not result in complete restoration of responses so 

there are other mechanisms left to be understood and targeted to restore T cell responses, 

potentially ones that could re-invigorate the entire hyporesponsive population. Checkpoint 

inhibitors are monoclonal antibodies that block coinhibitory pathways such as PD-1 or 

CTLA-4 but, as mentioned above, it is variable on the T cell populations that are responsive 

to this therapy [360]. It seems as though the progenitor cells are those that are able to be 

recovered rather than the terminally differentiated subsets [361]. This presents a problem 

where this only selectively expands and may not provide ample effector responses to 

combat the threat at hand. One explanation for this selective response may be due to the 
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epigenetic modifications in these T cells that preclude recovery of function [362, 363]. So, 

finding an alternative to these options is a current pressing question within the field. While 

some are approaching these therapies by combining multiple checkpoint molecules, we 

believe it may be a better strategy to find an underlying molecular program that governs 

all hyporesponsive T cells to target that pathway rather than the downstream inhibitory 

pathways that are engaged from chronic stimulation like the checkpoint molecules.  

There is a strong push to find ways to re-invigorate T cells from these hypo 

responsive states particularly in the context of chronic infection and cancer. If we are able 

to understand the molecular paradigms that drive these responses, can we design ways to 

reverse their course? Recently, an unbiased screening of T cells in LCMV clone 13 infected 

hosts identified 19 pharmacological compounds that recover IFNγ production of which, a 

PKC activator was the top hit [364]. This suggests that targeting the TCR signaling 

machinery itself may restore the functionality of T cells. Moreover, this strategy could 

provide a unifying theme to re-invigorating cell responses in multiple contexts of chronic 

stimulation. Therefore, understanding the ways in which the TCR signaling molecules 

themselves establish the hypo responsive state and how we can augments those programs 

is of great interest for therapeutic application.  

5.1.6. The 5C.C.7 → mPCC model system for tolerance 

  The advent of TCR-Transgenic (TCR-tg) systems allowed systematic investigation 

of peripheral tolerance mechanisms using adaptive transfer strategies, popularized by 

Jenkins and others using Ovalbumin as a model antigen [365]. The ability to track the fate 

of a monoclonal population from the naïve state all the way to tolerance (and reversal) 

allowed for rigorous experimental design that was not possible with polyclonal T cells and 
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their heterogenous TCRs. In the decade since, multiple model systems were developed to 

examine these questions – including the adoptive transfer of Hen Egg Lysozyme (HEL)-

specific T cells (3A9 TCR transgenic) to mice expressing different forms of HEL by the 

Goodnow lab [366, 367],  HA-specific T cells to HA-expressing mice (or those challenged 

with a HA-expressing virus) from the von Boehmer, Pardoll, and Caton labs [368-373], 

Ova-specific DO11.10 T cells transferred to variable Ova-transgenic mice by the Abbas 

Lab [374], transfer of male-specific T cells to male or female mice by the Cobbold, Rocha, 

and von Boehmer labs [322] to name a few examples.  

  In this chapter, we use a model system that was originally developed by Dr. Corinne 

Tanchot and Dr. Ron Schwartz [323], using TCR-tg mice made by Dr. Mark Davis.  The 

5C.C7 TCR transgenic mice express a monoclonal TCR containing a V11 and V3 pair 

specific for cytochrome c peptides derived from either moth or pigeon (MCC or PCC) 

presented on the class II MHC molecule I-E of the k haplotype (specific for I-Ek-M/PCC). 

In this model, 5C.C7 T cells were adoptively transferred to PCC-transgenic mice, where 

the target antigen (PCC) was expressed as a transgene driven by the ubiquitous MHC-I 

promoter coupled to an Ig enhancer. The recipient mice were also deficient in CD3ε such 

that there is no development of endogenous T cells. Upon transfer into hosts that lack T 

cells and have cognate antigen expression, there is a rapid proliferative burst of the TCR-

tg CD4+ T cells followed by a plateau phase around days 7-10 after transfer. Concomitant 

with this cessation of in vivo proliferation, T cells recovered from these hosts show a 

striking decrease in proliferative capacity and production of IL-2. There is also a wealth of 

information regarding bulk changes in the TCR signaling cascade within these cells as 

summarized in Figure 5.5, Copyright Clearance Center #4882690664729 [146, 147, 375-
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377]. Briefly, there are both proximal (Zap70, LAT, etc) as well as distal alterations 

(calcium signaling, ERK, IκBα, etc) that could contribute to the loss of functionality from 

these cells. This suggests that the chronic stimulation within these cells augments the 

signaling molecules themselves which in turn may cause changes to the activation 

threshold reflected by the loss of functionality. Given the ability of this established model 

system for peripheral T cell responses to chronic versus acute antigen, we set out to 

examine the molecular mechanisms underlying activation threshold modulation using this 

platform. 
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Figure 5.5. T cell receptor signaling perturbations after chronic stimulation in a self-antigen murine 

model. 

5C.C7 TCR-tg CD4+ T cells are transferred into hosts that bear a transgene for constitutive expression of 

their cognate antigen PCC. Within this system, there is progressive loss of function (loss of proliferative 

capacity and IL-2) as well as distinct biochemical changes along all modules of the TCR signaling 

pathway. Within the proximal module, there is decreased Lck and Zap70 activity. Additionally, there is an 

accumulation of Zap70 but, a defect in its translocation to the TCR complex. Within the intermediate 

module, there are additional defects in translocation of LAT, PLCγ, and Vav. Phosphorylation status of 

these molecules are also altered. At the distal pathways there is impaired calcium mobilization, PKCθ 

translocation, and decreased expression of phosphorylated ERK. Taken together, this model system has 

systemic defects in TCR signaling. Figure adapted from [378].  
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5.2. Chapter Summary 

We used an adoptive transfer model system to characterize changes in naïve 

antigen-specific T cells as they experienced acute versus chronic antigenic stimulation in 

vivo. We found that compared to acutely stimulated or naïve T cells, chronically stimulated 

cells were about 100-fold less sensitive to antigen. Although previous data shows that this 

unresponsiveness can be recovered when transferred to mice without constant antigen 

stimulation, we find that short term deprivation of antigen in vitro is not sufficient to restore 

T cell functionality. Chronically stimulated cells show multiple alterations in their 

signaling machinery. Finally, we used pharmacological reagents to disrupt the molecular 

targets identified from a drug screen hit to see if those will recover any functional capacity 

of chronically stimulated T cells. 

5.3. Results 

5.3.1. Adoptive transfer of TCR-Tg CD4+ T cells into cognate-self-antigen murine model 

system 

To investigate the progression into a hyporesponsive state without any confounding 

variables from infection or the tumor microenvironment, we employed an adoptive transfer 

mouse model where 5C.C7 TCR-Tg CD4+ T cells (B10.A,5C.C7, RAG2-/-) are transferred 

into host mice of two different genotype – one bearing the PCC transgene for chronic 

stimulation and the other without antigen expression. The latter is then primed with an 

intraperitoneal injection of PCC peptide and LPS, to provide a single stimulation. (Figure 

5.6A). After various days of stimulation, T cells are isolated by negative selection using 

magnetic beads (Figure 5.6B) for further analysis as outlined in subsequent sections in this 

Chapter.   



202 
 

 

Figure 5.6. Adoptive transfer model system for chronic self-antigen stimulation. 

Naïve 5C.C7 TCR-Tg CD4+ T cells were isolated and adoptively transferred into CD3εKO or PCC-CD3εKO 

animals. Cells were left resident in hosts for 14-28 days before ex vivo analysis was performed. (A) 

Experimental diagram of adoptive transfer system. (B) Flow cytometric analysis of naïve, acute, and chronic 

5C.C7 T cells before and after purification protocol.  
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5.3.2. Chronic antigen exposure dampens T cell responsiveness 

T cells recovered from acute or chronic hosts were re-stimulated in vitro to evaluate 

the proliferative capacity of these cells. We found that there was a significant loss of 

proliferative capacity such that the EC50 of the dose response curve shifts from 0.0015μM 

or 0.007μM for naïve and acute stimulation respectively to 1μM for chronic stimulation 

(Figure 5.7A – 5.7B) Additionally, there was a significant loss in IL-2 cytokine production 

upon re-stimulation (Figure 5.7C). This was critical in establishing the baseline for all 

further assays and analysis that aim to recover functional responses of these T cells. 

Moreover, given that the microbiome can influence the hyporesponsive state of T cells in 

this model system [379], it was imperative to determine these functional parameters with 

our animal housing conditions.  
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Figure 5.7. Chronic antigen stimulation decreases proliferative capacity and cytokine production of T 

cells. 

5C.C7 TCR-Tg CD4+ T cells were isolated from Chronic or Acute hosts as depicted in Figure 5.6. or from 

naïve 5C.C7 TCR-Tg animals. The cells were loaded with CFSE and then normalized numbers of 5C.C7 

cells from each host (as determined based on flow cytometric analysis) were plated with CD3ε-KO 

splenocytes with varying doses of peptide and cultured for 72 hours. Cells were stained and analyzed via 

flow cytometry. (A) Representative histogram of 5C.C7 T cells from naïve (green), acute (blue), and chronic 

(red) hosts were re-stimulated with 0.1μM peptide. (B) Dose response curve of naïve, acutely, and chronically 

stimulated 5C.C7 T cells (n = 6 from 3 independent experiments). Significance was calculated using one-

way ANOVA with Tukey’s multiple comparisons test, # indicate comparisons of acute versus chronic and * 

indicate comparisons of naïve versus chronic. (C) Naïve (green), acute (blue), and chronic (red) 5C.C7 T 

cells were isolated and re-stimulated ex vivo with 1μM peptide and supernatants were collected to measure 

IL-2 by ELISA. Significance was calculated using one-way ANOVA with Tukey’s multiple comparisons 

test. Significance is indicated as follows: p<0.05 = * ; p<0.01 = ** ; p<0.001 = *** ; p<0.0001 = ****. 

Anything not marked is not statistically significant.  
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The data presented in Figure 5.7 was using the lymphopenic model system shown 

in Figure 5.6 but, there are conflicting phenotypes when TCR-Tg T cells are transferred 

into lympho-replete hosts (those that have a full compartment of T cells, Figure 5.8). For 

example, an arthritic phenotype developed within the lymphopenic model shown in Figure 

5.6 but, this was not present in the lympho-replete model [380] suggesting that there are 

distinct differences in T cell function between these two states. Within the lympho-replete 

model, there was a shorter period of residency before these cells become hyporesponsive 

so the timing of the experiments and analysis is different from Figure 5.6. We found that 

there was an increase in the EC50 of chronically stimulated cells compared to acutely 

stimulated counterparts (Figure 5.9). We harvested these cells at two separate timepoints, 

5 days and 14 days and found at both timepoints there was a loss in proliferative capacity 

compared to acutely stimulated cells (Figure 5.9B and 5.9D). Interestingly, the EC50 of 

these cells was shifted to approximately 0.03μM at 5 days and approximately the same at 

day 14 showing no additional loss of functionality over time (Figure 5.9B and 5.9D). Taken 

together these data provide a baseline to use for our other analysis of T cells isolated from 

a lympho-replete model.  
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Figure 5.8. Adoptive transfer model system for chronic self-antigen stimulation in lympho-replete 

hosts. 

