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ABSTRACT 

CD4+ T cells are a critical component of the adaptive immune compartment. Each T 

cell expresses a clonotypic T cell receptor (TCR) that must discriminate between self 

and foreign peptides presented in major histocompatibility molecules (pMHC) on the 

surface of antigen presenting cells to direct T cell fate decisions. Information regarding 

TCR-pMHC interactions must then be transmitted to the TCR-associated CD3 signaling 

modules, which contain ITAMs that serve as signaling substrates for Src kinases. The 

Src kinase, Lck, is recruited to the pMHC-bound TCR-CD3 complex via association 

with the CD4 coreceptor that binds MHCII. It is therefore through the coordinated 

interactions within the TCR-CD3-pMHC-CD4 macro-complex that productive TCR 

signaling can occur to inform T cell activation and fate decisions. 

 While much is known regarding the structure of the individual subunits that 

make up the TCR-CD3-pMHC-CD4 macro-complex, there is little information 

regarding how these components come together to initiate TCR signaling and determine 

functional outcomes. Here, we have interrogated how interaction of these individual 

components leads to productive T cell activation. Specifically, we interrogated the 

nature of TCR-MHC interactions and provide evidence that there is intrinsic specificity 

of the TCR for MHCII. We have also built mouse models to determine the role of TCR-

CD3 interactions and TCR dimerization in the transmission of information from the 

TCR to the CD3 subunits following TCR-pMHC engagement. Finally, we show that 

both the CD4 transmembrane and extracellular domains contribute to T cell activation 

in vitro. Overall, this work provides insight into how the constituents of the TCR-CD3-

pMHC-CD4 macro-complex interact to initiate T cell fate and function.     
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CHAPTER 1 – INTRODUCTION 

SECTION 1.1 – Innate and adaptive immunity overview 

 The vertebrate immune system is comprised of an extensive network of organs, 

tissues, cells and molecules that protect the host organism from the wide array of 

pathogens encountered every day. This system is classically divided into two branches 

– the innate and the adaptive immune compartments, each of which is comprised of 

many different cell types with unique roles. A key difference between the cells of each 

compartment lies in the types of receptors they use to recognize pathogens [1,2]. This 

allows the two compartments to more broadly survey the host for potential pathogens as 

well as cross-check with one another to ensure proper immunity. Cells from both 

branches of the immune system must interact and coordinate with one another to mount 

an effective response to eliminate invading pathogens while also preventing 

inappropriate responses to self-molecules or commensal organisms [1].  

 

Innate Immunity 

 The innate immune compartment is the first line of defense against infectious 

and commensal microorganisms [1,3-5]. Innate immune recognition is based on 

recognition of pathogen-associated molecular patterns (PAMPs), which are unique to 

microorganisms, by a variety of germline-encoded pattern recognition receptors (PRR) 

expressed by host cells [1,2,6]. These PRRs impart broad specificity against 

microorganisms by binding structural motifs that are invariant and conserved among 

many microorganisms [1,6]. Signaling through these receptors initiates rapid 

production of inflammatory and antimicrobial molecules to eliminate microorganisms 
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[1]. They also recruit and activate cells of the adaptive immune system [3,7]. In this 

way, cells of the innate immune system perform a variety of functions to aid in host 

immunity. 

 The main functions of the innate immune system are to limit the spread of 

pathogens and help activate the adaptive immune response [1,3,7]. When professional 

antigen-presenting cells (APC) of the innate immune system (e.g dendritic cells and 

macrophages) encounter pathogens, they phagocytose these pathogens and process 

them into antigenic peptide fragments in the phagolysosome [7,8]. These peptides are 

then loaded onto major histocompatibility complex (MHC) molecules on the surface of 

APCs and presented to T cells of the adaptive immune system [7,9,10]. This antigen 

presentation, in concert with the cytokines and other costimulatory molecules that are 

induced by PRR recognition on innate immune cells, activates the adaptive immune 

response [1,3].      

 

Adaptive Immunity 

 The adaptive immune compartment is comprised of B and T lymphocytes that 

are highly specific to a particular antigen [2,11]. This specificity occurs via a unique 

antigen receptor that is generated by somatic recombination of germline-encoded gene 

segments and expressed on the cell surface, or later secreted by the cell in the case of B 

cells and antibodies [11,12]. While innate immune responses occur within hours of 

pathogen encounter, activation and recruitment of T cells and B cells to the site of 

infection occurs over the course of several days to weeks. But, they are specific to a 

particular antigen. Importantly, cells of the adaptive immune system can develop 
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immunological memory once activated, enabling them to respond much more rapidly in 

the event that these cells encounter their cognate antigen again [13,14]. This hallmark 

of the adaptive immune system provides long-lived immunity to the host organism 

against pathogens that are encountered multiple times and is the basis for vaccination 

[15].  

 While B and T cells are both of lymphoid origin, they perform unique functions 

in an immune response and express distinct types of antigen receptors [16,17]. B cells 

express a B cell receptor (BCR) that recognizes native antigens that are expressed on 

the surface of a pathogen or secreted by a pathogen [18,19]. Once the BCR engages its 

cognate antigen, the B cell then proliferates and differentiates into a plasma cell that 

generates a secreted form of the BCR called antibodies, which have the same antigen 

specificity as the BCR [20]. These antibodies then bind and neutralize the antigen or 

pathogen that activated the B cell in the first place [20,21].  

 Unlike B cells, T cells express a T cell receptor (TCR) that does not directly 

bind native antigens. Instead, it must recognize antigens that have been processed into 

antigenic fragments and presented in MHC or MHC-like molecules on the surface of 

other cells [22,23]. There are two types of the TCR, the αβ TCR and the γδ TCR, that 

are expressed on αβ T cells or γδ T cells, respectively [22,24]. γδ T cells represent the 

minority of T cells in the periphery of humans and mice and typically reside in 

epithelial tissues such as the gut and skin where they play important roles in 

inflammation and tissue homeostasis [25]. The ligands for these cells remain somewhat 

obscure but, unlike conventional αβ T cells, they are not restricted to recognizing 

antigen in the context of classical MHC molecules [22,25]. 
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 Conventional αβ T cells (referred to as T cells from here onward), which are the 

focus of this dissertation, bind antigenic peptide fragments presented in major 

histocompatibility complex molecules (pMHC) [23,26]. They can further be divided 

into two subsets depending on the class of MHC they bind and the coreceptor they 

express. T cells that recognize MHC class I (MHCI) express the CD8 coreceptor and 

are also termed cytotoxic T cells (CTLs) because their main function is to kill infected 

cells or tumor cells [27,28]. T cells that bind class II MHC (MHCII) express the CD4 

coreceptor and are called T helper (Th) cells. They can be further divided into different 

subsets depending on their specific effector phenotype and function, but the main role 

of Th cells is to coordinate the immune response by activating and “helping” other cell 

types [28]. T cells play important roles in many different immune processes, including 

response to infection, tumor surveillance, vaccine efficacy, and autoimmunity [13,28-

30]. The clonotypic TCR expressed by each T cell is central to the ability of the T cell 

to distinguish between self and foreign pMHC and the subsequent effector functions of 

the cell. 

 

SECTION 1.2 - T cell recognition of antigen 

 Antigen recognition and specificity of T cells is mediated by a clonotypic TCR 

expressed on the surface of each cell [23,31,32]. Each T cell expresses a unique TCR 

that must recognize pMHC molecules presented on the surface of other cells and 

transmit information regarding the nature of the peptide being presented. Coreceptors 

then aid in this recognition and the initiation of TCR signaling by recruiting kinase 

activity to pMHC-bound TCRs [31,33,34]. 
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1.2.1 The T cell receptor  

 The TCR consist of disulfide-bonded α and β subunits that each contains a 

variable (V) domain and a constant (C) domain that uniquely contribute to T cell 

function [35-39]. The TCR subunits lack endogenous signaling capacity, and are 

instead associated with the CD3γε, CD3δε and CD3ζζ signaling dimers via 

transmembrane charge interactions as well as by stabilizing interactions in the 

extracellular domains of the TCR C domains [40-42]. Additionally, TCRs must be able 

to recognize a diverse array of both self and foreign pMHC. To accomplish this level of 

diversity, the TCR V region is generated by somatic rearrangement of gene segments 

encoded in the germline as well as by random nucleotide additions and deletions that 

further diversify this region [11,12]. The unique functions imparted by the TCR V and 

C domains are informed by the diversity or conservation of these domains as well as by 

key features of their structures, both of which are discussed below.   

 

The TCR Constant domains  

 There is one TCR α C region and two highly similar TCR β C regions in mice 

and humans that are highly conserved in both sequence and structure across species 

[24]. Cβ is structurally very similar to the constant domain of an immunoglobulin (Ig), 

with a top and bottom β sheet connected by an intra-chain disulfide bond [43]. Cα, 

however, is structurally quite distinct from the typical Ig folds of Cβ or antibody chains 

[43]. It consists of a bottom β sheet that is typical of an Ig domain, but instead of a top 

β sheet it has two loosely associated C and F strands that are very mobile (Fig. 1) 
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[24,43]. Cα also has a DE loop that is larger than the analogous region of an antibody 

or the Cβ domain that also protrudes out from the rest of the Cα domain (Fig. 1) 

[24,43]. These unique features of the Cα domain suggest that these regions mediate key 

functions of the TCR. 

 The Cα C strand and the DE loop have been shown to play critical roles in 

distinct functions of the TCR [41,42]. Mutating solvent accessible residues in the DE 

loop of Cα destabilizes interactions between TCR and CD3δε when the transmembrane 

charge interactions between TCR and CD3 are disrupted with detergent [41]. These 

same mutations lead to decreased calcium mobilization in vitro, indicating that these 

TCRs are defective in their ability to signal properly [41]. Additionally, destabilizing 

TCR-CD3δε interactions causes increased apoptosis of thymocytes after TCR 

engagement ex vivo [41]. Mutating the Cα C strand impairs TCR dimerization and 

results in an impaired ability of cells to polarize toward the T cell-APC interface and 

form immunological synapses (IS) in vitro [42]. These mutations also lead to a 

reduction in the frequency of CD4-CD8- double negative (DN) and CD4+CD8+ double 

positive (DP) thymocytes and an increased frequency of CD4+ single positive (SP) 

thymocytes in retrogenic mice, implicating the importance of TCR dimerization in 

proper thymocyte development (Kuhns MS, unpublished).  

 The sum of these data indicates that these unique surfaces of the Cα domain 

each distinctively contribute to T cell development and function. The contribution of 

the surfaces that mediate TCR-CD3δε stability and TCR dimerization to T cell 

development and function in vivo remains unknown and will be the topic of Chapter 3 

of this dissertation. 
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Fig. 1. Molecular architecture and interaction surfaces of the TCR-CD3 complex 

The TCRα (grey) and TCRβ (magenta) subunits are shown interacting with the CD3 
subunits via a transmembrane charge network (red to blue ovals). Also indicated are the 
C strand (yellow), F strand (red) and DE loop (cyan). Adapted from Kuhns and 
Badgandi, Immunological Reviews 2012.  
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The TCR Variable domains 

 The Variable domain of the TCRα chain is encoded by the rearrangement of 

variable (V) and joining (J) gene segments of the Tcra locus, while the TCRβ chains is 

encoded by the rearrangement of V, diversity (D), and J gene segments of the Tcrb 

locus. These recombined regions are what impart the clonotypic specificity of each 

TCR [12,44,45]. The TCRα and β Variable domains both adopt Ig folds that mediate 

interactions with pMHC via loops, called complementary determining regions (CDR) 1, 

2, and 3, that are analogous to the loops antibodies use to recognize antigen [26,43]. 

The CDR 1 and 2 loops are encoded in the germline and primarily contact the MHC α-

helices, while the CDR3 loops are non-germline encoded and primarily bind the peptide 

of the pMHC complex [26,43]. The manner in which the variable domains are 

generated allows for the production of an enormously diverse repertoire of TCRs.  

  The TCR Variable domains are generated by somatic rearrangement of 

germline-encoded variable V, (D), and J gene segments [12,45,46]. Within each species 

there are multiple gene segments for each of these regions. For example, the mouse 

genome has approximately 50 Vα genes, 50 Jα genes, 25 Vβ genes, 2Dβ genes and 12 

Jβ genes [47,48]. The Vα and Vβ gene segments encode CDRs 1 and 2 that primarily 

contact the MHC α-helices [26,43]. Recombination-activating gene (RAG)-mediated 

recombination joins these gene segments together such that one Dβ pairs with one Jβ 

that is then followed by one Vβ rearranging to the Dβ-Jβ pair [12]. The specificity of 

recombination occurs via recombination signal sequences (RSS) that flank each of the 

gene segments and are recognized by the recombination enzymes [12]. Recombination 

of the TCRα chain is similar, except that the α locus contains no D gene segments.  
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 Diversity of the TCRα and β chains is further increased by nucleotide additions 

and chewbacks at the joins between the different gene segments [12]. The TCRα and β 

CDR3s are encoded by the junction between the gene segments as well as by the 

nucleotide additions between these junctions. This generates CDR3s that are highly 

diverse in sequence and length and also allows for frameshifts in Jα and Dβ-Jβ 

translation that further increases the diversity of the TCR repertoire [12]. This 

enormous level of diversity imparts unique specificity to each T cell so that as a whole 

the T cell repertoire can survey the universe of antigenic peptides that can be presented 

by MHC molecules. 

 

1.2.2 TCR recognition of pMHC 

 T cell function depends on the ability of T cells to focus their interactions with 

other cells. This is mediated by TCR interactions with cell-surface expressed MHC 

molecules presenting peptide antigens [23,26]. Thymic selection as well as peripheral 

maintenance and activation of T cells is dependent on the ability of TCR to bind MHC 

molecules presenting either self or foreign peptide fragments, as well as the affinity of 

these interactions [49,50].  

 

MHC class and peptide binding 

 There are two classical types of MHC, MHCI and MHCII, which are encoded 

by distinct regions in the MHC locus [22]. These regions are termed the H-2 region in 

mice and the human leukocyte antigen (HLA) region in humans. MHCI is expressed by 

most nucleated cells and generally presents endogenously-derived peptides to CD8+ T 
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cells, while MHCII is expressed primarily by professional APCs and presents 

exogenously-derived peptides to CD4+ T cells [10]. In humans there are three types of 

MHCI (HLA-A, -B, and -C) and MHCII (HLA-DP, -DQ, and -DR) molecules [22,51]. 

Mice also have three MHCI molecules (H-2D, L and K), but have only two MHCII 

molecules (I-A and I-E, also called H-2A and H-2E) [52]. Additionally, there are many 

different alleles for each of these molecules, which are designated by a superscript (e.g. 

I-Ab). There are also many ‘non-classical’ MHC in both human and mouse, however, 

this dissertation is focused on TCR recognition of classical MHC molecules, 

specifically MHCII, and the role of the CD4 coreceptor in T cell activation following 

TCR-pMHCII interaction.    

 MHCI consists of a polymorphic α chain that pairs with the non-polymorphic 

β2 microglobulin chain (β2m), while MHCII is comprised of polymorphic α and β 

chains [53]. Structurally, MHCI and MHCII are very similar. Both bind peptides in the 

N-terminal domain that are recognized by the TCR [53]. This binding groove is 

comprised of two anti-parallel α-helices that form the sides of the groove and eight 

anti-parallel β sheets that form the bottom of the groove [53]. The β sheets provide the 

binding pockets for peptides and are highly variable between different MHC alleles 

[51,54]. This variability leads to differences in peptides that can be presented by 

different MHC alleles and therefore can shape the repertoire of TCRs that are positively 

selected or respond to a pathogen in an individual. Additionally, the peptide binding 

groove of MHCI is closed at either end, which restricts the peptide length to 9-10 

amino acids, although longer peptides have been reported to bind MHCI and bulge out 

of the binding groove [53,55,56]. The MHCII binding groove is open at both ends, 
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which allows presentation of longer peptides and for presented peptides to sit in 

multiple registers within the binding groove [22,53]. Usually, MHCII presented 

peptides have a 9 amino acid core that sits in the binding pocket while the residues 

outside of this core can extend out of either end of the groove [22,53].  

 

TCR-pMHC binding – structure and energetics 

 Structural data shows that there is a fixed polarity of TCR binding to pMHC 

[23,26,57]. The TCRα chain docks over the N-terminus of the peptide and the TCRβ 

chain docks over the C-terminus of the peptide with the most variable portion of the 

TCR, the somatically recombined CDR3 regions, primarily contacting the most variable 

portion of pMHC, the peptide. The germline-encoded CDR 1 and 2 loops of the TCR 

primarily contact the MHC α-helices, which are less variable than the peptide. 

Structures of pMHC-bound and –unbound TCRs have shown that the CDR loops are 

somewhat flexible, with most movement seen in CDR3 loops upon binding pMHC and 

little to no movement in the CDR1 and 2 loops [26,58,59]. While the diagonal docking 

modality of TCR on pMHC seems to be a general rule based on the currently available 

structures, there is an approximately 45° “wobble” of TCR over the pMHC binding 

groove, although the overall orientation of TCRα and TCRβ over MHC remains the 

same in these structures [26,60]. Also, there is some variability in how centrally the 

TCR binds over the peptide, with some TCRs binding closer to either terminus of the 

peptide. For instance, the autoimmune Ob.1A12 and 3A6 TCRs that both recognize 

different myelin basic protein peptides presented in HLA-DR2b or HLA-DR2a, 

respectively, display an altered docking mode on pMHC [61,62]. However, these 
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docking conformations do not appear to be the norm, and the majority of TCRs bind 

pMHC with the CDR3s contacting the central peptide residues [26,63].  

 TCRs bind pMHC with a relatively low affinity, typically between 1-50 μM, 

with slow association and fast dissociation rates [64-66]. Additionally, the affinity of 

TCR-pMHC interactions has been shown to correlate with TCR signaling and T cell 

responses, with higher affinity interactions leading to more productive T cell activation 

[50,67]. Mutagenesis of TCR or pMHC has shown that both TCRα and TCRβ 

contribute energy to pMHC binding [68-72]. In particular, Wu et al has shown that 

residues in the MHC α-helices guide the initial recognition of TCR for MHC while 

interactions between TCR and the peptide influence the duration of the interaction [71]. 

These data suggest there may be a two-step process of TCR-pMHC recognition where 

the TCR initially recognizes MHC in a cross-reactive transition state that is then 

stabilized by CDR3-peptide interactions that strengthen the interaction to establish 

specificity and lead to functional signaling. 

 Once the TCR engages pMHC, information regarding these interactions must be 

converted to chemical signals within the T cells in order for activation to occur. This 

happens through the recruitment of the CD8 or CD4 coreceptor and the associated Src 

kinase, p56Lck (Lck) to pMHC-engaged TCR [33,34]. 

 

1.2.3 The role of CD8 and CD4 coreceptors in T cell recognition of antigen 

 The TCR-CD3 complex lacks endogenous kinase activity to phosphorylate the 

CD3 ITAMs and initiate TCR signaling. Instead, the Src family kinases Fyn and Lck 

are recruited to the TCR-CD3 complex to deliver kinase activity [73,74]. In particular, 



29 
 

the CD8 and CD4 coreceptors associate with Lck to deliver the necessary kinase 

activity to the TCR complex upon TCR engagement of pMHC by binding to non-

polymorphic regions of MHCI or MHCII, respectively [34,75-77]. Coreceptor-

associated Lck can then phosphorylate the CD3 ITAMs, which in turn allows for 

recruitment of zeta chain-associated protein kinase 70 (ZAP70) to the CD3ζζ dimer to 

further promote downstream signaling and T cell activation [75].  

 Lck associates with CD8 and CD4 via clasp motifs located on Lck and on CD8α 

and CD4 that each contains two cysteines that coordinate a zinc ion [78,79]. Truncation 

of the CD8α or CD4 intracellular domain (ICD) or mutation of either clasp domain has 

been shown to impair Lck association and to partially impair T cell activation [80,81]. 

Additionally, CD4 and CD8α ICDs are both palmitoylated, which may target the 

coreceptor to detergent resistant membrane domains where the palmitoylated and 

myristoylated Lck is located to further increase coreceptor-Lck co-localization and 

association [82,83]. Interestingly, it has recently been shown that a low percentage of 

CD8 (~0.6%) and CD4 (~6.8%) are associated with Lck in DP thymocytes, meaning 

that the majority of coreceptor is Lck-free [84]. Based on this data, a model has been 

proposed whereby multiple CD8 or CD4 coreceptors must sequentially bind a TCR-

bound pMHC until an Lck-associated coreceptor binds to phosphorylate the CD3 

ITAMs and initiate TCR signaling. This would ensure that only TCR-pMHC 

interactions of a minimal or sufficient duration would result in productive signaling. 

The significance and role of the degree of Lck-association with CD4 in detecting low 

affinity interactions between TCR and pMHC will be further discussed in Chapter 2. 
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 Although CD8 and CD4 both recruit Lck to the TCR-CD3 complex, they are 

structurally different and bind different ligands. The CD8 coreceptor is a disulfide-

bonded dimer that can exist as a CD8αα homodimer or as a CD8αβ heterodimer, 

although the CD8αβ heterodimer is the predominant form found on CTLs [33,34,85]. 

Both CD8α and β subunits consist of one Ig-like domain at the N-terminal membrane 

distal end, a long stalk region, a transmembrane domain (TMD) and a short intracellular 

domain (ICD) [33]. The N-terminal Ig-like domain of CD8 binds primarily to the α3 

domain of MHCI, although it also has some contact with the α2 and β2m MHCI 

domains [86,87]. The affinity of CD8 for MHCI is 100-200μM for human and 11-

39μM for mouse CD8 and MHCI molecules [33,88]. Additionally, CD8 has been 

shown to contribute to the stability of TCR-pMHCI interactions by binding to both 

pMHCI and the TCR-CD3 complex [88,89].  

 Unlike CD8, CD4 is a single polypeptide that consists of four Ig-like domains 

designated D1-D4 (N-terminal to C-terminal), a short stalk, a TMD and a short ICD 

[33]. A structure of the CD4 D1 and D2 domains crystalized with MHCII shows that 

CD4 binds between the MHCII α2 and β2 domains via its membrane distal D1 domain 

in a V-like orientation [90]. The affinity of CD4 for MHCII is very weak and estimated 

to be between 200μM and 2mM [91]. 

 In addition to binding MHCII, CD4 has been reported in crystal structures to 

form homodimers via its membrane-proximal D4 domain [92]. Furthermore, 

biochemical and FRET studies have confirmed that human CD4 can form dimers and 

higher order multimers in cell lines via the D4 ECD or the ICD [93-96]. Dimerization 

of CD4 has been shown to increase upon TCR-pMHC engagement, and mutating the 
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surfaces that mediate dimerization decreases T cell activation [93,94]. We have shown 

for the first time that mouse CD4 also forms homodimers, although the surfaces 

mediate that this dimerization remain unknown [97].  

 A ternary complex of TCR-pMHC and an affinity-maturated CD4 containing 

the D1-D4 domains was recently crystalized [98]. This structure is in agreement with 

the V-like docking orientation observed in the previous structure of the CD4 D1 and D2 

domains bound to MHCII that would position the CD4 ICD and its associated Lck at a 

distance from the TCR-CD3 ICDs and ITAMs (Fig. 2A). However, functional data 

suggests that CD4 may interact directly with the TCR-CD3 complex (Fig. 2B) [99-

101]. Mutagenesis studies have identified residues in the D3 domain of CD4 that are 

important for T cell activation, although these residues are either partially or completely 

buried in a hydrophobic core of the D3 Ig fold, and mutation of these residues may 

destabilize CD4 rather than impair direct interactions with the TCR-CD3 complex 

[100]. Whether CD4 interacts directly with the TCR-CD3 complex, and the surfaces 

that may mediate this interaction, remains unresolved and is the topic of Chapter 5.  
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Fig. 2. Model of the TCR-CD3-pMHC-CD4 macro-complex 

(A) Model of the current state of the field regarding how the constituents of the TCR-
CD3-pMHC-CD4 macro-complex interact. (B) Model of a docked orientation of CD4 
along the TCR-CD3 complex that would bring CD4-associated Lck into closer 
association with the CD3 ITAMs. Adapted from Kuhns and Badgandi, Immunological 
Reviews 2012.  
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SECTION 1.3 - Thymocyte development and selection 

 The potential diversity of TCRs that are generated by V(D)J recombination is 

conservatively estimated to be approximately 1015 unique TCRs [48,65]. This number 

far exceeds the number of mature T cells found in the periphery of both mice (~ 108) 

and humans (~ 1012) [102,103]. Furthermore, the number of T cell clones expressing 

unique TCRs in the periphery would be much lower due to expansion of T cells in the 

periphery upon antigen encounter, resulting in clonal populations of T cells that express 

an identical TCR [104].  

