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Abstract 

Title of Dissertation: 

Novel modules in the T cell signaling circuit which enable synergy between responses to 

self and foreign peptides  

Gideon S. Wolf, Doctor of Philosophy, 2022 

Dissertation directed by: 

Nevil Singh, PhD, Assistant Professor 

Department of Microbiology and Immunology 

University of Maryland School of Medicine 

  

T cell activation occurs when a T cell receptor (TCR) engages with cognate 

agonistic peptides in the context of Major Histocompatibility Complexes (pMHCs) on 

antigen presenting cells (APCs). This initiates a series of intracellular signaling events 

proximal to the TCR and associated CD3 complexes, mediated by unique kinases 

together with scaffolding and lattice molecules. The downstream cascades ultimately lead 

to transcriptional changes that promote the cellular program of conventional T cell 

activationðfor example, cytoskeletal rearrangement, cytokine production, cellular 

proliferation, and differentiation. Understanding signaling mechanisms not only allows us 

to decipher the regulation of T cell activation but also to manipulate immune responses 

pharmacologically. TCR signaling by agonistic pMHCs is well studied, but much less is 

known about signaling by a parallel universe of self-peptides that also engage TCRs in 

vivo. The focus of this thesis is to understand how T cells perceive these signals without 



 
 

fully acquiring effector responses as a result. The central hypothesis of my thesis is that 

self-peptide ligands signal uniquely through the TCR to alter the fate and function of a T 

cell both with and without presence of their cognate agonist. We evaluated this 

hypothesis using approaches that globally increased self-peptide presentation in vivo 

(using FLT3L to generate more DCs), deprived T cells of self-peptide (by culturing away 

from APCs) or stimulated a TCR with a known self-peptide in the presence or absence of 

the strong agonist. The significant findings from these studies are that (i) boosting self-

peptide presentation transiently increases a narrow T cell effector subset; (ii) depriving T 

cells of self-engagement lowers basal phosphorylation in the key signaling adapter LAT; 

(iii) self-peptides do not trigger cellular activation on their own, but synergize to enhance 

activation as measured by CD69, pERK, and several other parameters (iv) self-peptides 

initiate TCR signaling up to the level of pMEK and (v) self-peptides elicit a unique 

transcriptional profile. Together, these results not only define the unique contributions of 

self-peptides to T cell activation but also demonstrate a distinct wiring profile in the 

TCR-signaling network that limits self-peptide sensing at the ERK step.   
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Chapter 1: Introduction 

1.1 Prelude: 

 

The vertebrate immune system is tasked with keeping the body safe from all kinds 

of invaders and insults. The first layer of immune defense involves a combination of 

barriers. Barrier immunity prevents pathogens from entering deeper into the bloodstream 

or tissues using a combination of physical, chemical and mechanical features (e.g., the 

skin is a physical barrier, but it has on its surface antimicrobial peptides which are 

chemicals that can kill microbes.) 1. If the pathogen were to breach this set of barriers, the 

cellular and humoral branches of the immune system can act to repel this attack. The 

cellular arm is divided into the innate and adaptive branches of the immune system.  The 

innate immune system consists of many different cell types--monocytes, granulocytes 

(neutrophils, basophils, and eosinophils), mast cells, macrophages, to name a fewð

which have germline-encoded receptors that recognize conserved patterns, either from 

foreign antigens (these are termed Pathogen Associated Molecular Patterns [PAMPs], or 

inappropriate location of self -molecules (these are termed Danger Associated Molecular 

Patterns [DAMPs]) 2. Importantly, these cells act rapidly in response to perceived foreign 

threat, and can neutralize the threats by various mechanisms including phagocytosis, and 

secretion of inflammatory molecules 3.  

The adaptive immune system is distinguished from the innate system in several 

capacities. Firstly, the major cells that comprise the adaptive system, B and T cells, have 

receptors that are encoded by randomly somatically rearranged gene segments (each cell 

with its own unique receptor), which generates tremendous diversity in the repertoire of 
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these cells to respond to an array of antigens 4. Secondly, after encountering cognate 

antigen and expanding in population, B and T cells can contract into a ñmemoryò phase, 

which preserves the responding cell in low numbers long term 5,6. If the memory B or T 

cells reencounters the same antigen, they are primed to be able to initiate a response more 

quickly.  

While there are similarities in the adaptive nature of B and T cells, there are 

fundamental differences between these cell types in many parameters, including 

maturation, antigen recognition, and type of response. B cells develop in the bone 

marrow and reach maturation in secondary lymphoid organs 7. They sense whole antigen 

through surface bound Immunoglobulin (Ig) also referred to as the B Cell Receptor 

(BCR), and respond to such antigen through antibody secretion 7,8.  T cells differ in that 

their precursors originate from the bone marrow, but they develop in a specialized organ, 

the thymus 9. Unlike B cells, conventional T cells recognize antigens in the form of 

peptide fragments anchored on Major Histocompatibility Complex (MHC) proteins via a 

specialized receptor, the T cell Receptor (TCR) 10,11. Non-conventional T cells exist that 

recognize ligands that are presented on complexes other than classical MHC-I or MHC-II 

(ex: NKT cells with CD1, MAIT cells with MR1) 12,13. There are two kinds of T cells ï 

helper (which express the marker CD4) and cytotoxic (which express the marker CD8). 

Each of these T cell subsets have different effector functions. CD8+ T cells recognize 

peptides presented on MHC-class I (MHC-I) and become effector cells that can kill 

targets. MHC-I usually presents peptides generated from inside the cell, which can 

eliminate pathogen-infected cells or tumors. CD4+ T cells are activated by peptides 

loaded on MHC-II. These cells are much more diverse in the types of effector functions 
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they perform. Typically they rely on the secretion of specific cytokines during specific 

contextsðfor example, interferon gamma (IFNɔ) and tumor necrosis factor alpha (TNFŬ) 

in response to intracellular pathogens 14.   The method of TCR activation forms the 

foundation of understanding subsequent immunological outcomes. In the case of a 

pathogen, if the pathogen-derived peptide-MHC (pMHC) engages with a specific TCR, 

then it initiates a cascade of intracellular signaling events that lead to T cell activation. 

My thesis work examined the modalities of signaling through this TCR and how 

that results in T cell activation. Studies of T cell activation have canonically viewed 

TCR-pMHC interaction through the lens of the specific peptides from pathogens or 

tumors, against which T cells should mount effector responses. These strongly 

stimulatory full agonist pMHCs have been characterized to great detail. Crystal structures 

of TCR-pMHC complexes have been solved, allowing us to map precise interaction 

points 15,16. Examples of strong agonists include foreign-derived peptide antigen (from 

viruses, bacteria, etc), mutated peptides from cancer, or, in the case of some autoimmune 

conditions, peptides from self-tissue that are inappropriately treated as ñforeign.ò The 

signaling downstream of the TCR, leading to activation via cognate strong agonists, has 

also been extensively studied, resulting in a well described core framework of TCR 

signaling that will be discussed throughout this chapter.  

In this thesis, I highlight a second universe of pMHC complexes that are presented 

on APCs. Unlike agonists, these are always present and derived from the processing of 

endogenous, or ñselfò antigens. I use the term ñselfò loosely here to indicate proteins 

which are always in the body ï where they come from true self-proteins, expression 

products from integrated retroviruses, commensal flora etc. Importantly, these self-
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peptide fragments on MHC (spMHC), are always present on antigen presenting cells 

(APCs), including when the foreign pMHCs are introduced, allowing each TCR to spend 

a significant time interacting with spMHC.  

One reason to further investigate these spMHC-TCR interactions is because every 

peripheral T cell has a TCR that can recognize these spMHCs, due to the nature of 

thymic development. T cells acquire their TCR by rearrangement in the thymus as they 

develop from a TCR-negative, CD4-, CD8-ve stage  to go on to become TCR+ CD4s or 

CD8s ï called single positive (SP, because they only have CD4 or CD8 at that point). 

During this process, it is important that the SP TCRs are quality controlled. Most 

potentially self-reactive T cells are eliminated by negative selection in the thymus. 

However, even the remaining peripheral T cells were selected to be able to sense at least 

one spMHC complex by a process called positive selection. So, although peripheral T 

cells do not typically respond to spMHC as strongly as they do to an agonistðsuch a 

reaction would lead to rampant autoimmunityð we would expect most TCRs to interact 

with spMHCs on APCs as well. While we will discuss the evidence and implications for 

such interactions later in section 1.6 of this chapter, importantly, the signaling 

mechanisms and cellular outcomes of a peripheral T cellôs interaction with an 

endogenous ligand is largely unknown. Based on the literature available at the time, my 

overarching hypothesis is ñself-peptide ligands signal uniquely through the TCR to alter 

the fate and function of a T cell both with and without presence of their cognate agonist.ò 

In this context, in my thesis I used a variety of approaches to examine four central 

questions, derived from my central hypothesis:  
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1. First, since (based on existing literature) my hypothesis suggested that spMHC 

affects T cell dynamics in the absence of agonists, we asked: could globally 

increasing spMHC availability impact T cell phenotype, even in the absence of 

the cognate antigen? 

2. Next, to understand how spMHC tonically modifies T cell biology, we asked what 

are the molecular consequences following removal of T cells from constant 

contact with spMHC complexes? 

3. A major mechanistic aspect of the hypothesis is that spMHC signals via the TCR 

to effect functional changes. How does T cell activation change in the context of 

engaging with self-peptide vs agonist peptide or if both are present?  

4. Finally, from a global perspective, we asked whether there were any unique 

changes that occur when a T cell interacts with a cognate spMHC. 

The key findings from my thesis based on investigating these central questions are as 

follows: 

1. We found that global increase in APC numbers (and accordingly total spMHC 

abundance) using the myeloid growth factor Flt3L in vivo resulted in only a  

transient change in T cell populations. Rather than global increases in T cells, we 

made the novel finding that a subset of CD44-low, CD62L-low T cells was 

enhanced specifically. These cells showed inflammatory cytokine production 

when stimulated. There was also an increase in markers associated with broad T 

cell activation (CD25, KLRG1). 

2. Removing T cells from access to spMHC complexes revealed a rapid alteration 

of basal TCR signaling machinery. We found a striking decrease in the 
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phosphorylation of a key signaling molecule, LAT, whereas other molecules 

(NFəB, for example) remained the same. This suggests a new pathway whereby 

tonic spMHC interactions maintain the levels of key scaffold molecules critical 

for TCR proximal signaling, in the absence of agonist signaling. 

3. We found that a specific spMHC failed to activate an antigen-specific TCR on its 

own, but significantly synergized activation when combined with the TCR 

agonist.  

4. Intriguingly, we find that even non-stimulatory spMHC can trigger early 

signaling downstream of the TCR, but this flux dissipates prior to the level of 

ERK phosphorylation. This suggests the existence of a ñsignaling valveò 

allowing spMHC to prime early TCR signaling in the absence of agonist ï but 

requires the agonist to progress through the MAPK activation stage.  

5. Finally, we examined the overall transcriptional network changing in spMHC-

exposed T cells, suggesting that the signaling, despite being blocked at the ERK 

step, may augment a very narrow set of gene expression events.   

These key findings address fundamental mechanisms of T cell biology and explore 

how naturally occurring endogenous peptides play an important role in affecting T cell 

populations. In a practical sense, we expect our findings to have multiple implications. 

Since spMHC can tonically signal to T cells, one might expect that accumulation of such 

signals could impact peripheral T cell functions over extended periods of time. It is 

possible that some of these alterations may manifest in T cell differences observed in 

aging. In the early phases of infection, synergy with spMHC may play a key role in 

activating low-affinity or rare agonist-specific T cells. Identification of the precise 
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ñsignaling valveò stopping flux at ERK can be a high-impact work that must be pursued 

in the future.    
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1.2 T cell signaling: 
 

To investigate the differences in mature T cell responses to spMHC vs agonist 

pMHC, it is necessary to first review conventional TCR signaling. In doing so, I will 

highlight key ñplayersò within the TCR signaling apparatus.   

Following the theme we used in a recent chapter on Antigen-Receptor Signaling 

(Paulôs Fundamental Immunology Eighth Edition, in press) we will discuss TCR 

signaling in a modular format. Here blocks of signaling interaction networks are 

considered as discrete modules even when studying specific protein-protein interactions. 

The definition of what constitutes a signaling module can vary in each context, but very 

broadly, it is a collection of genes/proteins which participate in one aspect of a cellular 

function. Depending on the function, a module can include a complete set of molecular 

pathways or just a few interacting proteins. To be most useful in conceptualizing 

signaling (and studying it in typical reductionist models) however, each module needs to 

be self-contained. This means that there must be a particular input into the module which 

would be expected to produce a reproducible or predictable output. Inputs, depending on 

where the module is, can be the sensing of a ligand by a receptor or the phosphorylation 

of a particular kinase or the availability of a particular protein due to new gene 

expression. A brief overview of antigen-receptor signaling is shown in Fig. 1.1. 
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Figure 1.1: Brief overview of Antigen Receptor Signaling 

Antigen receptor (AgR) signaling can be considered as comprised of several distinct 

modules, relative to the proximity to the TCR or BCR (proximal, scaffolding, or 

distal), leading to cellular function (or output). Upon antigen receptor signaling, Src 

family molecules (such as Lck) phosphorylate the intracellular ITAM sites on 

molecules such as CD3, as well as Syk family molecules (such as Zap70), allowing the 

Syk molecules to localize to the phosphorylated ITAMs. Scaffolding molecules such as 

LAT and SLP76 can then localize and be phosphorylated by the Syk molecules, and 

lead to signal transmission into distal pathways.  

Figure adapted from Paulôs Fundamental Immunology, 8th Edition, Chapter 24 
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 The first module, herein referred to as the ñproximalò module, is composed of 

molecules that get recruited to the plasma membrane within the TCRôs proximity, very 

soon after the TCR is triggered by antigen binding on the extracellular side.  This module 

is largely concerned with signal initiation ï i.e., to trigger the signaling flux in 

lymphocytes, which is then amplified along multiple intracellular branches or distal 

modules. Each of these distal branches or modules is responsible for eventually inducing 

a specific effector cellular function (e.g., cytoskeletal rearrangement, transcription 

downstream of a particular promoter etc.). The connectivity between these two groups of 

modules (proximal and distal) is mediated by adaptor modules, which serve as junction 

boxes in the cellular circuit or scaffolds to assemble complexes of multiple signaling 

molecules (signalosomes). This function in lymphocytes is carried out by relatively few 

scaffolding molecules. The output of each of the distal modules is linked to other 

modules that control transcriptional activation, specific effector function etc. which are 

not discussed in this section. 

As discussed earlier in the Introduction, T cells recognize antigen through 

recognition of pMHC complexes presented by other cells. Compared to the affinity of the 

BCR for cognate antigen, the binding affinity for pMHC by a TCR is significantly lower 

17. The intracellular and transmembrane regions of the TCR (and BCR) have no 

enzymatic activity, and cannot recruit another active enzyme. Instead, signal transduction 

by the TCR relies on the close contact of key signaling facilitator molecules, the CD3 

proteins (CD3 has subunits ɔ, Ů, ŭ, and ɕ) 18, whose cytoplasmic domains are in turn able 

to dock the signal-initiating kinases. Given the significance of these molecules for TCR 

function, stable association with the CD3 complex is necessary for trafficking and surface 
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display of the TCR itself 19.  On the cytoplasmic portion of the CD3 molecules is a 

conserved protein domain required for TCR signaling: the Immunoreceptor tyrosine-

based activation motif or ITAM, having a consensus sequence of YxxL/I x6-8 YxxL; 

composed of two repeats of YxxL/I motif (Y; tyrosine, L/I; leucine/isoleucine) with a 

spacer of six to eight amino acids 20. CD3ŭ, ɔ, and Ů have a single ITAM each and CD3ɕ 

has three tandem ITAMs in their cytoplasmic tail, and as a result, each TCRŬɓ CD3Ů2ɔŭɕ2 

complex has a total of 10 ITAMs. The critical nature of ITAM-bearing molecules in the 

initiation of TCR signaling was first highlighted by landmark experiments triggering T 

cell proliferation by just using crosslinking antibodies specific for CD3 21. Given the 

redundancy within the ITAM signature (the x positions) each of the ITAMs in the CD3 

molecules has a different amino acid sequence, suggesting that they may differ in 

interacting partners and therefore the qualitative nature of the downstream signaling. 

Biochemical evidence for such differential binding partners is based on using defined 

peptides from each ITAM with downstream enzymes as well as immunoprecipitation 

analysis 22-24. It is also possible that the number of tyrosine sites within the ITAMs that 

can get phosphorylated may play a role in the type of T cell responseðwork from Kersh 

et al (1999) demonstrated that partially phosphorylated CD3ɕ (at the subunit of p21) was 

reflective of how peptide antagonists signaled in the Hemeglobin peptide-specific 3.L2 T 

cell 25. 

The critical residues within each ITAM from the point of antigen-receptor (AgR) 

signal transduction are the tyrosines (Y). Once they are phosphorylated at a Y, proteins 

containing the SH2 (Src Homology domain 2) domain can bind to the ITAM and 

assemble the proximal signalosome around them (see next section). SH2 domains are 
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ubiquitous in tyrosine-kinase signaling pathways and contain a signature sequence of 

approximately 100 amino acids 26. Typically, ITAM-SH2 interaction circuits drive a 

positive signaling flux mediated by recruitment of activating kinases. 

1.2.1 The Proximal Module: 

 

 The initiation of signaling (ñtriggeringò) downstream of the antigen receptor 

follows soon after binding to antigen and involves three steps. First, a Src-family protein 

tyrosine kinase (sometime abbreviated as SFK) is activated and it phosphorylates ITAMs 

in the cytoplasmic regions of CD3 associated with the TCR or of CD79 with the BCR. 

This allows the second step, which is the recruitment of a Syk family kinase (with 

characteristic tandem SH2 domains), to the phosphorylated ITAMs. The recruited Syk 

kinase is further activated by the action of the Src as well as its own subsequent 

autocatalytic ability to further phosphorylate itself (autophosphorylation). Finally, the 

stimulation of the enzymatic activity of the activated Syk kinase allows it to 

phosphorylate multiple downstream substrates, which include the scaffolds (see next 

section) as well as the distal signaling branches assembling at these scaffolds. T cells 

mostly use Lck or Fyn as the Src-family kinase and ZAP70 as the Syk-family kinase. Fyn 

is also expressed in multiple cell types, whereas Lck is relatively T and NK cell specific.   

 All members of the Src family have a characteristic domain structure ï including 

an N terminal SH4 domain of ~16 amino acids (aa), a globular SH3 domain of ~65 aa 

which binds proline-rich stretches of proteins with a consensus PXXP motif, an SH2 

domain of ~90 aa with a deep hydrophobic pocket capable of binding the 

phosphotyrosine residues (often within a conserved YEEI stretch in their targets)27 and a 

catalytic kinase domain of ~250 aa which is involved in ATP binding as well as the 
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phosphotransferase activity required for kinase function. In addition to these four 

domains, a stretch of intrinsically disordered 60-75aa between the SH4 and SH3 domains 

(named the ñuniqueò domain (UD)) plays an important role in regulating the activity of as 

well as conferring target specificity to each Src Kinase. Finally, the last domain in a Src 

kinase is a C-terminal stretch of about 15-20aa which harbors a critical conserved Tyr 

residue that was found to be phosphorylated, counterintuitively, when the Src kinase was 

inactive in resting cells 28.  

 The major Src family kinase in T cells is the molecule Lck. Phosphorylation on 

Y-505 of Lck keeps the molecule in its autoinhibited position until dephosphorylation of 

this site 29. In contrast, phosphorylation of activating sites such as Y394 in Lck leads to 

extension of the SH2 and SH3 domains with resultant enhancement in the kinase activity 

of the molecule. The maintenance of the inactive form of Lck in lymphocytes requires the 

constitutive activity of another kinase, known as the C-terminal Src kinase (Csk) 30.  A 

critical step in initiating TCR signaling through Lck activation would be the inactivation 

of Csk ï either by altering its location/activity or the removal of its phosphorylation from 

the C-terminal domain of Srcs. The latter is accomplished by plasma membrane-

associated phosphatases in lymphocytes, most notably CD45 31.  

 CD45, or Protein tyrosine phosphatase, receptor type C (PTPRC), is also known 

as the leukocyte common antigen (LCA) since it is not only expressed on but is also the 

most abundant protein on the surface of all haematopoietically derived leukocytes. It is a 

type 1 single-transmembrane glycoprotein with two (tandem) protein tyrosine 

phosphatase (PTPase) domains (D1 and D2) in the cytoplasmic C-terminal tail. A key 

target for the CD45 phosphatase itself is the site on Src Kinases phosphorylated by Csk, 
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such as Lck Tyr-505. Removal of this phosphate allows the unfolding of Lck and 

conversion to the active form. CD45-deficient cells have reduced Src kinase activity with 

corresponding increase in the amounts of the C-terminal phosphopeptide 31. As we 

discussed in the section on signaling during positive selection, Lck activation is critical 

for a T cell to develop past this stageðtherefore it is unsurprising that in CD45-/- mice, T 

cell development is significantly impaired at the positive selection stage, consistent with 

a failure to fully activate Lck 32,33.  

 A critical piece of the puzzle in understanding the initial triggering of signaling 

downstream of the TCR is the localization of Lck. In T cells, in addition to TCR binding 

the pMHC, an invariant site on MHC molecules also binds the co-receptors CD4 or CD8. 

Because of this, most of the catalytically active Lck at the plasma membrane of T cells is 

bound to the cytoplasmic tail of these co-receptors; a unique domain of Lck contains a 

conserved di-cysteine motif (Cys-20 and Cys-23) that associates with a dual cysteine 

(Cys-445 and Cys-447) domain in the cytoplasmic tail of either CD4 or CD8Ŭ 34-36. As a 

result of this, the association of TCR with pMHC together the binding of CD4/CD8 to 

MHC, increases the local concentration of Lck intracellularly around the TCR. This 

redistribution effectively reduces Csk in the vicinity of Lck and shifts the equilibrium 

towards greater phosphatase activity on the Lck C-terminus. This results in enhanced 

kinase activity and specific recruitment of Lck to the ITAMs on CD3 resulting in their 

phosphorylation, setting the stage for the next step in the proximal module of TCR 

signaling involving Syk activation. 

 Zeta-Associated protein of 70kDa (Zap70) is the major Syk family protein 

involved in the proximal module for T cell signaling. Zap70 contains two tandem SH2 
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domains interrupted by a coiled coil region known as interdomain A. The C-terminal 

tyrosine kinase domain is connected to the tandem SH2s by an extended and flexible 

interdomain B. The tandem SH2 domains of ZAP70 have been shown to directly bind 

dually phosphorylated (but not the un-phosphorylated), CD3ɕ chains 22. Many resting T 

cells in vivo already show constitutive basal phosphorylation of one of the ITAMs 

associated with the CD3ɕ chain (identified as a 21kDa phosphoprotein or the p21 form of 

CD3ɕ which is distinct from the ITAM-dually-phosphorylated version migrating at 

23kDa or the p23 form) which stems from engaging endogenous non-agonist pMHC 

molecules. Significant amounts of ZAP70 in the cell are already recruited to p21 CD3ɕ in 

the plasma membrane 37.  

Zap70 is reliant on subsequent Lck activity for full activation. The alignment of 

the SH2 domains with the ITAMs twists out the linker sandwich in the inactive Zap70 

configuration and accordingly extends the kinase domain, contributing to activation of its 

autocatalytic activity. This new proximity to active Lck allows Ys in the activation loop 

(Y-492/493) of Zap70 to be phosphorylated which helps unfold this disordered domain, 

making its catalytic cleft available. As a result, the recruitment to the TCR complex and 

rapid enzymatic activation of Zap70 is tightly coordinated. In addition to Y-492/493, Lck 

also phosphorylates the interdomain Y residues 315 and 319, which are crucial for Zap70 

activity. While activated Zap70 can autophosphorylate many of these residues 

subsequently, the need for Lck activity to get the ball rolling implies that in the case of 

Zap70, autophosphorylation is a necessary amplification mechanism.  
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1.2.2 The Scaffolding Module: 

Within seconds of antigen-engagement, the proximal module is fully activated. 

The signaling flux emanating from this complex is then distributed and amplified through 

the distal modules that would eventually drive specific phenotypic consequences of 

lymphocyte activation. These two modules are connected by specific linker/adaptor 

molecules which lack intrinsic enzymatic activity. These act as scaffolds to facilitate the 

assembly and co-localization of multiple proteins (a signalosome) and thereby regulate 

the interconnectivity between different pathways. The key scaffolds in T cells are the 

Linker of Activated T cells (LAT) and SH2-domain-containing leukocyte protein of 76 

kDa (SLP76).  

LAT is a type III transmembrane protein with a short (4aa) N-terminal 

extracellular region, a single transmembrane spanning region followed by a critical and 

long cytosolic carboxyl terminus with no enzymatic activity. In Jurkat cells lacking LAT 

the activation of TCR signaling up to ZAP-70 activation is intact, but downstream 

modules such as Phospho-Lipase C ɔ1 (PLCɔ1) or extracellular-signal-regulated kinases 

(ERK) are inactive 38. In vivo, Lat-knockout mice are deficient in T cells, with 

development blocked at the similar (DN3) stage as TCR or Zap70 knockout mice  

Structurally, two conserved cysteine residues (Cys-26 and Cys-29 in human LAT), 

immediately following the transmembrane domain can attach to lipid groups by 

palmitoylation, which is critical for LAT function and membrane mobility. The 

intracellular domain that follows provides key docking sites for multiple signaling 

molecules, which are recruited when one or more of the highly conserved Ys in this 

region are phosphorylated by activated Zap70 from the proximal module 39. For instance, 

phosphorylated Y-132 is sufficient for binding the SH2 domain of PLCɔ1 while multiple 
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Ys (171, 191 & 226) must be phosphorylated to bind the Ras-MAPK adaptor GRB-2 or 

the GRB-2-related adapter protein 2 (GADs) (Tyr-171 and 191) 40.  

Binding of molecules such as PLCɔ1 to their designated phospho-tyrosine are also 

quantitatively affected by mutations in other sites, suggesting that there is cooperativity 

(see Balagopalan et al., 2010 for review) 41. Binding of GADs is also critical from the 

point of building a larger signalosome around LAT because it also binds the 2nd major 

adaptor protein, SLP-76, effectively bridging these two major scaffolds downstream of 

the TCR.  

SLP-76 has multiple motifs which have sites for additional signaling proteins to 

dock. For example, three Ys (Y-112, YR-128 & YR-148) in the N-terminal Sterile-alpha 

motif region of SLP-76 are phosphorylated by Zap70 initiating the assembly and 

activation of the TCR-proximal signalosome 42. Molecules that are recruited to SLP-76 

include, but are not limited to TEC-family kinase interleukin-2-inducible T-cell kinase 

(ITK) 43, the guanine-nucleotide-exchange factor Vav 44, and the adaptor non-catalytic 

region of tyrosine kinase (NCK)45. PLCɔ1 can also associate with SLP76 in addition to 

LAT, thereby further strengthening the dual-scaffolded signalosome 46. Finally, the C-

terminal SH2 domain of SLP-76 binds hematopoietic progenitor kinase 1 (HPK1) ï 

which is upstream of the JNK and NFkB pathways47 as well as the adhesion- and 

degranulation-promoting adaptor protein (ADAP), a key regulator of cytoskeletal 

rearrangements in T cells 48. 

1.2.3 The Distal Modules: 

Each of the distal pathways that plug into the scaffolding molecules help execute 

one or more cellular functions. As discussed above, unlike the proximal and scaffolding 
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modules which are mostly unique to lymphocytes, the distal branches are fairly 

ubiquitous and found in multiple cell types even outside of the immune system. 

Typically, each distal module (especially the three Mitogen Activated Protein Kinase 

(MAPK) modules discussed below) works as a phosphorylation relay system involving 

kinases (e. MAPKKK) which activate downstream kinases (e. MAPKK) and so forth. 

Each step amplifies the previous signal by allowing one enzyme to activate multiple 

copies of substrates. In the following paragraphs, I will highlight a few of the relevant 

distal signaling networks for my project, but it should be noted that there are several 

signaling modules that are linked to T cell signaling that will not be discussed in depth: 

NFAT, SAP/JNK, p38, and cytoskeletal remodeling pathways, for example.  

The Mitogen Activated Protein Kinase (MAPK) pathway has been classically 

viewed as a positive signaling pathway demarking T cell activation, and it plays a role in 

T cell development as well as peripheral activation. As the name ómitogenô implies, these 

were originally described as key drivers of cell proliferation and oncogenic 

transformation but are now known to participate in multiple functions even in quiescent 

cells. The 21 kDa Ras proteins initiating this pathway are molecular switches because 

they can alternate between the inactive GDP-bound conformation and the active GTP-

bound conformation. In resting cells, Ras is inactive and bound to guanosine diphosphate 

(GDP). Activation of Ras requires the Guanyl nucleotide Exchange Factors (GEFs) or 

proteins that can exchange the GDP in Ras with Guanosine Triphosphate (GTP). GTP 

binding induces a conformational change in the Ras switch domains (aa30-40 forming 

Switch 1 and aa 60-76 forming Switch 2) exposing the effector binding site. These 

downstream effectors include Raf. Ras has an intrinsic GTPase activity that will return 
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the protein to the inactive GDP-bound state. On its own, this process is rather slow, but 

GTPase-activating proteins (GAPs) bind GTP-bound Ras and speed this up Ó1000-fold to 

ensure rapid inactivation.  

In T cell signaling, there are two potential GEFs that can activate Ras ï the Ras 

guanyl nucleotide releasing protein (RasGRP) or Son of Sevenless (SOS) ï which are in 

turn activated by different upstream enzymes. One arm follows DAG production by 

activated PLCɔ; this recruits RasGRP as well the serine/threonine-specific kinase Protein 

kinase C (PKC) to the membrane. In addition to recruitment, DAG also directly activates 

PKC which then proceeds to phosphorylate RasGRP to fully activate its GEF function. 

Alternatively, SOS is recruited and activated by GRB2 which, as discussed above, is 

recruited to LAT.  

Once Ras is in its active form, it can initiate several kinase cascades wherein one 

inactive kinase is activated by an upstream kinase, following which the activated 

substrate kinase now acts on another downstream substrate and so on. In the canonical 

MAPK pathway, the initial kinase is the MAPK-Kinase-Kinase (MAPKKK) Raf, which 

in turn activates a MAPK-Kinase (MEK) leading to its activation of extracellular-signal-

regulated protein kinase (ERK). Being a critical node in the mitogen response, multiple 

cellular inputs feed into the Ras-MAPK module. The phosphorylation of the ERK 

isoforms (the 42kDa proteins ERK1 and ERK2) is a signature feature of activation of the 

RAS-MAPK module and these enzymes regulate multiple cellular functions (see review 

in Lavoie et al, 2020)49. The regulated entry of phosphorylated ERK1/2 to the nucleus-

from which it is actively excluded in resting cells-allows it access to additional substrates. 

The canonical ERK substrates are the p90 ribosomal S6 kinase (Rsk) family of proteins 
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(reviewed in Anjum and Blenis, 2008)50 as well as the MAP kinase-interacting 

serine/threonine-protein kinases (MNK).  

A characteristic response to many mitogen receptors (including the TCR) is the 

rapid expression of several mRNAs following ERK activation, commonly referred to as 

immediate early genes (IEGs). Importantly, the expression of IEGs does not require de 

novo protein synthesis, since the necessary signaling and transcriptional factors for this 

module are already present in resting cells. Key IEGs in lymphocytes responsive to ERK 

signaling include the Early growth response (EGR), FOS, JUN and MYC families of 

transcription factors.  

Another important distal module to note is the nuclear factor binding the promoter 

of the ə light-chain gene in B cells, or NF-əB, pathway, first characterized in 1986 by 

Sen and Baltimore and now known to be one of a critical family of transcription factors 

involved in multiple biological pathways  51. There are five mammalian NF-əB family 

members, namely RelA/p65, RelB, c-Rel, p50 (NF-əB1), and p52 (NF-əB2) which bind 

DNA as dimers (either homodimers or heterodimers). Of these p65, c-Rel, and RelB can 

directly activate transcription since they have transactivation domains (TADs) but p52 

and p50 have to regulate transcription by forming heterodimers. These NF-kB complexes 

are now known to regulate a large number of genes, binding to promoter/enhancer 

elements recognizing a 5ǋ-GGGRNWYYCC-3ǋ motif (purines (R), adenine or thymine 

(W), pyrimidine (Y) or any base (N)). Before activation, all lymphocytes express 

significant amounts of multiple NF-əB family proteins; these are however retained in the 

cytoplasm by binding of the inhibitory proteins of the Inhibitor of əB (IəB) family.  

Association with these proteins, typically IəBŬ and IəBɓ in T and B cells, masks the 
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nuclear localization signals (NLS) of the NF-əB transcription factors. Accordingly, 

activation of NF-əB mediated gene transcription requires upstream TCR signaling to 

effectively remove the IəB protein by phosphorylating it and targeting it for proteasomal 

degradation.  