Naïve 5C.C7 TCR-Tg CD4+ T cells were isolated and adoptively transferred into B10.A or PCC+ animals. 

Cells were left resident in new hosts for 4-18 days as indicated in each experiment before ex vivo analysis 

was performed.  
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Figure 5.9. Chronic antigen stimulation in replete hosts has loss of proliferative capacity as early as 

day five.  

Acute or Chronic 5C.C7 TCR-Tg CD4+ T cells were isolated from hosts as indicated in Figure 5.8. Cells 

were CFSE labeled and plated with APCs and peptide and cultured for 72hrs before flow cytometric analysis. 

(A) Representative flow plots of acute (blue) and chronic (red) T cells isolated at day 5 and cultured with 

APC and peptide at indicated concentrations for 72hrs and then analyzed via flow cytometry. (B) Dose 

response curve from day five-isolated acute and chronic T cells. (n=2 from 1 independent experiment) (C) 

Representative flow plots of acute (blue) and chronic (red) T cells isolated at day 14 and cultured with APC 

and peptide at indicated concentrations for 72hrs and then analyzed via flow cytometry. (D) Dose response 

from day fourteen-isolated acute and chronic T cells (n=1 from 1 independent experiment).  
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5.3.3. In vivo antigen deprivation restores some functional capacity and signaling 

machinery of chronically stimulated T cells  

To investigate how to functionally reverse the T cell, we used an in vivo model 

system where we re-transferred cells that were either acutely or chronically stimulated into 

antigen free hosts to allow time to readjust their activation threshold, similar to previous 

models [146]. We set up two different transfers, one where the cells were isolated at 14 

days after initial transfer and then transferred into antigen free hosts and left resident for 

10 days before re-isolated to re-stimulate ex vivo. The second time point was after 21 days 

of the initial transfer, cells were isolated and transferred into antigen free hosts and left 

resident for 32 days before isolation and re-stimulation (Figure 5.10A). We found that there 

was no significant increase in the proliferative capacity of chronically stimulated T cells 

10 days after re-transfer into antigen free hosts (Figure 5.10B and 5.10C). The proliferative 

capacity of the chronically stimulated T cells was still significantly impaired compared to 

the naïve controls. Additionally, we found that the acutely stimulated T cells had decreased 

proliferative capacity compared to naïve cells as well. Since this was unexpected and 

inconsistent with previous data as presented in section 5.1.6, additional experiments are 

needed to examine these differences. One known factor to influence T cell responses in 

this system is the microbiome [379] as mentioned above and that has yet to be examined 

at this institution so, it remains a potential explanation for our inconsistent results.  

We also performed this analysis at a second timepoint that had a longer residency 

period in the antigen free hosts. We found there was heterogeneity among the recovery of 

proliferative capacity in chronically stimulated T cells (Figure 5.10D and 5.10E). The 

chronically stimulated T cells from this experiment were all isolated 21 days after transfer 
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of naïve cells into the antigen-bearing hosts. The cells were all isolated from the same 

animal and adoptively transferred into three separate antigen-free hosts. Of these three 

hosts, the recovered chronically stimulated cells had variable proliferative capacity; where 

one biological replicate had an EC50 of approximately 0.001μM whereas the two other 

biological replicates had higher values (Figure 5.10E) more consistent with the previous 

results in Figure 5.10C. This suggests that there is heterogeneity among the T cells that 

may reflect their potential recovery of function.  
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Figure 5.10. In vivo deprivation of antigen restores some functional capacity of chronically stimulated 

T cells. 

(A) Acute and Chronic T cells were isolated from hosts as depicted in Figure 5.6 at the timepoints indicated. 

and transferred into CD3ε-KO animals for the timepoints indicated. Previously acute or chronic T cells were 

then re-isolated and plated with APC and peptide at indicated concentrations and cultured for 72hrs prior to 

flow analysis.  
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Figure 5.10. In vivo deprivation of antigen restores some functional capacity of chronically stimulated 

T cells (cont.). (B) Representative flow plots from naïve (green), acute (blue), and chronic (red) T cells 

isolated 14 days after first transfer and 10 days after second transfer. (C) Dose response curve of naïve, acute, 

and chronic T cells from panel B. (D) Representative flow plots from naïve (green), acute (blue), and chronic 

(red) T cells isolated 21 days after first transfer and 32 days after second transfer. (E) Dose response curve 

of naïve, acute, and chronic T cells from panel D.  
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5.3.4. Short term in vitro antigen deprivation does not restore functional capacity in 

chronically stimulated T cells and reveals distinct signaling alterations 

 One way to potentially readjust the activation threshold is to remove the chronic 

stimulus which has been shown in vivo [146]. While this is not physiologically or 

therapeutically an option for most patients, as a proof of principle we used an in vitro model 

system of antigen deprivation where the naïve, acute, or chronic T cells were cultured 

without antigen in the presence of APCs isolated from CD3ε-KO animals. We used a 48-

hour rest period and then re-stimulated the cells with antigen. As expected, there was no 

difference in proliferative capacity of naïve T cells whether they are analyzed immediately 

ex vivo or rested within culture for 48 hours (Figure 5.11B) Additionally, there was not a 

significant recovery of proliferative capacity in chronically stimulated T cells after an in 

vitro rest period (Figure 5.11D). Interestingly, we found that there was a significant 

increase in the proliferative capacity of the acutely stimulated T cells (Figure 5.11). This 

suggests that there is an enhancement of proliferative activity of acutely-stimulated cells 

upon antigen deprivation. Moreover, this suggests that upon removal from an acutely-

challenged host, 48 hours of culture can lower the activation threshold of these cells to 

enhance their antigen sensitivity. Taken together, these data suggest that the increased 

activation threshold of T cells that have experienced chronic stimulation is stable for at 

least 48 hours of antigen deprivation ex vivo.  
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Figure 5.11. In vitro antigen deprivation does not improve proliferative capacity of chronically 

stimulated T cells. 

 (A) Naïve, acute, and chronic T cells as generated in Figure 5.6. were isolated and cultured ex vivo with 

APCs for 48hrs. T cells were isolated and re-stimulated with peptide concentrations as indicated and cultured 

ex vivo for 72hrs prior to flow analysis. Dose response curve of naïve (B), acute (C), or chronic (D) T cells 

immediately ex vivo (initial) or after 48hrs with APC and subsequent re-stimulation (rested). (n = 3 from 3 

independent experiments). Significance was calculated with two-way ANOVA with Sidak’s multiple 

comparisons. Significance is indicated as follows: p<0.05 = * ; p<0.01 = ** ; p<0.001 = *** ; p<0.0001 = 

****. Anything not marked is not statistically significant.  
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5.3.5. High dose antigen stimulation in vitro reveals two distinct functional populations 

of chronically stimulated T cells  

 We cultured chronically stimulated T cells in the presence of antigen for 48 hours 

and then re-stimulated these cells to see if the pre-treatment with high dose antigen would 

augment their activation threshold (Figure 5.12A). We found that high-dose antigen 

increased the proliferative capacity of chronically stimulated T cells compared to those that 

did not receive pre-stimulation (Figure 5.12B and 5.12C). This suggests that the 

introduction of high-peptide concentration is sufficient to induce proliferation in a 

population of chronically stimulated 5C.C7 T cells.  

We investigated this further by using two different proliferation dyes to separate 

the proliferation of the high-dose antigen and the second stimulation with the lower dose 

antigen. Prior to the 48-hour high-dose peptide culture, cells were labeled with CFSE so 

that we were able to distinguish the populations that divided from the initial high dose 

peptide. The cells were then re-isolated after 48 hours and re-labeled with CTV such that 

we were able to distinguish cells that divided from the re-stimulation during the 

proliferation assay. Interestingly, we found that there was a distinct population of 

chronically stimulated T cells that do not respond to either high-dose peptide or re-

stimulation after high-dose peptide stimulus (Figure 5.12D and 5.12E). Similar to the 

results in Figure 5.10D and 5.10E, this further supports the heterogeneity among these cells 

despite the use of a TCR-Tg model system, emphasizing the role that intrinsic signaling 

modulation may play in the ability of a T cell to respond to antigen to generate two distinct 

populations; one that is able to proliferate in response to high dose peptide and one that is 

not.   
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Figure 5.12. In vitro stimulation with high dose antigen restores proliferative capacity of chronically 

stimulated T cells. 

(A) Naïve, acute, and chronic T cells as generated in Figure 5.6. were isolated and cultured ex vivo with 

APCs ±10μM concentration of peptide for 48hrs. T cells were isolated and re-stimulated with peptide 

concentrations as indicated and cultured ex vivo for 72hrs prior to flow analysis. (B) Representative flow 

plots of naïve (green), acute (blue), and chronic (red) after 48hr ex vivo culture and subsequent re-stimulation 

with APC and peptide concentration as indicated. (C) Frequency of undivided cells from experiment in panel 

B (D) Representative flow plots of naïve (green), acute (blue), and chronic (red) T cells after 48hr ex vivo 

culture with 10μM PCC peptide and subsequent re-stimulation with APC and peptide concentration as 

indicated. (E) Frequency of undivided cells from experiment in panel D.  
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5.3.6. Pharmacological treatment does not alter the functional capacity or signaling 

molecule expression in chronically stimulated T cells 

 Previously, a drug screen was conducted using the NCATS catalog and identified 

multiple potential pharmacological agents that would restore IL-2 production from 

chronically stimulated T cells. This was screened with a high-throughput cell-based assay 

that measures the bypass of T cell tolerance through the expression of GFP and DsRed, 

under the control of two distinct IL-2 promoters (Figure 5.13A). One promoter is the 

endogenous IL-2 promoter driving GFP expression and the second is a transgenic IL-2 

promoter in which specific sequences known to be subject to epigenetic regulation have 

been removed driving DsRed expression (Figure 5.13A). This provides a multiplexed 

measurement of IL-2 regulation with and without opportunities for epigenetic influence, 

collected simultaneously within the primary assay itself.  Compounds that show differential 

levels of GFP and DsRed expression will be further investigated to determine whether any 

disparities are truly due to epigenetic regulation (marking them as members of an 

additionally interesting class) or due to some off-target effect. Transgenic 5C.C7 T cells 

bearing both reporter constructs were used to generate acute and chronically stimulated 

cells as indicated in Figure 5.6.  