 Each TCR must be able to recognize and discriminate between self-MHC 

molecules presenting either self or foreign peptide fragments with an appropriate 

affinity [49]. If a TCR recognizes MHC presenting self-derived peptides with too 

strong of an affinity this could result in autoimmune disease. Conversely, if a TCR is 

unable to recognize self-MHC molecules it will not be able to detect self-MHC 

presenting foreign antigenic peptides and will not become activated and mount a 

productive response against invading pathogens [49,105]. Therefore, thymocytes 

undergo a rigorous process of education and selection in the thymus that takes place 

throughout the course of TCR rearrangement to ensure mature T cells express a TCR 

that falls within an affinity window for pMHC.  

 The Tcrb locus rearranges during the transition between the double negative 

(DN) 2 (CD3- CD4- CD8- CD25+ CD44+) and DN3 (CD3- CD4- CD8- CD25+ CD44-) 

stages of thymocyte development (Fig. 3) [106]. If a productive TCRβ chain is made it 

pairs with the pre-TCRα chain and the CD3 subunits to form the pre-TCR that is 

expressed on the thymocyte surface [107]. The pre-TCR signals in a ligand-independent 
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manner that signals the transition from the DN3 through to the double positive (DP) 

(CD3+ CD4+ CD8+) stage of development and leads to a proliferative burst of 

thymocytes during the DN4 to DP transition [107,108]. Signaling through the pre-TCR 

also leads to the allelic exclusion of the second Tcrb locus, which prevents the 

expression of two TCRβs on any given T cell [107].  

 After productive rearrangement and expression of TCRβ, the Tcra locus 

rearranges to generate a TCRα that can pair with TCRβ during the DP stage of 

development [109]. Tcra V to J rearrangement occurs on both chromosomes until a 

productive TCRα chain is generated that can pair with the TCRβ chain to form a 

complete TCR that can recognize self-pMHC expressed primarily by cortical thymic 

epithelial cells (TECs) with a low but substantial enough affinity to pass through a 

positive selection checkpoint [109,110].  If the TCR on a given thymocyte does not 

bind self-pMHC with a high enough affinity to receive a stimulatory signal through the 

TCR that cell will apoptose (death by neglect) [49]. Additionally, cells with TCRs that 

interact too strongly with self-pMHC will be deleted from the repertoire via apoptosis 

(negative selection). Recently, it has been shown that thymocytes undergoing negative 

selection in the cortex at the DP stage of development are more cross-reactive to 

multiple MHC classes and alleles, indicating that negative selection may primarily 

serve to delete MHC-cross-reactive T cells from the repertoire [111]. At this point, 

depending on whether the newly synthesized TCR binds pMHCI or pMHCII with 

sufficient affinity, the thymocyte will become committed to the CD8 or CD4 single 

positive (SP) lineage, respectively [27].   
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 During the SP stage of development, thymocytes undergo an additional round of 

selection based on the affinity of interactions between their TCR and self-pMHC 

expressed on medullary TECs and DCs [49,105]. This eliminates thymocytes bearing 

self-reactive TCRs that interact with self-pMHC with too high of an affinity that may 

lead to autoimmunity. Therefore, successful selection of a thymocyte intimately 

depends on the affinity of its clonotypic TCR for the self-pMHC it encounters 

throughout development in the thymus. Once a thymocyte has successfully survived 

these selection checkpoints it is exported from the thymus into the periphery as a naïve 

CD8+ or CD4+ T cell. 

 Recently, it has been shown that approximately 85% of pre-selection 

thymocytes express TCRs that have insufficient affinity for pMHC encountered in the 

thymus to mediate positive or negative selection and therefore die by neglect [111]. Of 

the remaining 15% of thymocytes, approximately half (7.5%) are positively selected, 

while the other half (7.5%) express TCRs that induce negative selection. Interestingly, 

the TCRs that induced negative selection of thymocytes were found to be broadly 

cross-reactive to multiple MHC haplotypes and classes, while the TCRs that mediated 

positive selection were less cross-reactive. It has also been shown that mice expressing 

a single chain pMHCII molecule, and therefore have peripheral T cells that have 

“escaped” negative selection, are cross-reactive to different MHC classes, alleles and 

presented peptides [112,113]. Additionally, thymocytes from MHCI and MHCII 

deficient mice that were matured in fetal thymic organ cultures with anti-TCR antibody 

instead of pMHC were shown to be as MHC-reactive as the normal T cell repertoire 

[114]. These data suggest that the pre-selection pool of TCRs may be broadly MHC-
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reactive and that negative selection acts predominantly to cull the T cell repertoire 

toward higher specificity. The process of selection may also skew the mature TCR 

repertoire of an individual to be reactive to its own MHC alleles while eliminating 

those that do not recognize self-MHC molecules.  
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Fig. 3. Stages of thymocyte development 

Schematic of thymocyte development stages as described in the text of Section 1.3. 
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SECTION 1.4 - Models of MHC-restriction 

 Unlike BCRs, which are generated in a manner similar to the TCR but can 

recognize native conformational antigenic epitopes, mature T cells recognize processed 

peptide fragments presented on MHC molecules. This phenomenon is known as MHC-

restriction and is a unique feature of T cells that enforces T cell recognition toward 

other cells since MHC is a cell surface-expressed protein. Additionally, TCRs (as a 

whole/repertoire) are cross-reactive to many different MHC molecules yet are restricted 

to recognizing MHC molecules presenting a huge variety of peptides. The nature of the 

interactions that allow for self-MHC restriction and the discrimination of self or foreign 

peptides presented by self-MHC molecules is a subject of intense debate 

[23,57,115,116]. 

  There are two models, which are not mutually exclusive, that have been 

proposed for how TCRs become MHC-restricted. One model suggests that the TCR 

repertoire is intrinsically random prior to thymic selection and that the process of 

selection imposes MHC-restriction by eliminating cells expressing TCRs that interact 

with ligands other than MHC [116]. The evidence for this model comes primarily from 

a set of experiments using so-called “quad-deficient” mice that lack expression of 

MHCI, MHCII, CD8 and CD4 [117,118]. In this model, DP thymocytes express high 

levels of the CD8 and CD4 coreceptors that bind all of the available Lck, which is 

required for TCR signaling and positive selection. This would limit Lck recruitment 

and phosphorylation to only those TCRs that engage the same ligands as CD8 or CD4 

(i.e. MHCI or MHCII), while TCRs that engage non-MHC ligands would not be able to 

recruit the coreceptor-associated Lck required for positive selection.  
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 However, in quad-deficient mice, Lck is not sequestered by coreceptor and in 

principle can be recruited to TCRs binding non-MHC ligands. In fact, mature T cells 

from these mice can respond to non-MHC ligands. In particular, two TCRs that have 

been cloned and sequenced from quad-deficient mice have been shown to recognize the 

non-MHC ligand, CD155, which is the mouse analog of the human polio virus receptor 

[118]. This recognition was shown to be dependent on CDR1 and 2 contacts as well as 

the CDR3 sequence of the TCR. Interestingly, the affinity of these TCRs for CD155 

was ~200nM, which is akin to antibody-antigen recognition and is ~10-100 fold higher 

than typical interactions between conventional TCRs and pMHC. From these data, the 

authors conclude that coreceptors, via their association with Lck, are the driving force 

that restricts mature T cells to recognizing MHC.  

 A second model for MHC-restriction posits that there is inherent recognition of 

TCR for MHC that is germline-encoded via “recognition codons” in the CDR1 and 2 

regions of the TCR [57,115]. These recognition codons are thought to interact with 

different MHC molecules in unique but specific ways that allow the TCR to scan 

multiple pMHC molecules until it finds a composite pMHC surface to which binding is 

stabilized by additional interactions between the peptide and the clonotypic CDR3 

loops of the TCR. For example, two such recognition codons have been identified for 

Vβ8.2 [68]. Crystal structures of ten different TCRs containing Vβ8.2 paired with 

different Vα chains and containing different CDR3 sequences have shown conserved 

interaction motifs that are absolutely necessary for recognition of a particular MHC 

[23,115]. One motif was required for recognition of different alleles of the MHCII 

molecule I-A, while a distinct motif in Vβ8.2 was required for interaction with different 
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pMHCI molecules [23,119]. This suggests that each TCR V region may have evolved 

distinct interaction motifs for different MHC molecules such that the TCR can interact 

with any given MHC molecule in a unique but specific manner. However, the TCRs 

used in structural studies such as those outlined above have undergone thymic selection 

and may therefore not reflect a true bias of all TCRs for MHC prior to selection.   

 While there is compelling evidence for both models of MHC-restriction, it 

remains unclear how a highly diverse set of TCRs can recognize diverse MHC 

molecules. The nature of TCR specificity for MHCII and the role of CD4 and Lck in 

this recognition will be the topic of Chapter 2.  

 

SECTION 1.5 - T cell activation and effector functions 

 After thymocytes have undergone development and selection in the thymus, 

they are exported into the periphery as naïve CD8+ or CD4+ T cells [27,105]. Once in 

the periphery, T cells survey the pMHC molecules presented on cells in secondary 

lymphoid organs such as the spleen and lymph nodes until they encounter their cognate 

ligand [120]. Full activation and differentiation of a T cell requires additional signals 

that help direct the T cell to the appropriate effector function depending on the context 

of the antigenic stimulation [28,121,122].    

 

T cell activation and differentiation (Signals 1-3) 

 Activation and differentiation of T cells requires three signals that are delivered 

via interaction with APCs. Signal 1 is mediated via interactions between the TCR and 

its cognate pMHC. The strength of interaction between the TCR and pMHC plays a 
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large role in T cell responses to antigenic stimuli [50]. This interaction strength is 

influenced by several factors, including the affinity of TCR-pMHC interactions, the 

affinity of the antigenic peptide for MHC, and the stability and duration of T cell-APC 

interactions [50]. The information a T cell receives through TCR-pMHC interactions 

regarding the nature of the antigenic peptide being presented on an APC influences 

several aspects of T cell activation. However, T cells must also receive additional 

signals from the APC for full proliferative and functional capacity. 

 In addition to stimulation through the TCR complex, T cells must receive 

costimulatory signals (signal 2) from professional APCs for proper proliferation and 

function [121,122]. This is primarily mediated by CD28 on T cells engaging CD80 and 

CD86 on APCs. Stimulation of CD28 by CD80 and CD86 increases transcription and 

stability of IL-2 mRNA and up-regulates Bcl-XL, which is an anti-apoptotic protein 

[123,124]. CD28 may aid in T cell responses by helping the formation of a mature 

immunological synapse, by assembling independent signaling complexes and/or by 

augmenting TCR signals [121]. There are also several molecules on the T cell surface 

that are related to CD28 that have inhibitory functions in T cells. These coinhibitory 

receptors also have important roles in regulating T cell responses.  

 Cytotoxic T-lymphocyte antigen-4 (CTLA-4) is a coinhibitory receptor on the 

surface of T cells and is closely related to CD28. CD28 and CTLA-4 both form 

homodimers and bind CD80 and CD86. However, each CTLA-4 molecule binds CD80 

or CD86 with a higher avidity due to its ability to bind two CD80 or CD86 molecules 

on the surface of APCs, whereas each CD28 molecule is monovalent and binds only 

one CD80 or CD86 molecule [125,126]. This characteristic may play a role in how 
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CTLA-4 inhibits T cell activation by CTLA-4 binding and sequestering ligand away 

from CD28 so that signaling through CD28 can no longer take place. There are also 

several ways that CTLA-4 may inhibit T cell activation through more active 

mechanisms. For instance, there is data suggesting that CTLA-4 recruits the 

phosphatase SHP-2 to the TCR-CD3 complex to de-phosphorylate the CD3 ITAMs 

[127]. CTLA-4 may also alter cell motility or signaling to reverse the TCR ‘stop 

signal’, which would limit the close T cell-APC contact required for robust TCR 

signaling [128,129].  

CD28 and CTLA-4 expression are inversely related and reflect the activation 

state of a T cell [130]. T cells constitutively express CD28 and can therefore receive 

stimulation through CD28 quickly after a T cell encounters an APC presenting its 

cognate pMHC. After TCR ligation, surface expression of CTLA-4 increases so that it 

can “control” the T cell response after the T cell is activated. The regulated temporal 

and spatial expression of CD28 and CTLA-4 is critical for the initiation of T cell 

response and for subsequent dampening of the T cell response. 

 Signal 3 is delivered to T cells via cytokines produced by the local priming 

environment, particularly APCs, that are important for developing full effector function 

of T cells and to help inform the differentiation of Th cells into different effector 

subsets [3,28,131]. Signaling through cytokine receptors on the T cell stimulate 

JAK/STAT signaling pathways that in turn induce transcription factors that acts as 

master regulators that lead to commitment to a particular subtype of T cell [132]. For 

instance, IFN-γ produced by innate immune cells activates STAT1 in naïve CD4 T 

cells. STAT1 in turn induces expression of the transcription factor T-bet which allows 
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for transcription of the IFN-γ and IL-12 receptors that lead to commitment to the Th1 

lineage [131]. Signal 3 helps to direct the adaptive immune response according to the 

type of pathogen encountered by the innate immune system. In the case of Th1 cells, 

professional APCs such as macrophages and dendritic cells produce IL-12 when 

infected with intracellular bacteria [131,133]. IL-12 production then promotes 

differentiation of naïve CD4 T cells into Th1 cells, which in turn activate macrophages 

that are required for the clearance of such infections. There are several additional T cell 

subsets that each performs unique functions in the periphery.     

 

T cell effector functions 

 T cells can be divided into several subsets depending on their function. The two 

main types of conventional T cells are CTLs and Th cells, which are classified based on 

the class of MHC their TCR binds and the co-receptor they express [27,28]. CTLs 

recognize peptides presented in MHCI and express the CD8 co-receptor, which also 

binds MHCI. Because MHCI is expressed on most nucleated cells, any infected cell can 

be recognized by CTLs, although professional APCs are required to provide signals 2 

and 3 for CTL activation. The main function of CTLs is to lyse infected or altered-self 

cells such as tumor cells by producing and secreting perforin and granzymes [134]. The 

second main subset of T cells is Th cells, which recognize peptides presented in MHCII 

and express the CD4 co-receptor that binds MHCII. The emphasis of this dissertation is 

on TCR recognition of MHCII and the role of CD4 in TCR signaling, so more focus 

will be given to the role of CD4 T cells in immune responses. 
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 The primary function of Th cells is to help coordinate the response of various 

cell types of the innate and adaptive immune systems, depending on their functions and 

the cytokines they produce upon activation [131]. For instance, Th1 cells produce IFNγ 

to help phagocytic cells, such as macrophages, destroy endocytosed pathogens. Th2 

cells produce IL-4 and activate innate immune cells such as eosinophils and mast cells 

as well as help B cell class switch to produce IgE antibody that in turn help fight 

parasitic or helminth infections. Th2 cells have also been found to play a role in allergy 

and asthma [135]. Th17 cells are a third effector subset of CD4 T cells that primarily 

produce IL-17 and IL-22 to activate and recruit neutrophils to the site of infection and 

promote antimicrobial peptide production at host barrier surfaces such as the skin and 

gut [136]. These cells are important for protecting against extracellular bacteria and 

fungal infections but have also been shown to play a pathogenic role in many 

autoimmune diseases such as psoriasis, autoimmune arthritis and Crohn’s disease. T 

follicular helper (Tfh) cells have been identified as a subset of Th cells that aid in the 

survival of B cells [137]. Finally, regulatory T cells (Treg) produce transforming 

growth factor β (TGF-β) and the anti-inflammatory cytokine IL-10 and are involved in 

maintaining immune tolerance to regulate immune responses to pathogens and tumors 

as well as prevent autoimmunity [138].  

 CD4 T cells can perform many different functions depending on the context in 

which they are activated. These effector functions activate various arms of the innate 

and adaptive immune compartments to coordinate immune responses that are tailored 

against specific pathogens. Additionally, CD4 T cells have been shown to play 

numerous roles in disease pathogenesis such as autoimmunity and allergy. 
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Understanding how the components of these cells that initiate T cell activation function 

together is therefore critical for designing better vaccine and therapeutic approaches. 

 

SECTION 1.6 - Significance and goals of this dissertation 

 Signaling through the TCR plays a critical role in determining T cell fate 

decisions. As discussed above, TCR signaling first determines whether a particular T 

cell precursor will continue development in the thymus to become part of the mature T 

cell repertoire in the periphery [105]. Once in the periphery, tonic signaling through the 

TCR is also necessary for the survival of T cells as well as activation of T cells upon 

encounter with its cognate pMHC [139]. The quantity and quality of this signal, along 

with the other signals outlined above, then determines how much a T cell will expand 

upon antigen encounter as well as the effector phenotype and function of those cells 

[50,131,140-144]. Signaling through the TCR-CD3 complex with the help of the CD8 

or CD4 coreceptor after the TCR and coreceptor co-engage pMHC is foundational to T 

cell fate decisions and effector functions. It is therefore critical to better understand 

how these molecules interact with one another to initiate productive signaling. 

 There is much known about the structure of the individual components that 

make up the TCR-CD3-pMHC-CD4 macro-complex as well as some information 

regarding how these components interact together in crystals [24,31,53]. Additionally, 

we know a lot about the downstream signaling cascades that are initiated following 

TCR engagement with cognate pMHC as well as the effector functions of T cells 

following activation [28,73,145]. However, there remains an incomplete understanding 
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of how the components of this macro-complex all fit together in the context of a cell to 

initiate intracellular signaling and T cell activation.  

 The overarching goal of this dissertation has been to determine how the 

individual constituents of the TCR-CD3-CD4-pMHC macro-complex come together to 

initiate TCR signaling to elicit functional T cell responses. To this end, there are three 

main aims that will be addressed in the following chapters. The first aim is to examine 

how the TCR recognizes MHC and the nature of MHC-restriction. The data presented 

and discussed in Chapter 2 provides the first functional evidence for an intrinsic 

specificity of TCR for MHCII and has resulted in a manuscript that was published in 

PNAS. Aim two is directed at determining the in vivo consequences of disrupting TCR-

CD3 stability and dimerization. I have built transgenic mouse models to begin 

addressing this aim that will be discussed in Chapter 3. The third aim is to determine 

the role(s) of the CD4 TMD and ECD in T cell activation. Data regarding a role of the 

CD4 TMD in TCR signaling is presented and discussed in Chapter 4 and has resulted in 

a publication in PLoS One. Chapter 5 is focused on determining the role of the CD4 

ECD in T cell activation and proximity to the TCR-CD3 complex. Finally, Chapter 6 

will provide a summary and future directions for each of these aims.    
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CHAPTER 2 – FUNCTIONAL EVIDENCE FOR TCR-INTRINSIC 

SPECIFICITY FOR MHCII* 

 

SECTION 2.1 – Introduction 

Positive and negative selection limit the αβT cell repertoire to cells expressing 

clonotypic T cell receptors (TCRs) that distinguish the antigenicity of peptides 

embedded within class I and class II major histocompatibility complex molecules 

(pMHCI or pMHCII, respectively) based on their source of origin (i.e. self or foreign) 

[23,57,115,116]. Approximately 7.5% of CD4+CD8+ double-positive (DP) thymocytes 

express TCRs that interact with self-pMHC above an affinity threshold required for 

positive selection, while 7.5% cross a higher affinity threshold that mediates negative 

selection, and the remaining TCRs fail to direct positive selection [111]. The rules that 

restrict TCR recognition of antigenic peptides within MHCI or MHCII are unresolved. 

 Two models have been proposed to explain MHC restriction. One posits that 

restriction is imposed by CD4 or CD8 during thymocyte development to eliminate 

TCRs that recognize non-MHC ligands [116,117]. Here, the CD4- and CD8-associated 

Src kinase, p56Lck (Lck), is sequestered away from the immunoreceptor tyrosine-based 

activation motifs (ITAMs) of the TCR-associated CD3δε, CD3γε, and CD3ζζ signaling 

modules. Positively selecting signals are then generated in thymocytes expressing 

TCRs that bind MHCII or MHCI together with CD4 or CD8, respectively, as this 

localizes Lck to the ITAMs. Those thymocytes expressing TCRs that do not bind 

MHCI or MHCII would fail to localize Lck to the ITAMs and die. In the second model, 

                                                
* Adapted from: Parrish HL, Deshpande NR, Vasic J, Kuhns MS (2016) Functional 
Evidence for TCR-intrinsic specificity for MHCII. PNAS (Epub ahead of print) 
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germline-encoded complementary determining regions (CDR1 and CDR2) allow each 

clonotypic TCR to bind distinct classes and alleles of MHC molecules via unique yet 

specific recognition codons that impose a canonical docking polarity and MHC-

restriction [23,57,68,115,146]. While it is not obvious that these models are mutually 

exclusive, the key distinction is that in the first model the randomly generated pre-

selection TCR repertoire would contain TCRs that do and do not bind pMHC while in 

the second model most if not all TCRs would have a specificity for MHC that is 

germline encoded, regardless of the class or allele of MHC.    

The canonical docking polarity of TCRs on MHCI or MHCII observed in crystal 

structures, and the CDR1 and CDR2 contacts therein, provide evidence for germline 

encoded TCR-MHC interactions for positively selected TCRs [23,57,68,115,146]. But 

this is taken as supporting either model since germline-encoded contacts are likely to be 

required to allow the formation of a TCR-CD3-pMHC-CD4/CD8 macro-complex that 

situates the CD3 ITAMs and Lck in a functionally mandated orientation [23,57,115-

117,147,148]. Structural insights from positively selected TCRs thus do not allow the 

basis of MHC restriction to be cleanly addressed, and functional data that support either 

model have been reported [113,114,118,149,150]. 

An open question that can shed light on the similarities and differences between 

the two models is whether TCRs participate in sub-threshold scanning of MHC [57,71]. 

Scanning would allow a TCR to dock on MHC and survey their contents for peptides 

that increase the duration of TCR-pMHC interactions, via contacts with clonotypic 

CDR3s, and allow the formation of a TCR-CD3-pMHC-CD4/CD8 macro-complex that 

generates signals [57,148]. In the co-receptor imposed model a diverse pre-selection 
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repertoire would contain TCRs with no intrinsic capacity to bind MHC, TCRs that 

interact with pMHC by atypical modalities, and TCRs that interact with a composite 

pMHC surface in a canonical modality in a lock-and-key manner akin to antibody-

antigen recognition [116,117]. Once selected, this last group of TCRs would be 

predicted to scan composite pMHC with shapes (i.e. topology and chemical 

characteristics) related to the selecting pMHC – presumably the same MHC, or similar 

allelic variant, presenting related peptides. In the germline-encoded recognition model, 

TCR scanning of MHC via recognition codons would be intrinsic to most if not all 

TCRs, regardless of the class of MHC, allelic variants, or the peptide sequence therein 

[57]. At present, functional evidence for TCR scanning of MHC is lacking, regardless 

of whether it is MHC class, allele, and peptide sequence-dependent or not.  