The canonical pathway for releasing IəB from NF-əB involves the triggering of 

the novel PKC family Ser/Thr kinase by the activated TCR proximal module. The 

activity of PLCɔ at this stage results in the generation of DAG at the plasma membrane, 

which in turn activates PKCɗ. PKCɗ can also be activated by phorbol esters (e.g. 

(phorbol 12-myristate 13-acetate (PMA)). Indeed, this allows the combination of PMA 

with an ionophore such as Ionomycin (which elicits the calcium flux) to fully mimic TCR 

signaling and drive T cell activation. PKC then recruits CARD11 (CARMA1) and 

phosphorylates it (together with other kinases such as Casein Kinase 1Ŭ), which initiates 

the formation of a complex with BCL10 and the paracaspase MALT1 on the inner leaflet 

of the membrane. This CARD11:Bcl10:MALT1 (CBM) complex is the central backbone 

for NF-əB activation in T cells 52,53.  MALT1 recruits TRAF6 which catalyzes the 

assembly of a cytosolic I ə Kinase (IKK) holoenzyme that would eventually 

phosphorylate IəB and free NF-əB. IKK incorporates a non-catalytic regulatory NF-əB 

essential modifier (NEMO, also known as IKKɔ) together with the two enzymatic 

subunits IKKŬ and IKKɓ. The activation of this complex requires polyubiquitination of 

NEMO by TRAF6 54. Once phosphorylated by the activated IKKɓ in the IKK 

holoenzyme, IəBŬ or IəBɓ are polyubiquitinated by the SCFɓīTrCP E3 ubiquitin ligases 

which sends them to the proteasome for degradation 55. An alternate pathway of NF-kB 

activation also operates via the NF-əB-inducing kinase (NIK) which is also stabilized by 
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the removal of TRAF and then can phosphorylate IKKŬ. The dimeric IKKŬ in this 

pathway can phosphorylate NFəB (mostly p50 and p52 complexes) independent of 

IKKɓ, IKKɔ, or the classical IKK complex 56. AgR signaling typically is more reliant on 

the classical pathway, with a variety of accessory receptors (eg. CD40, TNFR etc.) 

triggering the alternate pathway. Indeed, overexpression of the CBM complex induces 

spontaneous NF-əB activation without T-cell activation while mutations in members of 

either the CBM or IKK complexes lead to immunodeficiencies. 

 We have discussed so far the various elements of TCR signaling, proximal Ą 

scaffolding Ą distal modules, however the question remains: how does the TCR actually 

get triggered by a pMHC to the point of activation, especially considering the low affinity 

of the pMHC ligand for the TCR, compared to the affinity of Ig to antigen? This question 

is further complicated by data that show that a T cell can be activated by even a single 

pMHC molecule, in a process that recruits several TCRs to cluster at the immunosynapse 

57,58. How this can occur has been addressed through several models, which we will 

discuss in the following sections.  

 

1.2.4: Kinetic Proofreading  

 

The ñKinetic Proofreading Model,ò a term taken from the seminal 1974 work by 

J.J. Hopfield described how slow reactions in the protein-synthesis or DNA-replication 

pathways could lead to high specificity of the end product by allowing time for 

incorrectly synthesized products to be shunted out of the pathway 59. Timothy McKeithan 

in 1995 co-opted this notion for the transmission of signals through the TCR 60.  The 
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nature of transmitting signal through proximal modules, through scaffolds, and ultimately 

to downstream activation pathways, typically involves phosphorylation or 

dephosphorylation, and can be reversed by inhibitory molecules. McKeithan postulated 

that T cells must be able to distinguish between high affinity agonists versus self-

peptides, and that high affinity agonists allow for more TCR clustering and time to allow 

for signal propagation than their spMHC counterparts 60.  

Modifications of the kinetic proofreading model for the TCR have been explored 

with regards to feedback of signaling; that is, how is leakiness of spMHC interaction 

prevented at the level of downstream signaling? If, for instance, some small threshold is 

crossed and signal can be transmitted to the MAPK pathway, one would expect there to 

be some degree of T cell activation. This was explored by Alton-Bonnet and Germain in 

2005, who used mathematical modelling to observe that SHP-1, an inhibitor of proximal 

signaling events, acts quickly to diminish signal from short-lived spMHC:TCR 

interactions, thereby never transmitting down to the MAPK levelðhowever, when the 

duration of peptide-interaction is sustained, as in that of an agonist, signal can propagate 

leading to pERK, which in turn leads to full activation and positive feedback preventing 

inhibition from SHP-1 61. Other similar aspects of proofreading for the TCR include 

differences between agonists and endogenous peptides with regard to spatial clustering of 

proximal signaling molecules, the speed of LAT phosphorylation, and the half-lives of 

peptides engaging with the TCR (Fig. 1.2) 62-64.  
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Figure 1.2: Kinetic Proofreading Model of TCR discrimination 

Model explaining the dynamics of Kinetic Proofreading. (Top) Shown is the proposal 

of what might happen when a low affinity self-peptide with a short half-life of TCR 

engagement interacts with a TCR. Binding can occur, but because there is a quicker 

off-rate, it will not allow for proper clustering of signaling molecules and activation 

thresholds to be crossed. Contrary to this, (Bottom), an agonist peptide with a longer 

half-life of TCR engagement will allow for spatial clustering of TCR signaling 

molecules to aggregate and propagate past the threshold for activation.  

Figure adapted from 66. 
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1.2.5: The Pseudodimer Model 

 

An alternate model to the above is relevant to this thesis, since it incorporates the 

structural and biochemical mechanism for the synergy in signaling between an agonist 

and endogenous ligand. This is known as the ñpseudodimer modelò. This model suggests 

that the weak interactions between spMHC and cognate TCR can recruit the relevant co-

receptors (CD4 and CD8) to bind to that MHC, which in turn brings the proximal 

signaling machinery associated with those co-receptors (Lck) closer to the 

immunosynapse, although spMHC interaction alone is not enough to trigger the full 

downstream signaling. When both endogenous and agonist peptide are present, 

enhancement of activation can occur because the spMHC recruited the appropriate 

machinery, and the agonistôs sustained higher affinity interaction with the TCR drives 

downstream signaling to occur. The foundation of the pseudodimer model rests on two 

pieces of evidence: 1) the abundance of endogenous peptides presented by APCs in 

contrast to the occasional foreign agonist peptide, which we have previously discussed in 

the Prelude and 2) the structure of the CD4 co-receptorôs binding to MHC. Regarding the 

latter, CD4 has been observed to bind pMHC in a V-shape (or at almost 90 degrees), 

which means that for an activated T cell with a TCR interacting with the cognate pMHC, 

it would be highly improbable that the associated CD4 coreceptor is able to bind to that 

same pMHC; rather, perhaps the CD4 associated with the TCR binding to the spMHC 

complex becomes stabilized by binding to a nearby MHC carrying an agonist peptide, 

bringing the primed corresponding machinery closer to the reacting TCR 15,58,67,68.  

There have been several studies that explore this pseudodimer model of co-

agonism in detail. For the 5C.C7 TCR, Krogsgaard et al (2005) used pre-labelling of 
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characterized endogenous peptides that could bind to I-Ek to observe which peptides 

accumulated at the APC:T cell interface 69. Several of these, including the peptide ER60 

(of the cysteine protease from the endoplasmic reticulum), were not only accumulated at 

the immunosynapse, but also had co-agonism activity (as measured by Ca2+ flux and 

membrane localized Akt) when heterodimerized to an agonist 69. These authors also 

observed that activation was diminished only when disrupting the CD4 binding site of the 

agonist pMHC complex, and not the spMHC; therefore, they proposed a model in which 

the CD4 associated with the spMHC-binding TCR gets recruited to the site where the 

TCR is binding to the agonist pMHC, and forms a stable pseudodimer that enhances the 

T cell activation signaling (Fig. 1.3) 69. Krogsgaard et al (2007) linked this pseudodimer 

model to thymic development (to be discussed in Section 1.3), hypothesizing that the 

higher sensitivity of thymocytes to spMHC signals (which we will discuss further in 

section 1.4) would allow for signal propagation through CD4/Lck; however, this violates 

the same structural arguments made for the periphery (the TCR and CD4 of the same 

associated complex would struggle to bind to a single spMHC), and furthermore it 

doesnôt explain the uniqueness of some of the peptides presented by the cTECs (cortical 

thymic epithelial cells) during positive selection 68. Additional studies are required to 

assign significance to the pseudodimer model in TCR:spMHC interaction.  
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Figure 1.3: The Pseudodimer Model 

A depiction of the ñpseudodimer model,ò as a potential explanation of how 

endogenous peptide signaling may be at the root of functional TCR signaling. The 

endogenous peptide binds to cognate TCR, which recruits the co-receptor that can 

stably bind to another MHC presenting agonist peptide. This brings Lck, the initiator of 

proximal signaling to the appropriate position within the immunosynapse.  

Figure adapted from 70. 
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 Other, more recent work on CD8+ T cells has supported the pseudodimer model 

of co-agonism. Zhao et al (2018) used a model in which MHC-deficient cells could be 

induced to express MHC-I containing different peptides derived from either Human 

Immunodeficiency Virus (HIV) or Hepatitis B Virus (HBV), and co-cultured these cells 

with CD8+ T cells specific for an epitope of HBV 71. Using various readouts (CD107a 

expression, TNFŬ/IFNɔ/IL-2 production, etc), the authors found that when both the 

unrelated HIV peptide (GAG) was expressed on the same cell as one expressing the 

cognate HBV peptide, there was an enhancement of activation 71. When binding sites 

were mutated for the GAG-MHC complexôs interaction with CD8, these co-agonistic 

effects were lost, in contrast to mutations that impacted the binding of the TCR to the 

GAG pMHC which still allowed for co-agonism to occur 71. Following these data, it 

appeared that GAG pMHC together with the cognate HBV peptide agonist could enhance 

the levels of pLck and pZap70 within the immunosynapse 71. This same group built on 

these studies in 2021 (Zhao et al), with another model using OT-I T cells, and cells 

expressing MHC-I conjugated to either OVA (agonist) or VSV (non-stimulatory peptide) 

72. With this model, the authors found that VSV-pMHC enhances the activation of OT-I T 

cells with an increase of CD69-expression, as well as cell proliferation, pERK and NFAT 

translocation 72. Similar to their previous study, they also found that with the non-agonist 

VSV peptide, there is an enrichment of bound active Lck at the immunosynapse 72.  

While these results are intriguing, and give credence to the pseudodimerôs central 

theme highlighting the importance of co-receptor bound Lck recruited by non-specific 

agonist binding, both Zhao et al studies focus largely on CD8+ T cells, and exclude 

CD4+ T cellsðindeed there are important differences between the dynamics of Lck 
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interaction with CD4 vs CD8, as well as general TCR affinities for pMHC, that should be 

accounted for in future studies 73-76. Additionally, the studies revolve around using a non-

specific peptide with an artificially forced expression. Both the GAG and VSV peptides 

are inherently derived from foreign antigen, and though on their own non-stimulatory, it 

is unclear how often the presentation of these peptides would occur in the WT 

environment of the responding T cells.  

 

 

 

 

 

 

 

 

 

 

 

 



30 
 

1.3 T cell development: 

As alluded to above (see ñPremiseò) my studies examine how T cells react with 

and are influenced biologically by endogenous ligands that their TCRs can sense. The T 

cellôs preoccupation with these kind of self-ligands starts very early in the thymus as part 

of the selection steps following VDJ recombination and the generation of a new TCR 77. 

Therefore, although much of the data that I will discuss in later chapters pertains to 

mature T cell signaling in the periphery, it is important to recognize that the molecular 

framework for signaling through the TCR is built up very early in T cell development in 

the thymus, even driving changes in T cell fate and function.  

Unlike most lymphocytes, which undergo development in the bone marrow, T 

cells are unique in that they require a dedicated organ (the thymus) for maturation. The 

thymus is an organ which is located in humans between the sternum and ascending aorta. 

Lymphoid progenitor cells migrate from the bone marrow to the thymus (these are often 

called ñthymus-seeding progenitorsò (TSPs)) and have the potential to commit to any of 

the lymphoid lineages. The cells that enter the thymus are termed ñEarly Thymic 

Progenitorsò (ETPs), which in humans, still have the potential to commit to a T cell, B 

cell, or granulocyte lineage 78. ETPs begin their commitment specifically to a T cell 

lineage (developing T cells are termed ñthymocytesò) with engagement of the 

transmembrane receptor Notch on thymocytes with its ligand, Jagged-1, present on 

thymic epithelial cells. Mouse models in which Notch has been knocked out demonstrate 

a defect in T cell development, and instead an abnormal accumulation of B cells in the 

thymus 79. Similarly, overexpressing Notch in bone marrow progenitor cells causes an 

early and aberrant accumulation of immature T cells, and shows a decrease in B cell 

development 80. Notch signaling throughout ETP development can initiate signals that 
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promote the commitment into a T cell lineage, such as through expression of a T cell 

master transcription factor TCF-1 (encoded by Tcf7) 81 Signaling by the cytokine IL-7 is 

also important for lymphoid progenitor growth, and has been shown to play a large role 

in promoting mature B cell development, as demonstrated by a lack of B cells in IL-7-/- 

models 82. For developing T cells, expression of the IL-7 receptor is extinguished by the 

CD4+/CD8+ double positive stage, signifying that thymic maturation beyond this point is 

relatively IL-7 independent 83. Ultimately, both Notch and IL-7 play a key role in early 

fate determination of T cells, and there is evidence to support that Notch signaling 

promotes early thymocyte expression of IL-7R, enhancing early proliferation and 

survival signals 84. 

At this stage, thymocytes typically are characterized by a series of surface 

markers. In the periphery, the majority of mature Ŭɓ T cells are broadly classified by their 

respective co-receptor, CD4 or CD8, which are typically singly expressed (CD4+ T cells 

vs. CD8+ T cells). At the ETP stage, these precursors are double negative (DN) for CD4 

and CD8 co-receptor expression 85. The DN stage of T cell development is further 

divided by a heterogeneous expression of two other markers: CD25, and CD44 86. At the 

first stage of T cell commitment, termed DN1, T cells are CD44+, but CD25-. CD25, the 

IL-2 receptor, initially is not expressed, and transiently increases in expression during the 

DN2 (CD44+, CD25+), and DN3 stages (CD44-, CD25+) 87. During the DN2 stage, in 

which the developing T cell is CD25+, CD44+, important intracellular signaling 

molecules have been observed to increase, such as NFəB, AP-1, and NFAT 88. Within the 

DN2 phase, levels of the marker c-Kit highlight distinct phases, transitioning from cKit-

high expression (DN2a) to low expression (DN2b)--this transition is also a time in which 
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these developing cells lose the ability to commit to NK or DC lineages 89,90. The DN2a-

DN2b transition is additionally accompanied by a decrease of expression in the 

transcription factor PU.1, which seems to limit precursor multipotency, particularly into 

myeloid or DC lineages 90.  

By the DN3 stage, these precursor cells have committed to a T cell lineage. This 

stage is distinguished by a period in which almost all the genes involved in TCR 

signaling are upregulated (as reviewed in Rothenberg et al) 91. Additionally, the by the 

DN3 stage, there is a high amount of expressed GATA3, a protein known predominantly 

for its role in the periphery as a T-helper-2 (Th2) promoting master regulatorðin the 

DN3 stage, it is thought to be necessary for T cell growth and development 92. At the 

final DN4 stage, developing T cells are CD44-, and CD25-. Fig 1.4 illustrates the 

progression of T cell precursor development and commitment. 
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Figure 1.4: T cell precursor development and commitment through the Double 

Negative (DN) stage 

Hematopoietic stem cells (HSCs) begin with the highest level of cell-development 

potential, and develop into multipotent precursors (MPP), which in turn into lymphoid-

primed multipotent precursors (LMPPs) or an erythroid lineage. The LLMPs can begin 

a commitment into the myeloid/DC lineage or transition into becoming Common 

Lymphoid Precursors (CLPs). The dashed or solid lines indicating ñpotentialò signify 

the ability for that lineage of cells to develop if the right conditions are present. The 

vertical black dashed line between the CLP and the ETP phase symbolizes entry into 

the thymus, where the ETP transitions from the DN1 to the DN2 phase, and typically 

Notch signaling will limit B cell potential. During the DN2 phase, cells can continue T 

cell commitment or diverge into NK cell commitment. Finally, during the DN3 phase, 

the beta-receptor of the TCR is rearranged.  

Figure adapted from 93. 
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The DN3 stage marks one of the most important maturation phases of the 

developing T cellðthe rearrangement and testing of the TCR components. As discussed 

earlier most other cell receptors are germline encoded, while TCR and BCR genes 

undergo a somatic rearrangement of to produce a highly diverse population of antigen 

receptors. The conventional ŬɓTCR consists of two chains: beta- and alpha- chains. Each 

chain must undergo its own rearrangement and quality control to test an ability to signal, 

with the ɓ-chain first, and then together as a complete ŬɓTCR.  

The beta-chain receptor undergoes the first rearrangement, with the most amount 

of rearrangement occurring between the DN2 and DN3 stages 86,94. The process of gene 

rearrangement for lymphoid antigen receptors is termed V(D)J recombination (Fig. 1.5), 

named for the three gene segments (Variable, Diversity, and Joining) that will form each 

chain of the receptor (V,D,J for ɓ, V,J for Ŭ), and is mediated by several classes of 

proteins. Two of the most prominent proteins involved are Recombination-Activating 

Gene (RAG) 1 and RAG2.  These enzymes locate recombination signal sequences 

(RSSs) next to a V, D and J segment and initiate double-stranded DNA breaks, which 

prompts rearrangement of these segments in a distinct order: for the beta-chain, first the 

D and J segments join, followed by addition of the V segment with the recombined D-J 

segment 95.  Humans have approximately 52 Vɓ, 2 Dɓ, and 13 Jɓ gene segments, thereby 

making the number of potential beta-chain receptor combinations already quite large 96. 

Further contributing to the diversity and function of the receptor are pMHC-contact 

points encoded by these genes, called Complementarity Determining Regions (CDR). 

CDR1 and 2 are found within the V region, and play a role in binding the TCR to MHC, 

while CDR3 is formed through the junction of the V, D (if on the ɓ chain), and J 
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segments. Due to this increased junctional diversity of sequence, CDR3 plays a dominant 

role in interacting with the peptide component of the pMHC 97. The diversity of the 

CDR3 regions is also greatly increased by another process where random nucleotide 

sequences are inserted between recombining gene segmentsðthis is done by the enzyme 

Terminal deoxynucleotidyltransferase (TdT)98-100. This process generates the highest 

level of diversity in the region of the TCR that interacts with the true antigen. 
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Figure 1.5: V(D)J Recombination 

Genes for Variable, Diversity and Joining segments are recombined in a process 

termed Somatic Recombination. At the junction of each recombined segments, there is 

a region termed Complementarity Determining Region 3 (CDR3) which is highly 

diverse, both through the randomness of recombination, but mostly because of inserted 

nucleotides via the enzyme Tdt. This diverse CDR3 portion contacts the peptide-MHC 

complex.  

Figure adapted and modified from 101 
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Experiments in which either the TCR-beta chain or the TCR-alpha chain were 

transgenically re-introduced to RAG-/- mice showed that only the introduction of a TCR-

beta receptor transgene led to an expansion of thymocytes to the (double positive) DP 

stage 102. Conversely, Mombaerts et al (1992) demonstrated that mutating the TCR-beta 

receptor reduced the percentage of viable DP cells to about 6% of a compared WT 

control, whereas a mutation in the TCR-alpha receptor did not cause as significant an 

impact 103. However, mutation of the TCR-alpha receptor did cause a decrease in the 

number of CD4+ or CD8+ SP cells 103.  

Once a potential beta-chain is rearranged, its expression can be detected on the 

cell surface, even in the absence of a functional alpha chain 104. The rearranged beta-

chain forms a ñpre-TCRò complex with another protein gp33, which is also termed ñpre-

T-alphaò 105. In experiments in which the pre-T-alpha gene was knocked out in mice, it 

was observed that any production of DP or SP T cells in the thymus had drastically 

lowered levels of CD4 or CD8 co-receptors compared to wild-type cells, and there was 

an increase in cells arrested in the DN3 stage 106. Clearly this pre-TCR complex is vital to 

the maturation and continuation of the pre-T cell in development, and several key points 

of evidence demonstrate that downstream signaling through an association with CD3 

molecules may be relevant at this stage. When anti-CD3 monoclonal antibodies (mAbs) 

are added to fetal thymic organ cultures (FTOCs) at the pre-TCR stage, there is an 

increase in produced DP cells, a downregulation of CD25, and TCR-beta chain 

rearrangement stopsðall indications that signaling through CD3 increases maturation 

during the DN stage 107,108. Early reports also showed that when the Lck was knocked out 

or mutated, developing T cells could not progress from the DN to DP stage 109,110. Other 
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reports in which pre-T cells are stimulated with anti-CD3 show activation of NFəB, 

NFAT, and Ca2+ flux 111.   

If pre-TCR complex signaling (as shown by Fig. 1.6) is important for 

developmental progression, the logical question would arise: what is the pre-TCR 

complex engaging with as a ligand that drives signal? A very interesting study by Irving 

et al (1998) demonstrated that truncated forms of the TCR-beta receptor and the pre-T-

alpha receptor still associated with CD3 and was able to generate intracellular signaling, 

notably through increased transcriptional activity of NFAT 112. Another report by Saint-

Ruf et al (2000) found that the pre-TCR complex localized with lipid rafts containing 

intracellular signaling machinery (including Lck), and initiated signaling without any 

evidence of ligand-interaction 113. Further analysis of the pre-T-alpha receptor illustrated 

that there are charged residues on its extracellular portion, and that these residues 

facilitate receptor oligomerization and subsequent transition from DN to DP in a ligand-

independent manner 114. This has also been corroborated in a new study that found that a 

mutation in the CD3ɕ region (L19A) reduces pre-TCR nanoclustering, which attenuates 

subsequent signaling 115. However, this idea of complete ligand-independence for the pre-

TCR has recently been disputed, and there are observations to suggest otherwise; for 

example, mutating the CDR regions of the beta receptor, or deleting MHC from stromal 

cells, arrests some pre-T cells in the DN3 stage, implying an importance of pMHC 

engagement 116,117. If signaling of the pre-TCR is indeed dependent on a ligand, this could 

bias the binding of future ligands, both in positive selection and in the periphery, to at 

least be recognized by the same beta-receptorðtherefore the number of potential ligands 

would be influenced as early as the pre-TCR stage.       
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Figure 1.6: Signaling in the Pre-TCR 

The Pre-TCR is capable of inducing downstream signal, as measured by various 

readouts (survival, allelic exclusion, etc) as well as the activation of signaling 

molecules themselves (NFAT, Ras, etc). However, the inducer of this signalingðbe it 

ligand or another means, still remains unclear.  

Figure adapted and modified from 118. 
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Regardless of ligand engagement, a pre-T cell that has expressed a functional 

beta-receptor can transition from the DN to DP stage of development, in which two 

crucial events transpire: alpha-chain rearrangement and therefore the formation of a 

functional TCR, and positive selection in which that functional TCR is tested for its 

ability to bind to pMHC. This of course means that beta receptor rearrangement and pre-

TCR productivity is a momentous step forward in T cell development, as further 

maturation hinges on its success.   

Rearrangement of a viable mature alpha receptor occurs during the DP stage, and 

requires the activity of RAG enzymes. Overall (and as illustrated in Fig. 1.7), RAG 

enzyme activity has been shown to increase during beta-receptor rearrangement in the 

DN stage, decrease for a small period during the transition from DN Ą DP when cells 

proliferate, increase once more during the DP stage for alpha rearrangement, and finally 

cease activity when cells transition to the SP stage 119. The decrease of RAG activity after 

production of a viable beta-receptor ties into an important antigen-receptor 

developmental concept of ñallelic exclusionò (for a comprehensive review on the topic, 

see Levin-Klein and Bergman 120). Briefly, the genes required for producing the beta-

receptor may be derived from alleles on either the maternal or paternal loci, and once a 

functional pre-TCR complex is formed using the gene from one allele, a negative 

feedback process occurs shutting off RAG, and preventing the opposite allele from 

undergoing gene rearrangement. This process is important to prevent TCRs of multiple 

specificities occurring on the same T cell, which would increase risk for autoimmunity. 

Evidence for T cell allelic exclusion was highlighted in a 1988 study (Uematsu et al), in 

which transgenic introduction of a beta-receptor alters/reduces the ability for endogenous 
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beta-receptor to be appropriately rearranged 121. Interestingly, while allelic exclusion has 

been observed for the beta receptor, it is much less stringent for the alpha chain locus; 

endogenous TCR-alpha receptors can still be formed even when cDNA for the alpha 

chain of the TCR is introduced by transgenes during development, and RAG can continue 

activity until the T cell enters into the SP stage 122,123. Importantly, editing for the alpha 

chain can occur via RAG, but it is no longer possible to edit the beta chain 124.   
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Figure 1.7: T cell development from precursor stage through single positive (SP) 

stage.  

T cell precursors, as previously described mature through stages, and if successful can 

lead to productive maturation to the single positive (SP) stages. This figure highlights 

the activity of RAG1/2 enzymes which are active for beta- and alpha-receptor 

rearrangement, but cease activity after the DP stage.  

Figure adapted and modified from 125 
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1.4 Positive Selection 

Once a functional alpha-beta TCR is expressed, a T cell has to have a way of 

checking if this receptor can signal intracellularly ï as well as link it to MHC-I vs MHC-

II restriction. This is accomplished by positive selection. In the periphery, a functional T 

cell must be able to recognize antigen in the form of peptide-MHC complexes (pMHC); 

failure to recognize pMHC would result in an inability to detect and respond to foreign 

antigen. Therefore, it is vital that development of T cells includes a mechanism of 

ensuring that each TCR is capable of first recognizing pMHC in the thymus, before 

continuing maturation and further growth. In fact, positive selectionôs stringency results 

in a large number of insufficient T cells undergoing death by neglect; much more cell 

death occurs during this stage, than in the subsequent stage of negative selection, where T 

cells with too-high an affinity for self are deleted 126. While we will not discuss negative 

selection in depth, it is important to avoid confusion. Firstly, the test for ñselfò affinity 

during negative selection is mediated in an entirely different region of the thymus (the 

medulla, versus cortex for positive selection). Secondly, negative selection is 

accomplished with the help of specialized proteins such as Aire and Fezf2, which 

facilitate expression of peripheral tissue antigens in the thymus. This process allows a 

mirroring of antigens corresponding to tissue-derived peptides that should not elicit an 

immune response, such as those found in the pancreas, testes, and other organs 127,128.  

Positive selection is mediated by a group of specialized thymic cells termed 

Cortical Thymic Epithelial Cells (cTECs). Developing T cells at this point have 

completed their TCR rearrangement, and express both CD4 and CD8, and are in the DP 

stage; cells that then survive the process of positive selection retain the co-receptor that 

bound to the respective MHC (CD4:MHC-II, CD8:MHC-I), and become single positive 



44 
 

(SP). cTECs contain unique machinery allowing them to present peptides on MHC-I and 

MHC-II. While these are ñselfò peptides, they are categorically different from those 

presented in negative selection: they are not created through the use of Aire or Fezf2, and 

are not explicitly tissue derived. Rather, they are endogenous peptides generated from 

specialized machinery in cTECs. For MHC-I peptide presentation, cTECs possess a 

unique beta-thymic proteasome subunit (ɓ5T). Although it is still unclear precisely how 

these peptides are generated, mice deficient in this ɓ5T subunit have a deficiency of 

mature naive CD8+ T cells, indicating the importance of these proteasomal-generated 

peptides on development 129. Peptides displayed on MHC-II by cTECs are produced by 

specialized enzymes such as L-Cathepsin, and thymic-specific serine protease (TSSP) 130-

132. There is also evidence that starvation-independent autophagy can help produce 

endogenous peptides 133. Despite these unique features of peptide production (Fig. 1.8), 

peptides produced by cTECs are also produced by peripheral lymphoid organs, 

highlighting an existing overlap between thymic and peripheral endogenous peptide 

ligands available for TCR engagement 134,135.  
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Figure 1.8: Generation of Self Peptides for Class-I or Class-II Mediated Positive 

Selection: 

Illustrated is a comprehensive demonstration of some of the known methods of 

generating positively-selecting ligands. For the generation of CD8+SP cells, the 

thymoproteasome can facilitate the production of peptides presented on MHC-I. Other 

enzymes, such as Cathepsin L or TSSP, or even authophagosomal-machinery, can 

produce peptides able to be presented on MHC-II and used for selection of CD4+SP 

cells.  

Figure adapted from 136. 
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In addition to the cTEC presentation of endogenous peptides, the very nature of 

their interaction with the TCR is intriguing. Some of the initial studies into positively 

selecting peptides showed that these peptides are much weaker in affinity than the 

cognate agonist recognized by that TCR in the periphery. In fact, strong cognate antigen 

in the thymus has been reported to cause deletion of T cells during negative selection. 

Experiments in which Hogquist et al (1994), added the peptide antigen OVA to immature 

(developing) OVA-specific T cells (OT-I) in an FTOC showed that the T cells underwent 

significant deletion 137.  A subsequent study by the same group observed that even 

titrating OVA peptide to a lower dose by 1^106, OT-I T cells still did not undergo 

positive selection, indicating that low avidity of the pMHC:TCR cannot overcome the 

negative effects of a high-affinity peptide 138. When peptides of various affinities for the 

O1-I TCR were tested for their ability to induce positive selection, it was found that 

peptides with an intermediate affinity for TCR (between agonist and non-specific 

peptides) were the most potent inducers of positive selection 139. A differing report from 

Yamagata et al (2004) used a male-antigen specific TCR (HY) to demonstrate that low 

doses of agonist peptide could trigger positive selection of CD8+ T cells, but that at 

higher doses of antigen the SP CD8+ T cells changed from a conventional CD8Ŭɓ+ T cell 

to CD8ŬŬ, the latter having a more ñinnate-likeò phenotype 140.  Overall it appears that 

weakly-dosed agonist peptide may be sufficient for some positive selection, but higher 

amounts lead to either clonal deletion in negative selection or a change in phenotype. 

Another exception to the TCR-affinity trend of positive selection was seen in a study of 

the P14 TCR in which a peptide mDBM of moderate-to-high affinity compared to the 

agonist was able to induce positive selection; it was shown however that its affinity for 
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the MHC molecule H-2Db was quite low, leading to inefficient presentation to a given 

TCR 141. Collectively the evidence has demonstrated that there is some phenotypic 

difference between agonists and positively-selecting ligands, whether in affinity for TCR, 

MHC, or ability to generate conventional Ŭɓ+ T cells.  

Hogquist et al (1994) additionally observed that an altered OVA peptide (E1), 

with one amino acid substitution (glutamic acid for serine at position 1) was efficient to 

induce positive selection of thymocytes, but acted as an antagonist to peripheral mature T 

cells, diminishing cytotoxic T cell lysis response to OVA peptide 137. Although tempting 

to classify all positively selecting peptides molecularly as ñantagonists,ò subsequent 

studies showed this is not always true. In a similar study to Hogquist et al, Sezbda et al 

(1996) used the 327 mouse TCR transgenic model, which is specific for the antigen 

LCMV GP33-41 (p33) 142. These authors found that substituting one amino acid of p33 (an 

alanine for a tryptophan at position 4, A4Y) resulted in an altered peptide capable of 

positive selection, but with no observed antagonism in the periphery. In fact, A4Y and 

p33 co-culturing appeared to boost peripheral T cell proliferation 142. 

The above studies are examples where positively selecting peptides are artificially 

generated by modification of known agonist ligand sequences. This method was 

necessitated due to the difficulty in detecting naturally occurring positively selecting 

ligands. With their low affinity, conventional approaches such as those using tetramers 

have not worked to date. Even using specific TCR transgenic models and available 

libraries of peptides that can bind to the respective restricting MHC, this has been 

challenging. There have to date been three specific studies which have identified specific 

endogenous peptides that are positively selecting for a specific TCR. Ebert et al (2009) 
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used the 5C.C7 mouse TCR transgenic model, which is restricted by the MHC-II I -Ek, 

and found several peptides that led to upregulation of the marker CD69 on DP cells, a T 

cell activation marker that is also upregulated during interaction with pMHC during 

selection 143. The peptide most able to transition 5C.C7 T cells into SP CD4+ T cells 

came from a polypeptide called Gag-Pro-Pol (GP), which differs in 9 of 14 potential 

shared amino acids from the 5C.C7 TCR agonist moth cytochrome C (MCC) 144.  