 The IL-2 production was validated with flow cytometric analysis to verify that the 

reporter systems were sufficient in the transgenic cells (Figure 5.13B). Moreover, a high-

throughput culture system was optimized for number of cells and stimulation conditions 

for quantitation of positive signals from both reporter constructs (Figure 5.13C). Screening 

was performed on the LOPAC drug library and found that there were very few compounds 

that were able to restore IL-2 production (Figure 5.13D and 5.13E). Of the identified 
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compounds, interestingly PMA, a PKC activator was the top hit (Figure 5.13E), similar to 

a recent study [364]. 

To validate these findings, we set up proliferation assays using anti-CD3ε stimulus 

to prevent any off-target effects from the APC in the presence two candidates from the 

high-throughput screening, SU6656 and SB216763. SU6656 is a Src family kinase 

inhibitor and SB216763 is a highly selective GSK-3 inhibitor [381, 382]. The cells were 

cultured for 72 hours in the presence of SU6656 or SB216763 at indicated concentrations 

and harvested for flow cytometric analysis. From this single pilot assay, we did not find 

any recovery of proliferative capacity from any concentration of SU6656 or SB216763 

(Figure 5.14).  
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Figure 5.13. High-throughput drug screening to identify tolerance reversing compounds. 

(A) Reporter constructs with endogenous IL-2 promoter driving expression of GFP and transgenic IL-2 

promoter lacking epigenetic modification sites driving expression of DsRed. (B) 5C.C7 T cells bearing 

transgenic IL-2 promoter were stimulated with peptide and IL-2 production was quantitated via flow 

cytometric analysis through GFP and intracellular staining. Drug screening and analysis, courtesy of Eleanore 

Chuang and Nevil Singh, unpublished.  
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Figure 5.13. High-throughput drug screening to identify tolerance reversing compounds (cont.). (C) 

Experimental set up for high-throughput screening. (D) Quantitation of compounds identified as positive 

from screening in panel C. (E) List of compounds identified through screening. Drug screening and analysis, 

courtesy of Eleanore Chuang and Nevil Singh, unpublished. 
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Figure 5.14. Pharmacological inhibitors do not improve proliferative capacity of chronically 

stimulated T cells. 

(A) Naïve (green) or chronic (red) T cells were isolated from hosts as indicated in Figure 5.6. Cells were 

cultured on anti-CD3ε coated plates at the indicated concentrations with no treatment (No Tx), DMSO 

(DMSO), SU6656 at indicated concentrations, or SB216763 at indicated concentrations. (B) Frequency of 

undivided populations of naïve and chronic T cells from experiment in panel A (n=1 from 1 independent 

experiment).  
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Figure 5.14. Pharmacological inhibitors do not improve proliferative capacity of chronically 

stimulated T cells (cont.). Naïve, acute, and chronic T cells were isolated from hosts as indicated in Figure 

5.4. (C) Cells were cultured ex vivo with APC and drugs at indicated concentrations for 48hrs. Cells were 

then isolated and plated for proliferation assay with peptide concentrations as indicated for 72hrs and 

subsequently analyzed via flow cytometry. Representative flow plots of T cells from hosts as indicated 

cultured with no treatment (No Tx), phosphatase inhibitor cocktail (PI, 1:100), okadaic acid (OKA, 10nM), 

or trichostatin A (TSA, 500nM). Are shown. (D) Frequency of undivided populations of naïve, acute, and 

chronic T cells from experiment in panel C (n=1 from 1 independent experiment).  
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Given that the balance of signaling molecules is crucial to the productive TCR 

signaling cascade, we also tested other pharmacological inhibitors such as phosphatase 

inhibitor cocktails, okadaic acid (protein phosphatase inhibitor), and trichostatin A (HDAC 

inhibitor) in a proliferation assay as well. We pre-treated the naïve, acute, or chronic T cells 

with the drugs for 48 hours and then subsequently washed to remove the drug from the 

media. The cells were then harvested and prepped for a proliferation assay as described in 

Chapter 2. After 72 hours, cells were harvested and stained for flow cytometric analysis. 

We did not find any recovery of proliferation within the chronic T cells in these assays 

(Figure 5.14). Again, while this was a pilot assay, this suggests that either the drug 

concentrations were insufficient, the timing of the culture period did not provide adequate 

time to augment the molecular machinery of the T cells, or that they simply do not change 

the proliferation capacity of the chronic T cells.  

5.3.7. Bypassing the proximal TCR signaling machinery restores functional capacity of 

chronically stimulated T cells 

 Previous evidence suggested that there is a proximal blockade of the TCR signaling 

cascade that prevents the production of cytokines [375]. We found that stimulation with 

PMA and ionomycin recovered some, but not all, cytokine production suggesting that 

while there is a proximal blockade (i.e. above calcium and PKC activation) there are also 

distal mechanisms at work to prevent productive TCR signaling (Figure 5.15). Moreover, 

we found that the proliferative capacity was not recovered showing distinct functional 

recovery in some aspects, like IL-2 production, but not others, such as proliferation (Figure 

5.15). Taken together these data suggest that there is multiple signaling blockades in 

chronic cells; both at the proximal and distal modules. Additionally, this highlights the 
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differential requirements for functional recovery of two distinct responses where the 

proximal bypass can increase IL-2 production but not proliferative capacity.   
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Figure 5.15. Bypassing TCR proximal signaling molecules improves cytokine production but not 

proliferative capacity in chronically stimulated T cells. 

Naïve, acute, and chronic T cells were isolated from hosts as indicated in Figure 5.6. Cells were plated for 

proliferation assay with APCs and either peptide or PMA (0.3μg/mL) and varying concentrations of 

ionomycin (μg/mL) as indicated and cultured for 72 hours before collecting supernatants and staining for 

flow cytometric analysis. (A) Representative flow plots of CFSE from naïve (green), acute (blue), and chronic 

(red) cells treated as indicated. (B) Frequency of undivided cells from naïve, acute, and chronic cells treated 

as indicated (n = 3 from 3 independent experiments). (C) IL-2 production as measured by ELISA (n = 1 from 

1 independent experiment).   



225 
 

5.3.8. Signaling molecules are altered in a chronic self-antigen model system 

 As discussed above, there are multiple TCR signaling alterations in this murine 

model system. The accumulation of data summarized in Figure 5.5 was performed with 

Western blot analysis. This bulk analysis does not capture the heterogeneity of the 

populations being analyzed as evidenced by the differences seen in recovery of function in 

Figure 5.10. We set out to use a flow cytometric approach to have single cell resolution of 

the molecular changes within this model system.  

Given that there are likely both proximal and distal blockades in signaling, we first 

investigated if there were differences in the early signaling components of chronically 

stimulated T cells. We found, similar to previous findings, that there was increased Zap70 

expression in chronically stimulated T cells compared to both naïve and acutely stimulated 

T cells (Figure 5.16A and 5.16B, left panels). There was also increased expression of 

phosphorylated forms of Zap70 at the Y292 and Y319 tyrosines (Figure 5.16A and 5.16B, 

middle and right panels). The Y292 and Y319 phosphosites are thought to serve as docking 

sites for c-Cbl and Lck, respectively, and are located within the interdomain B region of 

the molecule [84]. Interestingly, when normalizing the expression of the phosphoforms of 

Zap70 to the increase in total Zap70, there was a decrease in the Y292 phosphoform of 

Zap70 but not the Y319 phosphoform (Figure 5.16C). This analysis was performed in 

resting cells from each antigen exposure condition (Figure 5.6) which suggests that there 

are basal differences in the phosphorylation of Zap70 dependent upon previous antigen 

exposure. Taken together, this suggests that one of the earliest kinases within the TCR 

signaling cascade has a functional defect which would cause global dysregulation of the 

entire signaling cascade.  
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Figure 5.16. Expression of total and phosphorylated Zap70 is altered in chronically stimulated T cells. 

Naïve, acutely, and chronically stimulated 5C.C7 T cells were isolated from hosts as indicated in Figure 5.6 

and stained for flow cytometric analysis. (A) Representative flow plots of total Zap70, pZap70 Y292, and 

pZap70 Y319 in naïve, acute, and chronic T cells. (B) gMFI of total Zap70, pZap70 Y292, and pZap70 Y319 

in naïve, acute, and chronic T cells. (C) Ratio of pZap70 Y292 to total Zap70 (left panel) and ratio of pZap70 

Y319 to total Zap70 (right panel) (n=1 from 1 independent experiment).  
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Given the data from Chapter 4 that showed that acute antigen stimulation increased 

CD5 and IκBα expression, we were interested in using this chronic stimulation model to 

observe the expression of these molecules. We found that there was an increase in both 

CD5 and IκBα in chronically stimulated T cells (Figure 5.17A and 5.17B). Interestingly, 

this did not reach statistical significance with the number of animals analyzed here. 

Furthermore, the lack of difference between acutely and chronically stimulated cells 

suggests that continued antigen stimulation did not further increase expression of either 

CD5 or IκBα (Figure 5.17C). We performed similar analysis in the lympho-replete model 

system as shown in Figure 5.8 to observe expression of CD5 and IκBα and found increased 

CD5 and IκBα expression on varying days after transfer (Figure 5.18A). Interestingly, the 

kinetics of expression were different in this model system where there was first a transient 

increase in CD5 and IκBα in both the acute and chronic cells but, this was not maintained 

at later time points (Figure 5.18B). This suggests that there is transient upregulation of CD5 

and IκBα that is decreased after the initial antigen encounter similar to the kinetics we 

observed in our in vivo challenge experiments in Figure 4.14.  
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Figure 5.17. CD5 and IκBα are upregulated during chronic antigen stimulation. 

Naïve, acutely, and chronically stimulated 5C.C7 T cells were isolated from hosts as indicated in Figure 5.6 

and stained for flow cytometric analysis. (A) Representative flow plot of CD5 and IκBα expression in naïve 

(green), acute (blue), and chronic (red) T cells. (B) Representative histograms of CD5 and IκBα expression 

in naïve (green), acute (blue), and chronic (red) T cells. (C) gMFI of CD5 and IκBα in naïve, acute, and 

chronic T cells (n = 3 from 3 independent experiments). Statistical significance was calculated by one-way 

ANOVA with Tukey’s multiple comparisons. Significance is indicated as follows: p<0.05 = * ; p<0.01 = ** 

; p<0.001 = *** ; p<0.0001 = ****. Anything not marked is not statistically significant.  
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Figure 5.18. CD5 and IκBα are upregulated during chronic antigen stimulation. 