 Recently, the frequency of Lck-associated CD4 molecules was proposed to 

influence if a TCR-pMHC interaction is of sufficient duration to direct a specific cell 

fate decision, such as negative selection [84]. We thus hypothesized that genetically 

increasing the frequency of CD4-Lck association should allow for the detection of sub-

threshold TCR-pMHC interactions that are normally of insufficient duration to elicit a 

functional response. Here we show that T cell hybridomas expressing ten distinct TCRs 

along with a CD4-Lck fusion make IL-2 in response to APCs expressing selecting or 

non-selecting MHCII, regardless of the sequence of the presented peptide. These 

responses were independent of positive selection on MHCII since TCRs that were 

positively selected on MHCI, or generated in vitro and thus not thymically selected, 

yielded similar responses. These data provide functional evidence for sub-threshold 
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TCR scanning of MHCII that is independent of the class of MHC, the allele, or the 

peptide sequence therein.    

 

SECTION 2.2 – Materials and Methods 

Constructs  

 MSCV-based retroviral expression vectors were used here [97]. All proteins are 

described by amino acid number beginning at the start methionine. The 5c.c7 and 2B4 

TCR constructs were previously described [41,97]. The OT-II, OT-I and gBT TCRs 

were PCR amplified from genomic DNA of transgenic mice [151-153]. The WNVα 

TCRα chain (WNVa) was amplified from genomic DNA from WNV-NS4B transgenic 

mice and uses TRAV14-1 (Vα2) and TRAJ16. The last four amino acids of the V 

region, nucleotide additions, and first four amino acids of the J region are: CAAS-

ATSS. The Vb13 TCRβ chain was amplified from splenic cDNA from a C57Bl/6 

mouse and uses the TRBV14 (Vβ13) and TRBJ2-1 gene segment with the last four 

amino acids of the V region, nucleotide additions and D region, and first four amino 

acids of the J region as follows: CASS-YRV-AEQF. Full-length CD3δ, ε, γ, and ζ were 

encoded on a poly-cistronic construct as previously described [41,154]. CD4T (aa 1-

421) was described elsewhere [97] and CD4-Lck encodes CD4T (aa 1-421) fused via a 

linker (AAAS) to Lck (aa 2-509). The CD4Δbind mutant was previously described [97]. 

Constructs encoding T102G:I-Ek or the shaved MCC variant, MCC4A:I-Ek 

(ANERADLIAYLKQATK to ANERADAIAALAQAAK), were generated similarly to 

the previously described MCC:I-Ek, T102S:I-Ek, and HB:I-Ek constructs by fusing 

T102G or MCC4A to the N-terminus of the I-Ek beta subunit via a short flexible linker 
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[97]. Those encoding Ova:I-Ab, E641:I-Ab, Ft:I-Ab, 2W:I-Ab, or the shaved 2W variant, 

2W4A:I-Ab (EAWGALANWAVDSA to EAAAAAANAAVDSA), were generated in a 

similar manner by fusing Ova 326-338, E641 641-655, Ft 86-99, or 2W 52-68 to the N-

terminus of the full length I-Ab beta subunit via a short linker. An independent vector 

encoded the I-Ab alpha subunit.  

 

Cell line retrovirus transfection 

 Transfection of Phoenix cells: 

1. Grow Phoenix E cells in complete DMEM (10% FBS with 1X 

Penicillin/Streptomycin/Glutamate), maintain at 50-60% confluency in 10cm 

plates 

2. Split cells using Trypsin/EDTA by adding 5mL until the cells start to lift off the 

plate (3-4 minutes). Add 5mL DMEM to stop trypsinization and pipette up and 

down vigorously to monodisperse the cells.  

3. Spin cells down and resuspend in fresh DMEM to re-plate. 

4. When ready to transfect Phoenix cells and make virus, harvest Phoenix cells and 

plate 1.3X106 cells in 3mL in 6cm plates. Make one plate per virus per cell line.  

5. Culture overnight at 37°C overnight, until cells reach approximately 80% 

confluency. Cells should be in an evenly dispersed monolayer.  

6. Make transfection mix by adding: 

a. 0.75μg gag pol and 0.75μg eco envelope plasmids to eppie tubes 

b. 400μl DMEM (incomplete) 

c. 1.5μg of the construct of interest 
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d. 6μl Turbofect transfection reagent (TheroScientific) 

7. Tap tube 5 times to mix and incubate at room temperature 20 minutes 

8. Change the media on Phoenix cells to 3mL fresh complete DMEM while the 

transfection mix is incubating. 

9. Add the transfection mix dropwise directly onto cells. 

10. Culture cells overnight at 37°C (~24 hours) 

11. Change media on Phoenix cells to 2.5mL fresh complete DMEM, being careful 

not to disrupt the cell monolayer. Shift cells to 32°C. 

12. Harvest media (viral supernatant) 24 hours after shifting to 32°C and store at 

4°C. 

13. Harvest media again after another 24 hours and pool with media from previous 

day. 

 Spin Infection 

1. Spin down viral supernatant at 1500rpm 5 minutes to pellet any cell depris. 

2. Add 4.5mL of each virus needed to generate each cell line into a 100kDa spin 

concentrator and centrifuge at 3000rpm for 15-20 minutes. Concentrate virus 

down to 250-300μl. 

3. Plate cells for spin infection in a 12-well plate at 1X106 cells in 2mL RPMI + 

4μg/mL polybrene.  

4. Add the concentrated virus dropwise to cells (one well for each cell line). Let 

the virus settle to the bottom of the plate without mixing. 

5. Spin at 2700rpm for 2 hours at 32°C. 
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6. Replace media immediately after spin infection by aspirating off old media. For 

58α-β- cells, split into 2 wells after aspirating off media to further dilute any 

left-over polybrene. 

 Drug selection 

1. For 58α-β- cells directly add 5μg/mL puromycin and 50μg/mL zeocin to each 

well approximately 20 hours following spin infection. For M12 cells, split cells 

1:2 with media containing puromycin and zeocin to give a final concentration of 

10μg/mL puromycin and 100μg/mL zeocin. 

2. 58α-β- cells typically need to be split out to 3 wells 24 hours after drug selection 

with media containing 5μg/mL puromycin and 50μg/mL zeocin. They are 

usually ready to be transferred to flasks two days after being split into 3 wells.  

 

Cell lines and flow cytometry  

 The 58α-β- and M12 cell lines have been previously described [97], and the 

Chinese Hamster Ovarian cells expressing I-Ek (CHO I-Ek) as described elsewhere 

[155]. Surface expression of TCRβ Vβ3 (mAb clone KJ25 PE), TCRβ Vβ5 (mAb clone 

MR9-4 FITC), CD3ε (mAb clone 145-2C11 PE-Cy7) and CD4 (mAb clone GK1.5 

e450) expression on 58α-β- cells was assessed by flow cytometry. Cell death was 

determined by setting a dead cell gate in forward and side scatter on cells that had been 

treated with 1% sodium azide and then calculating the number of cells in this gate with 

count beads. The dead cell gate was confirmed using a live-dead cell stain. TCR down-

regulation was calculated with anti-Vβ3 and determining the gMFI of TCR for the 58α-
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β- cells in each sample. Relative gMFI was calculated by normalizing TCR gMFI of 

each sample to cells cultured with parental M12 cells.  

 

Membrane fractionation and FFLISA 

 Membrane fractionation was performed similarly to Hur et al. [156]. 4X107 58α-

β- cells were lysed in 1mL ice cold 1% Triton X-100 in TNE (25mM Tris (pH 8.0), 150 

mM sodium chloride, 5mM EDTA (pH 8.0)) for 10 minutes on ice followed by 

homogenization with a dounce homogenizer. Lysates were brought to 2.5mL in an 

ultracentrifuge tube with lysis buffer and mixed with 2.5ml of ice cold 80% sucrose in 

TNE by gently pipetting (keep tubes in ice!). These were overlayed with 5ml of ice cold 

30% sucrose in TNE followed by 3ml of ice cold 5% sucrose. After centrifugation for 

18 hours at 36,000 rpm at 4°C using an SW40Ti rotor, fractions were collected from the 

top and the DRM band was visible at the interface between the 5% and 30% sucrose 

layers (Fractions 3-4). 

 FFLISA was performed by immunoprecipitating TCR or CD4 from whole cell 

lysates (WCL) or membrane fractions using streptavidin-conjugated microspheres 

(Polysciences) coated with biotinylated anti-TCRβ (clone H57) or anti-CD4 (mAb 

clone RM4-4) for 2 hours at 4°C on a shaking incubator. Tubes were inverted every 20 

minutes to ensure beads were mixed throughout lysate fractions. Beads were then 

washed by filling the tubes with 0.1% lysis buffer in TNE and mixing to dilute sucrose 

followed by centrifugation at 3000 rpm for 10 minutes followed by an additional wash 

with 0.1% lysis buffer. Beads were then incubated with antibodies against either TCR 
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(Vα11, mAb clone RR8-1 APC), CD4 (mAb clone GK1.5 PE) or Lck (mAb clone 3A5 

PE) for 1 hour at 4°C and then washed. Protein was detected by flow cytometry.   

 

Functional assays  

 1X105 CHO I-Ek cells were cultured with 5X104 58α-β- cells and MCC 88-103 

peptide in 96-well flat-bottom plates. Alternatively, 1X105 M12 cells expressing 

tethered pMHC were co-cultured with 5X104 58α-β- cells in 96-well round-bottom 

plates. For cultures with spleenocytes (SN), 5X104 58α-β- cells were cultured with 

either a titration of T cell-depleted SN from 8-12 week old male C57Bl/6 mice or 

5X105 SN. Where indicated, anti-I-Ek (clone 14.4.4), anti-I-Ab/I-Ek (clone M5), anti-

CD4 (clone GK1.5), anti-CD8 (clone 53.6.7), or the anti-2B4 TCR (clone a2b4) were 

added at 20μg/ml. Supernatants were collected and assayed for IL-2 after 16 hours of 

co-culture at 37°C.  

 For IL-2 ELISAs, 96-well high binding plates were coated overnight at 4°C with 

50μl/well anti-mouse IL-2 (clone JES6-1A12, Biolegend) at 1μg/mL in PBS as a 

capture antibody. The following day, plates were washed 3X with ELISA wash buffer 

(1X PBS with 0.05% Tween20) and 50μl of co-culture supernatant was added to wells 

and incubated at room temperature for 1 hour. A standard curve was generated by 

adding 30ng/mL rmIL-2 to triplicate wells and making a 1:3 dilution in RPMI on each 

plate, with the last well of the dilution containing RPMI alone to serve as zero. Plates 

were then washed 3X with wash buffer, and 50μl/well biotin anti-mouse IL-2 (clone 

JES6-5H4, Biolegend) was added at 2μg/mL in PBS/2%FBS as the secondary antibody. 

Plates were incubated at room temperature for 1 hour then washed 3X with wash buffer. 
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Streptavidin-HRP was diluted 1:1000 in wash buffer, and 50μl/well was added. Plates 

were incubated at room temperature in the dark for 30 minutes then washed 3X with 

wash buffer. TMB substrate solution (Biolegend) was used for detection and was made 

by mixing a 1:1 ratio of Substrate A with Substrate B. Plates were read immediately at 

605nm wavelength and read twice more at approximately 5 minute intervals. The limit 

of detection for IL-2 was 4.4 pg/mL. 

 

SECTION 2.3 – Results 

2.3.1 CD4-Lck enhances responsiveness to cognate pMHCII stimulation  

 To confirm that fusing CD4 to Lck increases T cell hybridoma sensitivity, as 

previously shown [157], we generated 58α-β- T cell hybridoma lines expressing the 

5c.c7 TCR, specific for a moth cytochrome c peptide (MCC 88-103) in I-Ek, along with 

wild type CD4 (CD4WT), a C-terminally truncated CD4 (CD4T) that lacks the Lck-

binding clasp domain, or a CD4-Lck fusion protein [97,157,158]. Similar levels of TCR 

and CD4 were expressed on all cell lines (Fig. 4A). We then measured IL-2 production 

in response to varying MCC concentrations presented by Chinese Hamster Ovary cells 

ectopically expressing I-Ek (CHO I-Ek) (Fig. 4B) [155]. The CD4-Lck cells produced 

more IL-2 than the CD4WT or CD4T cells, even at low MCC concentrations. The 

CD4T cells, in which Lck cannot interact with CD4 via the clasp [78], had lower 

responses than the CD4WT cells. These data confirm that fusing CD4 to Lck enhances 

T cell hybridoma responses to agonist pMHC [157].   
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Fig. 4. Fusing CD4 to Lck enhances responsiveness to cognate pMHCII stimulation 

58α-β- hybridomas were transduced with the 5c.c7 and either CD4WT, CD4T, CD4-

Lck or CD4ΔbindLck. (A) Surface expression for TCR and CD4 were assessed by flow 

cytometry as labeled. (B) IL-2 secretion from 58α-β- T cell hybridomas after 16 hours 

of co-culture with chinese hamster ovary (CHO) cells ectopically expressing I-Ek (CHO 

I-Ek) pulsed with MCC peptide at the indicated concentrations. 
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2.3.2 Increased Lck localization in DSMs with the TCR 

  We next compared the amount of Lck associated with CD4 in the CD4WT and 

CD4T cells relative to the CD4-Lck cells (100% Lck-association) to relate differences 

in responsiveness between these cells to Lck association with CD4. 

Immunoprecipitation of whole cell lysates (WCL) from CD4WT cells revealed that 

~6% of the CD4 signal was associated with Lck relative to the CD4-Lck fusion after 

detection with a flow-based flourophore-linked immunosorbant assay (FFLISA) (Fig. 

5A), similarly to what has been shown for DP thymocytes [84]. Interestingly, 

immunoprecipitation from CD4T WCL indicated that ~3% of the CD4 signal was 

associated with Lck relative to the fusion even though CD4T lacks the clasp that 

mediates association with Lck. This is likely to be due to co-association in detergent 

resistant membrane domains (DRMs) rather than direct interactions [159]. 

  Given these findings, we assessed the membrane compartmentalization of CD4 

and CD4-associated Lck molecules relative to the TCR in each cell line to determine if 

responsiveness corresponded to the concentration of Lck and TCR in the same 

membrane fraction. The TCR is reported to localize to detergent soluble membrane 

domains (DSMs) after sucrose fractionation, while Lck and Lck-associated CD4 

localize to DRMs; however, the CD4-Lck fusion lacks a myristoylation site reported to 

impact Lck localization to DRMs and a palmitoylation site in CD4 that may also impact 

DRM-localization [159,160]. We used FFLISA to measure TCR, CD4, and Lck in 

sucrose gradient DRM fractions 2-6 and DSM fractions 7-10. The TCR primarily 

localized to DSMs for all cells (Fig. 5B). Interestingly, CD4 was mostly detected in 

DSMs for all cells, with a smaller percentage being localized to DRMs (Fig. 5C). 
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We also assessed the amount of Lck that co-precipitated with CD4 in each 

fraction. Most CD4-associated Lck signal for CD4T cells was present in the DRM 

fractions (Fig. 5D). This suggests that CD4’s Lck-independent function might be partly 

attributed to CD4T molecules co-localizing with Lck in specific membrane domains in 

the absence of direct interactions. CD4T could thus recruit Lck to the TCR-CD3 

complex even if with less efficiency than CD4WT. For both the CD4WT and CD4-Lck 

lysates, the CD4-associated Lck signal was most abundant in the DSMs rather than the 

DRMs (Fig. 5D). The total signal intensity for CD4-associated Lck was higher for the 

CD4-Lck cells compared with the CD4WT cells, indicating that there is higher co-

localization of TCR and Lck in DSM fractions for the CD4-Lck cells (Fig. 5E). Thus, a 

higher frequency of CD4-associated Lck would be available for recruitment to TCR-

pMHC interactions. One prediction of these results is that the CD4-Lck cells should be 

more sensitive to lower affinity TCR-pMHC interactions if activation depends on the 

frequency of Lck-associated CD4 molecules encountered during the course of TCR-

pMHC interactions [84].  
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Fig. 5. Fusing CD4 to Lck increases Lck in DSMs 

(A) Percent of Lck-associated CD4 in whole cell lysate from CD4WT and CD4T cell 

lines relative to CD4-Lck lines (100%) (mean ± SEM from four experiments). (B-D) 

Membrane fractionation was performed on 58α-β- cells expressing the 5c.c7 TCR and 

CD4WT, CD4T or CD4-Lck to analyze the percent of total (B) TCR, (C) CD4, or (D) 

CD4-associated Lck in each fraction. gMFI (-Bkg) within each fraction is shown as a 

percent of the total gMFI (-Bkg) for each cell line (mean ± SEM for three experiments). 

Background subtraction was performed with the gMFI of Fraction 1 from each cell line. 

(E) Raw CD4-associated Lck signal (gMFI from each fraction). Data are representative 

of three experiments. *p<0.05, Mann-Whitney. 
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2.3.3 Fusing CD4 to Lck reveals responses to null pMHCII 

  To test this prediction we examined responses to TCR-pMHC interactions of 

different affinities using altered peptide ligands (APLs) of MCC for cells expressing the 

5c.c7 or 2B4 TCRs (Fig. 6A). M12 cells expressing I-Ek tethered to an agonist (MCC), 

weak agonist (T102S), antagonist (T102G), or null peptide from mouse hemoglobin d 

allele peptide (Hb 64-76) were used as APCs [97,161]. Importantly, 5c.c7 and 2B4 

interactions with T102G:I-Ek are too weak to measure by surface plasmon resonance, 

while both interact with a shorter half-life with T102S:I-Ek than MCC:I-Ek 

[71,158,162,163]. The 5c.c7 CD4WT cells produced more IL-2 in response to MCC 

than to T102S or T102G, and none in response to HB (Fig. 6B) [158,162]. The CD4T 

cells followed a similar, albeit reduced pattern of IL-2 production (Fig. 6B). While it 

was surprising that a detectible response was observed for the CD4WT and CD4T cells 

to T102G, we suspect this is due to the high expression level of this single pMHC 

species.  

By comparison, the CD4-Lck cells produced similar amounts of IL-2 in 

response to MCC as the CD4WT cells, more upon stimulation with T102S, and even 

more to T102G. Surprisingly, they also produced IL-2 in response to the null HB 

peptide (Fig. 6B). The same results were obtained using the 2B4 TCR, which binds 

MCC in I-Ek with higher affinity than the 5c.c7 TCR (Fig. 6C) [158]. These results are 

consistent with an increased frequency of Lck-associated CD4 molecules amplifying 

signals from shorter duration TCR-pMHC interactions [84]. In support of this, the 

inverse hierarchy of responses to APLs was not due to activation-induced cell death 

upon stimulation with MCC compared with T102S and T102G (Fig. 6D). Rather, we 
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found that CD4WT cells down-regulated TCR proportionally to the potency of the 

pMHC (i.e. MCC>T102S>T102G>HB), while the CD4-Lck cells down-regulated TCR 

levels equally in response to MCC, T102S, T102G and even slightly in response to HB 

relative to M12 cells not bearing a tethered pMHC (Fig. 6E). These results suggest that 

the increased IL-2 production by CD4-Lck cells in response to T102S, T102G, and HB 

cells compared with the CD4WT cells is due to increased TCR triggering and 

endocytosis.  

As an additional control, we generated cells expressing a CD4-Lck fusion 

mutated at the CD4 D1 domain (CD4ΔbindLck) to ensure that the response profiles 

reported above depended on CD4 binding to MHCII rather than increased Lck levels in 

the cell [97]. The CD4ΔbindLck cells did not produce IL-2 in response to any of the 

peptides tested, so the responsiveness of the CD4-Lck fusion is dependent on binding to 

MHCII and not due to overexpression of Lck (Fig. 6B and Fig. 6C). Furthermore, 

superantigens (SAg), which activate T cells in a non-pMHC specific manner by binding 

TCR and MHC, do not appear to be a factor in the HB response since the CD4WT, 

CD4T, and CD4ΔbindLck cells failed to respond to HB. 

 To evaluate if the CD4-Lck fusion would impart responsiveness to null pMHC 

for cells expressing a distinct TCR restricted to a different MHCII molecule, we 

generated cell lines expressing the OT-II TCR specific for an ovalbumin-derived 

peptide (Ova 326-338) in I-Ab along with the different CD4 constructs (Fig. 7A) [152]. 

M12 cells were generated expressing I-Ab tethered to the Ova peptide or to three 

distinct peptides bound to I-Ab: the E641 peptide derived from the West Nile Virus 

Envelope protein (641-655); a peptide from the Francisella tularensis lipoprotein Tul4 
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(Ft 86-99); or the 2W peptide from I-Eα (52-68) [164-166]. While the OT-II CD4WT 

and CD4T cells responded to Ova, they failed to respond to the E641, Ft, or 2W:I-Ab 

pMHC complexes (Fig. 7B). The OT-II CD4-Lck cells produced similar amounts of IL-

2 in response to Ova as the CD4WT or CD4T cells, but also responded to the three null 

peptides, while OT-II CD4ΔbindLck only responded weakly to Ova (Fig. 7B).  

Altogether, these data suggest that fusing CD4 to Lck makes T cell hybridomas 

sensitive to subthreshold TCR-MHC interactions that may reflect scanning of the MHC 

allele for which the TCR was positively selected. The failure of the CD4WT, CD4T, 

and CD4ΔbindLck OT-II cells to respond to the null peptides (Fig. 7B) suggests that 

SAgs are not a contributing factor. 
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Fig. 6. Fusing CD4 to Lck enhances responsiveness to cognate and null pMHCII 
stimulation  

(A) Surface expression of TCR and CD4 on 2B4 58α-β- cell lines was assessed by flow 
cytometry as labeled. (B-C) IL-2 secretion was detected after 16 hours of co-culture of 
hybridomas expressing the (B) 5c.c7 or (C) 2B4 TCR and the indicated CD4 molecule 
with M12 cells expressing the indicated tethered peptide:I-Ek molecule. Data are mean 
± SEM of triplicate wells and are representative of two or more independent 
experiments. (D-E) 5c.c7 CD4WT or CD4-Lck cells were cultured with M12 cells 
expressing the indicated tethered peptide:I-Ek molecule for 16 hours and assessed for 
(D) cell death or (E) TCR down-regulation. Data in (D) are mean ± SEM of triplicate 
wells and are representative of two independent experiments. Data in (E) are mean ± 
SEM of two experiments and are normalized to the parental M12 cell condition. 
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Fig. 7. Fusing CD4 to Lck reveals responses to null pMHCII 

(A) Surface expression of TCR and CD4 on OT-II 58α-β- cell lines was assessed by 

flow cytometry as labeled. (B) 58α-β- cells expressing the OT-II TCR and the indicated 

CD4 molecule were co-cultured with M12 cells expressing the indicated tethered 

peptide:I-Ab constructs. Data are representative of two experiments (mean ± SEM of 

triplicate wells). IL-2 was measured by ELISA at 16 hours. 
  



66 
 

2.3.4 Peptide sequence-independent scanning of MHCII 

 To determine if hybridomas expressing CD4-Lck can respond to MHCII bearing 

peptides that lack known TCR contact residues we generated M12 APCs presenting a 

“shaved” variant of MCC in I-Ek in which the TCR-contact residues were mutated to 

alanines (MCC4A). Cells expressing the 5c.c7 TCR and CD4-Lck, but not CD4WT or 

CD4ΔbindLck, produced similar amounts of IL-2 in response to MCC4A as they did to 

HB APCs (Fig. 8A). Antibodies that block CD4 and I-Ek abrogated this response, while 

those that block CD8 did not (Fig. 8B). Similar results were obtained with the 2B4 TCR 

when blocked with a clonotypic antibody against the 2B4 TCR (a2b4) (Fig. 8C-E). 

Together with the CD4ΔbindLck results, these data indicate this peptide sequence-

independent response is dependent on both CD4-MHC and TCR-MHC interactions. 