In this study, they first used a model in which they isolated DP thymocytes from 

invariant-chain-deficient 5C.C7 miceðthese mice lack machinery necessary to properly 

load and traffic MHC-II molecules to the surface, which subsequently hampers the 

process of efficient positive selection to occur 145.  They then cultured these arrested DP 

thymocytes with a library of peptides that could bind to I-Ek, and evaluated which of 

these peptides could elicit the activation marker CD69 for DP cells, as well as 

progression to the CD4 SP stage, thereby narrowing the pool to the peptides displayed in 

Figure 1.9. Ultimately, the peptide that led to the greatest progression into the SP stage, 

while also eliciting a significant degree of CD69 expression was the peptide GP. As 

shown in Figure 1.9, GP as a sequence is quite distinct from the agonist MCC, sharing 

only 4 of 15 possible residues. Two of these shared residues, however, are crucial for 

binding of the peptides to I-EkðP6 and P9, whereas none of the vital TCR-contact 

residues are shared 146.  
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Figure 1.9: Table of I-Ek bound peptides and their ability to promote positive 

selection (Next Page) 

Listed are the peptides (name on the left column) with amino acid sequences and 

corresponding markers for MHC-anchor sites (P1 and P9). Also shown is the ability for 

these peptides to elicit CD69 expression on DP 5C.C7 thymocytes, as well as 

progression to the SP stageðthis latter measurement is listed as several possible 

outcomes: ñnoneò for no selection observed, ñ-ñ for negative selection, ñ+ò for positive 

selection, and the relative abundance of these signals indicates the intensity of the 

selection observed. Also listed is the minimum concentration of peptide needed to 

examine these effects.  

Figure adapted from 144.  
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 Next, Ebert et al attempted to characterize the importance of a mature 5C.C7 T 

cellôs ability to recognize GP in the periphery. They first observed that blocking the 

ability of 5C.C7 T cells to interact with positively selecting ligands through with an 

antibody could decrease T cell activation from MCC (Figure 1.10A). Furthermore, when 

the various positively selecting peptides were co-cultured with MCC, mature 5C.C7 T 

cells had the greatest CD69 enhancement with MCC+GP, even compared to MCC alone 

(Figure 1.10B). Furthermore, GP alone did not cause any CD69 upregulation, indicating 

that outside of the developing context of the thymus, it cannot activate T cells on its own 

(Figure 1.10B).  
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Figure 1.10: The effects of GP on 5C.C7 cells in the periphery 

A. B10.BR splenocytes were cultured in the presence of either: an antibody G35, 

which blocks the interaction of positively selecting peptides from the TCR, the 

antibody D4, which binds to the I-Ek but is not specific to a class of peptides, or 

no antibody (No Ab), and subsequently cultured in the presence of MCC at 

various doses and 5C.C7 T cells. Measurement of T cell activation was reported 

via flow cytometry and staining for CD69 expression.  

B.  In this setup, 5C.C7 T cells were cultured for 4 hours in the presence of various 

peptides (all at 5ɛM), as well as MCC with invariant-chain B10.BR 

splenocytes. A No Peptide (NP) control was also used. After culture, T cell 

activation was observed once again using flow cytometry and analysis of CD69 

expression.  

Figures adapted from 144 
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Similarly, Lo et al (2009) used the mouse TCR transgenic model AND, which 

only differs from the 5C.C7 TCR by four amino acids in the CDR3 region of the TCRŬ 

chain 135. The AND TCR also recognizes the agonist MCC, but is capable of undergoing 

positive selection with mouse MHC haplotypes I-Ek and I-Ab, while 5C.C7 TCRs can 

only recognize the former 135. Lo et al demonstrated that the AND T cell undergoes 

positive selection strongly with an endogenous peptide, gp250, that is also presented on I-

Ek, but structurally distinct from the 5C.C7 selector GP, as well as MCC 135. This 

illustrates the specificity of positive selectionðthat two TCRs with the same agonist 

peptide are positively selected by completely different peptides in the thymus. In addition 

to the 5C.C7 and AND TCRs, which have had positive selecting peptides characterized 

for their CD4+ T cells, only a few other mouse T cells have had a corresponding positive 

selecting peptide discovered: for example, Catnb and Cappa1 peptide for OT-I 

TCR147,148. OT-I cells are CD8+ T cells specific for the OVA agonist, and restricted to Kb 

MHC-I molecule. These positive selecting peptides were discovered through a ñco-

receptor dulling assay,ò which used peptides eluted from Kb to observe thymocytes 

decreasing individual co-receptors (CD4 vs. CD8), a sign of successful positive selection 

147. Of the peptides eluted and tested, Catnb and Cappa1 were the only successful 

peptides, however, they did not elicit any T cell activation when exposed to mature OT-I 

cells147. These examples demonstrate that every mature T cellðwhich must have 

survived development in the thymus recognized an entirely different peptide from their 

respective agonist.  

A table comparing these known characterized TCR-spMHC examples is shown in 

Table 1.1, and it further illustrates how outside of the bolded anchor residues, the 
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sequences between endogenous positively selecting ligands vary greatly from that of the 

agonist. The above studies focus on a single TCR transgenic cell for which a foreign 

peptide is known, and the positively selecting ligand is characterized. However, there is 

evidence to show that the same peptide can positively select several different T cells 

which have varying agonist ligands once they reach the periphery. Ignatowicz et al 

(1996) used a model in which mice were deficient in endogenous MHC-II, but expressed 

an MHC-II transgene (I-Ab) that would have a peptide (EŬ peptide = Ep) covalently 

bound to its ɓ subunit 149. These mice presented Ep in the thymus at comparable levels to 

an intact mouse capable of presenting Ep, and was capable of positively selecting CD4+ 

T cells 149. What Igantowicz et al noticed, however, was that these mice with a single 

positively selecting ligand were able to generate a relatively diverse repertoire, with a 

variety of T cells expressing TCRs with different V-ɓ chains 149.  

A similar study was performed with the AND endogenous peptide gp250, in 

which the authors used a model in which MHC-II had gp250 covalently bound in the 

absence of other endogenous MHC-II moleculesðthese mice were termed gp250 SC 

mice 150. Comparable to the Ignatowicz et al study, gp250 SC mice were able to 

positively select CD4+ T cells, though slightly less efficiently than a wildtype counterpart 

150. Furthermore, this gp250 SC model was able to generate T cells with a diverse set of 

V-ɓ chains, though the authors did note that there appeared to be some skewing in the V-

Ŭ repertoire, which seemed to bias TCRs that could efficiently bind to the agonist MCC 

150. Ultimately, these two studies demonstrated some redundancy of the T cell selection 

systemðthat the same positively selecting peptide can theoretically generate more than 



55 
 

one mature T cell with different TCRs. How, and why such a system would occur, will be 

discussed in the remainder of the introduction. 
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Table 1.1: Comparison of known TCRs for which there is an agonist and 

endogenous positively selecting ligand characterized 

TCR 

Model 

Peptide 

Name 

Sequence Agonist or 

Endogenous? 

MHC -

Presentation 

5C.C7/AND MCC ANERADLIAYLKQAT K  Agonist I-Ek 

5C.C7 GP AQRAEL IALTQAL KM Endogenous I-Ek 

AND gp250 SAPGLI IATGSVGK  Endogenous I-Ek 

OT-I OVA SIINFEKL  Agonist H-2Kb 

OT-I Catnb RTYTYEKL  Endogenous H-2Kb 

OT-I Cappa1 ISFKFDHL  Endogenous H-2Kb 
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1.4.1 T cell signaling during Positive Selection 

 

Since endogenous peptides and agonist peptides appear to be quite distinct, a 

question then arises: how do endogenous peptides actually signal through the TCR during 

selection, and is that signal distinct from what might be expected from an agonist in the 

periphery?  

As discussed earlier, the Src-family kinase Lck has been considered the initiator 

of TCR signaling, by phosphorylating the ITAM residues on CD3, and domains on Syk 

family kinases, thereby allowing the recruitment of these Syk kinases to other proximal 

TCR molecular machinery. In a mouse TCR transgenic model DLGKR, in which T cells 

overexpress a catalytically inactive Lck via its distal promoter, there appeared to be a 

normal number of DP thymocytes, but a decrease in the number of mature CD4+ SP T 

cells, and a decrease in CD69 surface expression when these thymocytes were stimulated 

151. Importantly, Lck is associated with the cytoplasmic tails of T cell co-receptors CD4 

and CD8, through the association of two cysteine residues conserved on both Lck and the 

co-receptors 36. Mutation of these cysteines that disrupt the co-localization of Lck with 

CD4/CD8 results in an abrogation of DP Ą SP thymocytes 152.  

 ZAP70 is an important orchestrator of early TCR signaling events through its 

kinase activity on several other TCR molecules. Once activated, it plays a major role in 

phosphorylation several key TCR molecules, such as LAT and SLP76.  One study 

(Mallaun et al, 2010) evaluated the recruitment and phosphorylation of ZAP70 using the 

OT-I mouse TCR transgenic model. As discussed earlier (see section on ñPositive 

Selectionò), the OT-I model has several peptides characterized based on affinityðthe 
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agonist OVA, and subsequent altered peptide ligands that act as positive or negative 

selectors for thymocytes. These authors found that higher affinity peptides which trigger 

negative selection trigger more recruitment and phosphorylation of ZAP70 compared to 

the positive selecting peptide, with the caveat that the total amount of available ZAP70 

was not changed, rather in negative selection there was an increase in the responding 

TCRs that could recruit ZAP70 153. Furthermore, all of these peptides were compared in 

their ZAP70 phosphorylation and recruitment relative to a non-specific peptide, VSV, 

and taking this into consideration, the positively selecting OVA altered peptide Q4H7 did 

have an effect on recruitment and phosphorylation of ZAP70 153.  

The importance of several other molecules that bridge the proximal and 

downstream modules of TCR signaling in positive selection has also been explored. In 

one study using the male-antigen TC transgenic HY mouse model, when the PLCɔ-

recruiting site Y136 on LAT was mutated to substitute a phenylalanine rather than 

tyrosine, there was a block in transition into the SP stage 154. Interestingly, this same 

mutation in male mice resulted in HY-specific CD8+ T cells failing to undergo negative 

selection, and instead maturing into SP CD8+ T cells 154. In addition to LAT, other TCR-

signaling molecules such as (but not limited to) Vav155, ADAP156, and Nck157 have been 

noted to play a role in positive selection.  

Another important signaling parameter described in the positive selection stage 

has been the MAPK pathway. Mice deficient in, or containing mutated versions of, the 

Ras, MEK, and ERK1 proteins were shown to have an inability to transition DP to SP 

thymocytes, demonstrating the importance of this pathway in positive selection, whereas 

in most cases negative selection proceeded unimpaired 158-161. Additionally, a study 
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(Werlen  et al, 2000) demonstrated that a mutated TCR alpha-chain connecting peptide 

domain resulted in defective ERK phosphorylation in DP thymocytes, most likely due to 

the mutated chainôs inability to cause aggregation of upstream TCR signaling molecules 

such as Lck, ZAP70, and LAT 162.  

Daniels et al (2006) explored the MAPK signaling of positive selection for the 

OT-I TCR transgenic model with several peptides that were able to produce SP CD8Ŭɓ 

CD69+ cells in FTOC 163. Using tetramers composed of either positively or negatively 

selecting peptides, the authors observed that positively selecting peptides generated a 

delayed Ca2+ flux, decreased phosphorylated (p) 23-subunit of CD3ɕ, pLAT, and pERK 

in DP thymocytes, but importantly still at levels above a non-specific peptide 163. This 

agrees with an earlier report by Davey et al (1999) which showed that although DP OT-I 

thymocytes have a lower TCR expression level than their mature counterparts, they still 

have elevated CD69 upregulation and Ca2+ flux in response to weak OVA variant 

peptides 164. Next, Daniels et al examined any differences in compartmentalization of 

signaling during positive selection 163. They found that positively selecting pMHC 

interaction led to less recruitment to the plasma membrane of several molecules such as 

pZAP70, Grb-SOS, RasGRP1, and pERK 163. Interestingly, positively selecting ligands 

caused distinct trafficking of RasGRP1 to the Golgi, and pERK throughout the cytoplasm 

163. Other studies examined the effect of different peptides (agonists, positively selecting, 

non-specific) on ERK activation using the P14 TCR transgenic model. These studies 

found that stronger agonists which would lead to clonal deletion during negative selection 

generally elicited a larger pERK response compared to positive selectors, but there was 

still a significant level of sustained pERK during positive selection 165,166. Furthermore, 
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complete pharmacologic inhibition of ERK activation using an upstream inhibitor of 

MEK PD98059 resulted in a block in SP maturation, whereas lessening the intensity of 

ERK in a negatively selecting environment shifted the selection from clonal deletion to 

positive selection and SP formation 165,167. Taken together, maintenance of the MAPK 

cascade clearly plays a significant role in ensuring T cell survival and maturation through 

positive selection.  

As mentioned above, Ca2+ flux has been studied in its differential role of 

developing vs. mature T cell signaling, as well as positive vs. negative selection during 

development itself. Mature T cells have been shown to have a biphasic calcium response 

to anti-CD3/CD4 stimulation, whereas both DN and DP developing T cells had a much 

more homogenous phasing of calcium to the same stimulus, often referenced as ñspikesò 

168. Interestingly however, if DP cells were exposed to low-avidity amounts of anti-

CD3/CD4, resembling the interactions during positive selection, the Ca2+ response 

became more biphasic 168. Another study examined the role of calcineurinða calcium-

associated phosphatase that plays a dominant role in NFAT activationðin positive 

selection, finding that use of a calcineurin inhibitor tacrolimus (FK506) resulted in an 

arrest of DP thymocytes from transitioning to the SP stage, but did not affect the deletion 

of self-reactive cells during negative selection 169.  
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1.4.2 Thymic tuning: 

 

 Thus far, we have discussed how positive selection involves a DP T cell 

interacting with an endogenous peptide, and that these interactions generate a degree of 

intracellular signaling. By this logic, every T cell that matures from the DP stage to SP 

and migrates to the periphery should have an innate ability to react to that same spMHC 

complex. If this interaction were to result in T cell activation analogous to what we know 

of for agonistic ligands, then this would result in rampant autoimmunity. This is not the 

case, suggesting other mechanisms by which the spMHC:TCR interaction does not lead 

to activation. Furthermore, it might be expected that the signaling in the periphery for 

mature T cells requires a higher threshold of all peptides, both agonist and positively 

selecting, compared to the signaling in positive selection. However, it has been 

demonstrated that while the sensitivity to the positively selecting ligand diminishes upon 

maturation, the sensitivity for agonist peptide actually increases, indicating an active 

cellular suppression, or at least divergence, of spMHC induced signals 170. This process 

has been referred to in this field as ñtuning,ò referring to an observable, and specific, 

change in the response of a mature T cell to the same endogenous ligand it encountered 

during development.  

 We left our developing T cell in the last section having undergone positive 

selection, and transitioned from a DP CD4+, CD8+ T cell to a SP CD4+ or CD8+ T cell, 

a process mediated by interaction with, and signaling from an spMHC molecule. The 

affinity of peptides that can engage with a TCR, especially during development, is not 

binary, rather a spectrum ranging of affinities (Fig. 1.11). One protein in particular has 

been discovered to have its expression directly correlate with the level of affinity for 
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spMHC during positive selection: the surface glycoprotein CD5. A study by Azzam et al 

(1998) found that CD5 levels elevate during pre-TCR signaling, but increase significantly 

during the DP stage, and that level is maintained through maturation into the periphery 

171. Interestingly, this study highlighted the importance of spMHC:TCR engagement on 

increasing CD5 levels for DP cells, as MHC-I/II  -/- mice contained DP cells which had 

much lower levels of CD5 expression compared to WT 171. In addition, the authors found 

that when using a set of different TCR transgenic T cells (for example, MHC-II restricted 

AND and DO10 TCRs), there was a differential increase in CD5 expression during 

positive selection independent of TCR expression itself; the authors posited that this was 

related to the affinity and avidity of the selecting peptide ligand for the respective TCR 

171. However, despite the relevance of CD5 to thymocyte selection, deletion of CD5 does 

not cause a reduction in DP cells or any impact on levels of TCR, CD3, CD25, or CD69 

172.  
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Figure 1.11: Range of affinities of peptides interacting with TCRs development 

shape the outcome of thymic development 

During positive selection, the affinities of the peptides that the developing T cells can 

engage with has been shown to impact the outcome. Too-low an affinity of pMHC 

results in ñdeath by neglect.ò Too-high an affinity of pMHC during negative selection 

results in death via apoptosis/clonal deletion. A range of intermediate-affinities of 

spMHC interactions can result in optimal positive selection.  

Figure adapted from 173 
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 The role of CD5 on the developing and mature T cell seems to involve tuning 

down the TCR activation response to spMHC. When CD5-/- DO10 (an I-Ad restricted 

transgenic TCR specific for chicken derived OVA peptide) thymocytes were examined, 

there appeared to be progression through the DP to SP stage, but these thymocytes had a 

higher rate of death due to negative selection, indicating a shift in lowering the threshold 

for signaling 174. This hyperresponsiveness in the absence of CD5 has been shown to also 

occur when mutating the CD5 cytoplasmic tail, indicating that CD5-mediated 

intracellular signaling may play a role in this tuning process 175. Other signaling 

molecules, such as Vav-1, and PLCɔ, were increased in the absence of CD5 176. Although 

the precise intracellular signaling mechanisms governing how CD5 dampens the T cell 

response are still being elucidated, there is some preliminary evidence based on its 

protein structure and biochemistry properties. CD5 was shown in a 1992 study to 

associate with CD3ɕ and proximal protein tyrosine kinases (such as Lck) via SH2 domain 

recognition of cytoplasmic tyrosine sites of CD5 177. Another important SH2-containing 

molecule (SH2-containing tyrosine phosphatase 1 (SHP-1)) can also associate with CD5 

and as its name implies, inhibit TCR-mediated signaling through dephosphorylation of 

key substrates. Using antibodies that could crosslink both CD3 and CD5, one study 

demonstrated that ŬCD3/CD5 resulted in attenuated signaling and phosphorylation, 

except when cells contained a mutated CD5 with a site unable to facilitate SHP-1 binding 

178. As we will see, the role of CD5 as a strictly ñinhibitoryò molecule seems to change 

once the maturing T cell fully develops.  

 Another molecule has recently been characterized as increasing in expression 

during positive selection is Thymocyte Expressed Molecule Involved in Selection 
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(Themis). Themis was first identified among a family of proteins with an unknown 

function that contain proline-rich sequences which form SH3 domains, a nuclear 

localization signal, and a unique CABIT globular domain (Cysteine-containing All Beta 

in Themis) 179,180. Molecularly, Themis has been shown to associate with the molecule 

Grb2, which can then be recruited to the LAT signaling adaptor complex (Fig. 1.12); 

when this interaction is disrupted, there is a defect in positive selection 181.  
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Figure 1.12: Structure and Function of the molecule THEMIS: 

(Top) Structure of the molecule THEMIS: purple = Nuclear Localization Signal (NLS), 

Green = Cysteine-containing All Beta in Themis (CABIT), red = Proline Rich Region 

(PRR).  

(Bottom) A depiction showing the proposed function of THEMIS in attenuating TCR 

driven signals, through association with GRB2 on LAT and recruiting SHP1 to 

dephosphorylate proximal signaling molecules.  

Figure adapted from 182. 
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Themis expression was shown to be elevated in the cortical, but not the 

medullary, region of the thymus, and in Themis-/- mice there was an arrest in the DP Ą 

SP transition 179,183. The mechanism of how Themis integrates with signaling during 

positive selection has been scrutinized over the last decade. In a study in which the 

globular portion of Themis was mutated to contain a premature stop codon, early TCR 

signaling in DP T cells was relatively normal. The authors noted transcriptional 

deficiencies in genes related to cell cycle, metabolism, and cholesterol transport and a 

failure to produce SP CD4+ or CD8+ T cells 180. Similarly, another study found that 

Themis-/- mice had normal expression of CD5 and CD69 in DP thymocytes, but changes 

were revealed when looking at CD4+, CD8int thymocytes. In these cells, a lack of Themis 

resulted in decreased CD5, CD69, and IL-7 receptor 183. Since many of these early 

studies on Themis deficiency and TCR signaling relied on crosslinking of thymocytes 

with anti-CD3 which produces strong activation, it was possible that subtle changes with 

peptide affinity during positive selection, which utilizes low-affinity pMHC complexes, 

were not being revealed in Themis-/- mice. Therefore, another study used the OT-I model 

with the altered peptide ligands of varying affinities (as discussed in earlier sections) and 

found that Themis-/- thymocytes had greater responsiveness to positively selecting, or low 

affinity peptides than WT cells; this was observed through increase in calcium flux, faster 

phosphorylation kinetics of ERK, and membrane-localization of ERKðall signs that 

Themis deficiency was leading to inappropriately high levels of activation for these 

peptides 184. Similar to CD5, it was thought that Themis expression was therefore crucial 

for tuning the signal of positively selecting peptides through the TCR, balancing between 

allowing for appropriate survival signals to occur, but not over-activation that would 
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result in death during negative selection. This was corroborated by evidence that SHP-1 

phosphorylation was decreased in Themis deficient cells, which led to more 

constitutively active Lck 184. However, there are alternative data to suggest that binding 

of Themis to SHP-1 decreases the phosphataseôs catalytic activity, and that Themis 

deficiency actually results in a decrease in other activation-related signaling molecules 

such as Vav 185. These contradictions surrounding Themisô role are still being parsed out, 

however it is clear that it interplays important intracellular signals throughout the positive 

selection stage of development.  

Given that multiple signaling changes can affect positive selection, of particular 

interest is the role of the micro-RNA 181a (mir-181a). Like many miRNAs, mir181a 

regulates expression of multiple transcripts to different extents. Among the four mir181 

family members (a, b, c, and d), it appeared that mainly mir-181a was involved in DP 

thymocyte development. Furthermore, mir-181a was shown to be highly expressed 

throughout T cell development (DN Ą DP), but has little expression in mature peripheral 

T cells 186,187.  

The role of mir-181a on signaling in T cells seems to be one of positive 

regulation. In experiments which retrovirally transduced higher levels of mir-181a on 

pre-activated T cells and then stimulated with antigen, greater calcium flux was seen 

compared to controls in which the microRNA was mutated 186. Additional experiments 

demonstrated that mir-181a-transduced mature T cells reacted to the normally-inhibitory 

signal of an antagonist peptide as that of an agonist 186.  

The mechanism of mir-181a function is related to the transcripts it targets, which 

include Dual Specificity Phosphatases (DUSPs), PTPN22, and SHP-2, all of which 
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negatively regulate TCR signaling (Fig. 1.13) 186. DUSPs are important negative 

regulators of the MAPK pathway, and when knocked out in vivo or catalytically 

inactivated, cause an increase of MAPK signaling 188-190. When mir-181a was present in 

T cells, these cells had a higher basal level of pERK, as well as a more sustained amount 

of phosphorylation when stimulated 186. Conversely, in mice that lack mir-181a, DUSP6 

levels increase and ERK phosphorylation decreases 191. To evaluate the impact of 

mir181a on T cell development, experiments were done which utilized antagomir which 

would bind to and inactivate mir-181a; using an FTOC system with DP thymocytes, it 

was observed that using antagomir decreased the production of SP T cells by 70% and 

negated the responsiveness of these DP cells to even the cognate agonist of the TCR 186. 

Thus, mir-181a acts as another important modulator of T cell signaling specific to 

development, but does not appear to play a physiological role once the T cell is mature 

and in the periphery.  
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Figure 1.13: mir181a regulates several components that inhibit TCR signaling 

Mir181a can negatively regulate several key TCR signaling inhibitors, such as DUSPs, 

SHP-2, and PTPN22.  

Figure adapted from 192. 
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Another molecule involved in tuning TCR signaling during development is the 

voltage-gated sodium channel (VGSC) gene Scn4B, as described by Lo et al in 2012 193. 

We have previously discussed how Ca2+ flux during positive selection has a distinct 

pattern (see ñT cell developmentò). Using a model in which an endogenous positively 

selecting peptide gp250 was characterized for the AND TCR, Lo et al found that 

consistent with previous reports, gp250 elicited sustained Ca2+ on DP thymocytes 193. 

Interestingly, when they examined what genes were upregulated during positive selection 

in this model, they found that the gene Scn4B was significantly increased during the DP 

stage, but decreased upon T cell maturation; Scn4B encodes for the regulatory subunit of 

a VGSC that has also been associated with Ca2+ flux 193. Furthermore, when this group 

pharmacologically blocked the activity of this channel, they observed a decrease in the 

ability of AND T cells to undergo positive selection, as well as a decrease in the 

sustained Ca2+ flux 193. It is notable that this channel plays a role in enhancing signaling 

of DP T cells to endogenous peptide, allowing for positive selection to occur. However, 

the transcript decreases after maturation, implying mature T cells must require either a 

higher threshold for Ca2+ release, or a different channel altogether. When channel activity 

was ectopically restored in peripheral AND T cells, these T cells then had a significant 

response to gp250, as measured by an increase in CD69 expression 193.  

Collectively, we have discussed some of the mechanisms that drive signaling to 

spMHC complexes during the positive selection phase of development. However, despite 

several of these molecules decreasing in expression (or changing in activity post-

selection) every T cell that successfully survives thymic development and migrates to the 

periphery has the inherent capability of at least recognizing the same spMHC complex it 
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encountered in selection. There is evidence to suggest that these selecting peptides are 

certainly available for interaction in the periphery. The GP peptide can be encoded by 4 

independent genes in the B10.A mouse strain, the gp250 peptide is expressed in DCs, 

macrophages, and B cells, Cappa1 is derived from an F-actin capping protein that is 

ubiquitously expressed, and Catnb which is derived from beta-catenin 135,144,147,148. 

As we have discussed from some of these tuning-molecules (mir181a, themis, etc) 

being downregulated post-selection, as well as from empirical data that we will discuss in 

future sections, engagement with spMHC does not result in conventional T cell 

activation. This does not mean that the engagement of TCR:spMHC is physiologically 

inertðthere is evidence to suggest a multifaceted role of these interactionsðbut it 

suggests that the intracellular signaling and functional outputs that result from such 

interactions are inherently different from that of agonist peptides. This quest to 

understand the consequences TCR:pMHC engagement by mature T cells forms the 

foundation of my thesis.  
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1.5 Why does spMHC alone not activate T cells in the periphery? 
 

If spMHC interactions are available in the periphery, and in the thymus they were 

able to generate signaling that promoted positive selection, it is appropriate to address the 

question regarding why spMHC complexes donôt seem to cause widespread T cell 

activation? We have discussed already one potential reason for this: a raising of the 

threshold for ligand interaction during thymic maturation, as illustrated by the several 

molecules upregulated or downregulated during ñtuning.ò  

Collectively, the proximal, scaffolding, and distal modules as presented in Section 

1.2, portray the canonical circuitry of T cell activation as pertaining to engaging with a 

cognate agonist. Re-imagining each module as contributing to a circuit, where the agonist 

pMHC complex is the ñinput,ò or ñswitch,ò and the ñoutputsò are all of the functional 

components related to T cell activation (proliferation, differentiation, cytokine 

production, etc), the bulk of current knowledge of the internal circuitry is categorized for 

an agonist peptide. While we have discussed some signaling circuitry during the thymic 

development processðin particular, positive selection, a stage where T cells engage with 

endogenous low-affinity peptides (spMHC complexes)ðwhat happens when a T cell 

encounters these same spMHC complexes in the periphery has yet to be fully determined. 

The very fact that T cells can engage with spMHC complexes has led to speculation as to 

the merit of such interactions: if spMHCs do not elicit a conventional activation 

phenotype (as demonstrated empirically by most mature T cells not being autoreactive), 

then what, if any, are the consequences to engagement? As we will discuss in the next 

section, there are several theories pertaining to the role of spMHCs in the periphery, and 

how they help shape the fate and function of a mature T cell.   
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1.6 Proposed roles of spMHC interactions 
 

In this section, I will discuss some of the prevailing data on the functional 

consequences for TCR:spMHC interactions. These ideas should not be interpreted as 

mutually exclusive and there is the possibility that spMHC engagement can have several 

consequences. However, for the sake of organization, I will categorize the major 

proposed consequences of spMHC engagement into distinct sub-sections, and discuss the 

evidence (or lack of evidence) to support such notions. Furthermore, it should be noted 

that most, but not all, of these models presented are limited by the lack of known 

endogenous peptide ligands for a) a given MHC, and b) a respective TCR. Therefore, 

many models rely on proxy measurements of self-engagement, which I will note.  
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1.6.1: Self-peptides co-agonize with foreign peptides to enhance T cell activation 

  

At the level of T cell activation the presence of self-peptides has been proposed to 

aid in the activation of T cells when very low amounts of the ñtrue agonistò are present ï 

i.e. the foreign antigen with adequate affinity. Central to this concept, called ñco-

agonism,ò is that the signals derived from engaging with a spMHC can synergize with 

those of an agonist, leading to an increase in the measures classically associated with 

activation (proliferation, surface expression of markers, etc).   

 Many studies examining the effects of spMHC engagement leading to co-agonism 

rely on examination and manipulation of the MHC complexes in the steady state. This is 

because in the absence of foreign antigen, stable MHC complexes at the surfaces of 

APCs present endogenous peptide ligands. In a 2002 study, Wulfing et al demonstrated 

that when a fluorescently labeled mouse MHC class II molecule I-Ek was loaded with the 

agonist MCC, and incubated with T cells that could recognize MCC (5C.C7 or 2B4), the 

MHC-II molecules displayed a transition from being diffusely spread around the APC to 

being concentrated at the APC:T cell interface 194. As we discussed in Section 1.2, many 

TCR-related signaling molecules reside at or near the plasma membrane; specific 

clustering of these molecules in discrete locations around the TCR/CD3 complex occurs 

when the T cell engages with pMHC on an APC. Intriguingly, when Wulfing et al 

incubated the I-Ek complexes with a null variant of MCC that is mutated in TCR-contact 

residues leading to deficient T cell activation. With this variant, the authors still observed 

concentration of I-Ek at the interface, although this occurred at a slower rate than an 

equivalent amount of agonist, but ultimately in an amount that was comparable to the 
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agonist. This seemed to be dependent on the ability of null MCC variants to still allow for 

TCR:MHC bindingðin a variant that disrupted the CDR3 contact interaction, the ability 

of MHC-II accumulation was impaired 194. The authors also found that when the null 

peptide was added with the unmodified MCC, there was an increase in intracellular Ca2+ 

concentration, compared to the MCC alone 194. Thus, this hallmark study demonstrated 

that low affinity peptides can still cause MHC-II accumulation at the APC:T cell 

interface and together with agonist peptide, enhance intracellular signaling. 

 The corollary to using low-affinity or non-agonist peptides on MHC and 

observing the effects on T cells is depriving the T cell from contact with MHC and 

examining if certain signals decrease. Stefanova et al (2002) examined this MHC 

deprivation in the 5C.C7 mouse model, in which they observed that isolating T cells and 

placing them into 37oC culture for 15-30 minutes resulted in a decrease in the 

phosphorylation of the p21 form of CD3ɕ (which as previously discussed in the signaling 

section, is associated with recruitment of Zap70), and a decrease in proliferative response 

to the cognate foreign antigen PCC 195. They also demonstrated this in vivo, where they 

blocked polyclonal and AND-transgenic T cells from interacting with class II MHC 

through use of a monoclonal antibody against I-Ab 195. Finally, they also demonstrated 

that in the context of T cells circulating in the blood--a period in which their interactions 

with MHC molecules on APCs are limited--these T cells also had decreased CD3ɕ p21 

phosphorylation and response to PCC 195. These results indicate that reducing basal 

interactions of T cells with spMHC not only decreases very proximal phosphorylation 

events related to the TCR, but also decreases responsiveness to foreign antigen. A similar 

study by Fischer et al in 2007 found that depriving T cells of MHC-II contact in vivo led 
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to a reduction in several parameters-- CD5 surface expression, antigen-induced 

proliferation, and interaction with transferred antigen-containing dendritic cells 196. 

Interestingly, in both the Stefanova et al and Fischer et al studies, there was no difference 

in cell viability between deprived or WT CD4+ T cells, and in the Fischer et al study, 

there was also no decrease in the amount of active Ras 195,196. We will discuss this work 

again in the context of our experiments in Chapter 4. 

In order to understand the activation signals from low affinity interactions, many 

studies rely on the use of ñaltered peptide ligandsò (APLs), which while not reflective of 

the endogenous peptides a given TCR may encounter, could be helpful in understanding 

related aspects of T cell biology. Cemerski et al (2007) employed the use of null/altered 

agonist peptides on the AND transgenic TCR model, which recognizes MCC as its 

cognate agonist 197. These authors observed that compared to the WT MCC, the altered 

MCC ligands had faster off-rates of association with the AND TCR, variable ability to 

form the central clustering in the immunological synapse, and a lower amount of fully 

phosphorylated CD3ɕðall signs that initially point to being weaker agonists 197. 

However, these peptides also paradoxically induced greater proliferation and more 

sustained CD3ɕ phosphorylation over time compared to WT MCC 197. These results 

demonstrate that for a given peptide, parameters such as peptide off-rate and 

immunosynapse clustering should not be assumed to result in negligible T cell effects. 

The latter concept, of immunsynapse clustering, is especially relevant, as we discussed as 

part of the Pseudodimer Model of T cell activation in Section 1.2.5.  