Naïve, acute, and chronic 5C.C7 T cells were isolated from hosts as indicated in Figure 5.6 at varying 

timepoints indicated. (A) Representative flow plot of CD5 and IκBα expression in naïve (green), acute (blue), 

and chronic (red) T cells. (B) CD5 and IκBα gMFI normalized to naïve expression at varying time points 

(n=1-2 from 1 independent experiment).   
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Finally, to address whether this is a specific phenomenon of the self-antigen model 

system we used an E.G7-OVA tumor model to measure expression of CD5 and IκBα in a 

polyclonal population to evaluate tumor-infiltrating T cells as well as draining and non-

draining T cells (Figure 5.19). We found that there was an upregulation of IκBα in the 

tumor-infiltrating CD4 and CD8 T cells compared to both the non-draining and draining 

lymph nodes yet there was only significant upregulation of CD5 in the tumor infiltrating 

CD4 T cells (Figure 5.19B). This further suggests that the upregulation of these molecules 

occurs in a polyclonal population under physiological chronic stimulation.   

 

 

  



231 
 

 

Figure 5.19. CD5 and IκBα are upregulated in tumor infiltrating lymphocytes. 

Tumors, draining popliteal, and non-draining popliteal lymph nodes were isolated from E.G7-OVA tumor 

bearing B6 mice. Cells were stained for flow cytometric analysis. (A) Representative flow plot of CD5 and 

IκBα expression in tumor infiltrating (red), draining LN (grey), and non-draining LN (black) CD4 and CD8 

T cells. (B) CD5 and IκBα gMFI in tumor infiltrating, draining LN, and non-draining LN CD4 and CD8 T 

cells (n = 5 from 1 independent experiment). Statistical significance was calculated by one-way ANOVA 

with Holm-Sidak’s multiple comparisons. Significance is indicated as follows: p<0.05 = * ; p<0.01 = ** ; 

p<0.001 = *** ; p<0.0001 = ****. Anything not marked is not statistically significant.  
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Given the wealth of markers that have been characterized in exhausted T cells we 

wanted to investigate the expression of checkpoint molecules as well as exhaustion 

associated transcription factors NFAT1c and Tox [383-388]. We found an increase in 

expression of the checkpoint molecules, PD-1 and CTLA-4 on chronically stimulated T 

cells (Figure 5.20). Additionally, we found an increase in both Tox and NFATc1 in 

chronically stimulated T cells (Figure 5.20). Interestingly, there was an intermediate 

phenotype of the acutely stimulated T cells for both Tox and NFATc1 (Figure 5.20). While 

these results were preliminary, these data help to provide us with a distinct signaling 

signature that results from chronic stimulation through the TCR and may provide insight 

into molecules that are involved in altering the activation threshold of these cells to render 

them hyporesponsive. Moreover, similar marker expression provides evidence that using 

this model may provide insight to other systems of chronic simulation such as tumors or 

chronic infections.  
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Figure 5.20. Transcription factors associated with exhaustion and checkpoint molecules are 

upregulated after chronic stimulation 

Naïve (green), acute (blue), and chronic (red) 5C.C7 T cells were isolated from hosts as indicated in Figure 

5.6 and stained for flow cytometric analysis. gMFI of each population is listed on the histogram (n=1 from 1 

independent experiment).  
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5.4. Discussion 

 Here we validate a self-antigen adaptive tolerance model where there is a 

significant loss of both proliferative capacity and cytokine production to evaluate 

reversibility and signaling alterations in both chronic T cells isolated from lymphopenic 

and lympho-replete models (Figure 5.6 and 5.8). We find that in vivo-deprivation of 

antigen through a subsequent adoptive transfer of chronic T cells into antigen free hosts 

recovers some proliferative capacity but results in heterogeneity of these recovered 

responses (Figure 5.9). Additionally, an in vitro antigen deprivation culture system does 

not restore proliferative capacity of chronic T cells (Figure 5.10) suggesting that the 

hyporesponsive state is stable for at least 48 hours without antigen. Using this culture 

system, we find that stimulation with high concentration of peptide restores the 

proliferative capacity of some, but not all, chronic T cells further suggesting the 

heterogeneity among the population despite the use of a TCR-Tg system (Figure 5.12). To 

further investigate the reversibility of chronic T cells we used a culture system model to 

test a variety of pharmacological agents but found that none of those tested provided any 

recovery of proliferative capacity (Figure 5.14).   

 As discussed in section 5.1.6, the self-antigen model system we use has known 

defects in Zap70 [376]. The previous analysis had all been performed on bulk samples and 

we were interested in understanding this on a single cell level to understand the 

heterogeneity within this population. Similarly, we find that the total amount of Zap70 is 

increased in chronic cells but, the ratio of phosphorylated forms of Zap70 is decreased 

(Figure 5.16) [375]. This defect is interesting to considering since Zap70 is within the 

proximal modulate of the TCR signaling cascade and controls the entirety of the 
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downstream response. As such, a defect within this proximal module would be expected to 

have a global effect on the remainder of the signaling cascade. Others have found distal 

component dysregulation (Figure 5.5) which may be a result of the problems at the 

proximal module. Interestingly, we find that bypassing the proximal module through PMA 

and ionomycin stimulation recovers some IL-2 production but not proliferative capacity 

(Figure 5.15). This suggests that while there is a proximal blockade that is able to be 

overcome through these stimulation conditions, there exists a distal blockade that prevents 

full recovery. Moreover, there is differential requirement for recovery of IL-2 production 

versus proliferative capacity that has not yet been interrogated. It is not surprising that there 

are differential requirements for recovery of these two functions since they operate with 

very different signaling machinery. Where the cell cycle machinery must be functional for 

proliferation, this is not needed for cytokine production. Similarly, despite the fact that 

cytokines require multiple transcription factors for the efficient transcription, this may be 

less impaired compared to the blockades that exist within the cell cycle pathways [313]. 

 Given the novel identification of the CD5-IκBα axis in Chapter 3 and 4, and the 

upregulation of these molecules during activation we measured the expression of these in 

both acute and chronic cells. We find that there is an increase in both of these molecules in 

the acute and chronic cells but, there is no further upregulation within chronic cells 

suggesting that there is not a summation effect of continued antigen stimulation and the 

upregulation of these molecules. Additionally, given the proximal blockade of the TCR 

signaling, it is not surprising that the upregulation of these molecules does not provide any 

functional advantage since the activation of the distal NFκB pathway is downstream of 

Zap70.  
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 The state of the exhaustion field is still working to identify reliable markers to 

delineate populations of T cells. Last year, there was a wealth of papers describing the 

importance of the transcription factor Tox in setting the stage for exhaustion in many 

different murine model systems and human contexts of chronic stimulation [383, 385-388]. 

Along with other markers of exhaustion such as checkpoint molecules and NFAT we found 

that this self-antigen system maintains similar phenotypes. The direct roles of these 

transcription factors in particular have yet to be fully elucidated.  

 Ultimately, the goal to understanding the molecular processes that mitigate the 

exhaustion phenotype is to harness that information to improve T cell function. To that end 

we have employed an antigen-deprivation model both in vitro and in vivo and found that 

there is heterogeneity among the recovery of the cells. The hyporesponsive phenotype is 

relatively stable since a short in vitro culture deprivation does not improve proliferative 

capacity (Figure 5.11). Yet, in vivo there seems to be recovery after 30 days but this is 

highly variable within the pilot study conducted here (Figure 5.10). While these provide 

proof of principle studies that the state is reversible, this is not a therapeutic option. To 

harness information from these systems, the molecular signatures of the cells needs to be 

studied to provide clues of what pathways are altered upon regain of functionality.  
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Chapter 6: Tuning of activation thresholds and the role of rate of change of antigen 

in a quantitative framework for immune activation 

6.1. Introduction 

A fundamental question that is relevant to almost every aspect of immunology – 

whether studies on basic immunology or the design of clinical therapeutics and vaccines – 

is how an immune response is initiated. In this context, activation of T cells has a profound 

consequence, since it modifies and regulates multiple other cells types involved in an 

immune response. Optimal activation of T cells can lead to an effective orchestration for 

successful anti-pathogen response, while inadvertent activation of self-reactive T cells can 

trigger a cascade of autoimmune events. Given the critical nature of this step, the immune 

system must have evolved a robust set of principles to make sure that immune activation 

is mostly directed against threats the body faces and subsequently controlled to avoid 

collateral damage to the host.  

6.1.1. The discrimination problem for T cell activation 

 The first question that the biochemical machinery in T cells has to answer in this 

regard is which targets the T cell should be activated against. Since the TCR is generated 

randomly in the thymus, as discussed previously in Chapter 3, there is the likelihood that 

that the TCR binds a target pMHC derived from a harmless self-antigen. Despite thymic 

negative selection, a sizeable fraction of the peripheral repertoire continues to be self-

reactive [389]. Understanding how these T cells do not routinely and continually get 

activated has been a conceptual challenge that has occupied theoretical immunologists for 

a long time. The current model, as learned in textbooks is based on the two-signal model 

for T cell activation [390] (Figure 5.2). In this framework, the key decision of whether to 
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respond to a pathogen or not is essentially made by the dendritic cells. As discussed in 

Chapter 1, DCs which sense pathogens or danger in the tissues are activated by PAMPs or 

DAMPs to upregulate co-stimulatory ligands. The T cell which sees pMHC on an activated 

DC, receives co-stimulation (Signal 2) in addition to the TCR signal (Signal 1). The 

presence of both signals together is ‘interpreted’ by the T cell as a ‘GO’ message and leads 

to full T cell activation, proliferation, and differentiation. In contrast, only having Signal 

1, which would be expected when a resting DC presents self-antigen in the absence of 

infection or danger signals, would lead to a ‘STOP’ message, which limits the T cells 

activation – and triggering instead, pathways of anergy and tolerance (as discussed in 

Chapter 5). This is largely a qualitative model, since the presence or absence of distinct 

signals from a second receptor (not the TCR) essentially drives the decision-making 

process in T cells. Yet, it is increasingly clear that the critical costimulatory molecules 

involved in early T cell activation do not provide a distinct signal to the T cell, instead 

mostly amplifying pathways that the TCR already triggers [391-395]. Another conceptual 

challenge to a purely two-signal model-based logic for T cell activation is that DCs, which 

are activated by PAMPs or DAMPs, will also present self-antigens to T cells under 

infectious or danger situations. An argument to get around this was the involvement of 

Tregs which might suppress any autoreactive T cells that is activated inadvertently. Yet, it 

is again not clear how these cells would spare the pathogen-reactive T cell while 

suppressing the autoreactive cell. This is especially poignant since inflammatory cytokines 

such as IL-6 made during pathogen activation, also inactivate Tregs [396, 397]– potentially 

making them ineffective against halting autoreactive T cell activation in a bystander 

fashion during a pathogen response. Alternate mechanisms could be that PAMP 
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stimulation is linked very strictly to compartments from which antigen in DC is collected 

for presentation [398, 399]. The key issue with these models is that the ‘GO’ versus ‘STOP’ 

decision in T cells is made in an antigen-non-specific manner. If instead, at least part of the 

logic for T cell discrimination (self versus pathogen) is deciphered by properties that are 

antigen-specific, this would offer T cells a level of control that is more focused. In this 

Chapter, I will summarize my efforts to explore the predictions of one such theoretical 

model which offers a quantitative framework for decision making in T cell activation [400, 

401]. 