 To confirm that TCR-peptide contacts were not required, we tested OT-II CD4-

Lck cell responses to pMHC in which TCR contact residues were mutated to reduce or 

eliminate CDR3 contributions. Here, we generated M12 APCs expressing a shaved 

variant of the 2W peptide in which we changed the residues that protrude from the 

MHC towards the TCR to alanines (2W4A) [167]. The OT-II CD4-Lck cells, but not 

the OT-II CD4WT or CD4ΔbindLck cells, responded to APCs presenting the 2W4A 

peptide (Fig. 9A), and this peptide sequence-independent response was abolished by 

antibodies blocking MHC class II (M5) or CD4 (GK1.5) (Fig. 9B). The anti-MHCII 

antibodies also blocked IL-2 production in response to cognate peptide by hybridomas 

expressing the 2B4 or OT-II TCR without CD4, confirming that they block TCR-MHC 

interactions (Fig. 9C-D). 
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Fig. 8. Peptide sequence-independent TCR interactions with MHCII 

58α-β- cells expressing (A-B) 5c.c7 or (C-D) 2B4 TCRs plus the indicated CD4 
molecules were cultured with M12 cells expressing the tethered pMHC MCC4A:I-Ek. 
(B and D) Cells were cultured with control antibody (cntrl: anti-CD8), anti-MHCII, or 
anti-CD4 as described in Materials and Methods. (E) Cells were cultured with the 
clonotypic a2b4. Data are mean ± SEM of triplicate wells and representative of two 
experiments. IL-2 was measured by ELISA at 16 hours. 
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Fig. 9. Peptide sequence-independent OT-II TCR interactions with MHCII 

(A-B) 58α-β- cells expressing the OT-II TCR plus the indicated CD4 molecules were 

cultured with M12 cells expressing the tethered pMHC 2W4A:I-Ab. (B) CD4-Lck cells 

were cultured with control antibody (cntrl: anti-CD8), anti-MHCII, or anti-CD4 as 

described in Materials and Methods. Data are mean ± SEM of triplicate wells and 

representative of two experiments. (C-D) 58α-β- cells expressing the (C) 2B4 or (D) 

OT-II TCR without CD4 were cultured with MCC:I-Ek or Ova:I-Ab and anti-MHC or 

control antibody (anti-CD8) as indicated in the figure. IL-2 was measured by ELISA at 

16 hours. 
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2.3.5 Peptide sequence-independent scanning of non-selecting MHCII  

 We next tested the ability of CD4-Lck cells to respond a non-selecting MHCII. 

The I-Ek-restricted 5c.c7 and 2B4 CD4-Lck cells produced IL-2 in response to the Ova, 

E641, Ft or 2W peptides in the non-selecting I-Ab, while the CD4WT, CD4T or 

CD4ΔbindLck did not (Fig. 10A-B). Similarly, the I-Ab-restricted OT-II CD4-Lck cells 

responded to the MCC, T102S, T102G and HB peptides in the non-selecting I-Ek (Fig. 

10C), but the CD4WT, CD4T or CD4ΔbindLck cells did not. Thus the CD4-Lck fusion 

allowed for detection of peptide sequence-independent and allele-independent TCR 

interactions with MHC. 

To further evaluate if these responses reflected TCR interactions that were 

independent of peptide sequence, we measured the responses of 5c.c7, 2B4, and OT-II 

CD4-Lck cells to non-selecting pMHC complexes presenting the shaved peptides. The 

5c.c7 and 2B4 CD4-Lck cells produced IL-2 in response to 2W4A:I-Ab (Fig. 10A-B) 

and the OT-II CD4-Lck cells responded to MCC4A:I-Ek (Fig. 10C). These responses 

depended on TCR-MHC and CD4-MHC interactions (Fig. 10D-G) as well as the high 

ligand density of the shaved pMHC (Fig. 11A-B). 

We interpret these data as evidence that TCRs that have undergone positive 

selection on a particular MHCII can specifically interact with a different MHCII 

regardless of the sequence of the presented peptide. Since the three TCRs tested were 

selected on MHCII, the data do not address if a TCR can scan MHCII if it was selected 

on MHCI. 
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Fig. 10. Peptide-independent TCR interactions with non-selecting MHCII 

58α-β- cells expressing (A) 5c.c7, (B) 2B4 or (C) OT-II TCRs plus the indicated CD4 

molecules were co-cultured with M12 cells expressing tethered pMHCII as labeled. (D-

G) CD4-Lck cells expressing the (D) 5c.c7, (E-F) 2B4 or (G) OT-II TCR were cultured 

with M12 cells expressing the indicated tethered pMHCII molecule as well as the 

indicated antibody (Cntrl, anti-CD8). Experiments were performed and are labeled as in 

Figure 9. Representative of two experiments.  
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Fig. 11. Detection of peptide-independent TCR interactions with MHCII depends on 
high surface availability of MHCII 

5c.c7 CD4-Lck cells were cultured with M12 cells expressing the indicated tethered 

pMHC molecule and blocked with a titration of either (A) anti-I-E (14-4-4) mAb or (B) 

anti-I-E/I-A (M5) mAb. M12 cells were then stained with the same mAb to detect gMFI 

of MHC, and IL-2 was detected by ELISA, as labeled. Dotted line indicates the gMFI 

of endogenous MHCII on M12 parental cells. Data are mean ± SEM of triplicate wells 

from one experiment. 
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2.3.6 MHCI-selected TCRs can scan MHCII 

 To address if TCRs that are positively selected on MHCI can scan MHCII we 

generated cell lines expressing the well-defined OT-I TCR (Fig. 12A), which 

recognizes an ovalbumin-derived peptide (aa 257-264) in the context of H2-Kb [168]. 

OT-I CD4-Lck cells produced IL-2 in response to M12 cells expressing the Ova, E641, 

Ft, 2W, or 2W4A peptides in I-Ab as well as to M12 cells expressing the MCC, T102S, 

T102G, HB, or MCC4A peptides in I-Ek, while the OT-I CD4WT, CD4T or 

CD4ΔbindLck did not (Fig. 12B-C). Additionally, the response of OT-I CD4-Lck lines to 

2W4A:I-Ab and MCC4A:I-Ek were blocked by anti-MHC and anti-CD4 (Fig. 12D-E). 

Additionally, we generated cell lines expressing the MHCI-restricted gBT TCR that 

recognizes the HSV-1 glycoprotein B peptide (aa 498-505) in H2-Kb (Fig. 13A) [153]. 

gBT CD4-Lck cells produced IL-2 in response to M12 cells expressing either 2W4A:I-

Ab and MCC4A:I-Ek in a TCR-MHC and CD4-MHC dependent manner (Fig. 13B-E), 

while cells expressing the gBT TCR with CD4WT or CD4ΔbindLck did not (Figs. 13B 

and D). Importantly, CD4-Lck cells expressing the OT-I or gBT TCR, as well as the 

5c.c7, 2B4, or OT-II TCRs did not respond to parental M12 cells lacking high densities 

of ectopic pMHC (Fig. 14A-E), suggesting that SAg’s are not a contributing factor to 

this response. We interpret these data as evidence for an inherent TCR specificity for 

MHCII, regardless of the class of the positively selecting MHC, the allelic variant, or 

the sequence of the presented peptide.  
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Fig. 12. Detection of MHCII interactions with MHCI-restricted OT-I TCR 

(A) Surface expression of TCR and CD4 on OT-I 58α-β- cell lines was assessed as 

labeled. (B and C) OT-I CD4-Lck cells respond to M12 cells expressing the indicated 

tethered (B) peptide:I-Ab or (C) peptide:I-Ek molecule. (D and E) CD4-Lck cells were 

co-cultured with either (D) 2W4A:I-Ab or (E) MCC4A:I-Ek and control antibody (cntrl: 

anti-CD8), anti-MHCII or anti-CD4 as described in Materials and Methods. Data are 

mean ± SEM of triplicate wells and representative of two experiments. 
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Fig. 13. Detection of MHCII interactions with MHCI-restricted gBT TCR 

(A) Surface expression of CD3 and CD4 on gBT 58α-β- cell lines was assessed by flow 

cytometry as labeled. Hybridomas expressing the gBT TCR and the indicated CD4 

molecule were culture with M12 cells expressing tethered (B and C) 2W4A:I-Ab or (D 

and E) MCC4A:I-Ek. (C and E) CD4-Lck cells were cultured in the presence of control 

antibody (cntrl: anti-CD8), anti-MHCII or anti-CD4 as described in Materials and 

Methods. Data are mean ± SEM of triplicate wells and representative of two 

experiments. 
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Fig. 14. 58α-β- CD4-Lck cells do not respond to parental M12 cells 

IL-2 secretion was detected after parental M12 cells or M12 cells expressing 2W4A:I-

Ab were cultured with 58α-β- hybridomas expressing CD4-Lck and the (A) 5c.c7 TCR, 

(B) 2B4 TCR, (C) OT-II TCR, (D) OT-I TCR, or (E) gBT TCR. Data are mean ± SEM 

of triplicate wells and are representative of two experiments. 

  



76 
 

2.3.7 In vitro generated TCRs scan MHCII 

 We next created cell lines expressing in vitro generated TCRs to ask if TCRs 

that have not undergone thymic selection exhibit characteristics of MHC scanning. 

Accordingly, we co-expressed the 2B4 alpha and OT-II beta (2a.OIIb) or OT-II alpha 

and 2B4 beta (OIIa.2b) subunits to make two novel TCRs that mimic random pairing of 

TCRα and TCRβ subunits in the pre-selection repertoire (Fig. 15A-B).  

Both the 2a.OIIb and OIIa.2b CD4-Lck cells produced IL-2 in response to Ova, 

E641, Ft, and 2W in I-Ab (Fig. 16A-B), as well as to MCC, T102S, T102G, and HB in 

I-Ek (Fig. 16C-D), while the CD4WT, CD4T, or the CD4ΔbindLck cells did not. 

Importantly, the CD4-Lck cells also responded to 2W4A and MCC4A, suggesting that 

the responses occurred irrespective of CDR3 interactions with TCR contact residues on 

the peptide (Fig. 16A-D). These responses depended on TCR-MHC and CD4-MHC 

interactions, as they could be abrogated by antibody blockade and the CD4Δbind mutation 

(Fig. 16A-F).  
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Fig. 15. In vitro generated 2a.OIIb and OIIa.2b TCRs express on the cell surface 

Cell surface expression of TCR and CD4 were assessed by flow cytometry of 58α-β- 

cells expressing in vitro generated TCRs made by pairing either (A) the TCR alpha 

subunit from the 2B4 TCR with the TCR beta subunit of the OT-II TCR (2a.OIIb) or 

(B) the TCR alpha subunit from the OT-II TCR with the TCR beta subunit of the 2B4 

TCR (OIIa.2b). 
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Fig. 16. In vitro generated 2a.OIIb and OIIa.2b TCRs display peptide-independent 
MHCII-specificity 

(A-F) IL-2 secretion was detected by ELISA following 16 hours of culture of 58α-β- 

cells expressing the 2a.OIIb or OIIa.2b and the indicated CD4 molecule with M12 cells 

expressing the indicated peptide:MHC molecule. (E-F) IL-2 responses were blocked by 

addition of anti-MHC or anti-CD4 antibody (Cntrl: anti-CD8). Data are mean ± SEM of 

triplicate wells from one experiment. 
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 Since the subunits used to generate the 2a.OIIb and OIIa.2b TCRs originated 

from those that had undergone positive selection on MHCII, albeit on different alleles, 

we also generated cells expressing in vitro generated TCRs comprised of the OT-I 

TCRα paired with the OT-II TCRβ (OIa.OIIb) or vice versa (OIIa.OIb) (Fig. 17A). 

Again, the CD4-Lck cells produced IL-2 in response to M12 cells expressing each of 

the five peptides presented in I-Ab as well as to the five peptides presented in I-Ek (Fig. 

17B-E). Anti-MHC and anti-CD4 abrogated the responses of both lines to 2W4A:I-Ab 

and MCC4A:I-Ek (Figs. 17C and E). Additionally, we generated a TCR expressing the 

TCRα from an MHCI-restricted TCR that recognizes a West Nile Virus Ns4b epitope 

(aa 2488-2496) in H2-Db [169] paired with a TCRβ of unknown specificity that uses 

TRBV14 (Vβ13) (WNVa.Vb13) (Fig. 18A) to extend our findings to another TCRα + 

TCRβ pairing. CD4-Lck cells expressing the WNVa.Vb13 TCR produced IL-2 in 

response to 2W4A:I-Ab and MCC4A:I-Ek, while cells expressing this TCR along with 

either CD4WT or CD4ΔbindLck did not (Fig. 18B-C). Again, the response of CD4-Lck 

cells was blocked by anti-MHC or anti-CD4 (Fig. 18D-E). Also, none of the CD4-Lck 

cells expressing in vitro generated TCRs produced IL-2 in response to parental M12 

cells lacking ectopically expressed pMHC (Fig. 19A-C). Therefore, TCRs generated in 

vitro by random TCRα and TCRβ pairing, as would occur in the pre-selection 

repertoire, nevertheless specifically interact with MHCII in an allele-independent and 

peptide sequence-independent manner.  
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Fig. 17. In vitro generated OIa.OIIb and OIIa.OIb TCRs display peptide-
independent MHCII-specificity 

(A) Surface expression of TCR and CD4 were assessed on 58α-β- cells expressing in 
vitro generated TCRs made by expressing either the TCR alpha subunit from the OT-I 
TCR with the TCR beta subunit of the OT-II TCR (OIa.OIIb) or vise versa (OIIa.OIb). 
IL-2 secretion was detected by ELISA following 16 hours of culture of 58α-β- cells 
expressing OIa.OIIb or OIIa.OIb and CD4-Lck with M12 cells expressing (B) the 
indicated peptide:I-Ab molecule and (C) blocked with anti-MHC or anti-CD4 antibody. 
Alternatively, cells were cultured with (D) the indicated peptide:I-Ek molecule and (E) 
blocked by addition of anti-MHC or anti-CD4 antibody (Cntrl: anti-CD8).  
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Fig. 18. The in vitro generated WNVa.Vb13 TCR display peptide-independent 
MHCII-specificity 

(A) Cell surface expression of CD3 and CD4 were assessed on cells expressing the in 
vitro generated WNVa.Vb13 TCR and the indicated CD4 molecule. IL-2 secretion was 
detected by ELISA following co-culture of 58α-β- cells with (B) 2W4A:I-Ab or (C) 
MCC4A:I-Ek. (D and E) IL-2 responses were blocked by addition of anti-MHC or anti-
CD4 antibody (Cntrl: anti-CD8). Data are mean ± SEM of triplicate wells and are 
representative of two experiments. 
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Fig. 19. In vitro generated TCR CD4-Lck 58α-β- cells do not respond to parental 
M12 cells 

IL-2 secretion was detected after parental M12 cells or M12 cells expressing 2W4A:I-

Ab were cultured with 58α-β- hybridomas expressing CD4-Lck and (A) the 2a.OIIb or 

OIIa.2b TCR, (B) the OIa.OIIb or OIIa.OIb TCR, or (C) the WNVa.Vb13 TCR. Data 

are mean ± SEM of triplicate wells and are representative of two experiments. 
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2.3.8 TCR scanning of MHCII on spleenocytes.  

 Finally, since the experiments above used cell lines expressing high levels of a 

single pMHCII species as APCs, we asked if CD4-Lck cells expressing the previously 

tested TCRs could respond to T cell-depleted spleenocytes, which contain B cells and 

other APCs, from C57Bl/6 mice. CD4-Lck cells expressing the MHCII-restricted 5c.c7, 

2B4 or OT-II TCR responded to a titration of C57Bl/6 spleenocytes (Fig. 20A-C). The 

responses of the 5c.c7 and OT-II CD4-Lck cells were blocked by anti-CD4 or anti-

MHC mAb (Fig. 20D). Additionally, hybridomas expressing the MHCI-restricted OT-I 

or gBT TCR along with CD4-Lck responded to B6 spleenocytes in a CD4-MHC and 

TCR-MHC specific manner (Fig. 21A-C), as did cells expressing the in vitro generated 

OIa.OIIb, OIIa.OIb and WNVa.Vb13 TCRs along with CD4-Lck (Figs. 22A-D). These 

data indicate that the CD4-Lck fusion reveals TCR interactions with MHCII on normal 

APCs presenting a diverse repertoire of peptides. 
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Fig. 20. MHCII-restricted TCRs scan MHCII on T-depleted spleenocytes (SN) 

58α-β- cells expressing the indicated CD4 molecule and the (A) 5c.c7 TCR, (B) 2B4 

TCR or (C) OT-II TCR were cultured for 16 hours with a titration of T cell-depleted 

C57Bl/6 and IL-2 was measured. (D) 58α-β- cells expressing CD4-Lck and the 5c.c7 or 

OT-II TCR were cultured with 5 X 105 T cell-depleted C57Bl/6 spleenocytes and 

blocked with anti-MHCII and anti-CD4 mAbs. Data are mean ± SEM of triplicate wells 

and representative of at least two independent experiments. 
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Fig. 21. MHCI-restricted TCRs scan MHCII on T-depleted spleenocytes (SN) 

58α-β- cells expressing the indicated CD4 molecule and the (A) OT-I TCR or (B) gBT 

TCR were cultured for 16 hours with a titration of T cell-depleted C57Bl/6 and IL-2 

was measured. (C) 58α-β- cells expressing CD4-Lck and the OT-I or gBT TCR were 

cultured with 5 X 105 T cell-depleted C57Bl/6 spleenocytes and blocked with anti-

MHCII and anti-CD4 mAbs. Data are mean ± SEM of triplicate wells and 

representative of at least two independent experiments. 
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Fig. 22. In vitro generated TCRs scan MHCII on T-depleted spleenocytes (SN) 

58α-β- cells expressing the indicated CD4 molecule and the (A and B) OIIa.OIb or 

OIa.OIIb TCR or (C and D) WNVa.Vb13 TCR were cultured for 16 hours with T cell-

depleted C57Bl/6 and IL-2 was measured. (B and D) IL-2 responses were blocked by 

addition of anti-MHCII or anti-CD4 mAbs to cultures. Data are mean ± SEM of 

triplicate wells and representative of at least two independent experiments. 
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SECTION 2.4 - Discussion 

 Unlike systems where single receptor-ligand interactions co-evolve, or 

antibody-antigen recognition where a library of antibodies encoded by rearranged gene 

segments are screened for CDR1, 2, and 3 combinations that interact with a previously 

unencountered antigen, αβT cells use clonotypic TCRs encoded by rearranged gene 

segments to discriminate self from foreign peptides embedded within allelic variants of 

related ligand scaffolds – MHCI and MHCII. Such recognition poses interesting 

conceptual and experimental challenges for understanding how every T cell in the 

repertoire has arrived at a middle ground where TCRs are both MHC restricted and yet 

specific for one or a few related peptides out of the universe of potential peptides.  

The two dominant models posited to explain MHC-restriction make distinct 

predictions about TCR scanning of MHC. In the co-receptor imposed selection model, 

lock-and-key TCR-pMHC interactions should limit scanning to related shapes of the 

positively selecting MHC class, allele, and peptides. In contrast, the germline-encoded 

recognition model predicts scanning occurs regardless of the class of MHC, allelic 

variants, or the peptide sequence. Since the TCRs used here can mediate positive 

selection, or are composed of subunits that mediated positive selection in their original 

pairing, the responses observed with these TCRs in CD4-Lck cells can be evaluated 

within the context of these predictions.  

The data are most consistent with subthreshold scanning that is independent of 

the MHC class, allele, and peptide sequence upon which the TCR was selected. For 

example, CD4-Lck cells expressing the 5c.c7 and 2B4 TCRs responded to a shaved 

peptide in I-Ab, as well as spleenocytes from C57/Bl6 mice. Since 5c.c7 and 2B4 Tg 
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thymocytes do not positively select on the C57Bl/6 (H-2b) background [170,171], the 

data suggest that these TCRs can scan I-Ab but fail to encounter peptides that push 

TCR-pMHC interactions above the positively selecting threshold. The MHCI (H2-Kb)-

restricted OT-I and gBT TCRs [153,168], which direct CD8 lineage commitment in 

C57Bl/6 mice, also interact with MHCII in an allele- and peptide sequence-independent 

fashion. This suggests that these TCRs can scan I-Ab in C57Bl/6 mice, but do not 

encounter peptides that push them above the threshold for positive selection of 

thymocytes to the CD4 lineage. These results are distinct from those showing that 

overexpression of CD8 in OT-I Tg thymocytes allows for the detection of specific self-

peptides in the restricting MHCI (H2-Kb) [168]. Finally, the five in vitro generated 

TCRs, used here to mimic random pairing of TCRα and TCRβ in the pre-selection 

repertoire [150], are significant. If TCR restriction to pMHC mimics antibody-antigen 

recognition, such that scanning is limited to related pMHC shapes, then each TCRα and 

TCRβ pairing would create unique shape-complementarity and new restrictions on the 

pMHC that can be scanned. Yet each in vitro generated TCR, including those with 

subunits from MHCI-selected TCRs, interacted with MHCII in an allele- and peptide 

sequence-independent manner. Altogether ten distinct TCRs with distinct 

characteristics displayed functional evidence of allele-, peptide sequence- and, in two 

cases (i.e. OT-I and gBT), MHC class-independent scanning of MHCII. An exhaustive 

survey of all potential TCRα and TCRβ combinations with MHC is beyond the scope 

of this study, and some TCRs may not display intrinsic specificity for some MHC 

molecules. Nevertheless, the simplest interpretation of our data is that there exists an 

intrinsic, germline-encoded recognition of MHCII by the TCR.  
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That MHC scanning was revealed by fusing Lck to CD4 is also important. For 

example, cells bearing the 5c.c7 or 2B4 TCRs responded to a low affinity antagonist 

pMHC (T102G:I-Ek) proportionally to the extent of Lck-association with CD4 within 

the cells (CD4-Lck > CD4WT > CD4T). While CD4T cannot associate with Lck via the 

intracellular clasp, we detected small amounts of association within DRMs that suggest 

that CD4T may be able to recruit Lck to a TCR-CD3 complex at some low frequency 

and may partially explain its Lck-independent function [80]. Also of note, the 

CD4ΔbindLck cells that have 100% association with Lck but are mutated at their MHCII 

binding site [97] did not respond to T102G. These cells should have normal levels of 

free Lck, similar to the CD4T cells that were generated from the same parental cell line, 

which would not be sequestered away from the TCR-CD3 complex by a co-receptor. 

Nevertheless, these cells barely responded to agonist pMHC. Thus, the extent of CD4 

association with Lck and its ability to interact with MHCII was integral to determining 

if the duration of TCR occupancy was converted to signaling. These data are consistent 

with a model in which occupied TCR-CD3 complexes scan co-receptors for those 

associated with active Lck, and these combination of events set signaling thresholds 

[84]. 

Altogether, the evidence for TCR scanning of MHC presented here are 

consistent with the hypothesis that the propensity of αβTCRs to recognize peptide 

presented by MHCI or MHCII is germline encoded and thus intrinsic to the TCR. The 

duration of TCR interactions with pMHCI or pMHCII, due to clonotypic CDR3 

interactions with the peptide, and the extent of CD8 or CD4 association with active Lck 

would then determine if a clonotypic TCR exceeds a signaling threshold for positive 
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selection to the CD8 or CD4 lineage, respectively. Co-receptor scanning by the TCR 

would thus impose MHCI or MHCII restriction through recruitment of active Lck to the 

TCR-CD3 complex to mediate positive selection [84]. A positively selected TCR would 

then be specifically restricted to recognizing antigenic peptides within the context of 

the selecting class and allele of MHC, regardless of its intrinsic ability to scan any 

MHC. 
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CHAPTER 3 – BUILDING A MOUSE MODEL TO DETERMINE THE ROLE 

OF TCR-CD3 STABILITY AND DIMERIZATION IN T CELL FATE AND 
FUNCTION 

 

SECTION 3.1 - Introduction  

 The TCR recognizes pMHC via clonotypic variable (V) regions that are encoded 

by rearranged germline-encoded gene segments as well as non-germline-encoded 

nucleotide additions [12,26,67]. The α and β TCR subunits also consist of conserved 

constant (C) regions that associate with the CD3γε, CD3δε and CD3ζζ signaling 

dimers via transmembrane charge interactions and extracellular domain interactions 

[40,41,172,173]. Once a TCR binds its cognate pMHC, information regarding this 

interaction must be transmitted to the CD3 subunits in order for signaling to occur. 

While it is not completely understood how this transmission of information happens, 

TCR-CD3 stability and TCR-CD3 complex dimerization have been shown to be 

important for TCR signaling following pMHC engagement [41,42,174-176].  