Another measure for a given T cellôs ability to interact with spMHC has been the 

levels of the surface marker CD5. As discussed in the T cell Development section, CD5 
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levels increase during positive selection directly proportional to the amount of spMHC 

engagement. Azzam et al (1998) had shown that in MHC-I/II knockout models in which 

thymocyte development was arrested at the DP stage, CD5 expression on those DP 

thymocytes was lower compared to WT mice 171. When developed T cells migrate to the 

periphery, continuous spMHC engagement helps to maintain the CD5 expression levels 

set in the thymus 198. A study by Mandl et al (2013) observed the amount of CD5 

expression for a given TCR transgenic T cell positively correlated with the amount of 

steady state partial CD3ɕ phosphorylation 199. The authors also found that CD5-hi T cells 

survived longer and underwent more cell division in response to cognate agonist 

compared to CD5-lo cells of the same TCR 199. A similar study examined two T cells 

with TCRs specific to the same peptide epitope of Listeria, clone LLO56 and LLO118, 

which are phenotypically analogous except for CD5 expression (LLO56 = CD5-hi, 

LLO118 = CD5-lo) 200. With various stimulation conditions (peptide antigen, anti-

CD3/CD28, etc), LLO56 produced more IL-2 cytokine, and had greater pERK and Ca2+ 

flux compared to LLO118; LL056 also had a higher basal level of CD3ɕ p21 

phosphorylation, in accordance with previous findings by Mandl et al and Stefanova et al 

200. Notably, these effects of greater reactivity in CD5-hi cells was conditional upon 

interaction with APCs, as transfer to MHC-II deficient hosts abolished any effect 200. 

Other characteristics of CD5-hi cells compared to CD5-lo counterparts have been 

observed. Fulton et al (2015) found that CD5-hi CD8+ T cells had higher expression of 

CD44, CXCR3 and the transcription factors T-bet and Eomes 201. The authors also found 

that after an infection, CD5-hi CD8+ T cells were preferentially recruited to the 

inflammatory site 201.  
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Most of these studies involving CD5 focus on separation between CD5-hi and 

CD5-lo cells, and subsequently characterizing the differences in functional response of 

these pools of T cells. However, this does not provide a mechanism for how CD5, as a 

receptor, may be interplaying with TCR-driven signals. As we will discuss in a later 

chapter, this notion of CD5 as a peripheral proxy for spMHC reactivity is more nuanced. 

A recent paper from our lab (Matson et al, 2020) explored the relationship between CD5 

and intracellular signaling pathways that may explain some of the functional responses 

seen in many other papers 202. In a novel finding, increased CD5 expression in CD4+ T 

cells was found to have a directly proportional relationship with the amount of IkBŬ, and 

this was true in thymic development, as well as in peripheral T cells 202. Furthermore, the 

increased amount of IkBŬ in CD5-hi T cells was associated with a larger pool of the 

transcription factor NFəB. Overall this suggests that CD5 may transmit survival signals 

to the T cell by modifying the overall NFəB pool. Of course, in addition to survival 

NFkB may also be involved in additional functional changes between CD5-hi and CD5-

lo T cells 202.   
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1.6.2: Naturally occurring endogenous peptides can co-agonize with foreign antigen 

  

There are a few examples of studies that employ specific known naturally-

occurring self-peptide ligands for a given mouse TCR to study potential co-agonistic 

effects. For the 5C.C7 mouse TCR transgenic model, we have discussed how the well 

characterized agonist peptide for this T cell is MCC (or PCC), and how Ebert et al looked 

at which peptides presented by I-Ek induced positive selection (the best induced being the 

peptide GP) 144. In the same study of GP discovery, the authors also found that co-

culturing mature 5C.C7 T cells with both MCC and GP led to co-agonism as measured by 

CD69 expression, IL-2 and TNFŬ production, and cell division 144. Similarly, Lo et al 

characterized the positive-selecting peptide gp250 for the mouse transgenic AND T cell; 

these authors observed the same co-agonistic effect when adding gp250 with MCC 135. 

Both these studies together highlighted several novel phenomena: firstly, they 

demonstrated that specific endogenous low-affinity peptides, such as those presented 

during positive selection, could play a role in boosting the T cell response in the 

periphery. Secondly, AND T cells and 5C.C7 T cells, despite sharing MCC as the 

cognate foreign agonist, have enhanced activation responses only when interacting with 

the respective self-peptide (5C.C7:GP, AND:gp250).  These results, with actual 

endogenous peptides characterized for each TCR, show physiological evidence of co-

agonism in the periphery, and provide tangible mouse models to further study the 

consequences of spMHC engagement.  
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1.6.3: Self-peptides act as trophic factors allowing maintenance of different T cell clonal 

subsets: 

 

 Another consequence of spMHC interactions with T cells in the periphery, is that 

these engagements provide tonic signaling that is suggested to be required for T cell 

survival, and perhaps homeostatic proliferation in certain environments (i.e., 

immunodeficiency). Several groups have studied this in models in which TCR transgenic 

T cells are transferred into a T cell deficient host which is either lacking appropriate 

MHC, or intact; T cells typically transferred into animals with an absent or 

unrecognizable MHC had worse survival compared to those that are transferred into an 

appropriate MHC background 203-206. One study cleverly used a tet-inducible system to 

knock out MHC-II on in the periphery, allowing normal development of T cells, and then 

analysis of any phenotypic changes without the need for adoptive transfer 207.This study 

found a decrease in T cell survival without MHC-II, with almost undetectable levels of 

CD4+ T cells in the lymph nodes after 10 weeks, compared to mice that received a 

thymectomy, which maintained a constant level of ~30% detection of CD4+ T cells 207. 

The half-life of these transferred T cells (~3 weeks) was correspondingly lower without 

MHC-II 207. Similar to the findings discussed earlier from Stefanova et al, there was a 

decrease in the basal CD3ɕ phosphorylation 207. As with other models we have discussed, 

these studies overcome the challenges of using specific TCR:spMHC pairings, which 

were either still uncharacterized or difficult to obtain, and instead rely on manipulation of 

MHC interactions to broadly extrapolate the role of self-peptides in the absence of an 

agonist.  
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There are also several studies which explore how transferred T cells can survive 

in an environment in which they compete for self-peptide. In 1999, a study by Kieper and 

Jameson followed the initial MHC-dependent survival data by transferring OT-I T cells 

into not only a mouse with antigen-presenting deficiency (the antigen processing 

molecule TAP was knocked out), but also into either an irradiated or intact WT B6 mouse 

208. Unexpectedly, cells transferred into an intact B6 mouse, with matching MHC 

haplotype as the OT-I cells, failed to undergo homeostatic proliferation, compared to 

those transferred into an irradiated B6 208. These findings demonstrated that there is 

competition between existing T cells of the host (intact B6) and the transferred OT-I cells 

that prevented homeostatic proliferation. While homeostatic cytokines have also been 

shown to play a role in maintaining T cell populations and promoting homeostatic 

proliferation, the OT-I cells were similarly limited in proliferating when in the TAP-/- 

mouse, illustrating some need for spMHC interaction 208. Other studies have found 

similar results for both CD8+ and CD4+ T cells, notably that the competition occurs 

when T cells attempt to occupy the same niche when transferred into a new host with 

identical TCRs; in the absence of foreign antigen, this competition is most likely 

explained by limited access to spMHC 209-211. Many of these studies discussed thus far 

have observed that when T cells are transferred into a lymphopenic host, they undergo a 

rapid proliferation; to address if this is mediated by the homeostatic cytokine IL-7, Min et 

al (2005) transferred CD4 T cells into a RAG-/- host and observed that blocking the IL-7 

receptor did not impact the large proliferative response 212.  

From these experiments in which transferred T cells will compete with host T 

cells for access to the same endogenous peptide, the role of spMHC is to act as a trophic 
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factor. A study from Viret et al (1999) observed that when transferring polyclonal CD4+ 

T cells into a mouse with a limited diversity of spMHC expression, the size of the 

adoptively transferred T cell pool contracts 213. While this experiment did not 

characterize the actual diversity of the remaining surviving T cells, other studies found 

that CD4+ T cells positively selected on a certain peptide background had better survival 

or homeostatic proliferation when transferred into another host with the same spMHC 

availability, even more-so than transferred T cells that underwent a non-restricted 

positive selection 214,215. Singh et al (2012) explored this concept further, expanding on 

observations of lymphopenia-induced autoimmunity, in which typically monoclonal 

populations of T cells expand and cause deleterious physiological effects 216. In one such 

model, involving transferring 5C.C7 T cells into a lymphopenic mouse expressing the 

5C.C7 agonist PCC, the authors observed that competition for ñpublicò trophic factors, 

by adding other clonal T cells to the same niche (A1M, Marilyn, 3A9 and 3L2 TCR 

clonal T cells), did not reduce the 5C.C7 response to PCC 216. This was interestingly true 

even when adding a TCR clone responsive to the same agonist as 5C.C7s, the AND TCR 

216. However, polyclonal T cells, or specifically, as it turns out, a specific T cell identified 

to bear a VŬ2 chain of the TCR, could limit the expansion of the autoreactive 5C.C7s, 

and also potentially demonstrated reactivity to the endogenous peptide GP 216. These data 

highlighted the importance of endogenous peptides as trophic factors maintaining, but 

also providing competition between distinct T cell clonal populations.  

Many of these studies thus far mentioned have illustrated some level of 

dependency of peripheral T cells on interacting with spMHC without the context of 

foreign antigen, whether for prolonged survival, or for homeostatic proliferation. This 
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conclusion, however, is still controversial. Some groups have found that while MHC-II 

deprivation impacts the basal level of T cell proximal signaling, there is not as drastic an 

impact on T cell survival. In addition, one group reported that decreases in transferred T 

cells into MHC-deficient or mismatched hosts could be explained by host NK cell-

mediated rejection 217,218. For instance, Grandjean et al (2003) used the TCR transgenic 

model Marilyn which are I-Ab and transferred them into I-Ab-deficient hosts 218. 

However, the host mice had a subtle difference in class I structure (involving a difference 

in the non-classical MHC region), which appeared to promote NK-driven killing of the 

transferred Marilyn T cells in a class II-independent fashionðwhen NK cells were 

depleted (through knockout of the common gamma chain receptor), the Marilyn cells 

survived despite a lack of MHC-II 218. Certainly, NK-dependent killing needs to be 

factored into adoptive transfer experiments, but it may not explain all instances of T cell 

dependence of MHC for survival. Importantly, the Grandjean et al paper used a 

lymphopenic NK deficient model; it is likely that the influence of spMHC on T cell 

survival is only evident when there are competing T cells (for the same spMHC). Indeed, 

this was demonstrated by Singh et al (2012) where they fractionated T cells and showed 

that while >90% of the CD4+ T cells donôt interfere with the specific survival of one 

clone, a rare fraction of T cells (occurring about 1 in 2000 in the repertoire) was required. 

In the same study transferring in 5C.C7 T cells into A1M hosts that shared the same 

MHC-II restriction (I-Ek) but were otherwise dissimilar, there was equivalent survival of 

the transferred T cells over time compared to transferring into another 5C.C7 host 216. 

However, if the specific subset of polyclonal T cells discussed above, presumably sensing 

the same spMHC as 5C.C7 was transferred in (or just a bolus of 5CC7 T cells 
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themselves), that led to loss of the 5C.C7 T cells. This is hard to explain as NK-mediated 

rejection since the presence of A1M or 5C.C7 should not make a difference to MHC-

mismatched NK recognition. Certainly, the rapid loss of new 5CC7 in an intact 5CC7 is 

inconsistent with any NK differences as well. 

While many of the kinks remain to be worked out, it seems to indicate that the 

engagement of naïve T cells with spMHC in the periphery is complex, and models to 

directly examine the consequences of these engagements are limited and/or not 

representative of the normal physiological environment within which T cells exist 

(lymphopenic, mismatched MHC, etc.). Furthermore, while preliminary studies have 

observed differences in the phosphorylation of CD3ɕ, with MHC deficiency, it remains to 

be observed what other differences in signaling exist, or how the overarching structure of 

the signaling-model apparatus (i.e., how the immunosynapse looks) would be affected.  
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1.7: Key Outstanding Questions: 
 

From thymic development to maintenance in the periphery, T cells undergo 

complex changes that seem to optimize their eventual function: to recognize and react to 

antigenic pMHC complexes. Our discussion on the positive selection phase of thymic 

development revealed the unique importance for T cells in engaging with low affinity 

self-peptide ligands on MHC. The nature of this interaction has led to several decades of 

research aimed at understanding what happens to T cells that ñseeò these same peptides in 

the periphery.  

Importantly, (non-autoreactive) T cells do not normally respond to these spMHC 

complexes in the same manner as an agonist pMHC. However, relatively little is actually 

known about what these interactions accomplish on a signaling level, other than 

potentially maintaining basal levels of CD3ɕ phosphorylation. To revisit the analogy of a 

circuit, with the end result of the circuit leading to a yellow light bulb being lit, activation 

of a mature T cell with agonist pMHC generates a well-defined pathway on the circuit 

(from CD3ɕ Ą LAT/SLP76 Ą MAPK/NFAT/NFkB, etc), which leads to the yellow 

light bulb turning on (cytokine production, proliferation, surface expression of markers 

such as CD69, etc). To date, the middle of the circuit remains a ñblack-box,ò for spMHC 

signaling.  

An issue I have found when studying spMHC interactions with T cells, even when 

using one of the few existing specific spMHC:TCR matches (GP:5C.C7) is that the 

concept of the end of the circuit being a yellow light bulb need not applyðit may be a 

different color (i.e., different output, such as increased survival, co-agonism), or not even 

a light bulb (a to-be-determined consequence)! This makes both the end result, as well as 
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upstream circuit, challenging to ascertain. My thesis work has involved using available 

tools to begin with understanding the circuit (signaling) of these spMHC interactions. 

Some key questions that arose were: 

1. Are there other models to study spMHC that donôt rely on specific TCR 

transgenic systems?  

2. Do spMHC interactions elicit unique intracellular effects distinct from that of 

an agonist?  

3. Are there functional consequences to a TCR engaging with spMHC that can 

be applied to a broad T cell repertoire? 

In this work, we have validated previously reported findings (co-agonism, basal 

levels of signaling), while adding novel findings including, but not limited to, 

transcriptional changes, downstream signaling pathways, and a survival contribution of 

CD5 in peripheral T cells.  
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Chapter 2: Materials and Methods: 
 

2.1: Cell Culture: 

P13.9 Cells were the lab of Ronald Germain, and originally made from daughter 

cells of the MHC-II-negative DAP.3 cell transfected with the cDNA of I-Ek, ICAM-1, 

and B7.1. They are maintained in RPMI 1640 (Gibco) supplemented with 10% Fetal Calf 

Serum (FCS) (Gemini), 2% glutamine(Gibco), 1% sodium pyruvate (Gibco), and 1% 

antibiotic/antimycotic (Gibco) referred to as completed RPMI (cRPMI). Primary murine 

thymocytes and T cells were maintained in RPMI1640 (Gibco) supplemented with 10% 

FCS (Gemini), 1% glutamine (Gibco), 1%antibiotic-antimycotic (Gibco), and 0.000014% 

ɓ-mercaptoethanol referred to as T cell media (TCM).  

2.2: Mice: 

Wild-type mice were obtained from both Jackson Laboratories (C57BL/6J and 

B6.SJL-PtprcaPepcb/BoyJ) and Taconic Biosciences (B6NTac and 

B6.SJLPtprca/BoyAiTac). B6 mice were bred for dual congenic expression of CD45.1 

and CD45.2 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 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 
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Tg(TcrLCMV)1Aox/PpmJ). TCRŬɓ knockout mice were obtained from Jackson 

Laboratories (B6.129S2-Tcratm1Mom/J). CD5 inducible knockout mice were generated 

by microinjection of constructs shown in Fig. 2.1 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. A1M mice (CBA/Ca,RAG1-/-) were obtained from Dr. Steven Cobbold, 

University of Oxford, UK, and bred onto a B10.A,RAG2-/- background. CD3ŮKO mice 

were obtained from Ron Schwartz, National Institutes of Allergy and Infectious Diseases 

(B10.A-Cd45a(Ly5a)/NAi N5, CD3Ů-/-).  

Housing of mice, handling, injections, euthanasia, and tissue isolation were all 

done in accordance to our institutionally approved IACUC protocol (UMB #1119010). 

Experiments were performed with animals at least four 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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Figure 2.1: Schematic of the CD5-inducible Knockout Model 

The targeted locus first has the neo cassette removed using the Flp-FRT recombinase 

system, which leaves the CD5 locus remaining between two Loxp sites. Cre 

recombinase activity is controlled by tamoxifen induction via ERT, allowing for 

specific timing of the knockout induction.  

Figure adapted from 219 
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Table 2.1: Mouse Strains and Descriptions 

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.SJLPtprca/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 transgenic mouse 

specific for pigeon or moth 

cytochrome C 

5C.C7 

B6.Cg-Ptprca Pepcb 

Tg(TcrLCMV)1Aox/PpmJ 

CD4+ TCR transgenic mouse 

specific for LCMV GP61-80 

SMARTA 

B6.129S2-Tcratm1Mom/J Animals lack TCRŬ or ɓ chain 

expression which prevents 

development of T cells 

TCRABKO or TCRŬɓKO 

C57BL/6.CD5iKO Tamoxifen inducible CD5 

knockout mice 

CD5iKO 

C57BL/6.CD5-Cre+,Fl- Mice with Cre expression but 

no floxxed CD5 region 

CD5-Cre+/Fl- 

B10.A-Cd45a(Ly5a)/NAi N5, 

CD3Ů-/- 

B.10A mice with CD3Ů 

knocked out leading to loss of T 

cells 

CD3ŮKO 

CBA/Ca,RAG1-/-, B10.A,RAG2-

/- 

CD4+ TCR transgenic mouse 

specific for male DbY antigen 

A1M 
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2.3: T cell purification: 
 

 For the lymph nodes, thymuses, and spleens, they were separately dissected and 

filtered through 40ɛM nylon mesh with cold Crushing Buffer (1x PBS, FCS, and 

antibiotic-antimycotic solution). When relevant, the cell suspensions were then processed 

through a Ficoll-HiPaque Density Gradient to isolate lymphocytes. Bone marrow was 

isolated from the femur, tibia, and fibula of mice by removal of the bones, incision at 

separate ends of the bones, and flushing of cold Crushing Buffer through the medullary 

cavity using a 26-gauge syringe.  For some experiments, such as the preparation of MHC-

II depleted T cells (Chapter 4) or CD5iKO adoptive transfer (Chapter 6) further 

purification was performed using magnetic depletion. 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/IE (M5/114, Biolegend #107604), and biotinylated anti-CD11b (M1/70, 

Biolegend #101204) for isolation of T cells according to manufacturer instructions.  

 Some experiments required isolation of cells from blood. To do this, mice were 

anesthetized with Avertin, after which they underwent cardiac puncture to collect ~1ml of 

blood. The blood was transferred to a FACS tube with 1mL of PBS supplemented with 

2% FCS, 0.01% sodium azide, and 0.02% EDTA (FACS Buffer) added. The tubes were 

spun for 7 minutes at 1200RPM. Supernatant was carefully pipetted off, and 1mL of Ack 

lysis buffer was added for 10 minutes at room temperature. Cells were spun for 7 minutes 

at 1200RPM, and after this the supernatant was poured off, and cells were resuspended in 

500ɛL FACS buffer.  
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2.4: Proliferation dye labelling and assay: 
 

T cells were labeled with 2ɛM carboxyfluorescein succinmidyl ester (CFSE, 

Molecular Probes) 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. When using 5C.C7 T cells in vitro, 

they were typically cultured at 250,000 cells/well in a 24 well plate in the presence of 

APCs derived from CD3ŮKO splenocytes, typically ~2.5 million cells/well. Proliferation 

assays were done with the antigen Moth Cytochrome C (MCC, 1ɛM final concentration) 

or a No Peptide Control. Cells were harvested and analyzed after 72 hours via flow 

cytometry. For in vivo assays, CFSE-labelled 5C.C7 cells were transferred retro-orbitally 

into CD3ŮKO mice, with either 10ɛg of MCC or 10ɛg of MCC + 100ɛg Gag Pol (GP) 

injected intraperitoneally. Mice were sacrificed after 72 hours for harvest of lymph nodes 

and spleen and analysis via flow cytometry.  

2.5: Flow Cytometry Staining: 

 

Fc-receptor blocking was performed for 15 minutes at 4°C in PBS supplemented with 2% 

FCS, 0.01% sodium azide, 1% mouse serum, 1% hamster serum, and 1% rat serum 

(FcBlock). Surface staining was performed for 30 minutes at 4°C in FACS buffer using 

the antibodies provided in Table 2.2. Cells were washed once with FACS Buffer.  

Intracellular staining 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 
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eBioscience Permeabilization Buffer using the antibodies listed in Table 2.2. Stained 

cells were washed twice with FACS buffer.  

Staining for phosphorylated molecules was performed by fixing the cells first in 

1.5% Paraformaldehyde (PFA) for 10 minutes, after which they were spun at 2000RPM 

for 10 minutes. The supernatant was carefully pipetted out, and 2mL of ice cold 100% 

Methanol was added while vortexing the cells to prevent cell clumping. The cells were 

incubated in methanol on ice for 30 minutes, after which they were spun for 10 minutes 

at 2000RPM and the supernatant was removed. 2mL of FACS buffer was added and the 

cells incubated on ice for 30 minutes, after which they were spun for 10 minutes at 

2000RPM and the supernatant was removed. They were resuspended in FACS buffer and 

typically 50ɛL was added to a tube with 50 ɛL Fc block with relevant antibodies added 

in. Antibodies for phospho-flow are listed in Table 2.2. For F-actin staining, 

fluorescently conjugated Phalloidin was used, rather than methanol, 0.1% TritonX-100 

was used for 3-5 minutes. Cells were analyzed on an BD-LSR-II flow cytometer (BD). 

All data were analyzed using FlowJo (Tree Star). 
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Table 2.2: Flow Cytometry Antibody List  

Antibody Fluorochrome Manufacturer  Clone  Catalog # 

7AAD  Biolegend  420423 

B220 e450 eBiosciences RA3-6B2 48-0452-82 

CD11b  e450 eBiosciences  M1/70 48-0112-82 

CD11b APC eBiosciences M1/70 17-0112-82 

CD11c FITC eBiosciences  N418 11-0114-82 

CD11c v450 eBiosciences N418 48-0114-82 

CD19 APC Biolegend 1D3 152409 

CD25 APC-cy7 BD PC-61 561038 

CD25 AF700 Biolegend PC-61 102024 

CD4 e450 eBiosciences  RM4-5 48-0042-82 

CD4 BV605 Biolegend GK1.5 100451 

CD4 BUV395 BD GK1.5 553726 

CD4 APC eBioscience RM4-5 17-0042-82 

CD44 PE BD IM7 553134 

CD44 PE-Cy5 eBiosciences IM7 15-0441-82 

CD5  PE-Cy7 eBioscience 53-7.3 25-0051-81 

CD62L PE-Cy7 eBiosciences/Biolegend  MEL-14 25-0629-42 

CD62L AF700 Biolegend MEL-14 104426 

CD69  PE-Cy7 eBioscience H1.2F3 25-0691-82 

CD8-alpha BUV805 BD 53-6.7 612898 

CD8-beta BV650 BD H35-17.2 740552 

cKit PE-cy7 Biolegend 2B8 105813 

IFNɔ PE-Cy7 Biolegend XMG1.2 505807 

KLRG1 PE eBiosciences  2F1 12-5893-82 

KLRG1 APC BD 2F1 561620 

LAT  AF647 R&D Systems 661002 FAB63341R 

MHC-II  PE eBiosciences  M5/114.15.2 12-5321-82 

MHC-II I -Ek FITC eBiosciences 14-4-4S 11-5980-82 

NFəB p65 AF647 CST D14E12 8801S 

NK1.1 APC Biolegend PK136 108709 

pERK AF647 CST 197G2 13148 

pERK AF488 CST 197G2 13214 

pLAT-Y171 AF488 BD I58-1169 558519 

pLAT-Y226 AF488 BD J96-1238.58.93 558430 

pLck Y505 AF488 BD Clone 4 557879 

pMEK AF647 BD O24-836 562460 

pSLP76 Y128 AF488 BD J141-668.36.58 558439 

pZAP70 Y292 AF488 BD J34-602 558516 

Sca1 APC-cy7 Biolegend D7 108125 

TCR Vɓ3 BV650 BD KJ25 743415 

TCR Vɓ3 PE BD Pharmigen KJ25 553209 

TCRb FITC BD H57-597 553171 

TCRb BV510 Biolegend H57-597 109233 

TCRb APC Biolegend H57-597 109211 

TNFŬ BV605 Biolegend MP6-XT22 506329 

Zombie-NIR Zombie NIR Biolegend  423105 
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2.6: 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-

/CD4+/Vɓ3+/(CD69+) or 2) 7AAD-/CD4+/Vɓ3+/(CD69-) when relevant.    

2.7: RNA Preparation and Sequencing 

Cells that were sorted were spun at 400g for 7 minutes, after which supernatant 

was withdrawn until ~10-20ɛL remains. The tube with the pellet was flicked to break it 

up, and 400ɛL of cold RNAzol RT was added and pipetted up and down to homoegenize 

and lyse the cells. Lysed cells were stored at -80oC until RNA extraction was performed.  

RNA extraction was performed according to the RNAzol RT RNA Isolation 

Reagent User Manual, Section IV: Isolation of mRNA and microRNA Fractions, with 

some modificationsðafter the last wash, the pellets were dried, as previous experiments 

had found that led to better yields. Final RNA pellets were dissolved in 200ɛL sterile 

RNAse and DNAse free H2O, and divided into two aliquots of 100ɛL. Extractions were 

stored at -80oC until sequencing preparation.  

All post-extraction work was performed with the collaboration of the Daniel 

Douek Lab at the NIH Vaccine Research Center (VRC): Amy Ransier and Jesmine 

Roberts for library and sequencing preparation, and Jianfei Hu for sequencing analysis 

and bioinformatics. RNA extractions were measured for their purity and quality using the 

Agilent Bioanalyzer. Purified RNA was used for transcriptome analysis. Briefly, 

polyadenylated transcripts were purified on oligo-dT magnetic beads, fragmented, 
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reverse transcribed, reverse transcribed using random hexamers and incorporated into 

barcoded cDNA Illumina-ready libraries. Libraries validated by microelectrophoresis 

were sequenced on an Illumina NovaSeq 6000 using paired-end 150 cycles.  

2.8: RNA Sequencing: 

Sequencing libraries were prepared and sequenced as previously described 220.  In 

brief, total RNA was enriched for polyadenylated species by two sequential rounds of 

binding to oligo-dT dynabeads (Life Technologies), chemically fragmented in the 

presence of Mg2+, and reverse transcribed using Superscript III reverse transcriptase 

(Life Technologies).  Second strand cDNA synthesis, end repair, A-tailing, and 

sequencing adaptor ligation were performed using NEBNext enzyme modules (New 

England Biolands).  Libraries were amplified using universal and indexed primers from 

the NEBNext system with Kapa 2x Hot Start Readymix (Kapa Biosystems).  Amplified 

libraries were size-selected using Beckman-Coulter Ampure XP beads, quantified by 

qPCR using the Kapa Library Quantification Kit for Illumina (Kapa Biosystems), and 

checked for sizing by electrophoresis on a BioAnalyzer (Agilent).  Completed libraries 

were loaded on Illumina Truseq Paired-End v2 Cluster Kits and sequenced in 2 x 150 

base paired-end runs on an Illumina NovaSeq 6000 sequencer. The final dataset 

comprised 3.89×108 reads pairs in total, with each sample corresponding to 7.62×106 

reads pairs on average. 

2.9: Sequence Analysis: 

We used Trimmomatic (version 0.22) to remove adapters and low quality bases, 

STAR (version 2.6.1c) to map the trimmed paired-end reads on the reference mouse 

genome (Mm10), Picard (https://broadinstitute.github.io/picard/; version 2.1.1) to remove 
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duplicated reads, HTSeq (version 0.9.1) to count the number of reads pairs mapped on 

each mouse gene, a Perl script written by us to generate the expression matrix of sample 

and genes, and DESeq2 to do the differential gene expression analysis 221-224. UMAP was 

used for the clustering analysis of samples 225.  GSEA was used for pathway enrichment 

analysis 226. 

2.10: Adoptive transfer for CD5iKO experiments: 

Lymph nodes and spleens were isolated from CD5iKO or CD5,Cre+,Fl- mice and 

mechanically dissociated by mashing tissues through 40ɛM nylon mesh. 0.35 ï 1 x 10^6 

cells were injected retro-orbitally (R.O.) into WT B6 1x2 mice that were anesthetized 

with Avertin intraperitoneally. 48 hours after adoptive transfer, mice were given 

Tamoxifen (4mg) that was resuspended in sesame oil via oral gavage after being 

anesthetized with Avertin intraperitoneally. The tamoxifen was given for 5 days.  

2.11: Flt3L injection: 

For the intraperitoneal injections (n=28), 100ɛL of either 10ɛg of Flt3L dissolved 

in sterile 1x PBS with 1% Bovine Serum Albumin (BSA), or 100ɛL sterile 1x PBS with 

1% BSA  (as the control group) was injected, and mice were randomly selected to be in 

either the Flt3L (n=14) or control group (n=14). B6 CD45.1x2 mice (n=3) used for the 

anti-CD3 in vitro assay did not receive any injections, and were euthanized, and samples 

processed according to Step 2.3. 
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2.12: Flt3L in vitro assay: 

Cells were isolated from the bone marrow of A1M mice, and enriched for 

progenitor cells by using magnetic separation to deplete cells bearing the markers NK1.1, 

CD11b, CD4, and MHC-II. We then stimulated 10,000 cells with no cytokine, Flt3L 

alone (250ng/ml), Flt3L + IL-3 (20ng/ml), or IL-3 alone, and incubated the cells for 1 

week in T cell medium with 20% FCS. 

2.13: Anti-CD3 in vitro assay: 

24 hours before use, a 96-well flat bottom plate was incubated with wells 

containing either 10ug/ml of anti-CD3Ů (clone 145-2C11, Biolegend), or 1x PBS at 37 

degrees. After 24 hours, the plate was washed with 1X PBS, and then incubated with T 

Cell Medium for 10 minutes at 37 degrees. After this, the T Cell Medium was removed, 

and 1 million T cells from the spleens and bone marrow of wild type mice prepared by 

Step 2 were added to each well and incubated for 2 hours at 37 degrees. After the 

stimulus, 10ng of pre-warmed Brefeldin A was added to each well, and the plate was 

incubated for an additional 4 hours at 37 degrees. After this, the cells were prepared for 

intracellular cytokine staining as described in Step 2.5. 

2.14: APC deprivation assays: 

Lymph nodes were isolated from mice (5C.C7, SMARTA, B10.A1x2) and 

purified as in 2.3. After Ficoll, they underwent magnetic separation to deplete cells 

bearing the markers CD11b and MHC-II , and had samples pre-and post-separation to 

analyze via flow cytometry. To rest cells, cells were plated 250,000 cells/well on a 24 

well plate in T cell medium for the given resting time. Non-rested cells were kept on ice.  
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2.15: Peptide stimulation of TCR transgenic T cells: 

T cells from the lymph nodes of (5C.C7 or SMARTA) as well as splenocytes 

derived from either CD3ŮKO or TCRABKO mice were isolated and purified as in 2.3. 

2.5*10^6 APCs were cultured at 37o for 1 hour typically with either no peptide (NC/NP), 

1ɛM agonist (MCC for 5C.C7, LCMV-GP61-80), 5ɛM GP, and agonist+GP togetherðthis 

was done in a 24 well plate. After 1 hour incubation of APCs with peptide, T cells were 

added and the plate spun for 2 minutes at 900RPM. T cells, APCs+peptide were 

incubated together for given time in culture. Some experiments involved using P13.9 

cells as APCs. For these experiments, 100,000 P13.9 cells were plated 24 hours before 

the addition of T cells in RPMI. Before the addition of peptide, the P13.9 cells in the 

plate were spun for 3 minutes at 700RPM, after which the supernatant was dumped off 

the plate and TCM with relevant peptides were added for incubation. For the experiment 

that used LPS in culture, LPS was added at 1ng/well.  

2.16: PMA Pre-treatment: 

For some experiments, a pre-treatment with Phorbol 12-myristate 13-acetate 

(PMA) was performed. This was typically done by using a range of doses of PMA with 

isolated T cells (as described in 2.3) for 2 hours in a 37o water bath. Ionomycin was used 

for one experiment, and it was used either alone or with PMA at 500ng/mL.  