6.1.2. The Tunable activation threshold (TAT) model  

The notion that T cells are capable of adapting to their environment was 

hypothesized by Dr. Zvi Grossman and Dr. William E. Paul [42]  as part of the Tunable 

Activation Threshold (TAT) model proposed in 1992 (further reviewed [43, 402, 403]). As 

we discussed in previous Chapters, the signaling machinery in T cells sets an activation 

threshold that is initially programmed in the thymus, and maintained (with contributions 

from molecules such as CD5) in the periphery. In order to activate the T cell, antigenic 

signals must overcome this threshold. But as we saw in Chapter 5, peripheral T cells can 

dynamically alter their activation thresholds by changing parameters of their signaling 

network. So the question becomes, what determines whether a T cell will be activated (by 

antigenic stimulus being strong enough to overcome the threshold) or left alone (by 

‘silently’ changing its activation threshold)? The relevance of the TAT model for our work 

is that it predicted the dynamic behavior of T cell activation thresholds in 1992, before all 

of the modern advances in signal integration discussed in Chapter 1.  
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The TAT model suggests that T cells alter their activation threshold based on recent 

antigen encounter by altering signaling molecules within the T cell [42]. Therefore, the 

most recent experiences of antigen, will have an impact on the signaling capacity of the 

receptor and ultimately the response of the cell. Although it was evident before this model 

that T cells incorporate intracellular features such as negative feedback into their response 

upon antigen encounter, T cell activation was (and still largely is), thought of as a binary 

process. In other words, this school of thought predicts that a T cell has only two options 

when responding to antigen. Upon encounter, a response is elicited if the dose of antigen 

(plus co-stimulation) can overcome the T cell’s activation threshold, and if the dose is 

below that cutoff value, then it does not respond. Of course, if there is no cognate antigen 

present or if the dose/affinity of antigen is too low to overcome the activation threshold, 

then the T cell will not respond as discussed extensively in Chapter 5. Overall, what this 

predicts is a binary on/off state of T cells based solely on presence or absence of (proper) 

antigenic signal. Unlike this binary model, the TAT model suggested that T cell activation 

reflects information processing along an analog scale where the integration of antigenic 

signals over time is a key feature of the logic used to drive T cell activation.  

First, as we discussed in Chapters 3 and 4, all resting (naïve) T cells have a certain 

activation threshold associated with their TCR. In any model for T cell activation, including 

the TAT model, the critical requirement is for antigenic signals to be strong enough to 

overcome this threshold. It is what happens next that the TAT model offers a unique 

perspective, that is quite relevant to our data on chronic versus acute T cell activation in 

Chapter 5. 
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The relevant and central tenet of the TAT model is that T cells adjust their activation 

threshold every time they experience antigenic stimulus. A strong antigenic signal, in 

addition to eliciting activation, will also trigger a proportional feedback, that acts to ‘shut 

off’ the signal. The key is that this feedback (as discussed in Chapter 1) is delayed. It is 

during this window of delay (the absolute value of which is not defined in the TAT model) 

that positive signals which activate a T cell can propagate and trigger full T cell activation. 

So, for any T cell to continue responding, the levels of antigenic signal they sense has to 

be on an upward trend. In other words, the positive signal from the antigen via the TCR 

has to continue to increase before the delayed negative signal from the last antigen signal 

catches up and shuts it off (Figure 6.1).  
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Figure 6.1. Delayed negative feedback adjusts activation thresholds. 

T cells receive signals from pMHC complexes that produces some ‘amount’ of positive signal. That ‘amount’ 

of signal must be greater than the intrinsic balance of regulators that mediate the signal propagation. As a T 

cell continues to see that same ‘amount’ of pMHC, there is an accumulation of negative feedback that 

respond, albeit at a delay, to balance the pMHC signals.  
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This image of an adaptable lymphocyte is consistent with the data of reversibility 

and signaling adjustment that we find in Chapter 5. Indeed, as observed in our model 

system, in order to have an adaptable lymphocyte, Grossman and Paul suggested that the 

TCR is capable of tuning its sensitivity to antigen by dynamically altering its activation 

threshold [43]. In our model of chronic antigen stimulation, we can envision the continual 

antigenic signal allowing such TCR-proximal negative feedback to accumulate and form a 

stable counteraction to the positive signals that are transduced from the pMHC:TCR 

interaction and therefore renders the T cells hyporesponsive (Figure 6.2). Overall, this 

process results in an increased activation threshold within the original T cell where a larger 

amount of ligand interaction is needed for the generation of the same biological output than 

what was previously needed. As with relevance to the model system we use, these aspects 

of the TAT model are quite relevant to phenomena such as exhaustion in T cells responding 

to tumors and chronic infections.   
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Figure 6.2. Chronic antigen stimulation elicits continual negative feedback to increase activation 

thresholds of T cells. 

Acute stimulation of pMHC proceeds through a series of biochemical signaling pathways that ultimately 

generates a T cell response through transcriptional alterations. Slow changes in antigen or the continual 

presence of antigen allows the accumulation of negative feedback along the biochemical pathways which 

then shut down those pathways to prevent induction of transcriptional changes and T cell responses.  
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The value of a theoretical paradigm is in being able to offer new hypotheses – 

especially ones that may not have been obvious without the framework offered by the new 

theory. In that light, the data we have discussed so far, while consistent with the TAT 

model, does not necessarily need this framework to be studied. In other words, looking at 

altered TCR signaling after chronic T cell activation is a natural next step after the 

observation that we and others have when studying T cell responses in vivo. Yet the next 

tenet that is offered by the TAT model is not necessarily so linearly linked to previous data. 

Since the TAT model envisions tuning of the T cell as a result of competing positive 

and negative signals in each T cell, it makes some intriguing predictions regarding the 

fundamental logic of T cell activation itself. Although we have discussed the positive and 

negative signals so far in very conventional terms, in the TAT model these are along a 

continuum (Figure 6.3, Copyright Clearance Center Marketplace #1053580). T cells are 

constantly signaling via their TCRs using low affinity self-peptides and cross-reactive 

ligands as briefly discussed in Chapter 4, many of which may be too weak to trigger 

complete T cell activation. Yet, in the TAT model, these weak signals (called ‘sub-

threshold interactions’ in the model) also elicit proportional negative feedback [43]. 

Therefore, a T cell’s activation threshold is constantly adapting to its environmental pMHC 

milieu whether they are strong or weak signals. The critical parameter is the delay involved 

in the recruitment of negative feedback for T cell activation. For weak signals that do not 

activate a T cell fully, the activation threshold is adjusted after a while, even though the T 

cell never really responded to the antigen. If the antigen in the environment increases 

slightly thereafter, the T cell is unlikely to be activated still since the initial signal elicited 

generation of a negative feedback response. Remember that the T cell has already adjusted 
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its activation threshold to be higher, so the new and ‘slightly’ increased antigen levels will 

still be subthreshold. This cycle can continue indefinitely if there is a continual and gradual 

increase in environmental antigen with the caveats that the increase in antigen is (a) small 

enough to be still within the new activation threshold and (b) slow enough to only change 

pMHC levels after the threshold has been adjusted by the delayed onset of negative 

feedback from the previous signal. This could also be evident between T cells that have 

been in the periphery receiving pMHC signals tonically compared to recent thymic 

emigrants. In other words, if the antigen levels change too quickly – before the negative 

feedback is set in place from the earlier change, then the new change will elicit an above-

threshold response from the T cell resulting in activation. The sum total of these arguments 

is that T cell activation is critically reliant on the rate of change of antigen presented by the 

APC, in addition to the absolute amounts itself alone [43]. The elegance of this simple 

precept is that it can even serve as an alternate model for T cell activation – changing the 

way we currently interpret the two-signal based model.  
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Figure 6.3. Tunable Activation Threshold model kinetic representation. 

The TAT model proposes the element of time as a key determinant of T cell activation. Each panel represents 

a different amount of signal from antigenic stimulus (blue line). The black line and grey line are the activation 

threshold and the intrinsic negative feedback response (termed de-excitation index) within the cell, 

respectively. Each situation has a basal starting activation threshold yet, with changes to the signal, this 

threshold is altered. Over a period of time, the signal that a T cell comes into contact with varies. The signal 

will elicit delayed negative feedback responses and those negative feedback responses will increase the 

activation threshold of the cell. Such that in situations where there are either weak antigenic signals or 

continual strong signals there is no apparent activation (A-C). In contrast, the only situation that elicits 

activation is one in which there is a dramatic increase of signal over a short duration of time. This does not 

provide enough time for proportional negative feedback to dampen these signals and as such the T cell is 

activated (D). Figure adapted from [43].  
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In this model, the discrimination between self and ‘foreign’ is not simply made on 

the basis of PAMPs or other contextual indicators. Instead, the critical discriminator would 

be rate of change of the antigenic stimulus (Figure 6.3). If an antigen changes too quickly 

in the local tissue environment (or for that matter, all over the body) then the T cell is able 

to sense those changes and respond. T cells would get activated and begin an adaptive 

response cascade; this would ensure that the adaptive response will effectively respond to 

sources of antigen including fast replicating viruses, bacteria, tumors etc. On the other 

hand, if the antigen levels do not change at all (rate of change = 0) whether at high or low 

absolute amounts, or if the antigen levels change too slowly, then the T cells ‘assume’ that 

these are part of healthy changes in your tissue (growth, puberty, pregnancy, etc.) and avoid 

responding. Indeed, this would also predict that T cells have a harder time controlling 

chronic versus acute infections – which of course is a relevant issue in T cell responses as 

discussed in Chapter 5. The teleological incentive for developing such a paradigm can be 

discussed further; but it does resolve some limitations of the two-signal model. On the other 

hand, it is possible that co-stimulation itself is a ‘rate-changer’ for TCR signaling, since it 

contributes a sudden burst of positive signals towards the core TCR signaling pathway 

itself. Since it amplifies many of the signaling cascades downstream of the TCR.  