 Using mutagenesis, it was previously shown that there are functionally distinct 

“sides” to the TCR [42]. One mediates stability of the TCR with the CD3γε and CD3δε 

heterodimers while the opposite side mediates TCR dimerization. Mutating solvent 

accessible residues in the DE loop of the TCRα constant domain (Cα) to destabilize 

interactions between TCR and CD3 leads to decreased calcium mobilization in T cell 

lines (D10) in vitro, indicating that these TCRs are defective in their ability to signal 

properly [41]. Additionally, destabilizing TCR-CD3 interactions causes increased 

apoptosis of thymocytes after TCR engagement ex vivo. Mutating the Cα C strand to 

impair TCR dimerization results in impaired ability of T cell lines to polarize toward 
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the T cell-APC interface and form immunological synapses in vitro [42]. These 

mutations also lead to a reduced frequency of CD4-CD8- double negative (DN) and 

CD4+CD8+ double positive (DP) thymocytes and an increased frequency of CD4+ single 

positive (SP) thymocytes in retrogenic mice, indicating that TCR dimerization is 

important for proper thymocyte development (Kuhns, unpublished). The sum of these 

data indicates that TCR-CD3 stability and complex dimerization each uniquely 

contribute to TCR signaling as well as T cell development and function.  

 Here, we have built mouse models to determine how complex stability and 

dimerization differentially impact T cell fate decisions in naïve and antigen-

experienced T cells that have developed in vivo. We used the well-characterized OT-II 

TCR and introduced our previously characterized mutations in the Cα DE loop that 

impair TCR-CD3 complex stability or mutations in the Cα C strand that impair TCR 

dimerization. We have preliminary data that supports previous findings indicating that 

mutation of the Cα C strand alters thymocyte development. Additionally, these 

mutations lead to altered numbers of peripheral T cells, indicating that TCR 

dimerization may play a role in peripheral T cell maintenance.   

 

SECTION 3.2 - Materials and Methods 

Constructs 

 The OT-II TCR α and β chains were PCR amplified from genomic DNA from 

tail snips of OT-II TCR transgenic mice [152]. The C4 (N151D and K154E) and DE2 

(M173A and D174R) mutations were introduced into the Cα domain by shuttling the 

Cα domain from the 2B4 TCR containing these mutations into the OT-II TCR by 
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restriction enzyme cloning. The MSCV-based retroviral expression vectors pP2 and 

pZ4 were used for expression of the OT-II TCR constructs in 58α-β- T cell hybridomas 

as well as full-length CD4 and a polycystronic construct encoding full-length CD3 

subunits as previously described [97,177]. The hCD2 minigene cassette was used to 

generate transgenic mice that express the transgenic TCR in T cells, as previously 

described [178].  

 

Co-culture and IL-2 ELISA 

 5X104 58α-β- cells were cultured with 5X105 spleenocytes from a C57Bl/6 

mouse and a titration of Ova323-339 peptide as indicated in the figures. Supernatants were 

harvested and assayed for IL-2 after 16 hours of co-culture at 37°C. Anti-mouse IL-2 

(clone JES6-1A12, Biolegend) was used as a capture antibody and biotin anti-mouse 

IL-2 (clone JES6-5H4, Biolegend) was used as the secondary antibody. Streptavidin-

HRP and TMB substrate (Biolegend) were used for detection.  

 

Generation of mice 

 hCD2-OT-II WT, C4 or DE2 constructs were injected into C57Bl/6 embryos at 

The University of Arizona’s Genetically Engineered Mouse Model Core (GEMMCore) 

facility. Five OT-II WT, 7 OT-II C4, and 4 OT-II DE2 founders were produced. Of 

these, 3 OT-II WT (founders 3B, 5B and 2C), 2 OT-II C4 (founders 1A and 3C), and 4 

OT-II DE2 (founders 6A.1, 6A.2, 2A and 9) were bred to Rag1-/- mice. Offspring were 

screened for tg TCR expression by staining for Vα2 and Vβ5, and one founder for each 

strain was selected for further breeding and characterization (OT-II WT founder line 
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2C, OT-II C4 founder line 3C and OT-II DE2 founder line 9). OT-II WT and C4 mice 

were bred to be Rag1 homozygous knock-out and were intercrossed to breed for 

transgene homozygosity. OT-II DE2 mice could not be bred to Rag1 homozygosity and 

are therefore Rag1 heterozygous and transgene heterozygous.   

 

Mice 

 12 week old female mice were used for experiments. Mice were maintained in a 

specific pathogen free facility at the University of Arizona, and all experiments were 

approved by the Institutional Animal Care and Use Committee at the University of 

Arizona. 

 

Flow cytometry 

 Thymuses were processed by passage through a 40μm mesh filter. Spleen and 

inguinal, cervical, axillary, popliteal, mesenteric and lumbar lymph nodes were 

harvested and processed using frosted coverslips to create a single cell suspension. 

Single cell suspensions were depleted of red blood cells using Ack lysis buffer and 

counted. 2X106 cells were Fc blocked with 2.4G2 hybridoma supernatant and stained 

for flow cytometry using the following: Vα2 (mAb clone B20.1, APC), CD3 (mAb 

clone 2C11, APC e780), CD4 (mAb clone GK1.5, FITC), CD8b (mAb clone 

YTS156.7.7, PerCpCy5.5), and CD5 (mAb clone 53-7.3, PE). 58α-β- cell lines were 

stained for Vβ5 (mAb clone MR9-4, FITC) and CD4 (mAb clone GK1.5, APC-Cy7).  
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SECTION 3.3 - Results 

3.3.1 The OT-II WT, C4 and DE2 TCRs express equivalently and respond 

to cognate pMHC in vitro 

 Prior to generating TCR transgenic mice, we confirmed that the C4 and DE2 

mutations did not impair TCR surface expression in cell lines and that the wild-type 

(WT) and mutant OT-II TCRs could all respond to the cognate Ova323-339 peptide [152]. 

To first determine whether the OT-II WT, C4 and DE2 TCRs could be expressed at 

equivalent levels on the cell surface, we transduced 58α-β- T cell hybridomas with the 

WT or mutant OT-II TCR constructs along with CD4 (Fig. 23A). All cell lines 

expressed similar levels of TCR, suggesting that the introduced mutations do not impair 

expression of the OT-II TCR (Fig. 23A). Next, we cultured OT-II WT, C4 or DE2 

hybridomas with C57Bl/6 spleenocytes and a titration of Ova323-339 peptide. All cells 

produced IL-2 in response to peptide-pulsed spleenocytes (Fig. 23B). Interestingly, OT-

II C4 cells produced slightly more IL-2 than OT-II WT cells while OT-II DE2 cells 

produced less IL-2 at each concentration of peptide (Fig. 23B). These data indicate that 

there is no inherent defect in TCR expression with any of the mutations and that each 

TCR is able to recognize its cognate peptide.  
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Fig. 23. Wild-type and mutant OT-II TCR constructs express equivalently in cell lines 

58α-β- hybridomas were transduced with either the OT-II WT, OT-II C4 or OT-II DE2 

TCR and CD4WT. (A) Surface expression for TCR and CD4 were assessed by flow 

cytometry as labeled. (B) IL-2 secretion from 58α-β- T cell hybridomas after 16 hours 

of co-culture with C57Bl/6 spleenocytes pulsed with Ova323-339 peptide at the indicated 

concentrations. Data are mean ± SEM and are representative of two experiments.   
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3.3.2 Impairment of TCR-CD3 complex dimerization alters thymocyte 

development  

 TCR transgenic mice were generated by injecting C57Bl/6 embryos with OT-II 

WT, C4 or DE2 TCRα and OT-II WT TCRβ transgenes. The hCD2 minigene cassette 

was used to drive transgene expression in T cells [178]. Founder mice were crossed to 

Rag1-/- mice to eliminate rearrangement of the endogenous TCR loci, as described in 

the Materials and Methods. OT-II WT and C4 mice were bred to Rag1-/- homozygosity 

and intercrossed to achieve homozygosity for the TCR transgenes. OT-II DE2 mice 

used here are Rag1-/+ and are currently being bred to Rag1-/-.     

 We have previously observed that the C4 mutations that disrupt TCR 

dimerization alter thymocyte development in retrogenic mice using the 2B4 TCR 

(Kuhns MS, unpublished). To determine whether thymocyte development was altered 

in OT-II C4 or DE2 transgenic mice, we harvested thymuses from OT-II WT, C4 and 

DE2 mice and processed them for flow cytometry. We limited our analysis to 

Vα2+CD4+ cells, which represented the majority of thymocytes in the WT and C4 

animals, since these cells should represent the transgenic T cell population (Fig. 24). 

Consistent with what we have previously observed using retrogenic mice, OT-II C4 

mice had a higher frequency of CD4 single positive (SP) thymocytes and a lower 

frequency of CD4+CD8+ double positive (DP) thymocytes compared with OT-II WT 

mice (Fig. 25A-B and Table 1). OT-II DE2 mice had similar percentages and numbers 

of CD4SP and DP cells as OT-II WT mice (Fig. 25C and Table 1). The ratio of CD4SP 

to DP cells was statistically higher for OT-II C4 mice compared to the OT-II WT or 
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DE2 mice, further indicating that the C4 mutations that impair TCR dimerization alter 

thymocyte development in these mice (Fig. 25D). 
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Fig. 24. Thymocyte gating strategy 

Thymuses were processed for flow cytometry as described in Materials and Methods. 

Samples were gated through a singlet gate followed by a live cell gate in forward and 

side scatter. CD4+Vα2+ cells were gated for further analysis. Shown is the thymus 

sample from a representative OT-II WT mouse. 
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Fig. 25. OT-II C4 mice have an increased CD4SP to DP thymocyte ratio 

Representative flow plots showing CD4SP and DP populations within the CD4+Vα2+ 

population are shown for (A) OT-II WT, (B) OT-II C4 and (C) OT-II DE2 mice. 

Percentages within plots are the mean ± SEM for 3 mice from each group. (D) Ratio of 

CD4SP to DP CD4+Vα2+ thymocytes. **p<0.01, One-way ANOVA.  
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Table 1. Thymocyte numbers from OT-II WT, C4 and DE2 mice 
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 We next assessed TCR and CD5 surface levels on Vα2+ CD4SP and DP 

thymocytes from OT-II WT, C4 and DE2 mice. OT-II C4 mice had higher expression 

of TCR in CD4SP and DP cells as measured by both Vα2 and CD3 levels compared to 

OT-II WT mice, while OT-II DE2 mice had similar TCR levels as OT-II WT mice (Fig. 

26A-D). Because we observed no difference in TCR expression between the OT-II WT 

and C4 TCRs in cell lines (Fig. 23), this suggests that there is nothing intrinsic to the 

C4 mutations that would lead to higher TCR expression. Additionally, because CD3ζζ 

is the limiting factor for TCR-CD3 complex assembly and the other TCR-CD3 complex 

subunits are in excess, it is unlikely that the differences in surface expression are due to 

differences in transgene copy number [40,179]. It is therefore likely that the increased 

TCR surface expression in OT-II C4 mice is due to altered TCR endocytosis, perhaps 

because of differences in perceived signal strength in response to tonic TCR-pMHC 

interactions [180-182]. Whether the C4 mutations lead to altered TCR endocytosis will 

be tested in future studies.  

 CD5 levels have been shown to correlate with perceived TCR signal strength 

and are thought to be set during thymocyte development in response to the strength of 

TCR interaction with the selecting self-pMHC [183-186]. Therefore, we measured CD5 

levels to determine whether the C4 or DE2 mutations altered TCR tonic signal strength. 

Interestingly, CD4SP and DP thymocytes from OT-II C4 mice had higher CD5 levels 

than OT-II WT or DE2 mice, indicating that the OT-II C4 thymocytes may be receiving 

higher tonic TCR signals than the WT or DE2 mice (Fig. 26E-F). Combined with the 

altered ratio of CD4SP and DP thymocytes as well as the higher TCR surface 

expression, this suggests that the C4 mutations that impair TCR dimerization have an 
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appreciable impact on thymocyte development that may be attributed to differences in 

TCR signal strength in response to self-pMHC in the thymus.     
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Fig. 26. Thymocytes from OT-II C4 mice have higher TCR and CD5 levels 

(A-B) Vα2 gMFI was determined for (A) CD4SP and (B) DP thymocytes from OT-II 

WT, C4 and DE2 mice. (C-D) CD3 gMFI was determined for (C) CD4SP and (D) DP 

thymocytes as indicated. (E-F) CD5 gMFI was determined for (E) CD4SP and (F) DP 

thymocytes as indicated. *p<0.05, **p<0.01, One-way ANOVA. 
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3.3.3 Impairing TCR-CD3 complex dimerization alters peripheral T cell 

numbers and TCR expression  

 We next assessed the impact of the C4 mutations that impair TCR-CD3 complex 

dimerization and the DE2 mutations that impair TCR-CD3 stability on peripheral T cell 

numbers. Spleen and lymph nodes were collected from mice, processed, surface stained 

and analyzed by flow cytometry. Cells were gated as shown in Fig. 27. Consistent with 

what was observed in the thymus, OT-II C4 mice had approximately 4.5X more total 

cells in the periphery (Table 2). This trend was also seen for the number of Vα2+CD4+ 

cells, which should represent the transgenic T cell population in these mice (Table 2). 

OT-II DE2 mice, which are Rag1-/+, had higher total numbers of peripheral cells 

compared to both OT-II WT and OT-II C4 mice. This is due to the increased numbers 

of cells other than the transgenic T cells since the number of Vα2+CD4+ cells 

represented approximately 10% of the total cellularity of the spleen and lymph nodes 

from these mice (Table 2). When only the Vα2+CD4+ cells are compared, OT-II DE2 

mice had approximately 2.5X as many cells as OT-II WT mice. These data indicate that 

TCR-CD3 complex stability and dimerization may play a role in peripheral T cell 

maintenance and/or proliferation.   

 We further characterized peripheral T cells in WT and mutant OT-II mice by 

measuring TCR and CD5 levels on the Vα2+CD4+ T cell populations. Similar to what 

was observed in the thymus, peripheral T cells from OT-II C4 mice had higher TCR 

surface expression than cells from OT-II WT or DE2 mice (Fig. 28A-B). However, 

unlike what was seen in thymocytes, there was no difference in CD5 expression on 

cells from any of the OT-II strains (Fig. 28C). Additionally, CD5 levels were lower for 
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peripheral T cells compared to thymocytes for all three strains of mice (Fig. 26E-F and 

Fig. 28C). Because CD5 levels are thought to be set during thymocyte development, 

this suggests that cells that are in the lower range of CD5 expression may be best suited 

for survival in the periphery, irrespective of the introduced mutations [183].  
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Fig. 27. Spleen and lymph node gating strategy 

Spleen (SP) and lymph nodes (LN) were processed for flow cytometry as described in 

Materials and Methods. Samples were gated through a singlet gate followed by a live 

cell gate in forward and side scatter. CD4+Vα2+ cells were gated for further analysis. 

Shown is a SP/LN sample from a representative OT-II WT mouse. 
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Table 2. Spleen and lymph node numbers from OT-II WT, C4 and DE2 mice 
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Fig. 28. Peripheral T cells from OT-II C4 mice have higher TCR levels 

(A) Vα2 gMFI, (B) CD3 gMFI and (C) CD5 gMFI were determined for spleen and LN 

cells from OT-II WT, C4 and DE2 mice as indicated in the figure. *p<0.05, One-way 

ANOVA. 
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SECTION 3.4 - Discussion 

 TCR-CD3 complex stability and dimerization have been proposed to contribute 

to the transmission of information from the TCR to the CD3 signaling subunits upon 

TCR-pMHC engagement [31,41,42]. Previously, it has been shown that TCR-CD3 

stability and complex dimerization occur on distinct sides of the TCR, and mutations 

that impair these interactions result in different functional outcomes in cell lines 

[41,42]. Here, we have generated TCR transgenic mouse models based on the OT-II 

TCR to assess how TCR-CD3 complex stability and dimerization contribute to TCR 

signaling and downstream T cell activation and function in vivo. 

 We have preliminary evidence suggesting that impairing TCR dimerization in 

particular has an impact on thymocyte development and peripheral T cell numbers. 

Here, we found that thymocytes from OT-II C4 mice had a higher CD4SP to DP ratio 

compared to thymocytes from OT-II WT and DE2 mice. Additionally, OT-II C4 mice 

had lower thymocyte cellularity and higher spleen and lymph node cellularity compared 

to OT-II WT mice. This, along with the higher proportions of CD4SP cells in OT-II C4 

thymuses, suggests that these cells may be trafficking through the thymus more quickly 

than the OT-II WT cells. This effect may also be due to increased positive selection or 

decreased negative selection of OT-II C4 thymocytes compared to OT-II WT 

thymocytes and will be investigated further.  

 While much work is still needed, these mice provide a foundation for studying 

the effects of disrupting TCR-CD3 complex stability and dimerization on T cell fate 

and function in vivo. Using these mice, we will be able to shed light on how complex 

stability and dimerization impact thymocyte development as well as peripheral T cell 
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responses to antigenic challenge. Ultimately, these studies should provide insight into 

how transmission of information from the TCR-pMHC binding interface to the CD3 

signaling modules impact TCR signaling and function. 
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CHAPTER 4 - A TRANSMEMBRANE DOMAIN GGXXG MOTIF IN CD4 

CONTRIBUTES TO ITS LCK-INDEPENDENT FUNCTION BUT DOES NOT 

MEDIATE CD4 DIMERIZATION* 
 

SECTION 4.1 – Introduction 

 T cell development, activation, differentiation and effector functions are driven 

by signals generated by the recognition of peptides bound to major histocompatibility 

complex molecules (pMHC) on the surface of antigen presenting cells (APCs). The T 

cell receptor (TCR) is central to this process. It binds the composite surface formed by 

the peptide and MHC and relays information about the duration of these interactions to 

the immune receptor tyrosine-based activation motifs (ITAMs) within the intracellular 

domains of the associated CD3 signaling modules (CD3γε, δε, and ζζ) [24,187]. 

Information about peptide binding is then converted to chemical signals when the 

ITAMs are phosphorylated by the Src kinases p56lck (Lck) or p59fyn [73,74]. The class II 

MHC co-receptor CD4 plays an important role in this process due to its association 

with Lck, but CD4 also makes an Lck-independent contribution to TCR signaling that 

is incompletely understood [80,81]. 

 The CD4 extracellular domain (ECD) has been structurally characterized to bind 

invariant portions of class II MHC via its D1 domain, while the intracellular domain 

(ICD) mediates interaction with Lck [76-78,98,188-191]. Previous studies have shown 

that a C-terminally mutated CD4, which lacks the cysteine clasp that mediates 
                                                
* Adapted from: Parrish HL, Glassman CR, Keenen MM, Deshpande NR, Bronnimann 
MP, Kuhns MS (2015) A transmembrane domain GGxxG motif in CD4 contributes to 
its Lck-independent function but does not mediate dimerization. PLoS One 
10:e0132333  
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interactions with Lck, can nevertheless enhance TCR signaling in vitro [81]. C-

terminally truncated CD4 can also rescue thymocyte development and selection in 

CD4-deficient mice. This provides further evidence for the multi-functional role of 

CD4 in TCR signaling that is isolated to the ECD and/or TMD [80].  

The mechanisms underlying this Lck-independent function of CD4 are unclear. 

The affinity of the CD4 D1 domain for MHC is very weak, with estimates ranging from 

200µM to 2mM, suggesting that it is unlikely to make a significant impact on the 

affinity of TCR interactions for pMHC [91]. This has led to the hypothesis that CD4 

participates in homotypic or heterotypic interactions with additional cellular factor(s) 

via its ECD or TMD, or both, to mediate Lck-independent functions. We therefore 

searched for potential protein interaction motifs in CD4 that may contribute to this 

activity. 

 The GGxxG sequence in the CD4 transmembrane domain (TMD) represents one 

such motif (Fig. 29A). The spacing of the glycines forms a side-chain free patch along 

one side of the TMD α-helix that allows tight packing of helices and possibly hydrogen 

bonding between peptide backbones of TMDs. Such patches have been reported to 

mediate homotypic or heterotypic interactions in a wide assortment of transmembrane 

proteins, including glycophorin A (GpA), scavenger receptor class B, type I (SRBI), 

and the human papilloma virus L2 transmembrane domain [192-194]. The conservation 

of this sequence in the CD4 TMD of a wide range of vertebrates suggested to us that it 

might play an important role in T cell activation (Fig. 29A).   

 In this study, we investigated if the highly conserved GGxxG motif of the CD4 

TMD contributes to T cell activation and CD4 dimerization. We report that the addition 
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of bulky side chains to this surface (GVxxL) to introduce steric clashing at this putative 

dimerization interface has no impact on CD4 expression but impairs its Lck-

independent contribution to T cell activation in response to agonist and weak agonist 

TCR-pMHC interactions. Using Förster’s resonance energy transfer (FRET) we found 

that mutating the GGxxG motif does not inhibit homotypic CD4 interactions. This 

suggests that the CD4 TMD may mediate heterotypic interactions with other molecules 

involved in T cell activation or may serve an additional unknown function in the 

contribution of CD4 to TCR signaling. 

 

SECTION 4.2 – Materials and Methods 

Constructs  

 All constructs used in this study were built using the MSCV-based retroviral 

expression vectors pP2 (IRES-puromycin resistance) and pZ4 (IRES-zeocin resistance) 

[41,42]. The proteins encoded by the constructs used in this study are described by 

amino acid (aa) number beginning at the start methionine (UniProt convention). The 

5c.c7 TCR, which is specific to MCC 88-103 presented in I-Ek, was used as the TCR 

for all experiments. For functional experiments, mEGFP was fused to full-length 

5c.c7α via a linker (AAAGGGGSGGGGSGGGGS). Full-length CD3δ, ε, γ and ζ were 

encoded on a poly-cistronic construct as previously described [42,154]. C-terminally 

truncated CD4, CD4T (amino acids: 1-421), was used to study the Lck-independent 

function of CD4 in order to restrict our study to the ECD or TMD of CD4 since this has 

previously been established to function in CD4 T cell development [80]. Site-directed 

mutagenesis was used to generate the CD4TTMD (G403V/G406L) mutant. Mutations in 
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the CD4 MHC class II binding domain (CD4TΔbind) were made by changing residues 68-

73 (KGVLIR) to DGDSDS [98,191]. For FRET experiments, the extracellular and 

transmembrane domains of wild-type or mutant CD4T (amino acids: 1-421), CD28 

(amino acids: 1-179), and PD1 (amino acids: 1-199) were fused to mEGFP or mCherry 

via a short flexible linker (GSAAA). For expression of Ek-MCC, Ek-T102S and Ek-HB 

in or M12 cells [195], the full I-Ek alpha subunit was expressed along with a full I-Ek 

beta subunit expressed as a fusion with the mouse hemoglobin d allele peptide (Hb 64-

76), moth cytochrome c (MCC 88-103) peptide or T102S peptide at the N-terminus, via 

a short linker similarly to Kappler and colleagues [196]. 

 

Cell lines and flow cytometry 

 M12 cells [195] expressing peptide:I-Ek and 58α-β- cell lines [197] expressing 

the 5c.c7 TCR, full-length CD3 subunits and CD4 were generated as previously 

described [41,198]. Multiple independent 58α-β- cell lines were generated and tested in 

the functional and FRET assays to ensure that any phenotypes were as a consequence of 

the mutations and not cell culture divergence from the parental cells. Surface 

expression levels of CD4 (mAb clones GK1.5 e450, eBiosciences) and TCRβ Vβ3 

(mAb clone KJ25 PE, BD Bioscience) were assessed by flow cytometry as indicated in 

Figures. Chinese Hamster Ovarian cells expressing I-Ek were previously described 

[199]. 