2.17: Graphs and Statistics: 

All graphs and statistics (with the exception of the RNA sequencing data) were 

performed using GraphPad Prism version 9.0.  
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Chapter 3: Global increase of available endogenous pMHC 

impacts T cell memory compartments 
 

While the data we have discussed in chapter 1 suggest that spMHC can modulate 

T cell functions in complex ways, designing experiments to understand the contributions 

of these endogenous peptides has been challenging. For one, the subset of T cells specific 

for any self-peptide (in the sense of positive selection) are very rare (maybe 1 in 2000 

from the Singh et al, 2012, study 216). Most conventional reagents used to study antigen-

specific T cell activation (e.g. tetramers, restimulation followed by ICS etc) do not work 

with spMHC. The reason is that (a) there are very few of these identified, (b) the affinity 

of these spMHC for TCRs is usually too low to work in a tetramer setting and (c) as 

discussed above the functional impact on T cells on their own is difficult to quantify. This 

raises several questions, namely that if these self-peptides are so idiosyncratic, how will 

we able to exploit their functional impact in a clinical setting? In thinking about this, we 

took a broader approach: what if there were reagents that can modify spMHC-TCR 

interactions globally rather than just one rare TCR at a time? 

This line of thought offers two potential solutions. First, (and as we discuss more 

in Chapters 4-6) if we can identify specific signaling modalities used by spMHC, then 

pharmacological agents which target these can be used for a particular clinical impact. 

For instance, can enhancing this spMHC signaling improve anti-tumor immunity? Can 

drugs which dampen spMHC signaling reduce autoimmunity due to co-agonism between 

a spMHC and a true auto-antigen (agonist)? A second and more provocative idea was to 

globally enhance self-peptide levels and measure the impact that would have on T cells. 
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We hypothesized that if we use a method to enhance the number of steady-state antigen 

presenting cells that can present spMHCs to any of the peripheral T cells, this should 

have a greatly augmented phenotype and allow us to examine the effects of spMHCs on 

the entire intact polyclonal population of T cells.  

The ability of the peripheral immune system to consistently mount successful 

responses hinges on the availability of a sufficiently diverse collection of T cells at all 

times. Naïve T cells arrive in the secondary lymphoid organs after completing thymic 

development. When a naïve T cell is activated with cognate antigen, it undergoes transition 

into an effector phase, characterized by extensive proliferation and cytokine production. 

This transient change in the number of cells is followed then by a contraction of the 

responding population, with some memory T cells remaining. At the end of an immune 

response, cells of the immune system re-establish a homeostatic balance, with a relatively 

stable proportion of different T cell subsets 227. The composition of this homeostatically 

constrained population is important. Naïve T cells are required for generating new 

responses but maintaining a population of diverse memory T cells allows a rapid adaptive 

immune response upon subsequent re-exposure to antigen 228,229. Impairment or depletion 

of memory T cells can reduce the response to or clearance of a foreign pathogen 230,231. The 

memory T cell pool itself can be broken into sub-compartments based on not only 

expression of extracellular proteins such as CD44, CD62L, and CCR7, but tissue residence 

and migratory properties; these include, but are not limited to Central Memory (TCM), 

Effector Memory (TEM), and Tissue Resident Memory (TRM) cells 232,233.  

There are several physiological phenomena that impact the composition of this 

peripheral T cell population. Although acute and chronic antigen exposures routinely affect 
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T cell numbers 234 natural homeostatic processes such as aging impacts both the 

functionality and diversity of the memory T cell repertoire. Indeed, chronic antigen 

exposure also contributes to the overarching immunological decline termed 

ñimmunosenescenceò 235-238. Production of new naïve T cells to the peripheral T cell pool 

diminishes with age due to factors such as thymic involution, making protective immunity 

in older individuals more heavily dependent on maintaining a diverse repertoire of memory 

T cells 233,239. Viral infections can also cause significant perturbations of the total memory 

T cell compartment due to cell death and loss in TCR diversity 229,240. In HIV, this is a 

major cause of immunosuppression, and subsequent progression of disease severity 241,242. 

Importantly, an intuitive treatment strategy for many of these contexts, would be to globally 

enhance the survival and maintenance of specific sub-populations of T cells - for instance, 

the memory T cell population. Efforts to develop approaches to accomplish this, however, 

is limited by our incomplete understanding of naïve and memory T cell homeostasis. 

The maintenance of T cells in vivo is thought to require multiple pro-survival or 

trophic signals. These include signals from the cytokines including IL-7 /IL-15 and tonic 

signals from TCR engagement of spMHCs, as we have previously discussed 243 244. 

Conceptually, we can segregate these factors into two broad classes, the first being ñpublicò 

signals, such as cytokine/nutrient-mediated signaling, since all T cells express invariant 

receptors for these and the second being ñcognateò signals which require TCR-driven 

signaling upon binding to cognate pMHC 216,239,245. While these requirements vary with 

CD8+ and CD4+ T cells, previous studies, including ours suggest that spMHCs are also 

critical even when homeostatic cytokines (the public factors) are broadly available 

135,209,216.  The relative contributions of these two sets of signals are still being dissected. It 
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appears that within a defined niche in which T cells compete for trophic factors, publicly 

available signals such as cytokines are less vital for survival and maintenance compared to 

access to private specific spMHC-TCR interactions 210,211,216. Several studies have 

illustrated the effect by which T cells with a certain TCR can prevent transferred T cells of 

the same TCR specificity from undergoing homeostatic proliferation, indicating that the 

competitive variable is access to a specific spMHC 210,211. 

Other studies have corroborated this effect by showing that blocking TCR-spMHC 

interactions even in the absence of foreign antigen results in poor T cell maintenance 208,213. 

There are, however, studies that question the role of spMHC on T cell homeostasis and 

survival; some studies have demonstrated that survival without MHC is possible for more 

differentiated, or memory, T cells compared to naïve 246-249. However, it is plausible that 

for these cases, spMHC interactions may have an alternative effect rather than simply 

boosting survival, and this has yet to be explored. Taken together, therapeutically 

manipulating bulk populations of T cells in vivo would require a combination of strategies. 

In this context, although we can modify the levels of cytokines in the body by exogenous 

administration (as discussed above), there is as yet no clear approach available to globally 

increase spMHC and thus tweak the population dynamics of peripheral T cells. In the case 

of CD4+ T cells, however, bulk of the relevant spMHC are likely to be presented by 

hematopoietic cells, perhaps mostly by Dendritic cells (DCs). Therefore, one potential 

strategy to increase all spMHCs would be to increase the number of DCs in the body itself.  
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3.1: Flt3L as a method of increasing the number of APCs: 
 

 DCs are considered the professional presenters of antigen to T cells 250. Among the 

different molecules that help promote maintenance and differentiation of DCs, Fms-like 

tyrosine kinase 3 ligand (Flt3L) is a crucial growth factor, both within and outside of 

lymphoid tissue 250. Recently, Flt3L has been explored as a therapeutic factor to 1) promote 

tumor antigen uptake, presentation, and availability to activate cognate T cells 251-253, and 

2) potentiate vaccine-induced immunity to foreign antigen 254,255.  Additionally, Flt3L, 

among other leukocyte-expanding cytokines, has recently been explored in the context of 

emergency, or demand-adapted hematopoiesis; upon inflammatory events and stimuli, 

these cytokines can act in an acute period to increase dendritic cell expansion and 

production to generate a rapid immune response to the perceived threat 256,257. However, to 

date, the correlative effects of such an induction of DCs and DC progenitors on populations 

of T cells, have not fully been elaborated. Flt3L has also been previously observed as a 

potential enhancer of homeostatic peripheral expansion of reconstituted T cells in 

lymphopenic mouse models that primarily demonstrate the effects on adoptively 

transferred T cells to a thymectomized host 258. Other than one study259 which briefly  

examined the broad impact of recombinant Flt3L has on memory populations in an intact 

host, the subsets and markers of T cells that arise with Flt3L administration remain unclear.  

 We aimed to determine the effects on T cell populations of administering 

exogenous Flt3L to wild type C57BL/6 mice, in the absence of any additional antigen.  We 

examined different subsets of memory and naïve T cells using phenotypic as well as 

functional analyses after Flt3L treatment. Our results reveal several interesting phenomena. 

Firstly, our model corroborated the effects of Flt3L increasing the populations of DCs and 
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DC progenitors. Secondly, we find that there was an additional effect in both the CD4+ 

and CD8+ T cell compartments. Specifically, we observed a transient increase in the 

population of CD44-low, CD62L-low T cells, as well as an increase in the subsets of T 

cells expressing KLRG1 and CD25. Finally, we show that the CD44-low, CD62L-low T 

cell population, particularly the CD8+ T cell subset, represents a poorly understood subset 

of the homeostatic T cell pool that is capable of significant IFNɔ and TNFŬ production 

upon ex vivo stimulation. These findings are likely to be consequential in not only 

understanding the impact of mouse experiments (and perhaps human studies) involving 

Flt3L treatment in vivo, but also in appreciating the functional significance of a transitory 

subset of effector-like CD8+ T cells. 
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3.2: Flt3L treatment augments the development of myeloid cells. 

 

 To first test the effects of Flt3L on its canonical ability to increase differentiation 

of bone-marrow derived progenitor cells, we tested Flt3L, either alone or in tandem with 

IL-3, on cells isolated from the bone marrow of a male TCR-transgenic A1M mice; this 

mouse lacks mature peripheral T cells, as they get deleted during negative selection due 

to response to cognate male antigen. This method was modeled after experiments 

previously described in Jacobsen et al (1999), which examined the effects of Flt3L alone 

or with various cytokines and the stimulation of Lineage-(negative), Sca1+ cells 260. After 

isolating cells from the bone marrow, we enriched for progenitor cells by using Dynal to 

deplete cells bearing the markers NK1.1, CD11b, CD4, and MHC-II. We then stimulated 

10,000 cells with no cytokine, Flt3L alone (250ng/ml), Flt3L + IL-3 (20ng/ml), or IL-3 

alone, and incubated the cells for 1 week in T cell medium with 20% FCS. After 1 week, 

the cells were harvested and analyzed by flow cytometry for expression of markers 

CD11b and CD11c, which can be used to identify populations of DCs, as illustrated in 

Figure 1.  Interestingly, it appeared that with Flt3L alone, there was a higher proportion 

of cells that were CD11c+, and together with IL-3, many cells became CD11b/c+ (Fig. 

3.1).  
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Figure 3.1: Increase of CD11c+ cells with Flt3L addition.  

Cells were harvested and analyzed via flow cytometry (CD11b R670, CD11c e450, and 

7AAD). Displayed are contour plots for the four conditions.  
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We also examined whether there were any effects of Flt3L on precursor 

populations, and this could be measured by using flow cytometry to stain for the markers 

cKit and Sca1 (Fig. 3.2). We found that the addition of Flt3L led to a marked increase in 

cKit+ and cKit+/Sca1+ cells. In fact, it appeared that adding Flt3L and IL-3 together led 

to a decrease in the level of cKit+/Sca1+ cells.  
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Figure 3.2: Increase of cKit+ and cKit+/Sca1+ cells with Flt3L addition.  

Cells were harvested and analyzed via flow cytometry (cKit Y780, Sca1 R780, 7AAD). 

Displayed are contour plots for the four conditions.  
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3.3: Flt3L administration increases number of APCs in vivo: 

 

With this in vitro study in mind, we turned our attention to exploring the in vivo 

effects of Flt3L. In order to arrive at a regimen of Flt3L that alters APC frequencies in an 

intact host, we first monitored DC and DC progenitor populations with intraperitoneal 

injections of Flt3L. Wild type C57BL/6 mice were injected with either PBS (1% Bovine 

Serum Albumin [BSA]) or Flt3L (10ɛg/100ɛl) for 4 consecutive days, after which groups 

of mice (8 mice per group) were euthanized on Days 1, 2 (3 mice per group) and 3 (3 

mice per group) post-injection (PI), as illustrated in Fig. 3.3. 
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Figure 3.3: Experimental design for Flt3L injections :  

18 B61X2 mice were grouped: 9 were injected with 10ug/100ul of Flt3L, and the 

remaining 9 with 100ul of PBS for 4 consecutive days. Injections were performed 

intraperitoneally. After the 4th injection (labelled PI = post injection), 8 mice/group 

were sacrificed on day 1 PI, and 3 mice sacrificed/group each subsequent day. Bone 

marrow, spleen, and lymph nodes were isolated, crushed, and stained with fluorescent 

markers. 
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On Day 1 PI, we observed an increase in the percentage of both the CD11c+, and 

CD11c/b+ cells in the lymph nodes, CD11c+ cells in the spleen, and CD11b/c+ cells in the 

bone marrow (p < 0.0001) (Fig. 3.4A). Representative gating strategies are shown in Fig. 

3.4B. These specific subset increases validate previous findings of spleen-DC expansions 

with the use of Flt3L, reported by several studies 259,261,262. On Days 2 and 3 PI, there was 

no noticeable change in DC subsets in any organ, indicating that the shift observed was 

transient in nature (Fig. 3.4C).  

 

 

 

 

 

 

 

 

 

 

 



114 
 

Figure 3.4: FL causes a transient increase in percentage of DC subsets (Next 2 

Pages)  

A. Day 1 post-IP injection results of the DC subsets as a percentage of MHC-II+ 

cells, shown from Lymph Nodes (left), Spleen (middle), and Bone Marrow 

(right). Results are tabulated from two experiments (N=3/group, N=5/group) 

and normalized to the fold change of Flt3L-injected group/control group for 

each respective experiment. Grey rectangle = control group, Blue = Flt3L-

injected group. (****) indicates statistical significance, P value < 0.0001. 

Statistics performed using a 2Way ANOVA. 

B. Representative dot plots from the lymph node illustrating the gating strategy for 

CD11b and CD11c (top), and Sca1 and cKit (bottom). 

C. Proportion of CD11b, CD11c, and CD11b/c+ (DP) cells as a percentage of 

MHC-II+ cells in the bone marrow, lymph nodes, and spleen were evaluated on 

days 2 and 3 post-IP injection. White squares = PBS treated group, Black 

circles = FL (Flt3L) treated group. (N=3). Statistics performed using a 2Way 

ANOVA.  
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Figure 3.4 cont. 
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Figure 3.4 cont. 
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As illustrated in our in vitro work (and many other studies), Flt3L not only acts as 

a homeostatic growth factor for DCs, but can also potentiate expansion of hematopoietic 

progenitor cells (HPCs) 262,263.  We measured the impact on Flt3L injection on various 

categories of progenitor cells, using c-Kit and Sca-1 and found an increased proportion of 

c-Kit+/Sca-1- cells in the bone marrow (p <0.0001) (Fig. 3.5A). This is consistent with 

several other studies which reported changes in the bone marrow with administration of 

exogenous Flt3L 257,261,264,265. Representative gating strategies for this population is shown 

in Fig 3.4B. These progenitor cells remained increased in the Flt3L-treated bone marrow 

through Day 2 PI, though by Day 3 these levels were similar to the PBS treated mice (Fig. 

3.5B). c-Kit+, Sca-1- cells have been characterized in previous literature as belonging to 

the Myeloid Progenitor cell lineage 266,267. Taken together, these results validate that the 

Flt3L infusion was functional in our model and led to the expected expansion of DCs in 

intact mice. 
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Figure 3.5: FL causes a transient increase in percentage of DC progenitors. 

A.  Day 1 post-IP injection results of cKit+, Sca1- cells from the Bone Marrow, 

Lymph Nodes and Spleen. Results are tabulated from two experiments 

(N=3/group, N=5/group) and normalized to the fold change of Flt3L-injected 

group/control group for each respective experiment. Grey rectangle = control 

group, Blue = Flt3L-injected group (****) indicates statistical significance, P 

value < 0.0001. Statistics performed using a 2Way ANOVA.  

B. Proportion of cKit+, Sca1- cells as a percentage of MHC-II+ cells in the bone 

marrow, lymph nodes, and spleen were evaluated on days 2 and 3 post-IP 

injection. White squares = PBS treated group, Black circles = FL (Flt3L) treated 

group. (*) indicates statistical significance, P value < 0.05. (N=3) Statistics 

performed using a 2Way ANOVA.  
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3.4: Flt3L affects the composition of CD4+ and CD8+ T cell subsets: 

 

With the changes observed in the DC compartments, we next sought to determine 

whether there were any corresponding changes in the T cell compartments. Cells from the 

lymph node (LN), spleen, and bone marrow were first analyzed for the quantity of CD4+ 

vs. CD8+ numbers. On all three days of mice examined, there was no observed change in 

the absolute numbers of live CD4+ or CD8+ T cells in any of the three tissue sites examined 

with or without Flt3L (Fig. 3.6A+B). In our flow-cytometry gating of T cells (Fig. 3.6C), 

we first gated on TCRɓ+ cells, followed by staining of CD4 and CD8, which allowed us to 

exclude any potential double-negative (DN) cells, or Natural Killer T cells (NKT). When 

comparing the fold-change of the results experiments using this gating vs. previous 

experimentsô gating which did not include a specific CD8+ gate, our results remained 

largely unchanged, indicating that the DN and NKT cells are low frequency, and most 

likely do not contribute significantly to any of the Flt3L-induced effects. 
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Figure 3.6: CD4+ and CD8+ T cell numbers remain stable with Flt3L injection 

(Next Page) 

A. Lymph node, spleen, and bone marrow samples were processed and stained to 

analyze CD4+ and CD8+ numbers 1 Day PI. Grey rectangle = control group, 

Blue = Flt3L-injected group. (N=8) Statistics performed using 2Way ANOVA.  

B. Lymph node, spleen, and bone marrow (right) samples were processed and 

stained to analyze CD4+ (top) and CD8+ (bottom) numbers on days 2-3 post-

injection (Day 2 = Left, Day 3 = Right). White squares = PBS treated group, 

Black circles = FL (Flt3L) treated group. (N=3) Statistics performed using 

2Way ANOVA.  

C. Schematic on the flow cytometry gating strategy to evaluate CD44/CD62L T 

cell compartments. This is showing the representative gating for CD8 memory 

components. CD62L+/CD44+ cells were termed ñCentral Memoryò cells, 

CD62L-/CD44+ cells as ñEffector memoryò, CD62L+/CD44- as ñnaµve,ò and 

CD62L-low/CD44-low were called by their markers. 
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While the absolute number of CD4+ or CD8+ T cells did not change with Flt3L 

administration, it remained conceivable that subsets within these T cell compartments were 

altered. Using the canonical surface markers associated with memory phenotypes in mice, 

CD44 and CD62L, we first looked at the relative percentages of different CD44/CD62L T 

cell subsets: CD44-hi, CD62L-hi cells are typically classified as Central memory (TCM), 

CD44-hi, CD62L-low cells as Effector memory (TEM), and CD44-low, CD62L-hi cells as 

Naive (TN) (Fig. 3.6C). Among the CD4+ T cells from the lymph nodes and spleen, there 

was no difference on Day 1 PI in the TCM or TEM  or naïve  populations in mice that received 

Flt3L versus PBS (Fig. 3.7A+B). 

Strikingly, however there was a significant increase in the proportion of CD4+ 

CD44-low/CD62L-low cells in these tissues on Day 1 PI (lymph node p < 0.05, spleen p = 

0.0007) (Fig. 3.7A+B). In the bone marrow, there was an observed decrease in the 

proportion of TCM and naïve CD4+ T cells, with a corresponding increase of TEM cells (TEM 

p = 0.0077, TCM p < 0.05, Naïve p < 0.0001) (Fig. 3.7C) In the CD8+ T cell population, 

there appeared to be an increase in the percentage of the CD44-low/CD62L-low cells in the 

lymph node and spleen ( lymph node p=0.0392, spleen p < 0.0001) (Fig. 3.7A+B). Similar 

to the CD4+ T cell compartment, in the bone marrow on Day 1 PI there was a significant 

increase in the proportion of TEM cells (Fig. 3.7C). Overall, our results indicate a significant 

shift in CD4+ and CD8+ T cell subsets after Flt3L administration, with an increase in 

effector memory T cells in the bone marrow, and an increase in CD44-low, CD62L-low T 

cells in the lymph nodes and spleen.  
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Figure 3.7. Flt3L affects composition of CD4+ and CD8+ T cell subsets (Next 3 

Pages) 

Samples from the LN (left), spleen (middle), and bone marrow (right) were analyzed for 

memory subtype. CD4+ and CD8+ central memory (CM) and effector memory (EM), 

naïve, and CD44-low/CD62L-low populations were assessed in proportion to respective 

CD4 total populations. White squares = PBS treated group, Black circles = FL (Flt3L) 

treated group. (N=8) All statistics performed using 2Way ANOVA.  

A. (Top) CD4+ cells from the LN (*) indicates statistical significance, P value < 

0.05 (bottom) CD8+ cells from the LN (*) indicates statistical significance, P 

value = 0.0392 

B. (Top) CD4+ cells from the spleen (***) indicates statistical significance, P value 

= 0.0007,  CD8+ cells from the spleen (****) indicates statistical significance, P 

value < 0.0001 

C. (Top) CD4+ cells from the bone marrow (*) indicates statistical significance, P 

value < 0.05, (**) indicates statistical significance, P value = 0.0077  CD8+ cells 

from the spleen (****) indicates statistical significance, P value < 0.0001 
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While evaluating additional panels of T cell markers, we observed two striking 

phenotypes within the CD4+ and CD8+ T cell compartment. First, we observed that the 

marker killer cell lectin-like receptor subfamily G member 1 (KLRG1), which is a marker 

of T cell activation and differentiation 268,269, was increased (p<0.0001) in the CD8+ T cells 

from the bone marrow of mice that received Flt3L (Fig. 3.8B). This increase was not 

observed for the CD4+ T cells in the bone marrow (Fig. 3.8A). Interestingly, this increased 

KLRG1 was transient, and was not present on either Day 2, or Day 3 PI (Fig 3.8C). Another 

marker, CD25, was also observed to follow a similar pattern as KLRG1 for CD8+ T cells, 

demonstrating a significant, though transient increase in the CD25-hi cells in the bone 

marrow (p < 0.01) (Fig. 3.8B+C). Interestingly, for CD4+ T cells, there was a significant 

decrease in these CD25-hi cells in the bone marrow (p < 0.01) (Fig. 3.8A). Overall, these 

differences highlight a transient phenotypic change skewing towards activation in the 

CD4+ and CD8+ T cell compartment with the administration of Flt3L.  
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Figure 3.8. FLT3L transiently enhances KLRG1 and CD25 expression 

A. The percentage of KLRG1-high (right) and CD25-hi (left) cells as a proportion 

of total CD4+ T cells in the lymph node, spleen, and bone marrow on Day 1 PI. 

Grey rectangle = control group, Blue = Flt3L-injected group. (**) indicates 

statistical significance, P value = 0.0026. (N=8) Statistics performed using 2Way 

ANOVA.  

B. The percentage of KLRG1-high (right) and CD25-hi (left) cells as a proportion 

of total CD8+ T cells in the lymph node, spleen, and bone marrow on Day 1 PI. 

Grey rectangle = control group, Blue = Flt3L-injected group. (**) indicates 

statistical significance, P value < 0.01. (****) indicates statistical significance, P 

value < 0.0001. (N=8) Statistics performed using 2Way ANOVA.    

C. CD8+ KLRG1+-hi population (left) and CD8+ CD25-hi population (right) in the 

bone marrow at Days 2+3 post-injection. White squares = PBS treated group, 

Black circles = FL (Flt3L) treated group. (N=3) Statistics performed using 2Way 

ANOVA.    
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The transient increase in CD44-low, CD62L-low T cells with Flt3L exposure 

prompted us to examine this population at a functional level. Although much work has 

been done to define other subsets of the CD44/CD62L axis, there is very little information 

on characterizing the CD44-low, CD62L-low subset. To explore these cells, we cultured 

cells from the bone marrow and spleens of wild type C57BL/6 mice on plates coated with 

either anti-CD3 or PBS. After 2 hours of culture, we harvested the wells and prepared them 

for intracellular cytokine staining (ICS), which was analyzed using flow cytometry. The 

gating strategy for analyzing this CD44/CD62L T cell subsets is shown in Figure 3.9A. 

Strikingly, there was a large shift with the CD4+ and CD8+ T cells treated with anti-CD3 

into the CD44-low, CD62L-low and effector memory compartments in both the spleen and 

bone marrow (though not in the CD4+ bone marrow) (Fig. 3.9B).  
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Figure 3.9: Gating strategy and compartmental differences for CD44/CD62L CD8+ 

T in vitro anti -CD3 assay (Next 2 Pages) 

A. Representative dot plots illustrating the gating strategy for CD44 and CD62L, 

illustrating both the anti-CD3 and PBS-control conditions.  

B. CD44/62L compartmental differences between anti-CD3 (white square) and PBS 

treated (black circle) samples in the spleen (left) and bone marrow (right). The Y 

axis represents the percentage of CD8+ T cells that are in each respective subset, 

as defined by CD44-LOW, CD62L- cells, effector memory (CD44+, CD62L-), 

central memory (CD44+, CD62L+), and naïve (CD44-LOW, CD62L+) cells. (*) 

indicates statistical significance, P value < 0.05. (N=3) Statistics performed using 

2Way ANOVA. 
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When we examined cytokine production for these different subsets, we observed a 

significant increase (spleen p<0.0001, bone marrow p<0.0001) in interferon gamma (IFNɔ) 

production among the effector memory population, as well as the CD44-low, CD62L-low 

population of CD8+ T cells (spleen TEM p < 0.0001, spleen CD44-low/CD62L-low p < 

0.01, bone marrow TEM p <0.0001, bone marrow CD44-low/CD62L-low p = 0.0241) that 

received anti-CD3 stimulation (Fig. 3.10A). This was in contrast to the CD4+ stimulated 

group, in which central and effector memory cells were the major contributors to the IFNɔ 

production in the spleen and bone marrow (spleen TCM p < 0.001, bone marrow TEM p < 

0.001, TCM p < 0.01). Furthermore, the CD44-low, CD62L-low CD4+ and CD8+ 

population demonstrated comparably increased amounts of TNFŬ production with anti-

CD3 stimulation to the effector memory population, in the spleen (p<0.0001) and CD8+ T 

cells alone in the bone marrow (p<0.0001) (Fig. 3.10B).  
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Figure 3.10. CD44-low/CD62L-low T cells can produce inflammatory cytokines 

(Next 2 Pages). 
A. The percentage of IFNɔ-high CD8+ (left) and CD4+ (right) T cells within each 

compartment of CD44/62L gate in the spleen and bone marrow. Grey rectangle 

= PBS-treated, Blue = ŬCD3-treated. (*) indicates statistical significance, P value 

= 0.0241. (**) indicates statistical significance, P value < 0.01. (***) indicates 

statistical significance, P value < 0.001. (****) indicates statistical significance, 

P value < 0.0001. (N=3) Statistics performed using 2Way ANOVA.  

B. The percentage of TNFŬ-high CD8+ (left) and CD4+ (right) T cells within each 

compartment of CD44/62L gate in the spleen and bone marrow. Grey rectangle 

= PBS-treated, Blue = ŬCD3-treated. (**) indicates statistical significance, P 

value = 0.0012. (***) indicates statistical significance, P value = 0.0003. (****) 

indicates statistical significance, P value < 0.0001. (N=3) Statistics performed 

using 2Way ANOVA. 
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It was possible that the CD44-low/CD62L-low cells being stimulated as outlined 

above represented a population of cells that were transitioning into becoming CD44-high 

effector memory cells and downregulated CD62L, thereby confounding our results 50. To 

circumvent this, we sorted unactivated cells from the spleens of wild type B6 1x2 mice into 

the four populations of CD44/CD62L (Fig. 3.11A). After sorting, the respective 

populations were then stimulated with plate-bound anti-CD3 or left unstimulated with 

media as a control. Interestingly, we observed that the CD44-low/CD62-low population 

still produced IFNɔ and TNFŬ when stimulated. This was more apparent for the CD8+ T 

cells, which had sorted CD44-low/CD62L-low cells produce significant amounts of IFNɔ 

(p < 0.0001) and TNFŬ (p = 0.0007) compared to the non-stimulated controls (Fig 3.11B). 

In both cases, this was significantly higher than production of cytokines from Naïve CD8 

T cells, in which there was no significant IFNɔ production when stimulated, and a slight 

increase of TNFŬ (p = 0.0174). For the CD4+ T cells, there was a slight increase of the 

CD44-low/CD62L-low cells in IFNɔ and TNFŬ production when stimulated, though both 

cytokine productions were not statistically significant (Fig. 3.12C). Ultimately these 

results show that for the CD8+ T cells, the CD44-low/CD62L-low cells are a functionally 

significant group that can contribute to an inflammatory response. 
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Figure 3.11: Sorted CD44-low, CD62L-low cells are capable of producing IFNɔ and 

TNFŬ (Next 3 pages) 

A. Shown is the representative gating strategy for sorting T cells into 4 quadrants 

based on CD44 and CD62L expression. 

B. T cells from the spleens of WT B6 1x2 mice were sorted into 4 quadrants based 

on CD44/CD62L expression, as shown in Fig. S5. After sorting, each 

population was respectively stimulated with plate-bound anti-CD3 (stim) or left 

unstimulated by only adding T cell media (no stim). Cells were then harvested 

and stained for expression of IFNɔ and TNFŬ. (N=3) Shown are the 

percentages of CD8+, IFNɔ-hi cells. ** represents a p value = 0.0045, *** p 

value = 0.0002, **** p value <0.0001 and shown are the percentages of CD8+, 

TNFŬ-hi cells. * p value = 0.0174, *** p value = 0.0007, **** p value <0.0001. 

Statistics performed using a 2Way ANOVA.   

C. Shown are the percentages of CD8+, TNFŬ-hi cells. * p value = 0.0174, *** p 

value = 0.0007, **** p value <0.0001 and shown are the percentages of CD4+, 

TNFŬ-hi cells. * p value = 0.0323, *** p value = 0.0008. (N=3) Statistics 

performed using a 2Way ANOVA.  
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Figure 3.11 cont.  
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Figure 3.11 cont.  
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Figure 3.11 cont.  
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3.5: Summary of effects of FLT3L treatment on T cell homeostasis: 

 

In the above experiments, we have analyzed changes to the T cell compartment of 

an intact host with the exogenous administration of Flt3L. This is important, since most 

studies to date use lymphopenic or irradiated hosts to evaluate the consequences of Flt3L 

as an expander of DC and T cell populations 258,259. In intact hosts, Parajuli et al reported 

in 2001, that the use of Flt3L in intact mice resulted in an expansion of splenic CD11c+, 

and CD11b/c+ cells, which we recapitulate in our findings 259. In addition to our 

observations with DCs, we also find the expansion of HPCs in the bone marrow 

consistent with the idea that Flt3L plays an important role in acting as a differentiator and 

growth factor along the DC developmental pathway 270,271. Recent studies such as Lin et 

al (2021) have also highlighted this importance of exogenous Flt3L administration on the 

downstream lineage expansion of DCs and early DC progenitor populations 257. Our 

study not only corroborates certain important findings from that paper (namely the 

expansion of the myeloid progenitor population, particularly in the bone marrow), but 

attempts to explore these effects beyond the myeloid compartment. 

 One key focus was to examine any relational changes within the T cell 

compartment, particularly to memory T cells. The motivation for this work was hypothesis-

driven. Based on our studies on the role of self-peptides and related signaling on T cell 

homeostasis, we suggested that altering the abundance of overall antigen-presentation in 

vivo would augment memory T cell turnover or maintenance 244,272-274. While is it not 

possible to alter all self-peptides one at a time, we explored here the impact of a global 

regimen using Flt3L. If successful, this would be a viable way to perhaps change the 

turnover of memory T cells even in special circumstances such as latent HIV infection 273. 
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Interestingly we observe a small flux of memory-phenotype CD4+ and CD8+ T cells 

within a narrow subset but not an overall perturbation of the steady state. In addition to 

memory T cells, it is also important to consider shifts in the naïve T cell population, as 

these cells also derive some basal homeostatic signaling from interaction with spMHC 

275,276. Curiously, we observed a decrease in the proportion of naïve T cells with Flt3L in 

the CD4+ from the bone marrow. Because the number of T cells tabulated did not change 

with or without Flt3L, it is plausible that a compartmental shift in the bone marrow 

occurred, with a higher proportion becoming effector memory from the actual naïve 

compartment. Furthermore, actual differences in the clonality of naïve T cells should be 

considered, as several studies have addressed the relation between spMHC interaction and 

changes in the T cell repertoire 216,277. As a primer to evaluating this, we looked at the 

thymuses of mice that received Flt3L vs. PBS control, finding indeed that Flt3L induced 

an increase in CD11c+ and CD11b/c+ DC subsets (Fig. 3.12). Future work should examine 

any subsequent changes in T cell repertoire.  
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Figure 3.12: CD11b and CD11c subset changes with Flt3L administration in the 

thymuses of mice 

Day 1 post-IP injection results of the DC subsets as a percentage of MHC-II+ cells, 

shown from the thymus. Results are tabulated from two experiments (N=3/group, 

N=5/group) and normalized to the fold change of Flt3L-injected group/control group 

for each respective experiment. Grey rectangle = control group, Blue = Flt3L-injected 

group. (*) indicates statistical significance, P value = 0.0443, (**) indicates statistical 

significant, P value = 0.0038.  
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3.6: Flt3L treatment causes an observable shift in T cell CD44/CD62L subsets 

 

A significant change in our studies was in the CD44-low/CD62L-low population 

of cells, and a decrease in the bone marrow CD4+ central memory cells. The CD44-

low/CD62L-low population is a subset that has not received a lot of attention; though some 

reports have referred to them as ñdouble negativeò, their specific role is not clear 278,279. 