Twenty-eight years after the tuning model was proposed, while the concept has 

been widely acknowledged, studies that directly examine this central question – i.e. rate 

of change of antigen as a driver of T cell activation itself have been limited. The fact that 

T cell activation, particularly in vivo, is usually measured using readouts that are 

influenced by multiple signals and inputs has made a clear dissection of TCR-level tuning 

challenging. Clearly negative feedback in pathways of co-stimulation [404] , cytokine 
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signaling [12, 405], cell adhesion pathways [406], and chromatin remodeling [407] can 

all influence T cell responses. However, the teleological identity and operational logic of 

a T cell is tightly linked with the TCR itself. It is therefore important to clearly delineate 

how tuning of this central receptor operates and impacts of the T cell response as a 

whole.  

6.2. Chapter Summary 

The key question we set out to examine in this chapter is whether changing the rate 

at which antigen increases in vivo can determine ‘GO’ versus ‘STOP’ signals for T cells. 

We focused on developing a system in which antigen can be increased at very slow rates 

(so that a T cell would not be activated, even when antigen levels reached high absolute 

concentrations). Since the TAT model (or any available literature) does not specify what 

this rate could be, we focused on empirically determining rates that are either activating or 

non-activating. Preliminary data optimizing two different experimental approaches 

towards this goal are discussed in this Chapter.  

6.3. Results 

6.3.1. Defining a TCR-Tg murine model system to investigate the role of antigen rate of 

change 

 In order to isolate antigen rate of change as the sole variable within an experimental 

system, we used an adoptive transfer mouse model where TCR-tg CD4+ T cells were 

transferred into a wild-type host and then subsequently injected with peptide antigen 

without any adjuvant or other stimulatory reagents (Figure 6.4). We used 5C.C7 TCR-tg 

CD4+ T cells adoptively transferred into wild type B10.A animals with dual congenic 

expression. This allowed us to track the antigen specific T cells within an endogenous 
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population of T cells. Moreover, we labeled the cells with CFSE to track the proliferation 

in vivo. We transferred these cells at a low density (under 1 – 2.5 x 105 cells) to prevent 

any supraphysiological population of these cells. The seeding density of adoptively 

transferred cells is approximately 10% so, the expected recovery from these transfers was 

approximately 1 – 2.5 x 104 cells. Within this system, we were able to identify cells based 

on the congenic expression to evaluate the response through CFSE dilution as a marker of 

proliferation and with upregulation of activation markers within the transferred population 

(Figure 6.5).  
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Figure 6.4. Murine model system to investigate antigen rate of change. 

5C.C7 TCR-tg CD4+ T cells were isolated and CFSE labeled before adoptive transfer into B10.A hosts. These 

hosts are then subjected to daily intraperitoneal injections based on their experimental grouping. Three days 

after the final injection, T cells are recovered and analyzed via flow cytometry.  
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Figure 6.5. Gating strategy for identifying adoptively transferred populations 

Spleen and lymph nodes from hosts bearing adoptively transferred 5C.C7 T cells were isolated, purified, and 

stained for cytometric analysis. Cells were gated to separate congenic populations to identify donor versus 

endogenous T cell populations.  
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To address whether the antigen rate of change alters activation thresholds, we set 

up four experimental groups receiving daily i.p. injections. One group with PBS only 

injections (PBS, green), a second with injections of low dose antigen with no change in the 

rate (ML, blue), a third with PBS injections and a final challenge injection with a bolus of 

antigen (CH, red), and the final group will receive escalating doses of antigen to simulate 

a particular rate of change (MV, purple) (Figure 6.4). The PBS group served as a vehicle 

control for the peptide injections as well as to control for any variables introduced by daily 

intraperitoneal injections (inflammation from injection site, stress from injection, etc). The 

second experimental group received daily injections of low dose peptide. This group served 

to provide a baseline of what the T cell activation state is in the presence of antigen that 

was below an activating dose with no rate of change. This discerned if there was any 

accumulation of antigen within the system that changes the activation state of the T cells. 

The third experimental group was one which received PBS daily and the final injection 

was a high dose bolus of antigen. This provided a comparison to what a challenge antigen 

stimulation was the cells were seeded within the host for a number of days. The final 

experimental group was one that has an escalating antigen dose of a particular rate of 

change. The rates of changes are defined below within each experiment described.  

Since there were experimental groups with cells that would not be activated, we 

optimized a purification protocol to enrich for cells of interest and a flow cytometric 

approach to identify the cells. As discussed in Chapter 2, T cells were purified by both 

density gradient separation and magnetic depletion. The remaining enriched CD4 T cells 

were then stained for flow cytometric analysis by using congenic markers to separate the 

adoptively transferred population from the endogenous cohort of T cells. Moreover, since 
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we were tracking a transgenic population, we were able to use the specific Vβ chain to 

identify these cells. Representative flow plots are shown of the gating strategy used for 

subsequent experiments in Figure 6.5.  

6.3.2. Sequential exposure to low dose antigen does not elicit T cell activation  

 To determine an in vivo activating dose of antigen, we used previous in vivo 

activation models with 5C.C7 TCR-tg CD4+ T cells to guide our initial experiments [408]. 

Given that we had a starting in vivo activating dose, we first wanted to determine the role 

of continued low dose antigen exposure. We injected low dose antigen (0.01μg/100μL) for 

5 days and analyzed the activation of the adoptively transferred population (Figure 6.6A). 

We found that there was no increase in size, activation marker expression (CD25 or CD44), 

or dilution of CFSE in these populations (Figure 6.6B and Figure 6.6C). This provided a 

control group for our overarching experiments where any depot effect does not cause 

activation of these cells so, we were able to separate that variable from the antigen rate of 

change in our experimental model system.  
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Figure 6.6. Multiple low dose antigen does not activate T cells. 

5C.C7 TCR-tg CD4+ T cells were isolated and CFSE labeled before adoptive transfer into B10.A hosts. These 

hosts are then subjected to daily intraperitoneal injections based on their experimental grouping as indicated. 

Three days after the final injection, T cells are recovered and analyzed via flow cytometry. (A) Experimental 

set up of five-day daily injections of low does PCC peptide and protein. (B) Histograms of FSC, CD25, 

CD44, and CFSE expression in adoptively transferred populations. All animals from experiment are shown 

in histograms. (C) MFI and gMFI of FSC, CD25, and CD44 as well as frequency of undivided cells (as 

indicated by CFSE expression). (n = 2-5 per experimental group from 1 independent experiment) 

Significance was calculated using one way ANOVA with Tukey’s multiple comparisons test. Significance is 

indicated as follows: p<0.05 = * ; p<0.01 = ** ; p<0.001 = *** ; p<0.0001 = ****. Anything not marked is 

not statistically significant.  
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6.3.3. Escalating antigen dose has an altered activation phenotype compared to bolus 

antigen injection 

 We then moved to our experimental model system with daily injections of 

escalating antigen dose over an eight-day period with a rate of change as shown in Figure 

6.7. With this pilot injection dosing regimen, there was activation in all groups that received 

antigen (Figure 6.8), including the group that received low dose antigen which was not 

seen in our previous experiments. So, we decided to re-evaluate our starting doses and 

change the escalation of antigen.  

We therefore augmented the initial dosing by lowering the starting point and 

increasing the duration of injections to a seventeen-day period (Figure 6.9). With this 

injection-dosing regimen, we found that there was an increase in size, expression of CD44, 

as well as a decrease in the population of undivided cells all indicating that the T cells that 

received the escalating antigen dose were activated. Interestingly, these cells had increased 

expression of CD44 and a lower average frequency of undivided cells compared to the 

challenge group (Figure 6.10). This suggests that the escalating dose of antigen may have 

activated these cells prior to the last day of injections since they have divided more than 

cells that had single bolus challenge.  
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Figure 6.7. Escalating antigen dose over eight-day experimental design. 

5C.C7 TCR-tg CD4+ T cells were isolated and CFSE labeled before adoptive transfer into B10.A hosts. These 

hosts are then subjected to daily intraperitoneal injections for eight days based on their experimental 

grouping. Three days after the final injection, T cells are recovered, purified, and analyzed via flow 

cytometry. (A) Experimental design. (B) Injection dose for each day. (C) Graphed dose escalation.  
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Figure 6.8. Escalating dose over eight days activates T cells in vivo. 

5C.C7 TCR-tg CD4+ T cells were isolated from experimental hosts as depicted in Figure 6.7. (A) Flow plots 

from each individual animal with expression of CD44 and CFSE from PBS injected (PBS, green), bolus 

challenged (CH, red), low dose injected (ML, blue), and escalating dose (MV, purple).  
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Figure 6.8. Escalating dose over eight days activates T cells in vivo (cont.). 5C.C7 TCR-tg CD4+ T cells 

were isolated from experimental hosts as depicted in Figure 6.7. (B) MFI and gMFI of FSC and CD44 as 

well as frequency and number of undivided cells (as indicated by CFSE expression) from PBS only (PBS, 

green), multiple low dose injections (ML, blue), bolus antigen challenge (CH, red), and escalating doses 

(MV, purple). (n = 2-3 per experimental group from 1 independent experiment) Significance was calculated 

using one-way ANOVA with Tukey’s multiple comparisons test. Significance is indicated as follows: p<0.05 

= * ; p<0.01 = ** ; p<0.001 = *** ; p<0.0001 = ****. Anything not marked is not statistically significant. 
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Figure 6.9. Escalating dose over seventeen-day experimental design. 

5C.C7 TCR-tg CD4+ T cells were isolated and CFSE labeled before adoptive transfer into B10.A hosts. These 

hosts are then subjected to daily intraperitoneal injections for seventeen days based on their experimental 

grouping. Three days after the final injection, T cells are recovered and analyzed via flow cytometry. (A) 

Experimental design. (B) Injection dose for each day. (C) Graphed dose escalation.   
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Figure 6.10. Escalating dose over seventeen days activates T cells in vivo. 