 

Functional assays 
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 For CHO I-Ek co-culture experiments 5 X 104 58α-β- cells were co-cultured with 

1 X 105 CHO I-Ek cells and a titration of MCC 88-103 peptide in 96-well flat-bottom 

plates. Alternatively, 2.5 X 104 58α-β- cells were co-cultured with 1 X 105 M12 cells 

expressing I-Ek tethered to MCC, T102S or HB in 96-well round-bottom plates. For 

both assays supernatants were collected after 16 hours of co-culture at 37°C IL-2 was 

quantitated by ELISA. Anti-mouse IL-2 (clone JES6-1A12, Biolegend) was used as a 

capture antibody and biotin anti-mouse IL-2 (clone JES6-5H4, Biolegend) was used as 

the secondary antibody. Streptavidin-HRP and TMB substrate (Biolegend) were used 

for detection.  

 

Lipid bilayers 

 Bilayers were prepared similarly to previous studies [42,200]. In brief, 

liposomes composed of 97.5 mol % 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, 

1 mol % 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic 

acid)succinyl] (nickel salt), 1 mol % 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-

N-(cap biotinyl) and 0.5 mol % 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-5000] (ammonium salt) were prepared by extrusion and 

injected onto a glass coverslip. Bilayer mobility was assed by photoablation recovery of 

streptavidin conjugated to PE. Each well received 0.05μg of MCC I-EK and 0.08μg 

ICAM-1 to produce an agonist peptide density of approximately 60mol/micron2 [200]. 

 

Soluble proteins for bilayers  
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 Soluble class II pMHC monomers were generated with the baculovirus 

expression vector backbone pAcGP67A (Pharmingen). The full extracellular domain of 

I-Ek alpha (aa: 26-216) was expressed as a fusion with the acidic leucine zipper, a BirA 

acceptor peptide, and a 6X his tag similarly to the approach of Teyton and colleagues 

[201]. The I-Ek beta extracellular domain (31-225) was expressed as a fusion with the 

moth cytochrome c (MCC 88-103) peptide at the N-terminus, similarly to previous 

designs [196], and at the C-terminus with a basic leucine zipper and 6X his tag [201]. 

Purification was performed with Ni-NTA affinity resin (Qiagen) followed by size 

exclusion on an S200 (GE) via FPLC. ICAM-1 was produced as previously described 

[42]. 

 

Microscopy 

 TIRFM was performed at 37ºC, 5% CO2, and 50% relative humidity. Cells were 

adhered to the glass coverslip or lipid bilayers for 10 minutes and then imaged for 30-

40 minutes following adhesion. TIRF images were acquired with a Zeiss fluorescent 

microscope using a 63X Zeiss TIRF objective coupled to a Zeiss motorized TIRF slider 

(NA 1.46). TIRFM was performed with a Laser Stack (3I) containing 50mW 488nm 

and 561nm solid-state lasers set at 20% power output. Photo ablation of mCherry was 

performed with a Vector high-speed point scanner at 75% 561nm laser output within a 

25.8µm2 region of interest (412 pixels). All images were collected with 100-millisecond 

exposure at 500 millisecond intervals (Photometrics Evolve EMCCD; 100 

intensification; 1 pixel = 0.25µm (H) x 0.25µm (V) at 63x). 
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Image Analysis 

 Median mEGFP and mCherry intensity for the region of interest targeted for 

mCherry ablation were background subtracted using SlideBook6 (3I) and exported. 

Background subtracted mEGFP values for the time points immediately before and after 

photobleaching were used to calculate FRETE = 1- (Q/DQ) where Q (quenched) is the 

mEGFP intensity prior to mCherry ablation and DQ (dequenched) is the mEGFP 

intensity following ablation as previously reported [202,203]. mCherry ablation was 

calculated as the ratio of post to pre bleach mCherry intensity, 

Abl=mCh(postbleach)/mCh(prebleach). Cells with mCherry ablation below 0.125 were 

considered for analysis. Only cells with an mEGFP to mCherry ratio centered around 1 

and ranging from 0.5 to 1.5 were considered for analysis. Cells were further subsetted 

based on equivalent mean mEGFP and mCherry intensities.   

 

Statistical Analysis 

 All statistical analyses were performed with Prism 5.0 (GraphPad Software, 

Inc). The experiments involved normalized data or non-normally distributed cell 

populations. The Mann-Whitney t test or Kruskal-Wallis one-way analysis of variance 

(ANOVA) with a Dunn’s multiple comparison’s post-test using were performed where 

appropriate. 
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SECTION 4.3 – Results 

4.3.1 Conserved glycines in the CD4 TMD contribute to T cell activation 

 To better understand the Lck-independent role of CD4 we looked for conserved 

amino acid motifs that are known to play a role in protein-protein interactions. We 

identified a GGxxG motif in the CD4 TMD that is absolutely conserved in humans, 

monkeys, dogs, cats, horses, rats and mice (Fig. 29A). The conserved glycines in this 

motif are predicted to form a patch with limited steric hindrance along one interface of 

the CD4 transmembrane helix (Fig. 29B and C). Modeling of the TMD revealed that 

Gly 403, while not part of a canonical GxxxG motif, also lies along the same face of the 

helix and would contribute to a larger glycine patch on one side of the CD4 TMD.  
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Fig. 29. The CD4 TMD contains highly conserved glycine residues 

(A) CD4 transmembrane domain (TMD) sequence alignment showing highly conserved 

glycine residues shaded red. (B) Ribbon diagram model or (C) space-filled model of the 

CD4 TMD with alanine and glycine residues of interest highlighted in magenta 

(generated with PyMol). 
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Because GxxxG motifs and glycine patches are often involved in functionally 

important protein-protein interactions, we hypothesized that this GGxxG motif is 

important for CD4’s Lck-independent function in TCR signaling [192-194]. To test this 

hypothesis, we generated constructs encoding a wild type (CD4WT) or C-terminally 

truncated version of CD4 (CD4T). CD4T lacks the cysteine clasp that mediates 

interactions with Lck but has been reported to have Lck-independent function that can 

mediate CD4+ T cell development [80]. This molecule also lacks Cys 421 that has been 

reported to be palymitoylated, although mutation of this residue does not impact lipid 

raft localization of human CD4 [82,204]. To verify that CD4T makes an Lck-

independent contribution to T cell activation, we generated 58α-β- T cell hybridomas 

expressing the 5c.c7 TCR, which recognizes a peptide from moth cytochrome c (MCC 

88-103) in the context of I-Ek, along with either CD4WT, CD4T, or no CD4. We 

observed a significant increase in IL-2 production from cells expressing CD4T relative 

to cells lacking CD4 expression when stimulated with M12 cells expressing I-Ek 

tethered to the agonist MCC peptide (Fig. 30A). These data indicate that CD4T does 

contribute to T cell activation in an Lck-independent manner. This response trended 

lower than that of CD4WT cells, indicating that Lck-association with CD4 enhances T 

cell activation (Fig. 30B). 
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Fig. 30. CD4T contributes to T cell activation 

(A) 58α-β- T cell hybridomas were retrovirally transduced with the 5c.c7 TCR and 

either CD4WT, CD4T or no CD4. Concatenated IL-2 secretion from four independently 

generated CD4T 58α-β- T cell hybridomas after 16 hours of co-culture with MCC:I-Ek+  

M12 cells normalized to no CD4 controls within the same experiment to determine 

relative IL-2 concentration. (B) Concatenated IL-2 secretion from four independently 

generated CD4T 58α-β- T cell hybridomas after 16 hours of co-culture with MCC:I-Ek+  

M12 cells normalized to CD4WT controls within the same experiment to determine 

relative IL-2 concentration. (*p<0.05; Mann-Whitney). 
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Having established a readout for the Lck-independent function of CD4, we 

generated a construct encoding a mutant of CD4T, referred to here as CD4TTMD, in 

which two of the glycines in the GGxxG motif were mutated to valine (G403V) or 

leucine (G406L) to introduce bulky side-chains at this surface (Fig. 31A). As a negative 

control, we also generated a CD4T mutated in the region known to bind MHC class II 

(CD4TΔbind) [98,191]. To test the function of these mutants we generated 58α-β- T cell 

hybridomas expressing the 5c.c7 TCR along with CD4T, CD4TTMD, or CD4TΔbind. Cell 

surface expression of the TCR and CD4 were assessed by flow cytometry to ensure that 

the cell lines expressed equivalent levels of these proteins in order to assign any 

phenotype to the mutations rather than unmatched expression (Fig. 31B).  

First, we assessed the response of the CD4TTMD mutant to stimuli of different 

affinity using the well-characterized altered peptide ligand (APL) for MCC, T102S, 

which has been previously characterized as a weak agonist [161,205]. Here, we used 

M12 cells as APCs that expressed I-Ek tethered to MCC or T102S, or to a null peptide 

from mouse hemoglobin d allele peptide (Hb 64-76). In this assay, CD4TTMD cells 

produced less IL-2 upon co-culture with APCs expressing Ek-MCC or Ek-T102S (Fig. 

32A). This was consistently observed with multiple independently generated sets of 

control and mutant cell lines (Fig. 32B), demonstrating that the GGxxG motif plays a 

role in T cell activation.   

 We next assessed the response of the cell lines to stimulation with a titration of 

cognate antigen in the presence of Chinese Hamster Ovary (CHO) cells ectopically 

expressing I-Ek (CHO Ek). Cells expressing CD4TTMD produced less IL-2 in response to 
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agonist pMHC stimulation than did those expressing CD4T (Fig. 32C), thus providing 

additional evidence for a functional role of the GGxxG motif in T cell activation. 
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Fig. 31. Mutating the CD4 transmembrane domain GGxxG motif does not impair 
surface expression 

(A) Alignment of the wild-type CD4 TMD with the CD4 TMD mutant 

(G403V/G406L). Mutated residues are highlighted in red. Bulky side chains were 

introduced to disrupt the glycine patch. (B) 58α-β- T cell hybridomas were retrovirally 

transduced with the 5c.c7 TCR and either CD4T, CD4TTMD or CD4TΔbind, which is 

mutated in the region known to bind MHC class II. Surface expression of TCR and 

CD4 were assessed by flow cytometry as labeled.  
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Fig. 32. Mutating the CD4 TMD GGxxG motif impairs T cell activation 

(A) IL-2 from 58α-β- cells after co-culture with M12 cells expressing the indicated 
peptide:I-Ek. (B) Concatenated IL-2 from four independently generated cell lines after 
co-culture with MCC:I-Ek+ M12 cells normalized to CD4T controls. (C) IL-2 secretion 
from cell lines after co-culture with CHO Ek cells pulsed with MCC peptide at the 
indicated concentrations. Data are representative of four independent experiments with 
independently generated cell lines. (*p<0.05; Mann-Whitney). 
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4.3.2 The CD4 TMD GGxxG motif does not mediate dimerization at steady-

state 

 CD4 has been reported to form homodimers upon crystallization due to contacts 

in the D4 domain of the ECD [92]. This interaction has been confirmed for human CD4 

by mutagenesis coupled with both biochemical approaches and FRET, and has been 

shown to be functionally relevant [93,94]. Additionally, other studies have shown 

involvement of the CD4 ICD in dimerization or multimerization [95,96]. Since the 

glycine patches formed by GxxxG motifs often mediate homotypic interactions, we 

postulated that the CD4 GGxxG motif might constitute a portion of a dimerization 

interface.  

FRET was employed to determine if the GGxxG motif contributes to CD4 

dimerization. Since CD28 forms a disulfide-bonded homodimer, it served as a positive 

control, while PD1 is not reported to dimerize and thus served as a negative control. 

CD4WT, CD4T, and CD4TTMD were fused to mEGFP or mCherry via a short flexible 

linker and expressed in 58α-β- T cell hybridomas with the 5c.c7 TCR. C-terminally 

truncated forms of CD28 (CD28T) and PD1 (PD1T) were also fused to mEGFP or 

mCherry via the same short flexible linker and expressed with the 5c.c7 TCR in 

independent cell lines.  

Live cells were allowed to adhere to glass coverslips and imaged by total 

internal reflection fluorescence microscopy (TIRFM) [42]. This allowed us to limit our 

analysis to molecules at the cell surface without engaging the TCR or CD4 molecules. 

FRET efficiency values (FRETE) were quantified by measuring donor recovery after 

bleaching of the acceptor [202,203]. In these experiments, ablation averaged greater 
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than 90% for all analyzed populations and did not differ significantly from each other 

(Fig. 33A and B). Furthermore, the analyzed cells were matched in their range of donor 

and acceptor intensities at the cell membrane as well as for their mean GFP and 

mCherry intensities. As expected, the positive control disulfide-bonded CD28TG/Ch cells 

had a significantly higher FRETE value compared to the negative control PD1TG/Ch cells 

(Fig. 33C). By comparison, the FRETE values for the CD4TG/Ch cells were significantly 

higher than the negative control cells, but significantly lower than those of the positive 

control cells.  These data indicate that, while dimerization can occur, a low frequency 

of CD4 molecules dimerize or multimerize at equilibrium in these cells; thus, 

homotypic CD4 interactions are likely to be weak (Fig. 33C). Of note, no significant 

difference was observed in the FRETE value between lines expressing CD4WTG/Ch or 

CD4TG/Ch (Fig. 33D). We then compared CD4TTMD-G/Ch cells to CD4TG/Ch cells and did 

not observe decreased FRETE values, implying that G403 and G406 are not involved in 

stabilizing CD4 dimerization at steady-state (Fig. 33E).  
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Fig. 33. Mutating the CD4 TMD GGxxG motif does not impair dimerization at 
steady-state 

(A) Grey-scale images of mCherry (top) and GFP (bottom) intensities pre and post 

mCherry ablation for representative cells. (B) Plot of relative mCherry values pre- and 

post-ablation for all cells analyzed. The average ablation of all populations was below 

10% and did not differ significantly from each other. (C) FRETE values for CD28GFP/Ch, 

PD1GFP/Ch and CD4TGFP/Ch cells. Representative of two experiments with independently 

generated cell lines. (D) FRETE values for CD4WTGFP/Ch vs CD4TGFP/Ch cells 

concatenated from two independently generated cells lines. (E) FRETE values for 

CD4TGFP/Ch vs CD4TTMD-GFP/Ch cells. Representative of two experiments with 

independently generated cell lines. Matched expression for analysis was based on 

median pre-bleach intensity. Dots represent single cells and green bars represent 

median values (*p<0.05, **p<0.001; ***p<0.0001; Mann-Whitney). 
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4.3.3 The CD4 TMD GGxxG motif does not mediate dimerization upon 

TCR engagement 

 Previous studies using human CD4 have shown that CD4 dimerization increased 

upon TCR engagement [93]. Because we observed no decrease in FRETE values of 

CD4TTMD-G/Ch cells at steady-state compared to CD4TG/Ch, but observed a functional 

decrease in T cell activation with CD4TTMD cells compared to CD4T cells, we 

hypothesized that the TMD glycine patch may contribute to the increase in CD4 

dimerization that has been reported when both CD4 and the TCR engage pMHC. To 

test this hypothesis we imaged live cells using TIRFM on mobile lipid bilayers 

containing agonist (MCC:I-Ek) pMHC. To ensure bilayer mobility, lipids were spiked 

with a lipid with a biotinylated head group. Streptavidin-PE was added to the bilayers 

and an area was bleached. Emission of PE was measured before and after bleaching to 

measure the ability of the bleached area to fill in with new PE molecules (Fig. 34A). 

Similar to what we observed in cells with unengaged TCRs, the positive control 

CD28TG/Ch cells had significantly higher FRETE values than the negative control 

PD1TG/Ch cells. CD4TG/Ch cells had FRETE values lower than CD28TG/Ch cells but 

significantly higher than PD1TG/Ch cells (Fig. 34B). No difference in FRETE was 

observed between cells expressing CD4WTG/Ch and CD4TG/Ch (Fig. 34C). Likewise, 

CD4TTMD-G/Ch cells had equivalent FRETE values compared to CD4TG/Ch cells, indicating 

that even after TCR engagement the CD4 TMD glycine patch is not involved in CD4 

dimerization (Fig. 34D). Of note, these hybridomas do not form classic immunological 

synapses on bilayers with a central cluster of TCR-CD3 complexes and we did not 

observe obvious segregation of TCR-CD3 and CD4 molecules after extended 
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incubation on the bilayers, as has been reported for T cell lines or ex vivo T cell blasts 

[206,207]. Since we did not observe any obvious differences in FRET between the 

various CD4 lines tested we think it unlikely that differences in segregation have 

impacted our analysis or interpretation.  
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Fig. 34. Mutating the CD4 TMD GGxxG motif does not impair dimerization upon 
TCR engagement 

(A) Mobility of lipid bilayers was assessed by measuring recovery of streptavidin-PE 

molecules into a bleached region of the lipid bilayer and normalized to a reference 

region that was not bleached. (B) FRETE values for CD28GFP/Ch, PD1GFP/Ch and 

CD4TGFP/Ch cells imaged by TIRFM on mobile bilayers containing agonist pMHC 

(MCC-Ek). Representative of two independently generated cell lines. (C) FRETE values 

for CD4WTGFP/Ch vs CD4TGFP/Ch cells imaged by TIRFM on mobile bilayers containing 

agonist pMHC (MCC-Ek). Data is concatenated from two independently generated cell 

lines. (D) FRETE values for CD4TGFP/Ch vs CD4TTMD-GFP/Ch cells imaged by TIRFM on 

mobile bilayers containing agonist pMHC (MCC-Ek). Representative of two 

independently generated cell lines. Analysis was performed as for Figure 33. Dots 

represent single cells and green bars represent median values (*p<0.05, **p<0.001; 

***p<0.0001; Mann-Whitney). 
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SECTION 4.4 – Discussion 

 The CD4 co-receptor for class II MHC plays an important role in TCR 

signaling. This is due, in part, to recruiting the Src kinase Lck to the TCR-CD3 

complex [76-78]. However, there is also a well established but poorly defined role of 

CD4 in TCR signaling that is independent of Lck recruitment [80,81]. To begin to 

understand the Lck-independent role of CD4 we first sought to identify conserved 

protein motifs that may contribute to this activity. In this study, we identified a highly 

conserved GGxxG motif in the CD4 transmembrane domain and show evidence that 

this glycine patch has an important functional role in T cell activation. Mutating two 

glycines in the CD4 TMD glycine patch reduced T cell hybridoma activation in 

response to a titration of agonist peptide as well as to weak agonist stimulation, 

indicating these residues are important for the Lck-independent function of CD4.  

 Because GxxxG motifs often mediate dimerization and multimerization of 

transmembrane domains and CD4 has been reported to form weak homodimers, we 

tested whether the CD4 TMD glycine patch was involved in such interactions 

[95,96,192-194]. Using FRET we confirmed that CD4 does form weak dimers, but our 

CD4 mutants, in which the TMD glycine patch was disrupted, did not have 

significantly lower FRET values than wild-type controls. This suggests that the glycine 

patch may be involved in heterotypic interactions with another protein or it may 

mediate some other function in TCR signaling.  

 The literature suggests several potential heterotypic interactions. CD4 has been 

suggested to interact directly with the TCR-CD3 complex, and it is possible that the 

CD4 TMD glycine patch contributes to this interaction [24,99]. For example, the mouse 
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CD3γ subunit TMD contains a GxxxA motif that is closely related to the GxxxG motif 

and may allow tight packing of α-helices and potential hydrogen bonding between 

peptide backbones of two or more helices.  In addition, it has been reported that an 

AxxxG motif in the HIV gp41 fusion peptide interacts with a conserved motif in the 

TMD of the TCR alpha subunit to disrupt TCR signaling [208], so CD4 may also 

interact with this TCR motif. Furthermore, because CD4 is the receptor for HIV cellular 

entry [209] the AxxxG motif in HIV gp41 fusion peptide may somehow interact with 

the CD4 GGxxG motif and aid in HIV fusion with host cells. Alternatively, the GGxxG 

motif may facilitate interactions between CD4 and an unidentified protein, in which 

case CD4 may serve as a bridge to either stabilize interactions with the TCR-CD3 

complex or help recruit CD4 in close proximity to the TCR-CD3 complex. Another 

possibility is that this motif may not specifically mediate interactions with another 

protein, but may be important for allowing another protein to approach CD4 and 

assume a close proximity while interacting specifically via a different domain. In such a 

case, our mutations may prevent this close association. These possibilities will be 

explored in future studies. 

 Finally, the GGxxG motif may contribute to CD4-assisted TCR signaling via 

some mechanism that does not involve protein-protein interactions. For instance, 

glycines are very flexible and may introduce conformational flexibility into α−helices 

[210]. Thus, the glycines in the CD4 TMD may contribute flexibility into the CD4 

TMD that assist in the Lck-independent contribution of CD4 signaling in some 

unknown way. Biochemical data have shown that, prior to TCR engagement, CD4 and 

the TCR inhabit distinct membrane domains and this may be important for their 
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function [159]. There are several proteins whose TMD is required for their localization 

within distinct membrane domains. For example, CD40 and CD44 are both targeted to 

detergent resistant microdomains via their transmembrane domain [211-213]. 

Additionally, a GxxxG motif in mouse MHC class II I-Ak TMD has been shown to 

localize it to lipid rafts [214]. It is therefore possible that the TMD of CD4 plays an 

important role in its proper membrane localization. Heterotypic interactions or 

conformational flexibility mediated by the GGxxG motif could help facilitate this 

process. 

 In closing, the data presented here show that the CD4 TMD GGxxG motif 

contributes to the Lck-independent role of CD4 in T cell activation. Interestingly, this 

contribution is not due to dimerization of CD4 along this motif, indicating that it plays 

a distinct role in CD4-assisted T cell activation. Future work will be aimed at 

determining whether the CD4 GGxxG motif is important for mediating direct 

interactions with the TCR-CD3 complex to aid in signaling.  
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CHAPTER 5 - THE CD4 D3 DOMAIN CONTRIBUTES TO T CELL 

ACTIVATION BY FACILITATING CD4 PROXIMITY TO THE TCR-CD3 

COMPLEX 
 

SECTION 5.1 - Introduction  

 CD4 T cells are critical for coordinating a productive immune response against 

invading pathogens or tumor antigens as well as for vaccine efficacy [13,28-30]. T cell 

activation and effector function depend on the molecular interactions between the T cell 

and an antigen presenting cell (APC) [1,3]. Central to these interactions and T cell 

activation are the binding of the clonotypic T cell receptor (TCR) to peptide fragments 

presented in major histocompatibility complex molecules (pMHC) on the surface of 

APCs [22,23]. Information regarding TCR-pMHC interactions is then transmitted to the 

CD3δε, CD3γε and CD3ζζ signaling molecules that are associated with the TCR via 

transmembrane charge interactions [24,187]. The CD3 subunits contain immune 

receptor tyrosine-based activation motifs (ITAMs) that serve as substrates for Src 

kinases, particularly p56Lck (Lck), which is recruited to the pMHC-bound TCR-CD3 

complex by the CD4 coreceptor that binds MHCII [34,73-77]. CD4 thus plays an 

important role in TCR signaling and T cell activation. 

 The CD4 coreceptor consists of four extracellular Ig-like domains (D1-D4) 

followed by a short stalk, a transmembrane domain, and a short intracellular 

cytoplasmic tail that associates with Lck [33,78,79]. It has been reported to bind 

MHCII via its membrane-distal D1 domain with relatively low affinity estimated to be 

200μM – 2mM [90,91]. A crystal structure of the CD4 D1-D2 domains bound to 
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MHCII shows that CD4 binds MHC in a V-like arch [90]. Additionally, a ternary 

structure of the CD4 ECD affinity-maturated for MHC binding complexed with a TCR 

bound to pMHC is in agreement with this V-like arch model, which would position the 

CD4 ICD and CD4-associated Lck away from the CD3 ITAMs [98]. The low affinity of 

CD4 for MHCII along with the structural data positioning the CD4 ICD at a distance 

from the CD3 ITAMs makes it difficult to understand how CD4 would contribute to T 

cell activation. Specifically, it is unclear how CD4-associated Lck would be recruited in 

close enough proximity to a pMHC-bound TCR and for a long enough duration to 

phosphorylate the CD3 ITAMs to initiate signaling. Additionally, the ternary structure 

of CD4-pMHC-TCR did not include the CD3 subunits, so it is possible that the V-like 

orientation may be an initial docking conformation or that CD4 may bind differently in 

the presence of a fully assembled TCR-CD3 complex.  