The functional characteristics of the CD44-low, CD62L-low T cell population, evaluated 

by cytokine production after ex vivo stimulation, revealed some intriguing features. First, 

we observed that even a brief in vitro stimulation resulted in an increase in the percentage 

of CD44-low, CD62L-low CD8+ T cells in both the spleen and the bone marrow, but for 

CD4+ T cells, we only observed a significant increase in the spleen, though in the bone 

marrow there was a visible increase in the proportion of these cells with Flt3L. 

Secondly, we found that these cells in the CD8+ population, upon anti-CD3 

stimulation, they were able to produce significant amounts of IFNɔ and TNFŬ, comparable 

to the production of effector memory cells, and much greater than naïve or central memory 

cells. This was in contrast to the major cell types producing these cytokine in the CD4+ T 

cell compartment with stimulation; while the splenic and bone marrow CD4+ CD44-

low/CD62L-low cells produced increased amounts of TNFŬ, the effector and central 

memory cells were the major IFNɔ producers. IFNɔ and TNFŬ are two important effector 

cytokines secreted by T cells typically requiring differentiation and T cell help 280,281. 

Particularly, it has been observed that CD8+ T cells with high CD44 expression generate 

high amounts of these cytokines, and corresponds with a robust inflammatory effector 

response 280,282. It was therefore curious that this population of CD44-low, CD62L-low 
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CD8+ T cells would also produce these cytokines in response to anti-CD3 stimulation. It 

is possible that we are observing a subset of CD8+ T cells that are transitioning into 

becoming effector memory cells, but have not upregulated CD44; nevertheless, in our 

experiments in which the cells were pre-sorted before plate-bound activation, there was 

still increased cytokine production of the CD8+ CD44-low/CD62L-low population. In 

studies characterizing human CD8+ T cell populations, there is a subset defined as TEMRA, 

which is identified as being CD45-RA+, CCR7-, qualities which distinguish it from other 

memory and naïve T cells, and yet this population also produces Th-1 cytokines 232,283. 

Perhaps the CD44-low CD62L-low population represents a TEMRA-like population of 

CD8+ T cells in mice.  

Furthermore, while writing this current manuscript, a study by Nakajima et al (June 

2021) was published elaborating the relevance of CD44-low, CD62L- CD8+ T cells 284. In 

their work, they describe this population as being important cells with effector-like 

properties, particularly in the rejection of tumors. We have shown in our studies data 

consistent with this finding, namely that more IFNɔ was produced by CD44-low CD8+ T 

cells, than even the CD44-hi population. Nakajima et al also found that this double-low 

population of cells seemed to arise from the naïve subset (CD44-low, CD62L+), and 

eventually transition into effector memory cells (CD44/CD62L-hi). This appears to 

synergize with our data shown in Fig. 3.9B, where, at least for the spleen, there is a seeming 

shift from the naïve compartment into the double-negative compartment. Finally, Nakajima 

et al found that the induction of this double negative population was impaired in aged mice, 

but could be recovered by increased exposure to nonself antigen. Our present study 

complements these findings in several ways: 1) we have identified that these double 
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negative cells are capable of producing effector cytokines, and 2) the use of Flt3L should 

increase major antigen presenting cells, which would theoretically boost access to both self 

and nonself pMHC complexes. Although our model did not involve exposure of antigen in 

addition to exogenous Flt3L, it is possible that existing self-pMHC complexes have an 

important role in at least transiently boosting this double negative population.   

We also observed a transient increase in the surface expression of KLRG1 and 

CD25 on CD8+ T cells in the bone marrow of mice that received Flt3L. KLRG1 and CD25 

are both activation markers involved in homing and responsiveness to IL-2 respectively. 

The specific relationship to FLT3L here needs further study. While we equate this to a 

consequence of transient increase in endogenous antigen presentation, tying these to DC 

and MHC will require future studies ablating these. In an intact animal such perturbations 

are hard to achieve (since DC ablation by DT-based systems of MHC-deletion by Cre-Lox 

approaches, all have impacts on the overall milieu). We also highlight the acute nature of 

our findings. The administration of Flt3L to the mice was done for 4 days; while other 

studies have extended this duration of injection, we found that our minimum duration of 

Flt3L injection could still elicit an increase in DC and DC progenitor populations. Acute 

effects on T cell populations warrant attention; a recent study by Moreews et al found a 

transient increase in a population of activated T cells associated with cases of the SARS-

CoV2-associated Multisystem Inflammatory Syndrome in Children (MISC) 285. In our 

study, it is unclear if continuing the Flt3L treatment would indeed result in more extended 

effect on T cells. Previous work from Brasel et al (1996) at the same dose of Flt3L we used 

(10ɛg), the authors found that after 3 days of treatment, the number of progenitors in the 

bone marrow reached a maximal expansion amount 286. Further work into evaluating the 
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in vivo half-life and kinetic impact of exogenous Flt3L should be performed.  

In sum, we report in this study a new examination of T cell compartmental shifts 

due to corresponding changes in APCs. We find that although the size of CD4+ and CD8+ 

T cells themselves did not change numerically, there were several functional phenotypic 

shifts both in frequency of memory subsets, and in expression of surface receptors. We 

have also demonstrated that an observed increase in CD44-low, CD62L-low T cells may 

be important in the context of inflammatory cytokine production. In addition to providing 

data on the healthy-state homeostasis of T cells, we hope to add to the growing literature 

on the use of Flt3L and similar APC-influencing tools in cancer therapy and vaccine 

development.  
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Chapter 4: Tonic signaling by spMHC sets the levels of pLAT in 

the steady state 
 

4.1: spMHC interactions are vital to the maintenance of tonic proximal TCR 

signaling: 
 

 Globally increasing spMHC access through the use of exogenous APC-expanding 

agents, such as Flt3L, caused a transient, yet observable change in the phenotype of 

CD4+ and CD8+ T cells. An alternative method of approaching the role and importance 

of spMHC interactions on shaping the fate and function of T cells would be to ask the 

corollary question: what are the consequences of disrupting the ability of mature T cells 

to interact with spMHC in the periphery?  

 Our focus is largely on understanding the spMHC interaction with CD4+ T cells, 

and therefore our aim was to disrupt the engagement with self-peptide presented on 

MHC-II. Studying the disruption of mature T cell-MHC-II interaction presents a few 

challenges. For example, simply knocking out MHC-II in a mouse model typically results 

in a failure of CD4+ T cells to develop and mature 287,288. In fact, in humans, this presents 

as a condition termed ñBare Lymphocyte Syndrome,ò in which defects in class II MHC 

complexes results in severely impaired mature T and B cell immune development and 

response, respectively 289,290.  

 Researchers have studied the effects of mature CD4+ T cells in an MHC-II 

deficient environment in several ways. One method relies on adoptively transferring 

CD4+ T cells into a host mouse that is MHC-II deficientðthis technique has led to a 
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wide array of findings. Clarke et al (2000) found that when naïve CD4+ T cells and 

CD8+ T cells were co-transferred into an MHC-II -deficient host, CD4+ T cells had worse 

overall survival. However, when Clarke et al then transferred the CD4+ T cells into a 

host with a significantly limited self-peptide repertoire (H-2 MŬKO mice), they did not 

notice any impact on survival, but they did see an initial impact on resulting homeostatic 

proliferation 276. This finding that MHC-II presence--and particularly the ability to 

recognize positively selecting self-peptides--impacts peripheral CD4+ T cell homeostatic 

proliferation has been reported in several studies 213,214. Another group (Polic et al, 2001) 

took a different approach, by designing a system where the TCRŬ constant region was 

inducibly deleted on T cells via a Cre-recombinase system 291. In this system, naïve 

CD4+ TCR- T cells decayed at almost 2x the rate as CD4+ TCR+ counterparts 291.  

 Stefanova et al (2002) examined the importance of spMHC recognition by CD4+ 

T cells through several technical means. First, they generated an experimental model in 

which they isolated T cells from mice and placed them in culture without APCs at 37oC 

195. Interestingly, within 15-30 minutes of culture, they observed a decrease in proximal 

signaling, specifically with phosphorylation of the p21 subunit of CD3ɕ (Fig. 4.1A) 195. 

Furthermore, when cultured T cells were re-introduced to APCs with foreign antigen 

(PCC), they underwent less responsive cell division compared to freshly isolated T cell 

controls (Fig. 4.1B) 195. These results were consistent for both TCR transgenic models 

(5C.C7) as well as polyclonal populations.  
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Figure 4.1: T cells cultured without APCs experience decrease in CD3ɕ 

phosphorylation and responsiveness to foreign antigen 

A. 5C.C7 T cells were cultured without APCs at 37o for up to 30 minutes, after 

which they were immunoprecipitated using an antibody against ZAP70. The 

staining for the p21 subunit of CD3ɕ decreases over time, whereas the total 

ZAP70 levels remain constant.  

B. 5C.C7 T cells cultured for 30 minutes vs. freshly isolated were incubated with 

APCs presenting varying concentrations of the agonist PCC and measured for 

cell division after 1 hour via 3H Thymidine incorporation. Y axis is ñcounts per 

minuteò (CPM).    

Figure adapted and modified from 195.  
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 Stefanova et al then extended these findings in vivo, through blockade of MHC-II 

via injection of a monoclonal antibody (anti-I-Ab), which showed the same basic findings 

as the in vitro experimentsða loss of proximal T cell signaling as well as decreased 

responsiveness--although their ability to increase CD69 and cell size blasting was 

maintained 195. They also observed that T cells in the blood, which have a physiologically 

lowered contact time with APCs compared to those from lymphoid tissues had a decrease 

in signaling and responsiveness as well 195.  

 Many other groups have studied the reliance of mature CD4+ T cells on spMHC 

interaction, and several of these studies were highlighted previously in the Introduction 

chapter. A benefit of studies that globally decrease spMHC interaction is that reliance on 

a specific TCR with a known agonist/endogenous peptide is not needed. Our work seeks 

to expand on these foundational findingsðwhat other parameters change within a naïve 

T cell in the absence of spMHC engagement? Studying this question has important 

implications, not just in the study of endogenous peptide signaling, but because various 

new clinical anti-tumor therapies rely on ex vivo or in vitro stimulation of T cells. For 

example, Chimeric Antigen Receptor T cell (CAR-T) therapy involves the isolation of T 

cells from patient-derived peripheral mononuclear cells (PBMCs) from the blood and are 

eventually re-activated in vitro using antibodies (anti-CD3/anti-CD28) (Fig. 4.2) 292.  
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Figure 4.2: Chimeric Antigen Receptor T cell Therapy preparation pipeline 

T cells are isolated from PBMCs derived from donor patient blood, after which T cells 

are activated (typically with anti-CD3/CD28), expanded, and transduced with a viral 

ñCARò vector containing a receptor specific for cancer antigen. These engineered cells 

are expanded and transfused into patients after they undergo lymphodepletion.  

Figure adapted from 292 
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 However, as illustrated from the findings from Stefanova et al, T cells isolated 

from the blood, which have less contact time with APCs in vivo, have striking signaling 

and proliferative defects compared to those isolated from the lymph nodes. Furthermore, 

if the T cells were isolated and cultured before expansion with anti-CD3/CD28, in the 

absence of APCs with spMHC, perhaps this instills a weaker signaling course that 

persists despite subsequent presentation with foreign antigen. Therefore further 

understanding of the consequences of spMHC deprivation yields basic science and 

clinical applications.  

 

 

 

 

 

 

 

 

 

 

 



155 
 

4.2: MHC-II complexes can be successfully depleted through magnetic selection 

 

 To explore the context of intracellular signaling once T cells had been removed 

from APC contact, we isolated T cells from the lymph nodes of 5C.C7 mice, and purified 

them via Ficoll gradient and negative selection to remove any APCs (Fig. 4.3A). This 

method allowed us to successfully the majority of any MHC-II+ cells from our isolated 

lymph node cells, as illustrated by Fig. 4.3B (p < 0.0001).  
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Figure 4.3: 5C.C7 T cell signaling in the absence of MHC-II  

A. 5C.C7 T cells were isolated from the lymph nodes and purified using a Ficoll 

gradient. After the Ficoll gradient, cells were cultured with biotinylated 

antibodies against CD11b and MHC-II (I -E/I-A). After 15 minutes of 

incubation, cells were suspended with magnetic streptavidin coated beads for 

20 minutes, and then the supernatant was collected after the tubes were placed 

on a magnetic column, leaving all CD11b+ and MHC-II (I -E/I-A)+ cells 

attached to the tube. Samples taken from before this selection (pre-negative 

selection) and after (post-negative selection) were analyzed on flow for the 

efficiency of the selection process.  

B. Analysis of 7 separate biological replicates in which 5C.C7 cells form the 

lymph node underwent the preparation outlined in A and the percentage of 

MHC-II+ cells were quantified via flow cytometry. Analysis was performed 

using an unpaired T test. P < 0.0001.  
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4.3: Extended APC deprivation from T cells results in decrease of pLAT Y171 

 

For the first experiment, we wanted to compare how different durations of 

removing T cells from MHC-II and culturing them at 37oC would impact signaling, and if 

there was potential for recovery of signaling if the T cells were re-introduced to APCs in 

culture. We refer to the MHC-II -deprived+cultured T cells as ñrestedò T cells, and MHC-

II -deprived T cells kept on ice as ñunrested.ò 5C.C7 T cells were rested for either 1 or 4 

hours, after which some were fixed immediately, while others were re-introduced to 

APCs for 30 minutes, 1 hour, 2 hours, or 2 hours + the agonist MCC. After this, we 

looked at signaling via phospho-flow cytometry, particularly the phosphorylation of the 

scaffolding molecule LAT (Y171), which has not been examined in this context before 

(Fig. 4.4A). Both the 1 and 4 hour rested T cells had interestingly a higher pLAT Y171 

when fixed immediately compared the wells re-cultured with APCs (without MCC), 

though this is potentially a byproduct of there being no APCs, and subsequently the 

relative staining of pLAT Y171 was brighter. Regardless, from 30 minutes to 2 hours, 

both the 1 and 4 hour rested cells did not appear to have any change in pLAT, except for 

the condition where antigen was added for 2 hoursðthis generated a tremendous increase 

in pLAT-Y171, though the increase was greater for 1 hour vs 4 hour rested T cells (Fig. 

4.4B). Interestingly though, through both the dot plots (Fig. 4.4A) and examining the 

total pLAT gMFI (Fig. 4.4C), there was a population of pLAT-low cells that emerged 

with increased initial resting time. 1 hour of rested 5C.C7 T cells had fewer of these 

pLAT-low cells at the onset, though even adding them to culture with APCs did not 

prevent the emergence of the pLAT-low population over time (Fig. 4.4D). Collectively, 
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these results indicated that resting T cells away from APCs caused an emergence of a 

pLAT-low population, even in the presence of APCs and antigen.  
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Figure 4.4: 1 hour vs. 4 hours of 5C.C7 Resting and Reculturing with APCs (Next 

2 Pages) 

A. Dot plots from flow cytometry illustrating Rested 5C.C7 T cells for 1 hour (top) 

or 4 hours (bottom) in the absence of APCs, after which they were recultured 

with APCs for 30 minutes, 1 hour, 2 hours, or 2 hours with 1ɛM MCC. Cells 

were then fixed and prepped for flow cytometry. Number bolded in top right 

quadrant of gate indicates the percentage of Vɓ3+/pLAT-Y171+ cells. N=1 

B. The percentage of pLAT-Y171-hi cells as measured by the gating illustrated in 

A over time. (N=1) 

C. The total gMFI of pLAT of rested (1 hour vs. 4 hour) 5C.C7 cells over time. 

(N=1) 

D. Gating on the pLAT-Y171-low population (right) was performed and quantified 

across the time points for 1 hour and 4 hour rested 5C.C7 T cells. 
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Figure 4.4 cont.  

 

 

 
 

 

 

 

 

 



161 
 

Figure 4.4 cont.  
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 Since we saw this effect from 30 minutes through 2 hours of culture, and pLAT-

Y171 is a relatively proximal signaling molecule, we decided to look at earlier times of 

APC reculturing (1 minute, 5 minutes, and 15 minutes) in addition to the later times. 

Interestingly, for these earlier time points, the 4 hour rested cells displayed a greater drop 

in pLAT Y171-hi cells compared to the 1 hour rested cells, though both levels became 

comparable by 30 minutes of reculturing with APCs (Fig. 4.5A). This was similarly 

reflected in the total pLAT-Y171 gMFI (Fig. 4.5B). In both these metrics, adding MCC 

to culture resulted in greater pLAT-Y171 for the 1 hour rested vs. the 4 hour rested cells. 

When looking at the percentage of pLAT-Y171-low cells again, the 1 hour rested 5C.C7s 

had consistently lower levels of this population compared to the 4 hour rested cells (Fig. 

4.5C). It is also worth noting that the presence of antigen did not impact the proportion of 

pLAT-Y171-low cells for either the 1 hour rested or 4 hour rested 5C.C7 cells. Overall, 

these results corroborate our earlier findings, that resting T cells for extended periods of 

time seems to lower the amount of signaling as measured by pLAT.  
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Figure 4.5: 1 hour vs. 4 hours of 5C.C7 Resting and Reculturing with APCs at 

earlier time points  

A. The percentage of pLAT-Y171-hi cells over time (1 minute, 5 minutes, 15 

minutes, 30 minutes, 1 hour, 2 hours, 2 hours with 1ɛM MCC) for 5C.C7 T 

cells rested for 1 hour vs. 4 hours. (N=1) 

B. The total gMFI of pLAT of rested (1 hour vs. 4 hour) 5C.C7 cells over time. 

(N=1) 

C. Gating on the pLAT-Y171-low population was performed and quantified across 

the time points for 1 hour and 4 hour rested 5C.C7 T cells. (N=1) 
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4.4: Unrested 5C.C7 T cells have higher basal pLAT Y171 and Y226 compared to 

rested cells which is dependent on contact with matched APCs 

 

 The above experiments focused on trying to rescue the loss of signaling with 

reculturing with APCs. The APCs we chose to reculture with for 5C.C7 T cells were the 

CD3ŮKO splenocytes that were I-Ek and could be recognized by 5C.C7 T cells. However, 

there was a chance that the addition of these cells could be preventing an even more 

drastic loss of signaling, and having some effect. Therefore, we performed a similar 

experiment of resting T cells, though this time we recultured with either CD3ŮKO 

splenocytes, or splenocytes from I-Ab TCRŬɓKO mice which should not be recognized 

by 5C.C7 T cells (mismatched). The resting was performed for 1 hour, since for both 1 

hour and 4 hour we saw a decrease in pLAT 171 expression over time, and this was 

compared to unrested cells that remained on ice until reculturing with APCs. Looking at 

pLAT-Y171-hi cells (Fig. 4.6A), several key observations emerged. Firstly, the T cells 

that were not rested had a higher baseline amount of pLAT 171 compared to those that 

were rested for 1 hour. Secondly, 5C.C7 T cells recultured with CD3ŮKO APCs had 

higher amounts of pLAT Y171 compared to those recultured with TCRŬɓKO APCs. 

Lastly, MCC addition for 2 hours of culture appeared to increase the levels of pLAT for 

both rested and unrested T cells, but only with CD3ŮKO APCs, which makes sense as it 

should not be presented on I-Ab
. These same patterns were apparent when looking at 

pLAT Y171 total gMFI (Fig. 4.6B). Furthermore, the pLAT Y171-low cells were 

greatest for the rested T cells recultured with mismatched APCs, and both rested and not 

rested T cells had fewer pLAT Y171-low cells when recultured with CD3ŮKO APCs 

(Fig. 4.6C). Thus, these results show us: 1) resting T cells have lower pLAT-Y171 
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compared to unrested, and 2) reculturing with appropriately matched APCs can delay full 

signal attenuation compared to mismatched APCs.  
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Figure 4.6: 5C.C7 Resting vs. Not Resting and Reculturing with matched or 

mismatched APCs (Next Page) 

A. The percentage of pLAT-Y171-hi cells over time (1 minute, 5 minutes, 15 

minutes, 2 hours, 2 hours with 1ɛM MCC) for 5C.C7 T cells rested for 1 hour 

or unrested, and then recultured with CD3ŮKO or TCRŬɓKO APCs. (N=2) 

B. The total gMFI of pLAT of rested vs. unrested 5C.C7 cells over time recultured 

with either CD3ŮKO or TCRŬɓKO APCs. (N=2) 

C. Gating on the pLAT-Y171-low population was performed and quantified across 

the time points for rested vs. unrested 5C.C7 cells over time recultured with 

either CD3ŮKO or TCRŬɓKO APCs. (N=2) 
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 In addition to looking at pLAT Y171, we also examined changes in pLAT Y226, 

which is necessary for cooperative PLCɔ recruitment, as well as recruitment of Grb2, 

Gads, and Grb2-related adapter protein (Grap) 41. For this analysis, we observed a similar 

pattern of pLAT Y226-hi cells as Y171, with the unrested Ą CD3ŮKO group having the 

highest basal and continuous level of pLAT (Fig. 4.7A). However, unlike Y171, the 

unrested Ą TCRŬɓKO had a comparably low amount of pLAT as the rested group. This 

was more evident when examining the total pLAT Y226 gMFI (Fig. 4.7B), with both 

rested and unrested cells recultured with TCRŬɓKO APCs having lower pLAT Y226 

gMFI compared to those that were recultured with matched CD3ŮKO APCs. 

Interestingly, there was no emergent pLAT Y226-low population for analysis, perhaps 

indicating that this site has less basal phosphorylation compared to Y171, and therefore 

there is no drastic shift. Alternatively, it is possible that the opposite is true, that this site 

is more stably phosphorylated, and that 1 hour of rested time is not sufficient for its 

dephosphorylation.  
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Figure 4.7: 5C.C7 Resting vs. Not Resting and Reculturing with matched or 

mismatched APCs, pLAT -Y226 

A. The percentage of pLAT-Y226-hi cells over time (1 minute, 5 minutes, 15 

minutes, 2 hours, 2 hours with 1ɛM MCC) for 5C.C7 T cells rested for 1 hour 

or unrested, and then recultured with CD3ŮKO or TCRŬɓKO APCs. (N=2) 

B. The total gMFI of pLAT Y226 of rested vs. unrested 5C.C7 cells over time 

recultured with either CD3ŮKO or TCRŬɓKO APCs. (N=2) 
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4.5: Resting vs. unresting pLAT effects are extendable to the SMARTA TCR 

model but little effect of matched vs. unmatched APCs 

 

 To validate our findings, we next decided to do the reverse experiment, in which 

SMARTA T cells were isolated, rested or unrested, and recultured with its matched APC, 

the I-Ab APCs from TCRŬɓKO mice. Unfortunately, we were unable to use the 

SMARTA antigen (LCMV-GP61-80) as our 2-hour antigen restimulation, so we used anti-

CD3 (10ɛg/ml) spiked into culture. As seen in Fig. 4.8A+B, the rested cells had lower 

pLAT Y171-hi cells and total pLAT Y171 gMFI than the unrested. However, 

unexpectedly the ones cultured initially with the mismatched CD3ŮKO APCs had slightly 

higher levels of pLAT Y171 than the other conditions. The corollary to this was also 

observed when looking at the percentage of pLAT Y171-low cells (Fig. 4.8C). These 

differences appear to be a little narrower compared to the 5C.C7 data, and it is possible 

that the rescue effect for SMARTA cells by just reculturing with APCs is inherently 

different from 5C.C7s with CD3ŮKO APCsðperhaps the amount of endogenous peptide 

present on the TCRŬɓKO splenocytes is lower in concentration than that on CD3ŮKO.  
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Figure 4.8: SMARTA Resting vs. Not Resting and Reculturing with matched or 

mismatched APCs, pLAT-Y171 (Next Page) 

A. The percentage of pLAT-Y171-hi cells over time (1 minute, 5 minutes, 15 

minutes, 2 hours, 2 hours with 10ɛg anti-CD3) for SMARTA T cells rested for 

1 hour or unrested, and then recultured with CD3ŮKO or TCRŬɓKO APCs. 

(N=2) 

B. The total gMFI of pLAT Y171 of rested vs. unrested SMARTA cells over time 

recultured with either CD3ŮKO or TCRŬɓKO APCs. (N=2) 

C. Gating on the pLAT-Y171-low population was performed and quantified across 

the time points for rested vs. unrested SMARTA cells over time recultured with 

either CD3ŮKO or TCRŬɓKO APCs. (N=2) 
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 We also examined the pLAT Y226 for this SMARTA experiment. Interestingly, 

there did not appear to be any basal differences in the amount of pLAT Y226-hi cells 

between any of the conditions, but the 2-hour condition with anti-CD3 stimulation 

resulted in slightly more pLAT Y226-hi cells with the matched TCRŬɓKO APCs (Fig. 

4.9A). This was not as evident when looking at the total pLAT Y226 expression (Fig. 

4.9B), where the biggest determinant for high pLAT Y226 expression was not resting vs. 

resting the T cells, rather than the matching of the APCs in culture. Similar to the 

experiments with the 5C.C7s, it was not possible to gate on pLAT Y226-low cells for the 

SMARTAs, as there didnôt appear to be a distinct population.  
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Figure 4.9: SMARTA Resting vs. Not Resting and Reculturing with matched or 

mismatched APCs, pLAT-Y226 

A. The percentage of pLAT-Y226-hi cells over time (1 minute, 5 minutes, 15 

minutes, 2 hours, 2 hours with 10ɛg anti-CD3) for SMARTA T cells rested for 

1 hour or unrested, and then recultured with CD3ŮKO or TCRŬɓKO APCs. 

(N=2) 

B. The total gMFI of pLAT Y226 of rested vs. unrested SMARTA cells over time 

recultured with either CD3ŮKO or TCRŬɓKO APCs. (N=2) 
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4.6: Rested vs unrested 5C.C7 T cells, without re-introduction of APCs, have 

significant changes in amount of pLAT Y171 

 

 Our experiments thus far have focused on resting (or not resting) T cells and 

reculturing with matched or unmatched APCs. Our results indicate that with resting 

comes a loss of pLAT Y171 and Y226, though it is unclear what role reculturing with 

APCs has on diminishing this effect. For 5C.C7s, it did appear that reculturing with the 

appropriate APCs (CD3ŮKO) resulted in less decrease of LAT phosphorylation than if 

they were recultured with the mismatched TCRŬɓKO APCs. However, this did not 

appear to be as straightforward for the SMARTA T cells, which did not show this effect, 

and the cells were not rescued by matched TCRŬɓKO APCs. However, as we discussed, 

it is possible that there are intrinsic differences between the levels of endogenous 

peptides present on CD3ŮKO vs. TCRŬɓKO APCs. It should also be noted that for the 

SMARTA experiment, the stain for pLAT Y171 and Y226 was done simultaneously, as 

opposed to using the same batch of unstained cells to separately stain for the 

phosphorylation sites. This could have had a blunting effect on the intensity of staining 

for the SMARTA experiment, because these sites are relatively close together and there 

may be steric hindrance of antibody binding.   

 One observation we repeatedly found were differences in LAT phosphorylation 

between rested and unrested cells without reintroduction to any APCs. For these 

experimental scenarios, T cells were isolated and purified with Ficoll and negative 

selection, after which some were cultured for 1 hour without APCs, and others were kept 

on ice. Instead of reculturing with APCs, the cells were now simply fixed and prepped for 

phospho-flow cytometry. As illustrated in Fig. 4.10A, 5C.C7 T cells rested away from 
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APCs had a lower amount of pLAT Y171-hi cells, as well as decreased expression of 

pLAT Y171 compared to those not rested. This was also quantified over several 

biological replicates with the unrested normalized to the rested for both the percentage of 

pLAT Y171-hi cells (p = 0.0327) and pLAT Y171 gMFI (p < 0.0001) (Fig. 4.10B).  
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Figure 4.10: 5C.C7 Resting vs. Not Resting pLAT Y171  

A. Example of 5C.C7 rested (1 hour) vs. non rested T cells and pLAT Y171. (Left) 

representative dot plots gated on 5C.C7 cells looking at Vɓ3 expression and 

pLAT Y171. (Right) representative histograms of the rested (red) vs. non rested 

cells (blue), pLAT gMFI on the X axis.  

B. (Left) Percentage of pLAT Y171-hi cells of the unrested normalized to the 

rested cells. (Right) gMFI of pLAT Y171 of the unrested normalized to the 

rested cells. Analyses performed using unpaired T tests. (N=6) 
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4.7: Decrease of pLAT Y171 found in rested SMARTA and polyclonal cells, no 

difference in total LAT or NFəB 

 

With the novel finding that pLAT Y171 in 5C.C7 T cells with just one hour, we 

next sought to validate if this was a specific finding in the 5C.C7 transgenic system, or if 

these findings were extended to other T cells. We isolated T cells from SMARTA lymph 

nodes and repeated the 1 hour rested vs. unrested test (Fig. 4.11A). When normalizing the 

unrested to the rested cells for pLAT Y171 gMFI, the unrested once again appeared to 

have a significantly higher pLAT Y171 surface expression (p < 0.0001). We repeated this 

again with polyclonal cells from B10.A CD45.1x2, and once again found the same 

resultðthat the gMFI of the unrested cells for pLAT Y171 was significantly (p = 0.0011) 

higher and decreased with resting for 1 hour (Fig. 4.11B). With the polyclonal cells, we 

also explored whether specifically the phosphorylation of LAT was decreased with 1 

hour of resting, or if there was an actual decrease of the LAT protein itself. No change in 

LAT protein expression was observed between the rested and unrested polyclonal T cells 

(Fig. 4.11C). We additionally looked at a molecule downstream of TCR signaling, 

NFəB, to see if there were any differences in the amount of this protein during 1 hour of 

resting vs. unresting, and found that similar to total LAT protein, there was no significant 

difference (Fig. 4.11D).  
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Figure 4.11: SMARTA and Polyclonal Resting vs. Not Resting pLAT Y171  

A. gMFI of pLAT Y171 of the unrested normalized to the rested SMARTA cells. 

Analyses performed using unpaired T tests. (N=3) 

B. gMFI of pLAT Y171 of the unrested normalized to the rested B10.A 1x2 cells. 

Analyses performed using unpaired T tests. (N=3) 

C. gMFI of LAT of the unrested normalized to the rested B10.A 1x2 cells. 

Analyses performed using unpaired T tests. (N=3) 

D. gMFI of NFəB of the unrested normalized to the rested B10.A 1x2 cells. 
Analyses performed using unpaired T tests. (N=3) 
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4.8: T cells from blood have decreased pLAT Y171 compared to those from 

lymph nodes 

 

Similar to the Stefanova et al (2003) paper, we wanted to see if the decrease in 

signaling via MHC-II deprivation was represented physiologically between T cells that 

came from the lymph nodes and potentially contacted MHC-II, versus those that were 

circulating in blood and likely had little sustained contact with APCs. To do this, we 

isolated and purified T cells from the lymph nodes of 5C.C7 mice and compared the 

phosphorylation of LAT Y171 cells to T cells harvested from the blood of the same mice. 

As illustrated in Fig. 4.12A, there did appear to be a decrease in the percentage of pLAT 

Y171-hi cells in the blood compared to the LNs. Though, there is a technical 

consideration, as mentioned earlier, that T cells alone (which numbered ~250,000 

cells/condition) stained brighter for pLAT Y171 compared to T cells with >10-fold 

APCs. An example of this is shown in Fig. 4.12B with cells from 5C.C7 lymph nodes 

(from the same mouse in Fig. 4.12A) containing 5*10^6 fixed APCs spiked into before 

stain. The addition of APCs caused a clear drop in pLAT Y171. Therefore, because the 

cells from the blood did not undergo negative selection, it is possible that the decrease we 

observe was merely a product of higher background. Though it does appear that the 

blood, similar to the lymph node cells without APCs, contains two distinct populations of 

pLAT Y171-hi vs. low cells. Future experiments should attempt to collect more T cells 

from the blood, and isolate them the same as for lymph nodes via negative selection.   
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Figure 4.12: Differences in basal pLAT Y171 levels in the Lymph Nodes vs. Blood 

A. T cells were isolated from the lymph nodes and blood of 5C.C7 mice. For the 

isolation of T cells from the lymph nodes, the lymph nodes were harvested, 

crushed into a single cell suspension, Ficolled, and purified via negative 

selection. For the blood, the mice were anesthetized using Avertin 

intraperitoneally, after which they underwent Cardiac Puncture to acquire ~1ml 

of fresh blood. The blood for this experiment was processed using Ack Red 

Blood Cell lysis buffer, and Ficoll. Both the cells from the lymph node and 

blood were stained with the same amount of antibodies for flow cytometry. 

Shown is the gating for pLAT Y171-hi, Vɓ3+ cells once gated on 5C.C7 cells 

(CD4+, Vɓ3+).    