5C.C7 TCR-tg CD4+ T cells were isolated from experimental hosts as depicted in Figure 6.9. (A) Flow plots 

from each individual animal with expression of CD44 and CFSE from PBS injected (PBS, green), bolus 

challenged (CH, red), low dose injected (ML, blue), and escalating dose (MV, purple).  
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Figure 6.10. Escalating dose over seventeen days activates T cells in vivo (cont.). 5C.C7 TCR-tg CD4+ T 

cells were isolated from experimental hosts as depicted in Figure 6.9. (B) MFI and gMFI of FSC and CD44 

as well as frequency and number of undivided cells (as indicated by CFSE expression) from PBS only (PBS, 

green), multiple low dose injections (ML, blue), bolus antigen challenge (CH, red), and escalating doses 

(MV, purple). (n = 2-3 per experimental group from 1 independent experiment) Significance was calculated 

using one-way ANOVA with Tukey’s multiple comparisons test. Significance is indicated as follows: p<0.05 

= * ; p<0.01 = ** ; p<0.001 = *** ; p<0.0001 = ****. Anything not marked is not statistically significant.  
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We decided to take a step back and evaluated the longevity of the peptide within 

the model to understand the kinetics of the peptide in vivo. We i.p. injected a high-dose 

bolus of peptide antigen into B10.A animals and then bled those animals at varying time 

points to evaluate the serum concentration of the peptide. The serum was plated with naïve 

5C.C7 T cells overnight and subsequently measured expression of the early activation 

marker CD69 (Figure 6.11). We found that serum taken 1 hour after i.p. injection had a 

significant loss of expression of CD69 on naïve T cells compared to earlier time points 

indicating that there was a loss in circulating peptide as compared to the earlier time points. 

This suggested that the daily injection experimental set up that we had originally designed 

may be inherently flawed. Given the quick clearance of peptide from serum, daily 

injections would ultimately result in an extremely varied rate of change of the antigen 

within the system with continual peaks and valleys upon peptide turnover.  
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Figure 6.11. Daily injections results in antigen decay quickly and has fluctuating rate of change of 

antigen 

B10.A mice intraperitoneally challenged with indicated dose of PCC. At varying time points after injection, 

mandibular bleeds were performed to isolate serum. Serum was plated with naïve 5C.C7 TCR-tg CD4+ T 

cells and splenocytes from CD3ε-KO mice and incubated for 15 hours. Cells were then harvested and stained 

for flow cytometric analysis of CD69 frequency.  
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6.3.4. Osmotic pump delivery of escalating doses of antigen primes T cells for activation 

earlier than a single high antigen dose  

 In order to address the issue of peptide clearance within the system in vivo we 

turned to an osmotic pump system. These pumps were programmable such that we are able 

to dictate the antigen rate of change and provide continual delivery of antigen so that there 

was no bolus of delivery via i.p. injection that dissipated over the next 24 hours. We 

adapted our previous experimental model system to implant the pre-programmed osmotic 

pump 24 hours prior to the adoptive transfer of the 5C.C7 TCR-tg T cells into the hosts. 

Upon transfer, the animals were monitored and the pump fluid was exchanged as necessary 

to maintain the antigen dosing as shown in Figure 6.12.  
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Figure 6.12. Implantable mini osmotic pumps provide continuous antigen delivery so there is steady 

delivery of antigen 

B10.A animals were implanted with iPrecio mini programmable osmotic pumps and allowed to recover for 

24 hours. 5C.C7 TCR-tg CD4+ T cells were isolated and CFSE labeled before adoptive transfer into pump 

bearing B10.A hosts. Three days after final antigen delivery, T cells are recovered and analyzed via flow 

cytometry.  
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To first validate the antigen delivery with this pump system, animals were bled to 

collect serum to validate the peptide concentration using the same overnight assay to 

measure CD69 expression from naïve 5C.C7 T cells. The pumps were programmed to 

release 24μg of peptide over a 24-hour period to examine high antigen dissemination since 

we had not previously validated this system. The animal was bled, serum was collected, 

and plated with naïve 5C.C7 T cells overnight and subsequently analyzed via flow 

cytometry. With serum at varying concentrations, there was no detectable CD69 expression 

(Figure 6.13). This experiment was repeated with increased serum concentrations in the 

overnight assay as well as higher peptide delivery without any success potentially due to 

technical limitations with the assay if the serum concentration of the peptide was not 

sufficient for in vitro activation of naïve cells. To functionally validate if the pumps were 

delivering any antigen in vivo, we increased the pump antigen delivery to 240μg per day 

and adoptively transferred naïve CFSE labeled 5C.C7 TCR-Tg cells into the pump-bearing 

host. The cells were recovered from the animal three days after for flow cytometric 

analysis. We found that despite the negative data from the ex vivo assay, there was robust 

proliferation of the adoptively transferred cells in vivo which suggests that there was 

peptide delivery from the pump (Figure 6.14).  
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Figure 6.13. Overnight culture assay to optimize antigen delivery with mini osmotic pumps. 

(A) Experimental design for analyzing pump antigen delivery. B10.A animals were implanted with iPrecio 

mini programmable osmotic pumps and allowed to recover for 24 hours. Mandibular bleeds were performed 

to isolate serum. Serum was plated with naïve 5C.C7 TCR-tg CD4+ T cells and splenocytes from CD3ε-KO 

mice and incubated for 16 hours. Cells were then harvested and stained for flow cytometric analysis of CD69 

frequency. (B) Histogram of CD69 expression from control (grey), peptide stimulated (red), or serum 

stimulated (blue) 5C.C7 cells. (C) gMFI of CD69 expression from cells treated as indicated.  
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Figure 6.14. Adoptive transfer of naïve 5C.C7 T cells to optimize antigen delivery with mini osmotic 

pumps 

(A) Experimental design for analyzing pump antigen delivery. B10.A animals were implanted with iPrecio 

mini programmable osmotic pumps and allowed to recover for 24 hours. After 10 days of pump antigen 

delivery, 5C.C7 TCR-tg CD4+ T cells were adoptively transferred into the hosts. Three days later cells were 

recovered and analyzed via flow cytometry (B) Histogram of CFSE expression from adoptively transferred 

5C.C7 T cells.  
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Since we had a functional validation of the pump delivery system, we proceeded 

with a pilot experiment as outlined in Figure 6.15. We found that there was activation as 

evidenced by increased expression of activation markers such as CD44, CD69, and CD25 

(Figure 6.16A – 6.16F). Additionally, there was increased proliferation of the adoptively 

transferred population as indicated by the decreased frequency and number of undivided 

cells (Figure 6.16H). This suggests that the rate at which the pumps were programmed was 

activating for the adoptively transferred population. Interestingly, based on the expression 

of the challenge group, there was significant downregulation of CD69 within the rate of 

change group compared to the challenge group (Figure 6.16C and 6.16D). This is expected 

since CD69 is an early activation marker and is downregulated as T cells begin to 

proliferate [409]. Yet, this suggests that the escalating dose experimental group was 

potentially activated at an earlier time point than the challenge group. Taken together, this 

suggest that rather than desensitizing the T cells, the increasing antigen may have actually 

sensitized T cells to be activated at a lower dose of antigen than would be expected as a 

single bolus challenge.  
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Figure 6.15. Escalating antigen dose delivered by osmotic pump activates T cells. 

B10.A animals were implanted with iPrecio mini programmable osmotic pumps and allowed to recover for 

24 hours. 5C.C7 TCR-tg CD4+ T cells were isolated and CFSE labeled before adoptive transfer into pump 

bearing B10.A hosts. Three days after the final antigen delivery, T cells are recovered, purified, and analyzed 

via flow cytometry. (A) Experimental design. (B) Antigen delivery for each day. (C) Graphed dose escalation. 
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Figure 6.16. Escalating antigen dose delivered by osmotic pump activates T cells 

5C.C7 TCR-Tg CD4+ T cells were isolated from hosts as depicted in Figure 6.16 for flow cytometric analysis. 

Flow plots from each individual animal with expression of CD44 and CFSE (A), CD69 and CFSE (C), and 

CD25 and CFSE (E) from PBS injected (PBS, green), bolus challenged (Challenged, red), or escalating dose 

(Varying Dose (pump), purple). gMFI of CD44 (B), CD69 (D), CD25 (F), and MFI of FSC (G) are shown 

for each experimental group. (H) Frequency and number of undivided cells (as indicated by CFSE 

expression) from experimental groups. (n = 2 per experimental group from 1 independent experiment) 

Significance was calculated using one-way ANOVA with Tukey’s multiple comparisons test. Significance 

is indicated as follows: p<0.05 = * ; p<0.01 = ** ; p<0.001 = *** ; p<0.0001 = ****. Anything not marked 

is not statistically significant. 
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Figure 6.16. Escalating antigen dose delivered by osmotic pump activates T cells (cont.).  5C.C7 TCR-

Tg CD4+ T cells were isolated from hosts as depicted in Figure 6.16 for flow cytometric analysis. Flow plots 

from each individual animal with expression of CD44 and CFSE (A), CD69 and CFSE (C), and CD25 and 

CFSE (E) from PBS injected (PBS, green), bolus challenged (Challenged, red), or escalating dose (Varying 

Dose (pump), purple). gMFI of CD44 (B), CD69 (D), CD25 (F), and MFI of FSC (G) are shown for each 

experimental group. (H) Frequency and number of undivided cells (as indicated by CFSE expression) from 

experimental groups. (n = 2 per experimental group from 1 independent experiment) Significance was 

calculated using one-way ANOVA with Tukey’s multiple comparisons test. Significance is indicated as 

follows: p<0.05 = * ; p<0.01 = ** ; p<0.001 = *** ; p<0.0001 = ****. Anything not marked is not statistically 

significant.  
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6.4. Discussion 

 With these experiments we have designed an experimental system to isolate the 

antigen rate of change as a variable for T cell activation. Using an adoptive transfer model 

system, we are able to track an antigen-specific population of T cells within an endogenous 

repertoire. We first used an injection-based strategy but found that this had drawbacks due 

to antigen dissipation within the serum (Figure 6.11). We then moved to using an 

implantable programmable osmotic pump that provides continual delivery of antigen over 

the duration of the experiment. Since the optimization of these systems was technically 

challenging, we have only been able to perform a single pilot experiment with a single dose 

escalation regimen. 

 Within this pilot study we find that the cells that were exposed to an escalating dose 

of antigen were activated compared to their non stimulated controls (Figure 6.16). 

Moreover, we find that these cells have decreased expression of CD69 compared to the 

challenge group (Figure 6.16C and 6.16D). This indicates that the cells exposed to an 

escalating dose were likely activated earlier than the cells that received the challenge dose. 

There are two ways to interpret this data; one is that the activating dose of antigen is 

different from what was previously optimized in the injection system such that a lower 

dose of antigen is activating to naïve cells. A second interpretation is that the presence of 

antigen actually decreased the activation threshold of these cells to make them more 

sensitive to antigen. Since this is a single pilot experiment with a low number of mice used, 

it is only speculation to draw anything from these experiments. Moreover, there are many 

questions to be answered about the effective of the osmotic pump delivery system since it 
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is a surgical implantation that could initiate damage signals along with the peptide delivery 

which could impact how the T cells sense the peptide.  