 Recent data from our lab using Förster’s Resonance Energy Transfer (FRET) 

indicates that the CD4 ICD comes into closer proximity to the CD3 ICDs upon TCR-

pMHC engagement than the CD4-MHC structures would predict (Glassman et al, J. 

Immunol., in press). Additionally, we have found that there is an ordered spatial 

relationship between CD4 and the TCR-CD3 complex upon pMHC binding, with the 

CD4 ICD in closer proximity to the CD3δ than to the CD3γ subunit. These data 

indicate that CD4 may in fact come into closer association with the TCR-CD3 complex 

than suggested by the CD4-MHC crystal structures.  

 There is some functional data that support the hypothesis that CD4 docks along 

a composite TCR-CD3-pMHC interface. Domain swap experiments and mutation of the 

CD4 D3 domain suggest that regions of CD4 outside of the known MHC-binding D1 
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domain, and in particular the CD4 D3 domain, may contribute to T cell activation [99-

101]. However, the residues in the CD4 D3 domain that were shown to impact the 

function of CD4 in T cell activation are partially buried in a hydrophobic core and 

could therefore decrease T cells activation due to impaired structural integrity of CD4 

rather than by actually impairing interactions between CD4 and the TCR-CD3 complex 

[100]. These mutants also had decreased surface expression compared to wild-type 

CD4 controls, suggesting that the impaired function may be attributed to decreased 

levels of CD4. Additionally, it has not been demonstrated whether the CD4 mutations 

that impaired T cell activation directly impaired CD4 interaction or proximity with the 

TCR-CD3 complex. It therefore remains unresolved whether surfaces in the CD4 ECD 

directly interact with the TCR-CD3 complex to aid in T cell activation. 

 Here, we have mutated solvent-accessible residues of the CD4 ECD to identify 

surfaces that contribute to T cell activation and interaction with the TCR-CD3 complex. 

We have found residues in the CD4 D3 domain that impair T cell activation, as 

measured by IL-2 production, TCR down-regulation, and CD69 up-regulation in T cell 

hybridomas. Additionally, mutating some of these surfaces resulted in decreased FRET 

between CD4 and CD3δ, suggesting that these residues mediate proximity between 

CD4 and the TCR-CD3 complex.  
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SECTION 5.2 - Materials and Methods 

Constructs 

 The MSCV-based retroviral expression vectors pP2 (IRES-puromycin 

resistance) and pZ4 (IRES-zeocin resistance) were used for all constructs used in this 

study. Proteins encoded by the constructs used in this study are described by amino acid 

(aa) number beginning at the start methionine (UniProt convention). The 5c.c7 TCR, 

which is specific to a moth cytochrome C-derived peptide (MCC 88-103) presented in 

I-Ek, was used for all experiments and has been previously described. For functional 

assays, the 5c.c7α chain was fused to mEGFP via a long flexible linker 

(AAAGGGGSGGGGSGGGGS). Full-length CD3δ, ε, γ and ζ were used to generate 

cells used for functional assay and were encoded on a poly-cistronic construct as 

previously described [41]. For FRET experiments, C-terminally truncated CD3ε (aa:1-

139), γ (aa:1-143) and ζ (aa:1-57) were used, and mEGFP was fused to a truncated 

CD3δ (aa:1-132) via a short flexible linker (GGGSAAA). Constructs encoding CD3εT-

T2A-5c.c7α, CD3ζT-T2A-5c.c7β, and CD3δTmEGFP-T2A-CD3γT were used to 

generate cell lines. C-terminally truncated CD4, CD4T (amino acids: 1-421), was used 

to restrict the CD4 contribution to T cell activation or TCR proximity to the CD4 ECD 

and TMD. Site-directed mutagenesis was used to generate the CD4T mutants, which 

are shown in Table 3. For FRET experiments, wild-type or mutant CD4T (amino acids: 

1-421) was fused to mCherry via a short linker (AAAG). M12 cells expressing full-

length Ek-MCC, Ek-T102S, Ek-T102G or Ek-Hb have been previously described 

[97,177].  
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Table 3. Summary of CD4 mutants tested 

The relative CD4 surface expression was calculated for each mutant compared to wild-

type CD4T control cells for each set of cell lines. Relative IL-2 values are from M12 

MCC:I-Ek co-culture experiments. 
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Cell lines and flow cytometry 

 58α-β- T cell hybridomas and M12 cells were generated as previously described 

[97,177]. Chinese hamster ovary (CHO) cells ectopically expressing I-Ek have also been 

previously described [155]. Multiple independent cell lines were generated and tested 

for functional experiments as indicated in figure legends to ensure that any phenotype 

was due to mutations in CD4 rather than divergence of cell lines during cell culture. 

Surface expression of CD4 (mAb clone GK1.5, e450), Vβ3 (mAb clone KJ25, PE), 

Vα11 (mAb clone RR8-1, APC) and CD69 (mAb clone H1.2F3, PE) were assessed by 

flow cytometry.   

 

Co-culture experiments 

 For peptide titration experiments, 5 X 104 58α-β- cells were co-cultured with 1 X 

105 CHO I-Ek cells and MCC 88-103 peptide at the indicated concentration in 96-well 

flat-bottom plates. For MCC altered peptide ligand (APL) co-cultures, 5 X 104 58α-β- 

cells were cultured with 1 X 105 M12 cells expressing I-Ek tethered to MCC, T102S, 

T102G or HB in 96-well round-bottom plates. Supernatants were harvested after 16 

hours of co-culture at 37°C and IL-2 was quantitated by ELISA for both assays. Anti-

mouse IL-2 (clone JES6-1A12, Biolegend) was used as a capture antibody and biotin 

anti-mouse IL-2 (clone JES6-5H4, Biolegend) was used as the secondary antibody. 

Streptavidin-HRP and TMB substrate (Biolegend) were used for detection.  

 TCR down-regulation and CD69 up-regulation was measured on T cell 

hybridomas following 16 hours of co-culture with M12 cells, similar to IL-2 ELISA co-

culture experiments. Cells were pipetted to break apart M12:58α-β- cell couples and 
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incubated in 24G2 supernatant to block Fc receptors. Cells were then stained for CD4, 

CD69 and Vα11. gMFI for CD69 or Vα11 was determined for CD4 expression level 

matched GFP positive 58α-β- cells and normalized to the gMFI of  cells cultured with 

the HB:I-Ek controls for each cell line. 

 

Lipid bilayers 

 Lipid bilayers were composed of 97.5 mol % 1-palmitoyl-2-oleoyl-sn-glycero-

3-phosphocholine, 1 mol % 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-

carboxypentyl)iminodiacetic acid)succinyl] (nickel salt), 1 mol % 1,2-dioleoyl-sn-

glycero-3-phosphoethanolamine-N-(cap biotinyl) and 0.5 mol % 1,2-dioleoyl-sn-

glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-5000] (ammonium 

salt) and were prepared by extrusion and injection onto a glass coverslip. Each well 

received 0.05μg of MCC I-EK and 0.08μg ICAM-1 to produce an agonist peptide 

density of approximately 60mol/micron2. Soluble pMHC monomers (MCC:I-Ek and 

T102S:I-Ek) and ICAM-1 were prepared as previously described [42,97]. 

 

Peptide-MHC Surfaces  

 Coverslips coated with biotinylated poly-L-lysine were incubated with 10μg/ml 

streptavidin and washed. Coverslips were then incubated with 2μg/ml T102S:I-Ek-

biotin and 1μg/ml anti-H2-Dd-biotin to aid in cell adherence.  

 

Microscopy 
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 TIRFM was performed at 37ºC, 5% CO2, and 50% relative humidity. Cells were 

adhered to the glass coverslip, lipid bilayers or immobile surfaces for 10 minutes and 

then imaged for 20-30 minutes following adhesion. TIRF images were acquired with a 

Zeiss fluorescent microscope using a 63X Zeiss TIRF objective coupled to a Zeiss 

motorized TIRF slider (NA 1.46). TIRFM was performed with a Laser Stack (3I) 

containing 50mW 488nm and 561nm solid-state lasers set at 20% power output. Photo 

ablation of mCherry was performed with a Vector high-speed point scanner at 100% 

561nm laser output within a 6.45µm2 region of interest (412 pixels) for a duration of 

10ms and a raster block size of 10. All images were collected with 25-millisecond 

exposure at 500 millisecond intervals (Photometrics Evolve EMCCD; 50 

intensification; 1 pixel = 0.25µm (H) x 0.25µm (V) at 63x.  

 

Image Analysis 

 Median mEGFP and mCherry intensity for the region of interest targeted for 

mCherry ablation were background subtracted using SlideBook6 (3I) and exported. 

Background subtracted mEGFP values for the time points immediately before and after 

photobleaching were used to calculate FRETE = 1- (Q/DQ), where Q (quenched) is the 

mEGFP intensity after mCherry ablation and DQ (dequenched) is the mEGFP intensity 

following ablation. mCherry ablation was calculated as the ratio of post to pre bleach 

mCherry intensity, Abl=mCh(postbleach)/mCh(prebleach). Cells with mCherry 

ablation below 12.5% were considered for analysis. Only cells with an mEGFP to 

mCherry ratio centered around 1 and ranging from 0.5 to 1.5 were considered for 
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analysis. Cells were further subsetted based on equivalent mean mEGFP and mCherry 

intensities, as shown in Figures 48 and 49.   

 

Statistical Analysis 

 All statistical analyses were performed with Prism 5.0 (GraphPad Software, 

Inc). The experiments involved normalized data or non-normally distributed cell 

populations. The Mann-Whitney t test or Kruskal-Wallis one-way analysis of variance 

(ANOVA) with a Dunn’s multiple comparison’s post-test were performed as indicated 

in the figure legends. 

 

SECTION 5.3 - Results 

5.3.1 Generation and selection of CD4 mutants 

 To better understand the role of the CD4 ECD and identify potential surfaces 

that may mediate interactions with the TCR-CD3 complex we focused on the CD4 D3 

domain that has previously been reported to play a role in T cell activation, as well as 

mutants in regions of the CD4 D2 and D4 domains that have been suggested to impact 

T cell activation (Fig. 35) [93,100,157]. The D3 domain is of particular interest because 

it contains a hydrophobic patch surrounded by charged residues, which is typical of 

protein interaction hotspots [215,216]. Here, we used mutagenesis to alter the chemical 

nature of highly conserved solvent-exposed residues of the CD4 D3 domain to 

determine whether these surfaces contribute to T cell activation and CD4 proximity to 

the TCR-CD3 complex (Fig. 35A and Table 3). Additionally, we used a truncated CD4 

molecule (CD4T) to limit the functional contribution of CD4 to the ECD and TMD, 
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while minimizing the contribution of CD4’s association with Lck. We generated 58α-β- 

T cell hybridomas expressing the CD4-dependent 5c.c7 TCR, along with each of the 

CD4 mutants to test the surface expression of the CD4 mutants as well as their 

function.  

 First, we determined whether each of the various CD4 mutants were able to be 

expressed on the cell surface equivalently to wild-type CD4 by calculating the 

geometric mean fluorescence intensity (gMFI) for each mutant relative to the wild-type 

control. Many of the CD4 mutants did not have comparable surface expression as the 

CD4T WT controls, suggesting these mutations may impair protein folding, trafficking 

to the cell surface or protein stability. To test whether surfaces in the CD4 D3 domain 

were important for the contribution of CD4 to T cell activation, we cultured the 58α-β- 

hybridomas expressing the various CD4 mutants with either M12 cells expressing I-Ek 

tethered to the agonist peptide MCC, the well-characterized altered peptide ligands 

(APLs) T102S (weak agonist) and T102G (antagonist), or a null peptide, HB [161]. 

Alternatively, the T cell hybridomas were cultured with CHO I-Ek cells and a titration 

of MCC. IL-2 was used as a read-out of T cell activation, and the results of M12 

MCC:I-Ek co-culture experiments are summarized in Table 3 as a relative IL-2 value 

comparing each CD4 mutant to the wild-type control for individual cell lines and 

experiments.  

 While many of the mutants decreased IL-2 production in T cell lines, most of 

these mutants also had decreased CD4 surface expression that may account for this 

reduced T cell activation. However, the F231E and P228E/F231E mutations in the CD4 

D3 BC loop (Fig. 35B) did not impair CD4 surface expression. They did however 
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decrease IL-2 production, indicating that these residues may be important for CD4 

function. Additionally, while mutating P281E or P281E/T283E in the D3 FG loop (Fig. 

35B) impaired surface expression of these CD4 mutants, IL-2 production was severely 

reduced. This suggested to us that the impaired function may not be due entirely to 

decreased surface expression. Therefore, we chose to further characterize the potential 

role of these mutants in T cell activation and in mediating interaction with the TCR-

CD3 complex.    
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Fig. 35. Model of CD4 regions targeted for mutagenesis 

(A) Regions of the CD4 ECD D1-D4 domains that were targeted for mutagenesis are 

highlighted and labeled. (B) Mutations in the D3 domain BC (blue) and FG (red) loops 

were further characterized.  
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5.3.2 The CD4 D3 BC loop contributes to T cell activation  

 Having identified potential mutants in the CD4 D3 BC loop that may contribute 

to T cell activation, we further characterized the function of these mutants in 58α-β- 

hybridomas. First, we generated cell lines expressing the 5c.c7 TCR and either a wild-

type CD4T, a CD4T molecule containing the F231E mutation (CD4TF231E), or a 

P228E/F231E mutant (CD4TP228E/F231E). Additionally, we generated a cell line 

expressing the previously characterized CD4TΔbind, which is mutated in the CD4 D1 

domain that binds MHCII to serve as a negative control [97,177]. Cell surface 

expression of the TCR and CD4 were matched on all cell lines, ensuring that any 

functional defect would be due to the CD4 mutations and not due to different levels of 

expression (Fig. 36A). We next assessed the response of cell lines to a titration of the 

cognate peptide, MCC, presented by CHO I-Ek cells. Cells expressing CD4TP228E/F231E or 

CD4TF231E produced less IL-2 than CD4T cells (Fig. 36B). All cells produced more IL-2 

than the CD4TΔbind cells, suggesting that the F231E and P228E/F231E mutations do not 

completely abrogate the role of CD4 in T cell activation (Fig. 36B). This was 

consistently observed for multiple experiments using independently generated cell 

lines, indicating that the CD4 D3 BC loop plays a role in T cell activation. 

 We next evaluated the response of the cell lines to stimulation with ligands of 

different affinity. Here, the wild-type or mutant CD4T 58α-β- cell lines expressing the 

5c.c7 TCR were cultured with M12 cells expressing I-Ek tethered to either MCC, 

T102S, T102G or HB. Again, cells expressing CD4TF231E or CD4TP228E/F231E produced 

less IL-2 than CD4T cells in response to MCC, T102S or T102G, but produced more 

IL-2 than the CD4TΔbind cells, which produced no IL-2 to any of the stimulatory 
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conditions (Fig. 36C). When IL-2 levels were normalized to CD4T controls within sets 

of cell lines, CD4TP228E/F231E cells produced significantly lower IL-2 in response to 

MCC, T102S and T102G compared to CD4T cells, while CD4TF231E trended toward 

lower IL-2 levels for these conditions (Fig. 37).  
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Fig. 36. BC loop mutants impair responses to cognate pMHC 

58α-β- hybridomas were transduced with the 5c.c7 and either wild-type CD4T or the 
indicated CD4T mutant. (A) Surface expression for TCR and CD4 were assessed by 
flow cytometry as labeled. (B and C) IL-2 secretion from 58α-β- T cell hybridomas 
after 16 hours of co-culture with (B) chinese hamster ovary (CHO) cells ectopically 
expressing I-Ek (CHO I-Ek) pulsed with MCC peptide at the indicated concentrations or 
(C) M12 cells expressing the indicated tethered pMHC. Data are representative of at 
least four experiments with independently generated cell lines (mean ± SEM of 
triplicate wells). 
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Fig. 37. BC loop mutants impair responses to APLs 

58α-β- hybridomas expressing the 5c.c7 and either wild-type CD4T or the indicated 

CD4T mutant were cultured with M12 cells expressing (A) MCC:I-Ek, (B) T102S:I-Ek 

or (C) T102G:I-Ek. Data are from multiple experiments with independently generated 

cell lines and are normalized to CD4T controls from each experiment (* p<0.05, ** 

p<0.01, Kruskal-Wallis with a Dunn’s multiple comparison’s post-test). 
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 As an additional assessment of T cell activation we measured TCR down-

regulation and CD69 up-regulation in hybridomas expressing WT or mutant CD4T 

molecules after stimulation with M12 APCs expressing tethered pMHC. The TCR is 

known to rapidly internalize following pMHC-engagement in a manner that is 

reflective of the affinity of TCR-pMHC interaction [177,182]. TCR levels following 

stimulation with MCC, T102S or T102G were normalized to the TCR levels of the 

same cell line cultured with HB controls (null stimulation) to account for possible 

differences in TCR surface expression across experiments or between individual cell 

lines. Both CD4TF231E and CD4TP228E/F231E cells trended toward less TCR down-

regulation than CD4T in response to MCC, T102S and T102G, although this did not 

reach statistical significance (Fig. 38A). We next measured CD69 levels, as CD69 is an 

early inducible marker of T cell activation [217]. As with TCR levels, CD69 levels 

were normalized to HB:I-Ek-stimulated controls to account for any endogenous 

differences between various cell lines. Consistent with the IL-2 responses and TCR 

down-regulation data, CD4TF231E and CD4TP228E/F231E cells trended toward less CD69 up-

regulation upon stimulation with MCC, T102S and T102G, although this did not reach 

statistical significance (Fig. 38B). Altogether, these data suggest that residues in the 

CD4 D3 BC loop may be contributing to CD4’s role in T cell activation. 
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Fig. 38. TCR down-regulation and CD69 up-regulation for BC loop mutants 

58α-β- hybridomas expressing the 5c.c7 and either wild-type CD4T or the indicated 

CD4T mutant were cultured with M12 cells expressing the indicated pMHC. (A) TCR 

down-regulation and (B) CD69 up-regulation were measured following 16 hrs of co-

culture. Data are from multiple experiments with independently generated cell lines and 

are normalized to HB:I-Ek controls from each experiment. 

   



155 
 

 5.3.3 The CD4 D3 FG loop contributes to T cell activation  

 Initial evaluation of mutations in the CD4 D3 FG loop showed that P281E or 

P281E/T283E mutations resulted in decreased cell surface expression of these mutant 

CD4 molecules (Fig. 39A). IL-2 production from these cells was markedly decreased 

upon co-culture with CHO I-Ek cells and a titration of MCC (Fig. 39B). Additionally, 

stimulation of CD4TP281E or CD4TP281E/T283E cells with M12 cells expressing the tethered 

agonist MCC:I-Ek or weak agonist T102S:I-Ek pMHC molecules resulted in severely 

reduced IL-2 production compared to CD4T cells, while stimulation of these cells with 

M12 cells expressing T102G:I-Ek produced no IL-2, unlike CD4T cells (Fig. 39C and 

Fig. 40). These substantially diminished responses to stimulation suggested that the 

P281E and P281E/T283E mutations in the CD4 D3 FG loop may be impacting T cell 

activation beyond what may be expected based on the minor defect in cell surface 

expression.   
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Fig. 39. FG loop mutants impair responses to cognate pMHC 

58α-β- hybridomas were transduced with the 5c.c7 and either wild-type CD4T or the 
indicated CD4T mutant. (A) Surface expression for TCR and CD4 were assessed by 
flow cytometry as labeled. (B and C) IL-2 secretion from 58α-β- T cell hybridomas 
after 16 hours of co-culture with (B) CHO I-Ek cells pulsed with MCC peptide at the 
indicated concentrations or (C) M12 cells expressing the indicated tethered pMHC. 
Data are representative of at least three experiments with independently generated cell 
lines (mean ± SEM of triplicate wells). 
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Fig. 40. FG loop mutants impair responses to APLs 

58α-β- hybridomas expressing the 5c.c7 and either wild-type CD4T or the indicated 

CD4T mutant were cultured with M12 cells expressing (A) MCC:I-Ek, (B) T102S:I-Ek 

or (C) T102G:I-Ek. Data are from multiple experiments with independently generated 

cell lines and are normalized to CD4T controls from each experiment (* p<0.05, ** 

p<0.01, Kruskal-Wallis with a Dunn’s multiple comparison’s post-test). 
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 To determine whether decreased cell surface expression of the P281E and 

P281E/T283E CD4 mutants could account for the decreased T cell activation seen in 

these cells, we sorted T cell hybridomas expressing CD4T, CD4TP281E, or CD4TP281E/T283E 

based on equivalent CD4 surface expression (Fig. 41A). Both the CD4TP281E and 

CD4TP281E/T283E cells produced less IL-2 that CD4T cells in response to M12 cells 

expressing MCC:I-Ek, T102S:I-Ek, or T102G:I-Ek (Fig. 41B). When IL-2 levels were 

normalized to CD4T controls within sets of cell lines, CD4TP281E cells produced 

significantly less IL-2 in response to M12 cells expressing MCC:I-Ek or T102S:I-Ek, 

while both the CD4TP281E and CD4TP281E/T283E cells produced significantly less IL-2 in 

response to T102G:I-Ek cells (Fig. 42). Additionally, these cells down-regulated TCR 

and up-regulated CD69 to a lesser degree than CD4T cells, particularly in response to 

the weaker affinity ligands T102S and T102G (Fig. 43). These data suggest that these 

residues in the CD4 FG loop contribute to CD4’s role in T cell activation.  

  



159 
 

 

Fig. 41. Sorted cells with FG loop mutants impair IL-2 responses 

58α-β- hybridomas expressing the 5c.c7 and either wild-type CD4T or the indicated 

CD4T mutant were sorted for matched CD4 surface expression. (A) Surface expression 

of TCR and CD4 three days post-sort. (B) Cells were cultured with M12 cells 

expressing the indicated pMHC. Data are representative of three independent 

experiments using the same cell line (mean ± SEM of triplicate wells). 
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Fig. 42. Sorted cells with FG loop mutants impair responses to APLs 

58α-β- hybridomas expressing the 5c.c7 and either wild-type CD4T or the indicated 
CD4T mutant were sorted for matched CD4 surface expression and cultured with M12 
cells expressing (A) MCC:I-Ek, (B) T102S:I-Ek or (C) T102G:I-Ek. Data are from three 
independent experiments with the same cell lines and are normalized to the CD4T 
control from each experiment (* p<0.05, Kruskal-Wallis with a Dunn’s multiple 
comparison’s post-test). 
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Fig. 43. Sorted cells with FG loop mutants impair TCR down-regulation and CD69 
up-regulation 

58α-β- hybridomas expressing the 5c.c7 and either wild-type CD4T or the indicated 
CD4T mutant were sorted for matched CD4 surface expression and cultured with M12 
cells expressing the indicated pMHC. (A) TCR down-regulation and (B) CD69 up-
regulation were measured following 16 hrs of co-culture. Data are from three 
independent experiments with the same cell lines and are normalized to HB:I-Ek 
controls from each experiment (* p<0.05, Kruskal-Wallis with a Dunn’s multiple 
comparison’s post-test). 
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 To further confirm that impaired cell surface expression of CD4TP281E and 

CD4TP281E/T283E was not entirely responsible for the decreased activation of cells 

expressing these mutants, we co-cultured CD4T, CD4TP281E or CD4TP281E/T283E cells with 

M12 cells expressing I-Ek tethered to MCC, T102S, T102G or Hb. Following co-culture 

we measured TCR down-regulation and CD69 up-regulation on cells with equivalent 

CD4 surface levels by gating on the overlapping CD4 populations between the CD4T 

and mutant cell lines (Fig. 44A). CD4-matched CD4TP281E and CD4TP281E/T283E cells both 

down-regulated TCR in response to MCC significantly less than the CD4-matched 

CD4T cells (Fig. 44B). CD4TP281E cells also down-regulated TCR to a significantly less 

than CD4T cells in response to T102S (Fig. 44B). CD4TP281E/T283E cells trended toward 

less TCR down-regulation in response to T102S (Fig. 44B). Additionally, the CD4TP281E 

and CD4TP281E/T283E cells trended toward less CD69 up-regulation compared to the 

CD4T cells in response to MCC, T102S and T102G, although this difference only 

reached statistical significance for CD4TP281E cells versus CD4T cells in response to 

T102G (Fig. 44C). These data further confirm that, even when differences in CD4 

surface expression are accounted for, the P281E and P281E/T283E mutations impair T 

cell activation in hybridoma cell lines. 
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Fig. 44. CD4-matched cells with FG loop mutants impair TCR down-regulation and 
CD69 up-regulation 

58α-β- hybridomas expressing the 5c.c7 and either wild-type CD4T or the indicated 

CD4T mutant were co-cultured with M12 cells expressing the indicated pMHC for 16 

hrs. (A) Cells were surface stained for CD4 and gated on CD4-matched populations. 