B. 5C.C7 T cells from the lymph nodes were prepared as in A. Splenocytes from 

CD3ŮKO mice were isolated and added to cells from the 5C.C7 lymph nodes 

once both groups of cells were fixed with 1.5% paraformaldehyde.  
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4.9: Mixed results with cellular proliferation capacity for rested vs. unrested T 

cells 

 

 Finally, based on our earlier results, it appeared that rested cells responded 

slightly worse to antigen when recultured with APCs than unrested cellsðthis was 

measured by examining the specific site of signaling at pLAT Y171 or Y226 (as in Fig. 

4.6 and 4.7). To examine a more basic effect intrinsic to T cell activationðcellular 

proliferation--after resting or not resting 5C.C7 T cells isolated from the lymph node 

were stained with CFSE and recultured with APCs from CD3ŮKO mice in the presence 

or absence of 1ɛM MCC. After 72 hours, cells were harvested and analyzed via flow 

cytometry. As illustrated in Fig. 4.13A, rested 5C.C7 cells had higher CFSE fluorescence 

after MCC compared to unrested cells, which could illustrate greater proliferative 

capacity of the unrested group. However, it also appeared that the baseline no peptide 

group was also higher for the rested cells compared to unrested. Therefore, accounting 

for this by using the ȹCFSE gMFI for each condition, it appeared that the rested cells had 

a ȹCFSE of 11319, whereas the unrested had a ȹCFSE of 8260ðthis illustrates a larger 

decrease in gMFI in the rested group vs. the unrested, contrary to what was originally 

expected. This was also corroborated by using the Proliferation Indexing tool on the 

software FlowJo, which uses the unstimulated population to measure the undivided cells, 

and analyze relative lower fluorescence peaks to determine the amount of proliferation 

that occurred. By this analysis (Fig. 4.13B), we again saw that the rested cells had a 

higher proliferation index (2.06) compared to unrested (1.60).  
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Figure 4.13: Rested vs. Unrested 5C.C7 Proliferation  

A. T cells were isolated from the lymph nodes and blood of 5C.C7 mice. For the 

isolation of T cells from the lymph nodes, the lymph nodes were harvested, 

crushed into a single cell suspension, Ficolled, and purified via negative 

selection. Cells from the lymph node were rested or unrested for 1 hour, and 

stained with CFSE and cultured with or without 1ɛM MCC in the presence of 

CD3ŮKO splenocytes. After 72 hours, the cells were harvested and analyzed via 

flow cytometry.  

B. Same experimental setup as in A, this time FlowJo software was used to 

generate a proliferation index by setting the undivided as the ñNo Peptideò from 

the unrested or the rested groups respectively.  
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4.10: Summary of the signaling impact of spMHC-TCR engagement in resting T 

cells in vitro and in vivo: 

 

 In this chapter, we have shown evidence from several experiments that disrupting 

the spMHC-TCR engagement can result in a decrease in intracellular signaling, namely 

in the site of pLAT Y171. The major technical setup involved isolating T cells from the 

lymph nodes of multiple strains of mice (5C.C7, SMARTA, B10.A 1x2) purifying the 

cells via Ficoll to remove dead cells and red blood cells, and negatively selecting T cells 

by removing CD11b+/MHC-II+ cells. With this APC-free collection of T cells, we 

demonstrated that culturing these cells for as little as 1 hour (i.e., resting) significantly 

reduced the level of pLAT Y171 and Y226, and that for 5C.C7 T cells (for which we had 

available agonist peptide), rested cells did not generate as much pLAT Y171 with MCC 

compared to unrested. Interestingly, this was the opposite case when looking at cellular 

proliferation, in which the rested cells appeared to have a higher proliferation index 

compared to unrested. However, for that experiment, there are several caveats: 1) there 

was only one biological replicate, and it is possible that this is not representative of an 

actual pattern between resting and not resting. 2) Although we chose 72 hours as the end 

point for CFSE readout, the peaks were not quite as distinct as typical for this assay, 

making the proliferation indexing tool on FlowJo slightly less reliable. Therefore, we 

propose on repeats of this experiment setting up harvest points at multiple earlier times, 

to allow us to visualize differences in the dividing cells more accurately over time.   

Unlike pLAT Y171 and Y226, levels of total LAT remained unchanged, 

indicating this was not a decrease in the actual protein, rather a specific decrease in 

phosphorylation with increased resting away from APCs. Furthermore, when we looked 
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at another signaling molecule downstream, NFəB, its levels also appeared constant with 

resting or unresting. While these results are novel, they are merely the ñtipò of potential 

signaling explorationsðfurther analyses should be performed to isolate what basal 

signaling machinery exists, and is subsequently diminished in the absence of APCs and 

spMHC. One extension of these experiments that we began to explore was to extend 

these results in vivoðwhile we are still optimizing the appropriate conditions for 

staining, we plan to perform 2 major in vivo experiments: 1) adoptively transfer rested or 

unrested T cells into an intact animal and determine if levels of signaling are non-

rescuable (as we observed in vitro). Having endogenous T cells in the host animal present 

would also provide a control comparison to examine transferred rested/unrested T cells 

and their relative signaling capacities. 2) adoptively transfer T cells into a WT animal that 

has been treated with blocking antibody against MHC-II. This is the equivalent of 

generating an in vivo ñrestingò scenario. In our preliminary experiments, we are still 

optimizing the correct timing and dosage of the blocking antibody injections.  

Previous reports had shown that rested cells had a decrease in basal CD3ɕ-p21 

chain 195. This p21 site has been characterized as being constitutively phosphorylated, 

even in unactivated T cells, and that this phosphorylation results in some (although weak) 

recruitment of Zap70 293. By this logic, it would appear that our observation of decreased 

signaling at the level of pLAT is a byproduct of decreased initial CD3 p21ɕ signaling, 

and subsequently, less basal phosphorylated Zap70. However, from early studies 

evaluating this constitutively phosphorylated p21 site, the story is more complex. Van 

Oers et al (1994) demonstrated that not only is the Zap70 that binds to basally 

phosphorylated p21 not fully phosphorylated itself, but it only represents a fraction of the 
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available Zap70 within a T cellðthis is predicted to change during robust TCR 

activation, with greater Zap70 phosphorylation and recruitment to both the p21 and p23 

components of CD3ɕ 293. Because the ITAMs of CD3 are mostly phosphorylated by Lck, 

and Lck is also responsible for phosphorylating other proximal molecules such as Zap70, 

it is possible that the signal we observe via pLAT is not directly related to the basal 

phosphorylation of p21, and a byproduct of some low levels of Lck activity 294.  

Lastly, it appeared that there was some decrease in signaling between T cells that 

were isolated from the lymph nodes of mice versus the blood, validating previous 

findings from Stefanova et al 195. Since we only had one replicate of this experiment, we 

aim to repeat this, and in the process try to eliminate more of the potential technical 

problems with pLAT staining and high background from cellsðto work around this, we 

recommend multiple rounds of Ack lysis treatment, and perhaps performing the negative 

selection treatment as well to remove any residual APCs in circulation. Furthermore, as 

we discussed in the introduction of this chapter, since adoptive cell therapies for cancer 

treatment rely on the use of PBMCs isolated from the blood, we would like to perform 

experiments comparing the ability of blood-isolated T cells vs. lymph node derived to 

respond to antigen in vitro, and once transferred back in vivo. These results will shed 

important light on how to optimize these T cell based cancer therapeutics.  
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Chapter 5:  The endogenous peptide GP synergizes with the 

agonist to drive the activation of 5C.C7 T cells.  
 

5.1: GP is an endogenous peptide characterized for the 5C.C7 TCR transgenic 

mouse: 

 As we briefly discussed in earlier sections on T cell development and theories of 

spMHC leading to co-agonism, to-date, there are only a few mouse TCRs for which both 

a cognate agonist and endogenous peptide have been characterized. In our laboratory, we 

work with the 5C.C7 TCR transgenic mouse, which recognizes the peptides MCC (moth 

cytochrome C), as well as an endogenous peptide GP (gag pol) in the context of being 

presented on the mouse MHC-II molecule I-Ek. Work characterizing the effects of GP 

upon binding to the 5C.C7 TCR has been previously explored by Ebert et al (2009), and 

discussed in Section 1.4 144. Because the 5C.C7 system has already been established as a 

viable model to study the engagement of endogenous peptides in addition to a known 

agonist, we chose to use this model for many of our experiments. While Ebert et al set 

the stage for demonstrating that an endogenous peptide such as GP could co-agonize with 

the cognate agonist (MCC) in the periphery, they did not explore the 

signaling/mechanism of how this would occur. Furthermore, we could employ this model 

to evaluate how an endogenous peptide, such as GP, impacts the fate and function of T 

cells on its own, without the context of foreign antigen. Through the use of co-culture in 

vitro work, as well as transcriptomic analysis, we will highlight our novel findings on 

spMHC:TCR interaction in this chapter.  
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5.2: Endogenous peptide GP enhances activation in 5C.C7 T cells in 

presence of agonist peptide MCC 
 

 With our 5C.C7 model, our first objective was to recapitulate the co-agonism 

effects observed by Ebert et al. Whereas in that paper, the authors used splenocytes from 

invariant-chain deficient B10.BR mice as APCs, we used APCs isolated from mice that 

were on a B10.A background, but CD3ŮKO, making them deficient in T cells. Our 

experimental approach was similar to that of Ebert et al; 5C.C7 cells were isolated from 

the lymph nodes and cultured in single-cell suspension with CD3ŮKO splenocytes that 

had been incubating with respective peptide condition. A representation of our model is 

seen in Figure 5.3A.  
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Figure 5.3: GP addition enhances CD69 expression driven by agonist MCC 

A. This is the general experimental set up for many of our experiments, unless 

stated otherwise. In this setup, T cells isolated from the lymph nodes of 5C.C7 

mice were co-cultured with CD3ŮKO splenocytes that incubated with various 

peptide conditions for ~1 hour. The total time of co-culture was typically 4-6 

hours, after which the cells were harvested and prepared for flow cytometry.  

B. After co-culture, 5C.C7 T cells were harvested and stained for expression of 

CD69. The Y shows the percentage of CD69-hi 5C.C7 T cells. (N=11) *** = p 

= 0.0002. Statistics performed using 2Way ANOVA.  

C. 5C.C7 T cells were also examined for their surface expression of CD69 (gMFI). 

(N=11) ** = p = 0.0023. Statistics performed using 2Way ANOVA.  
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For our most basic model, the peptide conditions we chose were No Peptide 

Control (NCðjust media added), MCC, GP, or MCC+GP. After 4-6 hours of co-culture, 

the cells were harvested and analyzed on flow cytometry for expression of CD69. As 

illustrated in Fig. 5.3B, APCs presenting both MCC+GP led to the greatest amount of 

CD69-hi 5C.C7 T cells, even more so than those that engaged with MCC alone (p = 

0.0002). Importantly, the difference between GP and NC was not significant, validating 

that spMHC alone does not lead to conventional T cell activation (p = 0.7369). This was 

also demonstrated by examining the total surface expression of CD69 between the 

various peptide conditions, as measured by gMFI (Fig. 5.3C). 5C.C7 T cells that 

interacted with both MCC+GP had a significantly greater expression of CD69 compared 

to MCC alone (p = 0.0023), and once again GP was not significantly different from NC 

(p > 0.9999). Thus, the self-peptide GP co-agonized with MCC to enhance T cell 

activation, as illustrated by the higher levels of CD69.  

 The above results are a summation of many experiments that shared the common 

feature of co-culturing 5C.C7 T cells with APCs loaded with the various peptide 

conditions, and ended with examining CD69 surface expression. There were, however, 

some variations within the experiments with the model itself. For example, while many 

of our experiments tested the co-agonistic effects of GP by incubating the peptide at the 

same time as MCC, this simultaneous peptide incubation didnôt allow us to discriminate 

the roles of the different peptides in the observed co-agonism. Therefore, we devised a 

modified system in which we incubated APCs with a respective peptide (either MCC or 
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GP), washed the APCs to remove excess peptide, and re-incubated with the other peptide. 

As shown in Fig. 5.4A, culturing with peptide for 1 hour followed by removal of the 

excess peptide via spinning/washing still led to a significant increase in the percentage of 

CD69-hi cells with MCC+GP compared to MCC alone (p = 0.0178). Curiously, culturing 

with MCC, washing, and then re-culturing with GP (or vice versa) led to the same 

synergistic effect as co-culturing MCC+GP together. Furthermore, this was also seen in 

co-culturing with MCC+GP together, washing, and then re-culturing with MCC+GP. A 

similar pattern was observed for the gMFI of CD69 (Fig. 5.4B). Together, these results 

highlight the necessity, but not temporal priority, for self-peptide in generating enhanced 

CD69 expression.  
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5.3: Co-agonism effect of GP not driven by indirect cytokine secretion from APC 

activation 

 

 We also explored whether GP could be causing non-specific activation of 5C.C7 

cells that was dependent on the 5C.C7 T cell engaging with cognate agonist MCC; for 

example, if GP caused an increase of inflammatory cytokine production, we might expect 

that culturing APCs separately with either GP or MCC, adding those separate groups of 

APCs to the same well with T cells would still result in co-agonism. However, curiously 

we observed in Fig. 5.4A+B that of all the various conditions tested, adding T cells to 

APCs that present either GP or MCC did not result in an appreciable increase of CD69 

above MCC alone. We also compared the co-culturing of MCC+GP to that of MCC and 

the bacterial antigen Lipopolysaccharide (LPS). LPS is a potent stimulator of an immune 

response, and has been shown to indirectly increase CD69 expression T cells via 

activation of APCs, which secrete inflammatory cytokines 295. Interestingly, although 

both MCC+GP and MCC+LPS induced a level of CD69 expression above MCC, LPS 

alone could result in CD69 expression, unlike GP alone, which was comparably inert 

(Fig. 5.4C). It therefore appeared that the effects of co-agonism from GP are not similar 

to that of LPS.  
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5.4: Co-agonism effect of MCC+GP observed with fibroblastic cell line P13.9 

cells 

 

 In addition to testing this model in conventional splenocyte-derived APCs, we 

also evaluated the effects of CD69 upregulation using a fibroblastic I-Ek expressing cell 

line, P13.9 cells. These cells are transfected to be able to express MHC-II molecules, 

ICAM-1, and B7, and are useful to culture with a specific exogenous peptideðthey differ 

from APCs in their ability to produce T ïcell skewing cytokines, and importantly for our 

experiments, it is assumed that these cells do not naturally possess I-Ek molecules with 

endogenous peptide 296,297. We used these P13.9 cells as APCs to test the effects of GP 

synergizing with MCCðtesting a varying dose range of both (10nM, 30nM MCC) (1ɛM, 

5ɛM GP). We found that even at low concentrations of MCC (10nM), the addition of GP 

resulted in a boost in the level of CD69 expression, and that this boost was increased with 

higher concentrations of GP (Fig. 5.4D).  Thus, in APCs as well as synthetically designed 

MHC-II expressing systems, the addition of the endogenous peptide GP enhances CD69 

expression of T cells in the presence of agonist peptide.  
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Figure 5.4: Varying conditions on GP/MCC incubation reveals more specific 

requirements for co-agonism. (Next 2 Pages) 

A. 5C.C7 T cells were co-cultured as previously described with APCs and peptide 

for the 4 left-most bars (White = No peptide, Red = 1ɛM MCC, Blue = 5ɛM 

GP, Green = MCC+GP at the same time). In the next three conditions, APCs 

were cultured with peptide (purple = MCC, orange = GP, pink = MCC+GP) for 

1 hour, washed, and re-cultured with the different peptide written (purple = GP, 

orange = MCC, pink = MCC+GP) for an additional 1 hour. The right most bar 

(olive) represents a condition in which APCs were cultured separately with 

either MCC or GP, after which equal aliquots of APCs were plated in the same 

well. Results are shown as the percentage of CD69-hi 5C.C7 cells normalized 

to the No Peptide control. * = p = 0.0178. (N = 3) Statistics performed using 

unpaired T tests. 

B. The same set-up as A, illustrating the CD69 gMFI as normalized to the No 

Peptide control. (N = 3)  

C. 5C.C7 T cells were cultured as above for 4 hours with APCs pre-incubated with 

No peptide (NC = white), MCC (red), GP (blue), 1ng LPS (yellow), MCC+GP 

(green), or MCC+LPS (orange). (N=1) 

D. P13.9 cells (100,000/well) were cultured with varying doses of peptide (ex: red 

bars = MCC, green bars = MCC + 1ɛM GP, blue bars = MCC + 5ɛM GP). 

Cells were cultured with peptide for 1 hour, after which 5C.C7 T cells were co-

cultured for 90 minutes. (N=1) 
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Figure 5.4 cont.  
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Figure 5.4 cont.  
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5.5: Addition of GP with MCC causes increased actin polymerization and 5C.C7 T 

cell blasting 

 

In addition to CD69, we examined other signs of T cell activation with regards to 

GP-induced synergy. One marker of T cell activation is the polymerization of 

filamentous (F)-actin (as reviewed in Kumari et al 298)ðsince this was never previously 

explored as being co-agonized by GP, we used fluorescently ïlabeled phalloidin to stain 

for F-Actin after our co-culture conditions. As illustrated in Fig. 5.5A, the addition of GP 

leads to an increase in F-Actin, significantly above MCC alone (p = 0.0357). Another 

related measurement of T cell activation is a ñblastingò of the cell (an increase of cell- 

size) 299. This can be measure by looking at the Forward-Scatter of Area (FSC-A) using 

flow cytometry; as illustrated in Fig. 5.5B, the addition of GP to culture with MCC led to 

a significant increase in cell-size (p = 0.0192). We also explored activation via injection 

of peptides in vivo. For this, cells from 5C.C7 mice were stained with the dye CFSE 

before being adoptively transferred into CD3ŮKO mice. 24 hours later, the mice were 

injected intraperitoneally with 10ɛg with or without 100ɛg of GP. 72 hours later, mice 

were harvested for spleens and lymph nodes and analyzed via flow cytometry. As 

illustrated in Fig. 5.5C, mice that received the MCC+GP injection had lower CFSE 

staining by Day 3 compared to MCC alone, which is representative of increased cellular 

proliferation.  
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Figure 5.5: GP co-agonizes with MCC to increase activation-induced cell 

remodeling and division.  

A. 5C.C7 T cells were co-cultured for 4 hours with CD3ŮKO-derived APCs with 

No peptide, 5ɛM GP, 1ɛM MCC, or MCC+GP. After 4 hours, cells were 

harvested and stained. Analysis for F-Actin was done by staining with 

fluorescently-labelled phalloidin, which was detectable via flow cytometry. 

(N=3). * = p = 0.0357. Statistics performed using ordinary One Way ANOVA.  

B. 5C.C7 T cells were cultured as in A, and analyzed for cell-size via gMFI of 

FSC-A. The Y-axis shows the relative fold change of cell-size compared to the 

No Peptide (NC). * = p = 0.0192. (N=11). Statistics performed using ordinary 

One Way ANOVA 

C. 5C.C7 cells purified from lymph nodes were adoptively transferred into 

CD3ŮKO mice via retroorbital injection. After 24 hours, the mice were injected 

intraperitoneally with 10ɛg with or without 100ɛg of GP in 1X PBS. 72 hours 

after injection, mice were sacrificed and lymph nodes/spleens were harvested 

and analyzed via flow cytometry. Shown are the CFSE histograms (blue = 

MCC+GP, red = MCC) gated on CD45.2 (5C.C7) cells  
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To summarize, the addition of GP with MCC led to an increase of key T cell 

activation markers: CD69, actin polymerization, cell size increase, and proliferation. For 

CD69, we demonstrate that GP quickens the time it takes for a T cell to achieve maximal 

activation. Notably, this was the first time that an endogenous peptide has been shown to 

increase cell size and actin-reorganization. Additionally, many of our control experiments 

(seen in Fig. 5.4) highlight that this effect appears through the GP peptide:MHC 

interacting with the TCR, but importantly that it also requires the same APC to present 

MCC.  
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5.6: GP co-agonizes with LCMV to enhance SMARTA T cell activation  

 

As another control for any non-specific effects of GP that may be causing 

increased CD69-expression, we tested our co-culture system with another TCR-

transgenic model, the SMARTA mouse, which has been characterized as recognizing the 

agonist peptide LCMVGP 61-80 (herein referred to as ñLCMVò) 
300

. Importantly for a 

control, SMARTA T cells recognize this LCMV peptide in the context of the mouse 

MHC-II I -Ab, and therefore we assumed that 1) GP peptide is restricted to I-Ek, and 2) it 

is unlikely that the SMARTA TCR would be specific for GP even if it is presented on I-

Ab. Therefore, by this logic we established a similar co-culture setup as with 5C.C7 T 

cells. Spleens from TCRŬɓKO mice (which are C57BL/6 background and therefore 

restricted to presenting on I-Ab) were used for APCs, and co-cultured with various 

peptide conditions: NC, LCMV, GP, or LCMV+GP. Surprisingly, we observed the same 

co-agonism effect of GP with LCMV as we did with MCC (Fig. 5.6A) (p = 0.0334) 

regarding increased proportions of CD69-hi cells. This was even more significant when 

looking at the actual surface expression (gMFI) of CD69 for SMARTA cells (Fig. 5.6B) 

(p = 0.040).  

 These results with SMARTA are puzzling, as this was intended to be a negative 

control demonstrating TCR (5C.C7) specificity for its particular positively selecting 

endogenous peptide (GP). Instead, we repeatedly found that GP in concert with the 

LCMV was able to synergize to enhance SMARTA activation. Based on our other 

controls (Fig. 5.4), we do not think that this is some sort of ñbystanderò effect in which 

APCs are promoted to secrete inflammatory/T-cell activating signals. As will be shown 
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in subsequent sections of this chapter, the co-agonism of GP in this regard is not limited 

to CD69 expression for 5C.C7s or SMARTAs, and I will discuss the implications of this 

at the conclusion of the chapter.  
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Figure 5.6: SMARTA TCRs display enhanced CD69 expression with agonist 

LCMV and GP.  

A. TCRŬɓKO splenocytes were cultured with No Peptide (NC), 50nM LCMV 
peptide, 5ɛM GP, or both LCMV+GP for 1 hour. After this time, T cells 

isolated from the lymph nodes of SMARTA mice were added to culture for 4 

hours, after which cells were harvested and analyzed via flow cytometry. 

Displayed here is the percentage of CD69-hi cells gated on the SMARTA 

population. * = p = 0.0334. (N = 4) Statistics performed using ordinary one way 

ANOVA 

B. Same experimental procedures as in A, but looking at gMFI of CD69 among 

the subsets. ** = p value = 0.0040. (N=4) Statistics performed using ordinary 

one way ANOVA.  
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5.7: GP addition leads to co-agonism of intracellular signaling with agonist MCC: 

  

A common refrain from our experiments thus far has been that while GP can act 

synergistically to enhance the activation of a 5C.C7 cell, on its own it is relatively inert. 

This has been observed, however, only through the lens of ñexternalò cell activation 

featuresðfor example, the extracellular surface marker CD69. From here, we wished to 

understand how GP was playing a role in this synergy. To explore this, we looked 

intracellularly at signaling modalities transmitted from the proximal to distal modules, 

with CD69 expression being the most overt and distal ñactivationò readout. From the 

outset, we hypothesized that two broad categories of possibilities could be occurring 

regarding GPôs actions:  

1) GP acts by slightly increasing all known activating signaling pathways such that 

on its own no readout could be detected, but when combined with the agonist 

MCC, the readout is enhanced.  

2) GP acts via a novel pathway that does not lead to conventional T cell activation 

readouts, but this pathway can converge with those that lead to activation when an 

agonist is present.  

Armed with the initial information that GP enhances CD69 expression, we chose to 

work our way backwards up the intracellular signaling pathways and evaluate the effects 

of GP. It has been previously demonstrated that the MAPK pathway is linked to the 

expression of CD69 during T cell activation 61,301. To examine this pathway and any 

implications of synergy from GP, we used a similar co-culturing setup as previously 

described, this time utilizing as our readout ñphospho-flow,ò a technique that uses flow 
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cytometry to detect phosphorylated intracellular molecules. We first examined the 

phosphorylation of ERK (pERK), which, as we have already discussed (See: 

Introduction, The Distal Module) is a key player in the MAPK pathway. In a novel 

observation, GP once again synergized with MCC to boost the percentage of pERK-high 

cells more so than MCC alone (Fig. 5.7A) (p <0.0001). This was also seen when looking 

at the expression of pERK, as shown in Fig. 5.7B (p = 0.0018). Because some 

intracellular signaling cascades during T cell activation can take place much quicker than 

even surface expression of CD69, we examined the effect of GP on pERK beginning at 1 

minute, and lasting until 4 hours (Fig. 5.7C). Interestingly, we saw an increase of pERK 

(both in %pERK-hi and gMFI) with MCC+GP compared to MCC alone beginning at 10 

minutes, and lasting through 4 hours of culture. For these experiments, there appeared to 

be some background expression with GP alone caused by sticky/doublet cells that were 

gated out for the final analysis, however, in both conditions (leaving doublets in vs. 

gating them out) co-agonism of MCC+GP occurred, and differences between GP vs. NC 

were negligible.    
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Figure 5.7: GP addition enhances T cell activation at level of pERK 

A. APCs from CD3ŮKO mice were incubated with peptide conditions (NC = no 
peptide) for 1 hour, after which 5C.C7 T cells isolated from the lymph nodes 

were added to the culture. Results shown are demonstrative of harvesting after 

4 hours of culture, staining, and analyzing via flow cytometry for the 

percentage of pERK-high cells. **** = p < 0.0001. (N = 8). Statistics 

performed using ordinary one way ANOVA.  

B. The same setup as in A, analyzing the gMFI of pERK normalized to NC. ** = 

0.0018. (N=8). Statistics performed using ordinary one way ANOVA 

C. Similar to the setup of A, in this experiment co-cultured T cells and APCs pre-

loaded with peptide were harvested at the time points shown. (N = 2).  
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5.8: GP does not synergize with low doses of PMA to boost T cell activation 
 

In our observations with pERK, we found that similar to CD69, GP alone did not 

generate an increase in signaling, whereas GP with MCC seemed to boost pERK above 

the levels of MCC alone. Therefore, we wondered whether targeted triggering of the 

MAPK cascade just below the threshold of promoting CD69 expression, followed by the 

addition of GP, could similarly co-agonize as with GP+MCC together. To do this, we 

used PMA, which as discussed previously (See: Introduction, The Distal Modules) can 

directly trigger PKCɗ, which connects to the MAPK by activating Raf 302.  

First, we tested various doses of PMA to evaluate at which dose we could achieve 

a ñtricklingò of pERK without full CD69 expression, finding that 1ng/ml fulfilled this 

criteria (Fig. 5.8A). Next, we sought to test if a slight increase of pERK could synergize 

with the TCR:GP interaction to lead to some level of activation above baseline. We 

hypothesized that if the co-agonism effect we were observing with GP required a certain 

level of pERK (that GP alone could not induce), then priming the MAPK pathway with 

1ng/ml of PMA could prompt an increase in activation, as measured by CD69 expression. 

To do this, we used 5C.C7 T cells which underwent various doses of PMA pretreatment, 

and subsequently cultured these cells with APCs that had been pre-loaded with either No 

Peptide (NC), MCC, or GP. Interestingly, we did not observe any increased CD69 

expression with 1ng/ml of PMA with GP above NC (Fig. 5.8B). It still remained possible 

that the full extent of the MAPK pathway leading to T cell activation required Ca2+, 

which can be induced by adding the ionophore Ionomycin, and therefore adding 

PMA+Ionomycin (a common T cell activation combination in vitro) as well as GP would 
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lead to co-agonism. However, as illustrated in Fig. 5.8C, the addition of Ionomycin did 

not lead to synergy with GP to increase CD69 expression above that of the NC.  
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Figure 5.8: Subthreshold PMA pretreatment of 5C.C7 T cells does not lead to co-

agonism with GP (Next Page) 

A. T cells from 5C.C7 mouse lymph nodes were cultured for 2 hours with various 

concentrations shown of PMA. After this time, some cells were harvested for 

intracellular analysis of pERK, whereas others continued in culture for an 

additional 4 hours, after which cells were harvested and stained for CD69 

expression. Statistical comparisons shown are between GP/MCC vs. NC.  

B. The same experimental setup as in A, however 4 different PMA pre-treatment 

conditions were performed (No PMA, 0.5ng/ml, 1ng/ml, and 50ng/ml). After 2 

hours of pretreatment, T cells were added to culture with APCs pre-incubated 

with either 1ɛM MCC, 5ɛM GP, or No Peptide (NC). After 4 hours of culture, 

cells were harvested and analyzed via flow cytometry for CD69 expression. (N 

= 3). **** = p < 0.0001. Statistic performed using 2Way ANOVA 

C. The same experimental set up as in A, with some modifications: T cells were 

pre-treated with No Stimulation, 5 or 50ng/ml PMA +/- Ionomycin (500ng/ml), 

as well as Ionomycin (I) alone. After 30 minutes of pre-treatment, T cells were 

re-cultured with APCs pre-incubated with peptide or a No Peptide (NC). (N=1) 
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5.9: GP co-agonizes with MCC, and signals alone, to boost pLAT Y171 
 

These results help rule out some potential explanations of co-agonism: if for GP 

to boost CD69 expression it required an increase in basal distal signaling, it should have 

synergized with PMA+/- Ionomycin. Instead, we found that these chemical mitogens, 

which bypass the TCR, were insufficient to synergize with GP. Therefore, it appeared 

that the synergy only occurred when the T cell (5C.C7 or SMARTA) interacted with GP 

and their respective peptide agonist through the TCR.  

As we discussed in the introduction (Proposed Roles of spMHC Interactions), 

certain models (ex: Pseudodimer Model) propose that spMHC interactions can help 

recruit/phosphorylate proximal T cell machinery, priming the system for when it sees a 

foreign agonist. With this in mind, as well as our observation that GP alone did not 

enhance the MAPK pathway on its own, we turned our attention to signaling modalities 

upstream of pERK. One appealing target to evaluate was the phosphorylation of the 

scaffolding molecule LAT (see: T cell signaling, The Scaffolding Module), since the sites 

that can be phosphorylated via LAT divert T cell signaling from T cell-intrinsic pathways 

into various downstream distal modules (ex: MAPK). In particular, we examined the 

phosphorylation site pLAT Y171, and at 4 hours, we surprisingly found that GP alone 

appeared to significantly increase pLAT Y171 phosphorylation, compared to NC (p = 

0.0026) (Fig. 5.9A). Additionally, MCC+GP generated a higher level of pLAT-Y171 

than MCC alone (p = 0.0028).  

This was a significant finding, as we observed both co-agonism at the level of 

pLAT Y171, but also for the first time, an apparent self-peptide induced signal. However, 

this finding should be validated through other methods to ensure this is not an artificial 
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product of phospho-flow non-specific antibody detection. One reason we are more 

hesitant to definitively state that GP caused an increase of pLAT-Y171 is the nature of 

the shift we observe (Fig. 5.9B): with the agonist MCC, we observed a populational shift 

upwards in the gMFI of pLAT Y171, whereas with GP alone, we saw the population as a 

whole generally remain stable, with a fraction of the cells becoming very high in pLAT 

Y171 (see the rightward tailing on the histogram plots). Why this difference occurs with 

MCC vs. GP and if this represents an actual difference in pLAT dynamics remains to be 

explored.  

 

 

 

 

 

 

 



212 
 

 

Figure 5.9: GP alone may lead to increase in pLAT-Y171 

A. 5C.C7 T cells were incubated in culture for 4 hours with APCs from CD3ŮKO 

mice pre-incubated for 1 hour with peptides (No Peptide (NC), 1ɛM MCC, 

5ɛM GP, MCC+GP). After 4 hours of culture, cells were harvested and 

processed for phospho-flow cytometry. Shown is the percentage of pLAT-

Y171-hi cells normalized to NC. (N=9). Statistics performed via One-Way 

ANOVA. Shown is one outlier in the MCC+GP group (%pLAT:NC = 32.9) 

identified via ROUT test and excluded from statistical analysis. ** = p < 0.003 

B. Representative histogram plot showing the gMFI of pLAT-Y171 with the 

various peptide conditions. The dashed vertical line bisecting the NC histogram 

represents the mean portion of pLAT-Y171 allowing a visualization of any 

shifts. Rightward shifts represent an increase in pLAt-Y171 gMFI.  
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5.10: GP co-agonizes with MCC and acts alone to enhance proximal TCR 

signaling through pSLP76 

 

Because we observed GP alone inducing a signal with the phosphorylation of 

LAT, we also looked at several other scaffolding/proximal T cell signaling molecules, 

namely Zap70, Lck, and Slp76 (Fig. 5.10A). For these phosphorylation events, we 

examined them across several time points, as signaling can occur in the span of minutes 

to hours for TCR activation. For Zap70, GP appeared to have an increase in 

phosphorylation beginning at 10 minutes, whereas for MCC, this occurred at 1 hour. The 

synergistic effect of MCC+GP caused an increase in pZap70 beginning at 10 minutes, 

aligning with the increase of GP alone.  