 Given that we now have a system for investigating the rate of change of antigen, 

the interesting question becomes testing many different rates of antigen delivery. This is 

extremely clinically relevant when discussing tolerance induction as is the goal for allergy 

therapies [410]. The question really becomes where to start when deciding which rates to 

test? Since this is a novel paradigm of understanding T cell activation, even defining the 

activating and non-activating rate becomes informative. If a certain rate augments the 

activation threshold, whether activating or non-activating, then that suggests that the rate 

of change does have an influence on the overall activation of T cells.  

 

  



276 
 

Chapter 7: Significant Findings and Future Directions 

7.1. The initial setting of the T cell activation threshold 

7.1.1. Significant Findings 

 We identified a novel regulatory pathway between the surface receptor CD5 and an 

inhibitor of NFκB, IκBα. We found that CD5 was necessary for setting the basal levels of 

IκBα and NFκB signaling in thymocytes. Additionally, IκBα levels were dynamically 

adjusted as T cells develop in the thymus – correlating with each TCR-dependent step – 

and mirrored the dynamics of CD5 expression. Intriguingly, in the absence of CD5, 

developing T cells only retained a basal level of IκBα, even though all TCR-dependent-

selection steps were completed. This suggests that even in the presence of intact TCR 

signaling, CD5 is critical for setting the NFκB signaling threshold in thymocytes. 

Additionally, we found that enhanced IκBα had an NFκB dependent pro-survival function 

in thymocytes with higher CD5 expression. 

7.1.2. Future Directions 

 Identifying the molecular mechanisms that maintains the relationship between CD5 

and IκBα may reveal a previously underappreciated mechanism for the phenotypes 

observed with high CD5 expression. Moreover, these data suggest that the heterogeneity 

of T cells begins within the thymus and impacts the ways in which these cells are poised 

to react after they are in the periphery.  

7.2. Origins of signaling heterogeneity in steady-state peripheral T cells 

7.2.1. Significant Findings 

 We evaluated the novel regulatory pathway identified in Chapter 3 in peripheral T 

cells. Similar to our findings in thymocytes, the relationship between CD5 and IκBα was 
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maintained by continuous expression of CD5. Examining signaling molecule expression in 

peripheral T cells, we found that most critical signaling molecules were relatively 

homogenously expressed by peripheral T cells, although there were differences between 

naïve, memory and regulatory T cells. Intriguingly, even within naïve and memory T cells, 

two signaling molecules showed an extended range of expression – PLCγ and IκBα. Given 

the data from Chapter 3 and the previously reported heterogeneity in CD5 expression, we 

evaluated any correlation between CD5 and these molecules. While CD5 levels did not 

correlate with PLCγ, they showed a linear relationship to IκBα. To further explore the axis 

between CD5 and IκBα, we used both in vivo and in vitro models of overexpression of 

CD5 and subsequently measured IκBα. In vivo, we found there is a two-step regulation of 

IκBα expression. First, CD5 expression set a basal level of IκBα but this was a saturable 

adjustment, as CD5 transgenic overexpression in mice did not result in a proportional 

upregulation of IκBα. Secondly, IκBα expression was robustly upregulated during 

activation beyond the basal saturation point that was seen within the overexpression animal 

models. This suggests that there is a post-transcriptional regulatory axis between CD5 and 

IκBα, in contrast to a transcriptional upregulation of IκBα upon TCR stimulation. Further 

mechanistic insight into CD5-depedent regulation of IκBα was obtained from the 

overexpression of CD5 in a TCR deficient lymphoma cell line suggesting that CD5 directly 

stabilizes IκBα protein levels, even in the absence of TCR-signals. Interestingly, the 

upregulation of IκBα from CD5 overexpression was not seen in a fibroblast cell line or if 

the expression vector disrupts the cytoplasmic tail of CD5. Taken together these data 

suggest that the expression of CD5, a canonical negative regulator, post-transcriptionally 

regulates the NFκB pathway in peripheral T cells potentially explaining some of the 
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heterogeneity within peripheral T cell responses to antigen. Finally, to address the role of 

increased IκBα on NFκB function, we used localization studies and found that there is 

increased NFκB expression in CD5hi cells in both CD4 and CD8 T cells. The increased 

expression of NFκB may poise CD5hi cells to respond more quickly upon stimulation since 

there is an accumulation of the transcription factor. 

7.2.2. Future Directions 

 Similar to the thymocyte data, unraveling how the relationship between CD5 and 

IκBα are maintained in the periphery may provide some insight into the data previously 

attributed to self-pMHC interactions. In a similar vein, dissecting the roles of TCR and 

CD5 from these functional consequences is of interest as well since the field currently uses 

CD5 as a marker for self-reactivity and parsing the exact contribution of each of these 

molecules may provide insight into better vaccine design since it has been shown that these 

correlate with better memory responses after pathogenic challenge [248, 249, 251].  

7.3. Reversible activation threshold modulation from chronic antigen stimulation 

7.3.1. Significant Findings 

 To more broadly examine activation threshold dynamics in the periphery we used 

a model of self-antigen stimulation side by side with an acute-antigen stimulation model to 

understand the molecular changes that occur between these two states. We first evaluated 

the loss of proliferative capacity and cytokine production in both a lymphopenic and 

lympho-replete model system. We also performed initial experiments for both in vivo and 

in vitro model systems of antigen deprivation and found that in vitro deprivation does not 

recover any function while in vivo deprivation has variability in proliferative capacity 

recovery. Interestingly, we also find that there is a division within the population of 
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chronically stimulated cells; one in which high-dose antigen allows proliferation to be 

restored and a second in which it is not. Furthermore, we investigated pharmacological 

agents that could restore hyporesponsive T cell function but from those tested, did not find 

any promising recovery of function. Finally, we began to characterize some of the 

molecular changes within these distinct states and find both proximal and distal 

dysregulation. We find that there is an increase in total Zap70 in chronically stimulated T 

cells compared to acutely stimulated or naïve cells, yet, the phosphorylated forms of Zap70 

are decreased. This suggests that while there is ample Zap70 available to propagate TCR 

signals, it is a faulty circuit. Beyond this proximal T cell signaling regulator, we also find 

an accumulation of CD5 and IκBα as well as a key transcription factor, NFAT, in 

chronically stimulated T cells. Interestingly, Tox, another transcription factor, is increased 

in chronically stimulated cells; consistent with findings from last year in multiple cancer 

and chronic viral infection model systems [383, 385-388]. Furthermore, we find an increase 

in the expression of checkpoint molecules, especially PD-1, which suggests that these cell 

likely upregulate similar molecular programs after chronic stimulation to those in cancer 

and chronic viral infection.  

7.3.2. Future Directions 

 Since we have now set up systems for understanding reversal, performing signaling 

molecule analysis at different time points to potentially identify those that are altered 

during reversal may provide insight into what pathways are involved in maintaining the 

hyporesponsive phenotype in T cells. Additionally, while the self-antigen model provides 

a starting point for these analyses, examining similar signaling molecule signatures in other 

contexts of chronic stimulation would potentially reveal a unifying molecular program for 
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T cell hyporesponsiveness. Moreover, further interrogating the pharmacological screen 

may provide other interesting candidates such as, benzamidine which is a serine protease 

inhibitor, that could alter the balance of signaling molecules in chronic-antigen stimulated 

T cells. 

7.4. Tuning of activation thresholds and the role of rate of change of antigen in a 

quantitative framework for immune activation 

7.4.1. Significant Findings 

 One unifying principle to understand the alteration of activation thresholds is 

through the lens of antigen rate of change. In the context of chronic-antigen exposure, the 

rate of change is low or zero and as such the T cell would experience this antigen as it 

would experience most self-antigens ultimately perceiving it is a non-threat and therefore 

the T cell does not respond. In contrast, most pathogenic insults provide a bolus of new 

antigen resulting in a high rate of change which the T cell perceives as a threat and responds 

robustly. We set up to understand the role of antigen rate of change on naïve T cell 

activation in two in vivo model systems. First, using daily peptide injections we found 

preliminary evidence that low-dose antigen and escalating dose of antigen did not elicit the 

same activation phenotype as a bolus challenge alone. Although this was promising data, 

it was not a perfect model system so we moved to using an implantable osmotic pump to 

ameliorate some of the shortcomings of daily injections. In a preliminary experiment, we 

found that animals that received an escalating dose of antigen were more activated than 

those animals that received a challenge dose alone. These data suggest that the even chronic 

stimuli, which is not a constant rate of change, can be activating. This is relevant to 
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comparisons between slowly replicating pathogens versus self-antigens, where the increase 

rates may differ. 

7.4.2. Future Directions 

 Since much of the data presented in Chapter 6 was optimization and pilot 

experiments, there is now a wide array of questions that can be addressed using this model 

system but, most pressingly; what do different antigen rates of change do to T cells? With 

this model system we are able to program an almost infinite number of rates of change so, 

to first hone in on what rates may be activating or non-activating is the first step towards 

understanding the nuanced role rate of change may play in T cell activation.  
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Figure 7.1. Overview of thesis findings.  

(A) In the thymus, T cells are subjected to a selection process that tests the ability of the TCR to signal. We 

found a novel link between the surface receptor CD5 and an inhibitor of NFκB, IκBα. CD5 (as indicated in 

orange) is upregulated during positive selection via TCR signals. This step proportionally upregulated IκBα. 

The upregulation of these molecules correlates with an increase in the activation threshold (AT) of 

thymocytes (as indicated in black) (B) The CD5- IκBα axis was maintained into the periphery and we found 

that NFκB expression also correlates with these two molecules (as indicated in grey). Upon acute antigen 

stimulation, there was an upregulation of both CD5 and IκBα. Interestingly, after antigen clearance from an 

acute stimulus, higher expression of both CD5 and IκBα was maintained. Acute antigen stimulus decreases 

the activation threshold of a T cells (as indicated in blue) (C) Chronic stimulation, similar to acute stimulation, 

upregulated CD5 and IκBα. Moreover, we found that molecules such as checkpoints as well as transcription 

factors associated with exhaustion, were also upregulated after chronic stimulation from a self-antigen. In 

this state there was a loss of proximal signal transduction likely through a decrease in Zap70 function. The 

activation threshold is increased during chronic stimulation (as indicated in red). We explored conditions that 

would restore function of cells and found that high dose antigen as well as in vivo antigen deprivation returned 

some function of T cells but only in select populations. In order to restore function of these cells the activation 

threshold would need to be decreased (as indicated in red). Generated using Biorender.   
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