In a similar manner, for pLck-Y505, GP appeared to have significantly increased 

fold change in phosphorylation compared to No Peptide at the 1 hour time point (p = 

0.0233) (Fig. 5.10B). Interestingly, the phosphorylation of Lck appeared to occur more 

delayed for MCC compared to GP, although by 30 minutes of culture the amounts were 

comparable. MCC+GP resulted in the greatest amount of pLck, and began to increase at 

10 minutes of culture, even before MCC alone generated an increase. This perhaps 

indicates that the proximal signaling can be enhanced by increased interaction with 

spMHC, and quicken the effects of agonist when present. Results for observing the 

phosphorylation of Slp76 (Y128) were slightly different from pLck and pZap70 (Fig. 

5.10C): effects of peptide incubation were slightly more delayed, with GP, MCC, and 

MCC+GP causing an increase of phosphorylation beginning at 30 minutes. Both MCC 

and GP alone were able to generate similar levels of phosphorylation, though MCC+GP 

generated the most robust effect. The delay/decrease in the intensity of GPôs effect on its 
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own with Slp76 phosphorylation could represent a key thresholding of endogenous 

peptide signaling capabilities; perhaps engagement with spMHC is enough to drive some 

level of proximal signaling through Slp76, but this is not enough to drive activation-

inducing signaling further downstream, to pathways such as the MAPK cascade. This 

could explain how we saw GP cause phosphorylation of key signaling molecules, but 

gradually decrease with each distal step until pERK, which appeared unaffected by GP 

alone.  
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Figure 5.10: GP synergizes to enhance proximal and scaffolding signaling 

molecules (Next 2 pages): 

A. 5C.C7 T cells were isolated and cultured with APCs from CD3ŮKO mice pre-

incubated with peptide (No Peptide (NC), 1ɛM MCC, 5ɛM GP, MCC+GP) for 

indicated time points, after which cells were harvested and stained for pZap70-

Y292. Shown are the percentages of T cells that were pZap70-Y292-high. 

(N=3-4) 

B. Same culture set up as in A, this time analysis was done after staining for pLck-

Y505. * p = 0.0233. Statistics performed using a Mixed-effects analysis (N=3-

4)  

C. Same culture set up as in A, this time analysis was done after staining for 

pSlp76-Y128 (N = 3-4) 
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Figure 5.10 cont.  
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Figure 5.10 cont.  
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5.11: GP co-agonizes with MCC and acts alone to increase pMEK 
 

Still, there is a large signaling track between even pLAT and pERK, including 

several members of the MAPK cascade. Unfortunately, we are limited in the available 

sites to examine via conventional methods (i.e. phospho-flow cytometry) between the 

proximal/scaffolding molecules and distal pathways. However, there was a fluorescently 

tagged antibody for the molecule directly upstream of pERK, MEK, which gets 

phosphorylated by Raf, and itself acts as the kinase for phosphorylating ERK. As 

illustrated in Fig. 5.11, there is a baseline increase of pMEK with GP alone, in both the 

percentage of pMEK-hi cells, as well as the total gMFI of pMEK. This level seems to 

decrease and level off around 30 minutes of culture, after which MCC alone begins to 

generate an increase in pMEK. MCC+GP surprisingly lagged behind GP alone, and only 

resulted in the highest amount of pMEK after 30 minutes of culture.  

 

 

 

 

 

 

 

 



219 
 

 

 
Figure 5.11: GP synergizes to boost pMEK levels with MCC and raises pMEK 

levels on its own: 

5C.C7 T cells were isolated and cultured with APCs from CD3ŮKO mice pre-incubated 

with peptide (No Peptide (NC), 1ɛM MCC, 5ɛM GP, MCC+GP) for indicated time 

points, after which cells were harvested and stained for pMEK. (Left) Shown is the 

percentage of pMEK-hi cells. (Right) expression of pMEK as measured by gMFI. 

(N=2).    
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The observation that GP can increase phosphorylation of pMEK but not pERK 

perhaps represents a cellular threshold preventing activation from going to completion 

with spMHC. In fact, there are several phosphatases that specifically regulate the MAPK 

pathway and act to dephosphorylate pERK while allowing pMEK to remain 

phosphorylated, namely the DUSP proteins DUSP5 and DUSP6 303. To explore the 

possibility that the regulation of self-peptides is particularly at the level of ERK specific 

phosphatases, we aimed to use a chemical reagent (sodium orthovanadate) that can 

competitively inhibit the activity broadly of many phosphatases in a cell. First, we looked 

at whether the use of sodium orthovanadate (OV) could allow GP to phosphorylate ERK 

(Fig. 5.12A+B). Curiously, we observed that while both the No Peptide condition and GP 

condition resulted in an observed increase in amount of ERK phosphorylation 

(normalized to either the no-OV condition or the no peptide condition), GP did not 

appear to increase pERK much more than No Peptide. Quite remarkably however, when 

we examined pMEK (Fig. 5.12C+D), GP addition alone seemed to greatly increase with 

the use of OV, whether results were normalized to the No-OV condition or the No 

Peptide condition. This was in contrast to No Peptide, which had little increase of pMEK 

with any of the conditions. Overall, this presents a highly novel findingðthat self-peptide 

(GP) can transmit signal through pMEK, but that to propagate signal further to ERK, this 

was blocked by a non-phosphatase level of cellular regulation.  
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Figure 5.12: Sodium orthovanadate increases self-peptide signaling through 

pMEK but not through pERK.  

A. 5C.C7 T cells were isolated and cultured with APCs from CD3ŮKO mice pre-

incubated with peptide (No Peptide (NC), 1ɛM MCC, 5ɛM GP, MCC+GP) for 

4 hours. Sodium orthovanadate (OV) was used in either 10mM or 100ɛM 

concentration and incubated with the T cells before they were washed and 

incubated with APCs. Each condition was normalized to the No OV condition 

and shown as the %pERK-hi cells.  

B. The same peptide culture conditions were performed as in A, but this time the 

data were shown normalized to the No Peptide condition.  

C. The same peptide culture conditions were performed as in A, but this time the 

data were examining the level of MEK phosphorylation.  

D. The same peptide culture conditions were performed as in C, but this time the 

data were normalized to the No Peptide condition.  
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5.12: GP addition with MCC increases T cell:APC conjugate formation 
 

Another aspect we were able to observe with phospho-flow cytometry was borne 

out of trying to gate out non-T cells in several experiments by using a ñdumpò flow 

cytometry channel in which several markers for APCs were placed on the same 

fluorophore: B220, CD11b, and CD11c, each on e450. While the original intent was to 

try and exclude non-T cells from analysis of ubiquitous signaling molecules such as 

pERK, we found that there were peptide-conditional differences when looking at the 

double positive (5C.C7 TCR Vɓ3+, APC-dump+) population (Fig. 5.13). One 

interpretation of this population is that it represents differences in the synapse formation 

between T cells and APCs, a finding that would perhaps echo our previous observations 

with actin-polymerization (Fig. 5.6A). In this analysis we found that there was no 

difference in APC-T cell conjugate formation with GP vs. NC, however, there was a 

significant enhancement of conjugate formation with MCC+GP vs. MCC alone after 4 

hours of culture (p = 0.0043) (Fig. 5.13).  
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Figure 5.13: GP synergizes with MCC to enhance APC:T cell conjugate formation 

5C.C7 T cells were cultured for 4 hours with APCs from CD3ŮKO mice pre-incubated 

with peptide (No Peptide (NC), 1ɛM MCC, 5ɛM GP, MCC+GP). After culture, the 

cells were harvested and analyzed via flow cytometry for co-expression of the APC-

dump channel (B220, CD11b, CD11c), and the 5C.C7 TCR (Vɓ3). (N=3) 
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5.13: Summary and Conclusions: 

In this chapter we have introduced a major model in which I have explored the 

effects of spMHC interaction: the 5C.C7 TCR transgenic mouse model, for which there is 

a known agonist (MCC) and positively selecting self-peptide (GP). Through co-culturing 

these T cells with splenocytes from CD3ŮKO mice capable of presenting peptides on I-Ek 

(cognate to the 5C.C7 TCR), we observed a curious synergy of GP with MCC at several 

parameters of T cell activation: CD69 expression, cell size increase, actin polymerization, 

and APC:T cell conjugate formation. Furthermore, when we examined the intracellular 

machinery that could be promoting increased activation with GP, we found that there was 

co-agonism at the level of pERK. In all these parameters, GP alone had no effect, 

however when we looked at signaling molecules upstream of pERK, we observed a 

potential increase in pLAT, pSlp76, pLck, and pZAP70 with just GP compared to NC. 

We also observed an increase of pMEK with GP, which interestingly is the step directly 

before phosphorylation of pERK in the MAPK, and perhaps represents a critical 

discrimination point for the TCR to not react to spMHC. All of these results are novel, as 

until now, no direct signaling change has been observed with the use of exogenous self-

peptide on a cognate TCR.  

There are, however, several outstanding questions as to the mechanism of GP, and 

the specificity of these findings. Firstly, with CD69 enhancement, we also observed that 

the SMARTA TCR, which recognizes its agonist peptide LCMVGP in the context of I-Ab, 

still exhibited some degree of co-agonism when GP was co-cultured with agonist. This 

complicated our findings because 1) it was not previously thought that GP, a peptide first 

characterized as being presented by I-Ek, could bind to and be presented on I-Ab, and 2) it 

was not expected that the SMARTA TCR would recognize an I-Ab-GP complex as an 
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endogenous interaction. It was possible that GP could have been indirectly impacting T 

cells by causing APC aggregation and inflammatory cytokine production, which in the 

context of a T cell then seeing an agonist could boost the response. However, we tested 

several controls for this possibility (Fig. 5.4), some of which demonstrated that the 

synergistic effect of GP was independent of peptide-washing or simultaneous co-

culturing with MCC, but dependent on MCC being incubated on the same group of 

APCs. If the effects were simply an indirect effect of GP on APCs, we would have 

expected the same degree of co-agonism when culturing T cells with APCs that only 

received GP and APCs that only received MCCðhowever, there was a striking lack of 

co-agonism in this scenario.  

Looking forward, it would be imperative to hone in on the precise mechanism of 

action for GP both in the presence and absence of agonist peptide. If it is making the 

interactions of a T cell with its cognate agonist more favorable, we would like to test how 

that is occurringðare there structural changes that occur within the MHC peptide binding 

groove with GP that make it more favorable for an agonist to bind and interact with a 

TCR? Furthermore, for the intracellular phospho-flow cytometry, we would like to 

validate that the shifts we observe with GP alone are not due to technical interference of 

phospho-antibody with the hydrophobic peptide GP. Other methods, such as extensive 

washing of the cells to remove excess peptide, as well as non-flow techniques (Western 

Blotting or Immunoprecipitation) should be considered to evaluate whether GP alone is 

increasing proximal/scaffolding phosphorylation.  

Another area of exploration with GP is to examine not just phosphorylation of 

signaling molecules, but other intracellular changes as well. In the next chapter, we will 
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discuss several of our findings regarding transcriptional changes with GP +/- MCC, all of 

which provide novel insight into the consequences of self-peptide engagement. However, 

we would also like to explore if GP interaction causes a functional change in protein 

trafficking, since this would not be reflected in traditional flow cytometry or RNA 

sequencing. There is evidence that protein trafficking of molecules such as LAT to 

specific areas inside and outside of the immunosynapse is crucial for proper T cell 

activation 304,305. To this end, we have begun to optimize a protocol for analyzing high-

resolution protein trafficking via electron microscopy, and hope to use targeted antibodies 

that can be conjugated with gold particles to detect the cellular localization of particular 

molecules.  
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Chapter 6: Do spMHC-TCR interactions drive changes in gene 

expression? 
  

It appears that GP can drive signaling through part of the MAPK cascade, but 

there is a clear stopping point at the level of pERK. However, if there is some signaling 

upstream, especially at the level of pLAT, are there potentially divergent (or unique) 

pathways that GP can elicit that donôt result in overt T cell activation? And if so, how do 

those pathways impact T cell function? In this chapter, we will discuss how 

transcriptomic analysis has revealed several novel findings as to the role and mechanism 

of the spMHC interaction with T cells.  
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6.1: Use of RNA-sequencing to elaborate consequences of self-peptide interaction: 
 

In the previous chapter, we relied heavily on the use of the 5C.C7 mouse model as 

it offers the ability to study the effects of the agonist MCC and self-peptide GP either 

separately or in co-culture. Most of the data presented thus relied on functional or 

phenotypic analysis ï using surface markers of activation such as CD69, or intracellular 

phosphorylation of signaling molecules (e.g., pERK). This approach alone did not allow 

us to understand what was happening on a transcriptional level within the T cell with the 

various peptide conditions. However, since phosphorylation of ERK did not occur with 

GP alone, we do not expect that GP alone should result in pERK-related downstream 

transcriptional changes, such as transcription of IL-2 or CD69 306,307. However, it is 

possible that there are other transcriptional changes that result from GP generating tonic 

proximal signaling. RNA sequencing is a useful tool to analyze any transcriptional 

changes, and helps provide a bigger contextual picture of what occurs during TCR 

engagement with various categories of ligands.  

Similar transcriptomic analysis has been performed before to analyze the effects 

of pMHC ligand with different affinities on 5C.C7 T cells. Gottschalk et al (2015) 

characterized differences between the 5C.C7 TCR interacting with MCC-WT vs. MCC-

102S, a lower-affinity mutant of MCC which has a much shorter half-life 308. They 

performed a microarray and found that there was a global reduction in TCR-regulated 

genes with 102S compared to both high and low amounts of MCC. There were some 

notable differences in certain genes, namely a less drastic reduction in the IL-7 receptor, 

FasL, and S1PR1 with 102S, all receptors that have some role in T cell 
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survival/homeostasis. These results are consistent with 102S being a weak agonist and 

therefore stimulating the TCR poorer.  But 102S and GP are quite different peptides. 

102S is almost identical in sequence to MCC (it contains a serine instead of a threonine at 

position 102, which is one of the TCR binding regions), whereas GP has a highly 

dissimilar sequence Furthermore, Gottschalk et al were able to demonstrate that adding 

higher doses of 102S could result in similar activation readouts as using the same lower 

dose of MCCðin our experiments, we do not find that an increased dose of GP results in 

any difference in activation compared to a no-peptide control.  

 We discussed in the Introduction (Section: ñSelf-peptides co-agonize with foreign 

peptides to enhance T cell activationò) how CD5 expression has often been used as a 

proxy for self-peptide reactivity. In particular, two T cell clones which share the same 

Listeria-derived agonist, LLO118 and LLO56, differed only in the expression of CD5 

(the latter having being CD5-hi) and higher CD5 expression correlated with an increased 

levels of pERK and pCD3-p21ɕ 200. A follow up study by this same group used 

metabolomics and transcriptomic analysis to evaluate differences between these two T 

cells 309. These authors found that naïve LLO118 cells, while CD5-lo, were surprisingly 

more metabolically active compared to the CD5-hi counterparts 309. Furthermore, when 

they examined the GAM (genes and metabolites) profile of these T cells 7 days after 

Listeria infection, they found that there was a unique difference in the enzymes used to 

shunt glycerol-3-phosphateðthe LLO118 cells directed this metabolite towards a 

pathway dedicated to oxidative phosphorylation, which corresponded with greater 

capacity for activation 309. Thus, in this study, there was an inverse correlation between 

self-reactivity (interpreted from CD5-expression) and metabolic activity. Perhaps this 
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provides another functional explanation for how peripheral T cells are tuned to remain 

inert when interacting with cognate endogenous peptides.  

 With our data, we hope to add to these initial studies examining mature T cell 

interaction with spMHC, using our specific 5C.C7 modelðthis allows us to directly ask 

what happens on a transcriptional level when a 5C.C7 T cell encounters agonist (MCC), 

endogenous peptide (GP), both (MCC+GP), or no peptide at all (NC).  
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6.2: Experimental workflow from 5C.C7 T cell activation through RNA 

sequencing: 
  

 To explore any transcriptional differences between our peptide-stimulation 

conditions, we set up cultures of 5C.C7 T cells with APCs (from syngeneic T-cell 

deficient CD3ŮKO mice) pre-incubated with either MCC alone, GP alone, MCC+GP, 

NC. Because we wished to also analyze transcriptional output kinetically, we set up co-

cultures at three separate time points (1 hour, 6 hours, and 24 hours). At the conclusion of 

each time point, 5C.C7 T cells were sorted via Fluorescence-Activated Cell Sorting 

(FACS) to isolate a pure population of T cells. For the conditions in which 5C.C7 T cells 

were cultured with MCC or MCC+GP, they were further sorted into CD69-hi vs. CD69-

lo T cells. This was not done with the NC or GP alone conditions because these groups 

never became CD69-hi at any time point. After the cells were sorted, they were 

immediately lysed using RNAzol®RT and frozen at -80oC until RNA extraction could be 

performed. A schematic of the experimental setup is shown in Fig. 6.1.  
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Figure 6.1: Workflow to prepare 5C.C7 T cells for RNA sequencing 

T cells were isolated from the lymph nodes of 5C.C7 mice and cultured with 

splenocytes from CD3ŮKO mice pre-incubated with peptide: 1ɛM MCC, 5ɛM GP, 

MCC+GP, or No Peptide. The cultures were kept for 3 separate time points: 1 hour, 6 

hours, or 24 hours. After this period, the T cells were sorted into a pure population, and 

for the cells that received MCC or MCC+GP, they were further sorted into CD69-hi vs. 

lo populations.  
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From the cell sorting alone, we were able to glean important information, namely 

that the addition of 5ɛM GP to 5C.C7 T cells with 1ɛM MCC had a negligible effect at 1 

hour of co-culture, but seemed to significantly (p < 0.0001) increase the rate at which the 

T cells became maximally CD69-hi (from 6-24 hours) compared to MCC alone (Fig. 

6.2A). This is quite novel, as we are demonstrating that an otherwise non-activating 

peptide (as seen in Fig. 6.2B) can quicken the rate of achieving full activation of a T cell, 

without causing any CD69 upregulation on its own.  
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Figure 6.2: GP addition with MCC increases rate of 5C.C7 T cell activation 

A. 5C.C7 T cells were cultured for 1, 6, or 24 hours with CD3ŮKO-derived APCs 

with No peptide, 5ɛM GP, 1ɛM MCC, or MCC+GP. After the respective 

culture time, cells were harvested and sorted based on expression of the 5C.C7 

Vɓ3 portion of the TCR and CD4 expression. Further sorting was performed 

for the samples that received MCC or MCC+GP into CD69-hi vs. low cells. 

Shown on the Y axis is the percentage of CD69-hi recovered cells at each time 

point, with blue-dashes representing the MCC+GP condition and black 

undashed line the MCC alone condition.  (N=3 per time point). Statistics 

analyzed using a 2-way ANOVA.  

B. Representative flow plots from the time-course experiment. 
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6.3: Preparation and Quality Control of RNA from sorted cells 
 

After 3 separate sort days were performed and all samples were lysed with 

RNAzol®RT, we performed RNA extractions by separating the RNA and DNA, 

precipitating the RNA via isopropanol, and performing several washes with 75% ethanol. 

While there were originally a total of 54 samples, 3 samples were lost due to technical 

failures during the RNA extraction processðthese were the 6 hour No Peptide, MCC 

CD69-lo, and GP samples from one of the sorting days. This meant that for those 

samples, there were only 2 vs. 3 biological replicates. The resulting RNA was dried into a 

pellet with glycogen, and dissolved in H2O, separated into two aliquots for further 

analysis. Purity of the RNA was checked using the Agilent Bioanalyzer, and RNA 

Integrity Numbers (RINs) were on average between 7.07 and 8.05, which met the 

threshold for library preparation and sequencing.  

After sequencing, the quality of the reads were assessed by mapping the number 

of ñuniquely mapped readsò compared to a reference murine genome (Fig. 6.3A). As 

illustrated, the majority of the samples had reads that had ~94/95% uniquely mapped 

reads, with the only lower exceptions pertaining to samples that were in the MCC or 

MCC+GP CD69-lo group at 24 hoursðthis, however, made sense because that time 

point contained the fewest number of CD69-hi cells with MCC or MCC+GP stimulation. 

This can also be seen in the much lower number of reads seen in those three samples, 

particularly those that received MCC+GP for 24 hours and were sorted in the CD69-lo 

category (Fig. 6.3B).  
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Figure 6.3: Assessment of the quality of RNA sequencing reads: 

A. The RNA sequencing reads were assessed for the number of total reads/pairs, 

the average read length, and the percentage of uniquely mapped reads. Samples 

were named with a unique name modifier with Peptide Condition__hours in 

culture__sequencing index. The No Peptide alone condition was abbreviated to 

ñNPò, the MCC alone condition was renamed either ñCD69_hi,ò or ñCD69_lo,ò 

and the MCC+GP was renamed ñGP_CD69_hiò or ñGP_CD69_lo.ò  

B. Number of reads (Y axis) shown for each indexed sample (X axis), with a 

minimum threshold set at 1*10^6 reads (red line). In the yellow box are the 

three samples that had reads that fell below the quality threshold set.  
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6.4: Gene expression differences among 5C.C7 T cells that encountered GP  
 

First, a Principal Component Analysis (PCA) was performed for the genes 

expressed in each condition and time point (Fig. 6.4A). Several key patterns emerged 

from this analysis. GP alone and No Peptide (NP) seemed to have very similar expression 

profiles, however the 1 hour condition differed greatly from the 6 hour and 24 hour 

culture time points. The 1 hour time point cluster containing the groups that had T cells 

which saw GP alone or NP also clustered close to cells that were CD69-hi or CD69-lo 

from either the MCC alone or MCC+GP group. Altogether, this indicates that at 1 hour, 

the majority of genes did not appear vastly different, despite different peptide conditions. 

By 6 hours however, the cells that saw MCC and MCC+GP and were CD69-hi clustered 

together and much more distinct form those that remained CD69-lo. These CD69-lo cells 

clustered similarly to the cells that received GP or NP at 6 and 24 hours. For the MCC or 

MCC+GP CD69-hi group, by 24 hours these cells still clustered together, but remained 

wholly different in profile from those that were CD69-hi at 6 hours. In sum, the biggest 

change in bulk expression profile appeared to be in the cells that became activated over 

24 hours, but this was not contingent upon the presence or absence of GP. If there were 

indeed transcriptional differences elicited by GP, they were perhaps more subtle and 

would require more in depth analysis. 
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Figure 6.4: Principal Component Analysis of 5C.C7 Peptide Stimulated Groups: 

PCA showing the differential clustering of gene expression profiles of each sample: 

circles = 1 hour, triangles = 6 hours, plus signs = 24 hours.  
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To better analyze any individual transcriptional changes between specific groups, 

volcano plots were generated (Fig. 6.5A+B). First, we analyzed any differences in 

expression between the GP vs. NP groups at each time point. Only a few genes were 

significantly differentially expressed, with the majority of the profile being virtually the 

same across each time point (Fig. 6.5A). As expected, when examining the differences 

between samples that received MCC and were CD69-hi vs. lo, there were many 

transcriptional differences across each time point, more exaggeratedly during the 6 and 

24 time points (Fig. 6.5A). This is expected because CD69 upregulation would 

correspond to T cells that were activated, and these cells would likely be quite different 

from unactivated groups. This same trend was also observed for MCC+GP CD69-hi vs. 

lo cells (Fig. 6.5B). Finally, there were indeed several genes differentially expressed 

when comparing MCC alone vs. MCC+GP CD69-hi cells, particularly at the 1 hour time 

point (Fig. 6.5B). A summary of these findings is shown in Fig. 6.5C. 
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Figure 6.5: Volcano plots for the differential gene expression of 5C.C7 T cells 

stimulated with various peptides: 

A. Volcano plots shown for the differentially expressed genes, with the p-adj(-

log10) value set to 2 (on the Y axis), and log2 Fold change on the X axis. GP 

vs. NP across the various time points shown on the top, MCC CD69-hi vs. 

MCC CD69-lo across the various time points on the bottom.  

B. Volcano plots shown for the differentially expressed genes, with the p-adj(-

log10) value set to 2 (on the Y axis), and log2 Fold change on the X axis. 

MCC+GP CD69-hi vs. MCC+GP CD69-lo across the various time points 

shown on the top, MCC CD69-hi vs. MCC+GP CD69-hi across the various 

time points on the bottom.  

C. Summary of the findings from the differential gene expression analysis. The 

cutoff of significance was set to p.adjusted Ò 0.01, ñHighExpression(Exp)ò was 

set to a log2Fold Change of Ó 1, ñLowExpò was set to Ò  -1. 
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6.5: GP vs. NP, 1 hour Transcriptional Differences 

 

Next, we examined within the conditions that varied with the addition or absence 

of GP, what pathways were transcriptionally different based on the few differentially 

expressed genes observed. First, we generated a list of the top 50 differentially expressed 

genes between the GP and NP conditions at 1 hour (Fig. 6.6A). Of note, there were 

several interesting genes upregulated or downregulated in the GP 1 hour time point 

compared to the NP condition, listed in Table 6.1.   
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Table 6.1: Select genes differentially expressed between GP and NP at 1 hour 

Gene Name: Description: Upregulated or 

Downregulated? 

Dusp19 A negative regulator of the MAPK 

cascade 

Upregulated 

Plekhg3 Plays role in actin remodeling and 

polarization310 .   

Upregulated 

LMO7 Plays role in actin remodeling and 

polarization311.   

Upregulated 

CEACAM1 a cell adhesion molecule that has been 

implicated in the recruitment of Lck to 

the immunological synapse of T cells 312 

Upregulated 

KLF4A a transcription factor which is 

significantly downregulated during 

thymic T cell commitment 313. 

Upregulated 

Bdkrb1 a bradykinin receptor upregulated T cells 

of patients with Multiple Sclerosis 314. 

Downregulated 

B3GNT2 a polylactosamine synthase which has 

suppressive actions on costimulatory T 

cell receptors 315. 

Downregulated 

PBLD A phenazine biosynthesis-like domain-

containing protein that inhibits the NFəB 

pathway 303.  

Downregulated 

IL4I1 an L-phenylalanine oxidase that has been 

shown to dampen the response of CD8+ 

T cells 316 

Downregulated 

MDK a growth factor that is involved in 

NFAT-regulated activation of T cells, 

and the pathogenesis of mouse models of 

Lupus Nephritis 317.  

Downregulated 

CD8a encodes for the CD8 co-receptor alpha-

chain 

Downregulated 
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Using a false-discovery rate (FDR) cutoff q value of Ò 0.2, there were no 

significant pathways expressed for the GP samples at 1 hour, and 2 pathways significant 

for the NP treated cells: the Apical Surface (FDR = 0.004), and Wnt Beta Catenin 

Signaling (FDR = 0.096) (Fig. 6.6B+C). Overall, these results are difficult to draw any 

particular conclusions, since there are such few genes initially significant (Fig. 6.5A). 

However, it appears that a few of the selected upregulated genes with GP, when adjusting 

for a less stringent significance cutoff, were related to cellular rearrangement or synapse, 

and those that were downregulated were related to both pathological over-activation or 

immunosuppressive signaling pathways.  
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Figure 6.6: Analysis of differentially expressed genes of NP vs. GP treated 5C.C7 

T cells at 1 hour 

A. Heat map generated of the top most significantly expressed genes between GP 

vs. NP treated cells at 1 hour. Red = upregulated, blue = downregulated.  

B. GSEA plot shown for the Hallmark Apical Surface Gene Set 

C. GSEA plot shown for the Hallmark WNT beta Catenin Signaling Gene Set 
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Figure 6.6 cont.  
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Figure 6.6 cont.  
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6.6: GP vs. NP, 6 hour Transcriptional Differences 
 

 Unfortunately, because NP and GP at 6 hours only contained 2 replicates each, it 

was not possible to generate accurate heatmaps or pathway analyses from the available 

software. However, the top 50 differentially expressed genes from NP and GP at this time 

point was still viewable by manual analysis, which was performed by taking the top 50 

genes differentially expressed sorted by the p-value. Selected genes that specifically 

pertain to T cell function are shown in Table 6.2.  
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Table 6.2: Select genes differentially expressed between GP and NP at 6 hours 

Gene Name: Description: Upregulated or 

Downregulated? 

Penk Encodes for proenkephalin, found to be 

upregulated in Tregs during UV 

exposure, and also in activated CD4+ T 

cells 318,319  

Upregulated 

Atg5 Important gene in the autophagy 

pathway, demonstrated to play a crucial 

role in T cell survival, ability to 

proliferate, and prevent apoptosis 320 

Upregulated 

Dusp4 Encodes for a DUSP protein, a member 

of the dual specificity phosphatase 

family. Has been implicated in inhibiting 

CD40L, ICOS, IL4, and IL21 production 

in T cells 321 

Upregulated 

IL12rb1 Forms one component of the IL-12 and 

IL-23 receptor  

Upregulated 

Egr1 Part of the early growth response (EGR) 

family of transcription factors, 

upregulated during TCR activation, 

upstream of NFəB expression, which 

potentially promotes Th2 differentiation 
322,323 

Downregulated 

Egr2 Part of the early growth response (EGR) 

family of transcription factors, typically 

attenuates TCR-mediated signaling 324 

Downregulated 

Cdk2 Cyclin-dependent kinase 2, in T cells is 

thought to play a role in suppressing 

regulatory T cell function and activation 
325 

Downregulated 

Dusp2 Encodes for a DUSP protein, a member 

of the dual specificity phosphatase 

family. DUSP2 has been implicated in 

negatively regulating Th17 

differentiation via inhibition of STAT3, 

and is upregulated on exhausted T cells 
326,327 

Downregulated 
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 These results at the 6 hour time point revealed several points. Different from the 1 

hour time point, it appeared that several of the genes downregulated (Egr2, DUSP2, 

Cdk2) are negative regulators of T cell activation. Furthermore, it is interesting that Egr1, 

a Th2 skewing regulator is downregulated with GP, and the IL12rb1, a component that 

allows IL-12 binding and Th1 skewing is upregulated. Self-peptide interaction has also 

been shown to potentially help maintain T cells over time, and the upregulation of 

survival factor Atg5 with GP validates this notion.  
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6.7: GP vs. NP 24 hour Transcriptomic Differences 
 

Next, for the 24 hour time point, we analyzed the top 50 differentially expressed 

genes from the GP vs. NP datasets, as illustrated in Fig. 6.7A. A few of these genes that 

were upregulated or downregulated with GP are shown in Table 6.3.  
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Table 6.3: Select genes differentially expressed between GP and NP at 24 hours 

Gene Name: Description: Upregulated or 

Downregulated? 

Wnt10b a molecule implicated in T cell 

polarization and when deficient 

exacerbates the Th2-allergic response 328.  

Upregulated 

Sema4C a semaphorin molecule that is 

upregulated on T-follicular helper cells 

and may promote migration to the 

germinal center 329. 

Upregulated 

Rgs16 an IL-2 responsive gene that is 

upregulated in activated Th1 and Th2 T 

cells 330,331 

Upregulated 

IL2ra encodes for the receptor commonly 

referred to as CD25, an upregulated 

marker during T cell activation 332 

Upregulated 

Bcl2L1 produces the anti-apoptotic marker Bcl-xl 

which has been implicated in TCR and 

co-stimulation driven cell-survival during 

activation 333 

Upregulated 

Spry1 encodes a protein Sprouty that has been 

dually implicated as both a negative 

regulator but also perhaps an enhancer of 

TCR signaling, depending on the 

differentiation state 334 

Upregulated 

Ctla4 encodes for a co-inhibitory receptor that 

is also upregulated during activation 335 

Upregulated 

Cxcl12 a chemokine that can bind to CXCR4 on 

T cells and elicit a costimulatory 

response, as well as impact SLP76 

cluster formation and phosphorylation, 

and T cell migration 336 

Downregulated 
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When pathway analysis for these samples were performed, there were 5 pathways 

significantly enriched for the GP samples at 24 hours: Myc Targets V2 (FDR = 0.018), 

IL2 STAT5 Signaling (FDR = 0.014), Myc Targets V1 (FDR = 0.026), MTORC1 

Signaling (FDR = 0.034), and Spermatogenesis (FDR = 0.180). These corresponding 

GSEA plots are illustrated in Fig. 6.7B-F. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



256 
 

Figure 6.7: Analysis of differentially expressed genes of NP vs. GP treated 5C.C7 

T cells at 24 hours 

A. Heat map generated of the top most significantly expressed genes between GP 

vs. NP treated cells at 1 hour. Red = upregulated, blue = downregulated.  

B. GSEA plot shown for the Hallmark Myc Targets V2 Gene Set 

C. GSEA plot shown for the Hallmark IL2 STAT5 Signaling Gene Set 

D. GSEA plot shown for the Hallmark Myc Targets V1 Gene Set 

E. GSEA plot shown for the Hallmark MTORC1 Signaling Gene Set 

F. GSEA plot shown for the Hallmark Spermatogenesis Gene Set 
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