(B) TCR down-regulation and (C) CD69 up-regulation were measured within CD4-

matched gates. Data are from multiple independent experiments with independently 

generated cell lines and are normalized to HB:I-Ek controls from each experiment (* 

p<0.05, Kruskal-Wallis with a Dunn’s multiple comparison’s post-test). 
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5.3.4 Mutating the opposite face of CD4 does not impair T cell activation 

 To test whether mutation of the opposing face of the CD4 D3 domain would 

alter CD4 function, we mutated a highly conserved solvent exposed residue on the 

opposite side of the D3 domain (CD4TM241D). Because the CD4 mutants we chose to 

further characterize were all mutated to negatively charged residues, we chose to 

mutate M241 to aspartic acid. CD4TM241D was introduced into T cell hybridomas along 

with the 5c.c7 TCR as before, and surface expression was matched between CD4T and 

CD4TM241D cells (Fig. 45A). CD4TM241D cells produced similar amounts of IL-2 in 

response to a titration of cognate peptide as well as in response to M12 cells expressing 

the tethered pMHC molecules MCC:I-Ek, T102S:I-Ek, or T102G:I-Ek (Figs. 45B-C and 

46). Furthermore, CD4TM241D cells down-regulated TCR and up-regulated CD69 in a 

manner similar to CD4T cells, confirming that there was no detectable functional 

difference in these cell lines (Fig. 47). These data provide further evidence that residues 

in the CD4 D3 BC and FG loops specifically contribute to T cell activation. 
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Fig. 45. The M241D mutant does not impair responses to cognate pMHC 

58α-β- hybridomas were transduced with the 5c.c7 and either wild-type CD4T or 
CD4TM241D. (A) Surface expression for TCR and CD4 were assessed by flow cytometry 
as labeled. (B and C) IL-2 secretion from 58α-β- T cell hybridomas after 16 hours of co-
culture with (B) CHO I-Ek cells pulsed with MCC peptide at the indicated 
concentrations or (C) M12 cells expressing the indicated tethered pMHC. Data are 
representative of four experiments with independently generated cell lines (mean ± 
SEM of triplicate wells).  
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Fig. 46. The M241D mutant does not impair responses to APLs 

58α-β- hybridomas expressing the 5c.c7 and either wild-type CD4T or the CD4TM241D 

mutant were cultured with M12 cells expressing (A) MCC:I-Ek, (B) T102S:I-Ek or (C) 

T102G:I-Ek. Data are from four independent experiments with independently generated 

cell lines and are normalized to CD4T controls from each experiment.  
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Fig. 47. The M241D mutant does not impair TCR down-regulation or CD69 up-
regulation 

58α-β- hybridomas expressing the 5c.c7 and either wild-type CD4T or CD4TM241D were 

cultured with M12 cells expressing the indicated pMHC. (A) TCR down-regulation and 

(B) CD69 up-regulation were measured following 16 hrs of co-culture. Data are from 

multiple experiments with independently generated cell lines and are normalized to 

HB:I-Ek controls from each experiment. 
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5.3.5 D3.FG loop mutations impair CD4 proximity to CD3δ as measured by 

FRET 

 We have recently shown that the CD4 ICD comes into closer proximity to the 

TCR-CD3 complex ICDs than would be predicted based on the ternary crystal structure 

of TCR-pMHC-CD4 (Glassman et al., J. Immunol., in press). Additionally, our data 

have shown that CD4 comes into closest proximity to the CD3δ subunit. The 

mutagenesis data above suggest that the D3 domain of CD4 may contribute to the 

proximity of CD4 to the TCR-CD3 complex.  

 To determine whether the functional defects observed with the CD4 mutants in 

the D3 BC and FG loops were due to decreased interaction with the TCR-CD3 

complex, we measured FRET between a subset of the CD4 mutants and CD3δ. CD4T, 

CD4TP228E/F231E and CD4TP281E/T283E were fused to the FRET acceptor, mCherry, via a 

short flexible linker and expressed in M12 cells along with the 5c.c7 TCR and truncated 

CD3 subunits where the CD3δ subunit was fused to the FRET donor mEGFP via a 

short flexible linker (CD3δmEGFP). As a negative control, we generated cells expressing 

CD4TΔbind fused to mCherry and 5c.c7 with truncated CD3 molecules and CD3δmEGFP. 

We also included the CD4TM241D mutant in FRET analysis as an additional control, 

because it did not impair function and there is no evidence that this mutant should 

impair CD4:CD3 interactions.  

 We first assessed FRET between WT or mutant CD4TmCh and CD3δmEGFP on 

cells imaged by total internal reflection fluorescence microscopy (TIRFM) on mobile 

lipid bilayers containing agonist pMHC (MCC:I-Ek). FRET efficiency (FRETE) was 

measured using donor recovery after acceptor photobleaching, and analyzed cells were 
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matched for donor and acceptor intensities at the cell membrane (Fig. 48A). Consistent 

with what we have previously observed, CD4TΔbind.mCh::CD3δmEGFP cells had 

significantly reduced FRETE values compared to CD4TmCh::CD3δmEGFP controls (Fig. 

48B). CD4TP228E/F231E.mCh::CD3δmEGFP cells, which contain mutations in the D3 BC loop 

that significantly impair the IL-2 response, had FRETE values that were similar to 

CD4TmCh::CD3δmEGFP control cells, as did CD4TM241D.mCh::CD3δmEGFP cells (Fig. 48B). 

However, CD4TP281E/T283E.mCh::CD3δmEGFP, which contain mutations in the D3 FG loop 

that impair T cell activation in hybridomas, did have significantly lower FRETE 

compared to CD4TmCh::CD3δmEGFP cells (Fig. 48B). This suggests that the mutations in 

the D3 FG loop impair the ability of CD4 to move into close proximity to the TCR-

CD3 complex, providing a mechanistic link to the decreased function of this mutant in 

T cell activation. However, it remains unclear how the mutations in the D3 BC loop, 

which had less of a functional impact compared to the FG loop mutants, impair T cell 

activation.  
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Fig. 48. Mutation of the FG loop impairs FRET between CD4 and CD3δ on agonist 
lipid bilayers 

FRETE values were obtained from cells incubated on stimulatory lipid bilayers 

containing MCC:I-Ek and ICAM and imaged in TIRF. (A) Cells were subsetted for 

matched mEGFP and mCherry intensities for FRET analysis as indicated by the red 

boxes. (B) FRETE values for wild-type or mutant CD3δmEGFP::CD4TmCh cell lines as 

indicated in the figure. Dots represent single cells and green bars represent median 

values (****p<0.00001; Mann-Whitney).  
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 Because we also observed decreased T cell activation with the CD4TP228E/F231E 

and CD4TP281E/T283E mutants in response to the weak agonist (T102S:I-Ek), we tested 

whether these mutants would impair FRET with CD3δ in response to T102S:I-Ek. 

Additionally, because T102S is a weaker affinity ligand for the 5c.c7 TCR than MCC, 

we postulated that we may be able to detect milder contributions of CD4 interactions 

with the TCR-CD3 complex than may be observed with MCC. Here, we used immobile 

surfaces coated with T102S:I-Ek to limit the mobility of the molecules being tested to 

better assess interactions between CD4 and CD3δ. Again, we analyzed a subset of cells 

that had matched mEGFP and mCherry intensities (Fig. 49A) Similar to what was 

observed using cells imaged on MCC:I-Ek lipid bilayers, we found that 

CD4TΔbind.mCh::CD3δmEGFP cells had reduced FRET compared to CD4TmCh::CD3δmEGFP 

cells, as did the CD4TP281E/T283E.mCh::CD3δmEGFP, confirming that mutations in the D3 FG 

loop contribute to CD4 proximity to CD3δ, even with a lower affinity pMHC (Fig. 

49B). Again, the CD4TP228E/F231E.mCh::CD3δmEGFP and CD4TM241D.mCh::CD3δmEGFP cells had 

similar FRETE values as wild-type controls (Fig. 49B), suggesting that these mutations 

do not impair direct proximity of CD4 to CD3δ.  
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Fig. 49. Mutations of the FG loop impairs FRET between CD4 and CD3δ on weak 
agonist immobile surfaces 

FRETE values were obtained from cells incubated on immobile surfaces containing 

T102S:I-Ek and imaged in TIRF. (A) Cells were subsetted for matched mEGFP and 

mCherry intensities for FRET analysis as indicated by the red boxes. (B) FRETE values 

for wild-type or mutant CD3δmEGFP::CD4TmCh cell lines as indicated in the figure. Dots 

represent single cells and green bars represent median values (****p<0.00001, 

*p<0.05; Mann-Whitney). 
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SECTION 5.4 - Discussion 

 CD4 plays a key role in T cell activation by recruiting Lck to the TCR-

associated CD3 ITAMs via CD4’s interaction with MHCII [33,78,79]. However, given 

the very weak predicted affinity of CD4 for MHCII (200μM – 2mM) it remains unclear 

exactly how this occurs [91]. Structural data indicate that CD4 docks on MHCII in a V-

like orientation that would position the CD4-associated Lck at a distance away from the 

CD3 ITAMs, making it difficult to understand how CD4-associated Lck is able to 

access and phosphorylate the CD3 ITAMs [90,98]. In contrast, the CD8 coreceptor has 

been shown to interact directly with the TCR-CD3 complex to stabilize TCR-pMHCI 

interactions [88,218]. This brings into question whether CD4 may dock in a similar 

manner to make a structural contribution to TCR-pMHCII interaction. 

 Recently, our lab analyzed FRET between CD4 and the CD3 subunits to show 

that the juxtamembrane region of CD4 is in closer proximity to the CD3 

juxtamembrane regions than the current structural data would suggest (Glassman et al, 

J. Immunol., in press). Additionally, some functional studies using domain swaps and 

mutagenesis of the CD4 ECD have suggested that the CD4 ECD contributes to T cell 

activation, although the residues mutated in these studies were at least partially buried 

in a hydrophobic core of CD4 [99-101]. It therefore remains unresolved whether CD4 

docks along the TCR-CD3 complex to bring CD4 and TCR-CD3 into closer association 

and contribute to T cell activation. 

 Here, we mutated conserved solvent accessible residues in the CD4 ECD to 

more clearly assess the role of the CD4 ECD in TCR signaling. We have found that two 

sets of mutations in the D3 domain BC loop (F231E and P228E/F231E) as well as two 
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sets of mutations in the D3 FG loop (P281E and P281E/T283E) impair T cell 

activation. Mutations in the FG loop more severely impacted T cell activation, 

suggesting that these residues may be more critical for CD4’s role in TCR signaling. 

Furthermore, the mutants in the FG loop also impaired FRET between CD4 and CD3δ, 

indicating that these mutations impair CD4 proximity to the TCR-CD3 complex and 

may account for the decreased functional response with these mutants. However, we 

observed no differences in FRET between the P228E/F231E BC loop mutant and CD3δ 

compared to wild-type CD4 control cells. 

 While the mutations in the BC loop did not impair FRET with CD3δ, it remains 

possible that this surface is still involved in CD4 interactions with the TCR-CD3 

complex. For instance, P228E/F231E mutations may not impair proximity with the 

TCR-CD3 complex but could instead alter the kinetics of these interactions, which 

would not be detected using FRET. Altered kinetics could explain why there is a 

functional defect with these mutants but no impaired CD4::CD3δ FRET, particularly if 

CD4 contributes to the avidity of TCR-CD3 interactions with pMHC by binding along 

this composite interface, as has been suggested for CD8 [88]. While we used truncated 

CD4 molecules that lack the CD4 ICD required for Lck interactions in this study to 

minimize CD4’s Lck contribution to T cell activation, we have previously reported that 

approximately 3% of CD4T associates with Lck, presumably via co-localization within 

membrane microdomains [78,79,177]. Therefore, altered kinetics between CD4 and the 

TCR-CD3 complex could result in a decreased ability of Lck to access and 

phosphorylate the CD3 ITAMs to initiate TCR signaling. Future work will aim at 
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determining whether mutations in the BC loop impair TCR-pMHC binding avidity or 

alter the kinetics of CD4 interactions with the TCR-CD3 complex. 

  Altogether, the data here support the hypothesis that CD4 docks along a 

composite interface of the TCR-CD3-pMHC macro-complex. This would result in more 

avid interactions between CD4 and the TCR-CD3-pMHC macro-complex than the 

weak 200μM – 2mM predicted affinity of CD4 for MHCII in the absence of the TCR-

CD3 complex. A more compact docking orientation of CD4 along TCR-CD3-pMHC 

would also bring CD4-associated Lck into closer proximity to the CD3 ITAMs to 

initiate signaling and T cell activation, similar to how CD8 has been proposed to 

function. Together with our previously reported FRET data, we take this as strong 

evidence for a compact TCR-CD3-pMHC-CD4 macro-complex architecture.   
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CHAPTER 6 - SUMMARY AND FUTURE DIRECTIONS 

 

SECTION 6.1 - Overall summary 

 T cells are critical for protective immunity, and the TCR is at the heart of T cell 

activation and effector function. TCRs survey MHC molecules on the surface of APCs 

to detect and discriminate between self and foreign peptide molecules. Once a TCR 

binds pMHC it must transmit this information to the TCR-associated CD3 signaling 

subunits, which contain intracellular ITAMs. The CD4 or CD8 co-receptor then recruits 

Lck to the pMHC-engaged TCR to phosphorylate the CD3 ITAMS to initiate signaling 

and, ultimately, T cell activation and effector function. While much is known about the 

structure of each of the individual constituents within the TCR-CD3-pMHC-CD4 

macro-complex, less is known about how these molecules come together to initiate 

signal transduction. Overall, my thesis work has provided insight into how components 

of the TCR-CD3-pMHC-CD4 macro-complex interact to elicit TCR signaling and T 

cell activation (as modeled in Fig. 2B).  

 

SECTION 6.2 - There is intrinsic TCR recognition of MHCII, revealed by 

increasing CD4-Lck association 

 The nature of TCR restriction to MHC and whether TCRs have an intrinsic 

ability to recognize MHC remains highly debated [23,57,115,116]. We have provided 

the first functional evidence that TCRs participate in scanning of MHCII that is 

normally sub-threshold to T cell activation [177]. TCR scanning was independent of the 

MHCII allele on which the TCR was selected since we detected interaction of the 5c.c7 
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and 2B4 TCRs with I-Ab, despite the inability of these TCRs to be selected in C57Bl/6 

mice, which are H-2b [170,171]. Additionally, scanning was independent of the MHC 

class on which the TCR was selected because two MHCI-restricted TCRs were able to 

scan two different alleles of MHCII. Furthermore, scanning did not depend on the 

peptide sequence being presented by the MHC because this activity was seen with 

multiple null peptides as well as “shaved” peptides in which the TCR-contact residues 

were mutated to alanines. Importantly, these interactions were revealed by increasing 

the association of CD4 and Lck. This indicates that the degree of CD4-Lck association 

can tune TCR signaling thresholds.  

 Our data are consistent with models for MHC-restriction that suggest there is an 

intrinsic recognition of MHC encoded in the germline of the TCR gene segments 

[23,57,115]. However, the molecular mechanisms mediating scanning interactions 

between TCR and MHC remain unknown. We will begin to address this by using 

structurally guided mutagenesis of the TCR and MHC using the co-crystal structure of 

2B4 bound to MCC:I-Ek to mutate TCR and MHC contact residues. TCR mutants will 

be expressed in 58α-β- cells along with the CD4-Lck fusion molecule while MHC 

mutants will be expressed in M12 cells to serve as APCs. Co-culture and IL-2 ELISAs 

will be performed to test whether these mutants impair TCR-MHCII scanning.  

 One caveat to structurally guided mutagenesis is that the interactions that 

mediate sub-threshold scanning may be distinct from the interactions required to form a 

stable TCR-pMHC complex that would be observed in a co-crystal structure [158]. In 

support of this, a two-step binding model for TCR-pMHC recognition using the 2B4 

TCR and MCC:I-Ek has been proposed whereby contacts between TCR and MHC guide 
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an initial transition state that is then stabilized by TCR interactions with the peptide 

[71]. In fact, many of the MHC residues that were shown to be involved in this initial 

transition state are not found as TCR-MHC interaction points in the crystal structure of 

2B4 bound to MCC:I-Ek. Based on this, we will additionally generate I-Ek mutants 

targeting the residues shown to be involved in the initial transition state between 2B4 

and MCC:I-Ek to test whether these residues mediate TCR-MHCII scanning, as outlined 

above.  

 If mutants that impair TCR-MHCII scanning are identified, it would be 

interesting to determine the role of scanning in vivo. We hypothesize that scanning is a 

critical first step in TCR-pMHC recognition and that eliminating or decreasing the 

ability of TCR to scan MHCII will limit T cell activation and responses in vivo. TCR 

mutants that have impaired MHC scanning ability will be expressed in T cells that have 

had endogenous TCR removed using CRISPR/Cas9 or in bone marrow derived cells 

from Rag knock-out mice, which lack the ability to rearrange and express endogenous 

TCR. Alternatively, MHCII mutants will be expressed in DCs using CRISPR/Cas9 to 

eliminate endogenous MHCII and our engineered pMHCII mutants will be introduced. 

Cells will then be transferred into hosts and T cell proliferation and function will be 

measured following antigen priming.   

 Our data have provided evidence for inherent recognition of TCR for MHCII, 

however, it would be important to determine whether TCRs can also scan MHCI. We 

have begun to address this question by generating an Lck fusion with CD8α and 

expressing this in T cell hybridomas along with CD8β and either the 5c.c7, 2B4 or OT-

I TCR (Fig. 50A). These cells expressed lower levels of TCR than cell lines expressing 



180 
 

the CD4-Lck fusion, which could be due to introduction of an additional retroviral 

construct since CD8 is a heterodimer while CD4 is a monomer, or it could be due to 

TCR down-regulation due to interaction with MHCI expressed on the 58α-β- 

hybridomas while in culture. Additionally, CD8-Lck cells produced either no IL-2 or 

reduced amounts of IL-2 compared to CD4-Lck control lines upon mitogenic 

stimulation with anti-CD3 mAb (Fig. 50B). This may be due to the decreased surface 

levels of TCR on the CD8-Lck cells or may be reflective of the cells becoming 

unresponsive due to chronic stimulation in culture due to interactions with MHCI on 

the hybridomas themselves.  

 Currently, we are working with Dr. Lonnie Lybarger to generate 58α-β- cells 

with lower MHCI expression using viral inhibitors of MHCI. We will use these cells to 

make CD8-Lck lines expressing MHCI- and MHCII-restricted TCRs to test whether we 

can detect intrinsic MHCI recognition. Additionally, Dr. Lybarger has provided us with 

single-chain pMHCI molecules that we can use to test MHCI reactivity of CD8-Lck 

expressing cells in a more controlled manner. We will use these constructs to generate 

pMHCI variants that have the TCR-contact residues mutated to alanine to test whether 

any observed MHCI-reactivity is dependent on the peptide sequence being presented. 

Overall, this work will give us greater insight into the nature of TCR recognition of 

both MHCI and MHCII. 
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Fig. 50. CD8-Lck cell lines do not respond to mitogenic stimulation as well as CD4-
Lck cell lines 

58α-β- T cell hybridomas were transduced with the 5c.c7, OTII or OTI TCR along with 

either CD8WT (full-length CD8β, aa 1-213 and full-length CD8α, aa 1-247), CD8-Lck 

(full-length CD8β and truncated CD8α, aa 1-219 fused via a linker (AAAS) to Lck aa 

2-509, similar to CD4-Lck), CD4WT or CD4-Lck. (A) Cell surface expression of CD3 

on the indicated cell lines. (B) IL-2 secretion was measured by ELISA 16 hours after 

co-culture of 5 X 104 58α-β- cells with 1 X 105 M12 cells plus 0.5μg/mL anti-CD3ε 

(clone 500a2). (C) IL-2 secretion was measured by ELISA following 16 hours of co-

culture of 1 X 105 58α-β- cells with 1 X 106 T cell depleted C57Bl/6 spleenocytes either 

3 or 5 days after thawing 58α-β- cells. 
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SECTION 6.3 - Generation and initial characterization of mouse models to 

determine how TCR-CD3 stability and dimerization impact T cell function 

in vivo 

 It remains incompletely understood how information is transmitted from the 

TCR-pMHC binding interface to the TCR-associated CD3 signaling modules. There is 

evidence suggesting that interactions between the TCR and CD3 subunits as well as 

TCR dimerization are important for this transmission of information [41,42,174-176]. 

Previously, it has been shown that there are surfaces in the TCR Cα domain that 

mediate TCR-CD3 stability and separate surfaces that mediate complex dimerization 

[41,42]. Mutation of these surfaces results in functionally distinct outcomes on TCR 

signaling and T cell activation in vitro, suggesting that stability and dimerization 

contribute uniquely to T cell activation.  

 We have now built mouse models based on the OT-II TCR that recognizes 

Ova323-339 in I-Ab to determine how TCR-CD3 stability and dimerization impact T cell 

fate and function in vivo. We generated three transgenic mouse lines: an OT-II WT 

strain, an OT-II DE2 strain that contains mutations that impair TCR-CD3 stability, and 

an OT-II C4 strain that contains mutations that impair TCR dimerization. Preliminary 

data from these mice show that the OT-II C4 mice have a higher CD4SP to DP 

thymocyte ratio as well as more total peripheral T cells compared to OT-II WT mice. 

These data suggest that thymocytes from OT-II C4 mice are exported from the thymus 

more quickly than from OT-II WT mice and/or that there are differences in positive or 

negative selection in OT-II WT versus C4 animals.  
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 To determine whether the altered CD4SP to DP ratio and increased peripheral 

CD4 T cell numbers in OT-II C4 mice, when compared to OT-II WT mice, is due to 

increased thymic output we will measure recent thymic emigrants (RTEs). To 

accomplish this, we will inject FITC intrathymically into OT-II C4 and OT-II WT mice 

to label thymocytes for 24 hours [219]. Then, thymuses and pooled LNs will be 

processed and stained for CD4 and Vα2 to determine the number of FITC-positive 

RTEs from OT-II WT and OT-II C4 mice. Based on the increased numbers of 

peripheral T cells in OT-II C4 animals, we hypothesize that these mice will have an 

increased number of RTEs within this timeframe.  

 The increased CD4SP to DP ratio and peripheral T cell numbers in OT-II C4 

mice also suggests that these mice may have altered positive or negative selection. To 

test whether there is altered negative selection in OT-II C4 mice, we will stain 

thymocytes for PD-1, Bim and CCR7 [111]. PD-1 and Bim are both more highly 

expressed on thymocytes undergoing negative selection, while CCR7 expression is 

indicative of cells transiting from the thymic cortex to the medulla and is therefore not 

expressed on cells that have undergone negative selection in the cortex. If OT-II C4 

thymocytes have a decreased frequency of negative selection, we expect to see fewer 

PD-1hi and Bim+ cells as well as fewer CCR7- cells compared to the OT-II WT mice.  

 In addition to assessing how impairing TCR-CD3 stability and dimerization 

impact thymocyte development, we are also interested in determining the role of 

stability and dimerization in peripheral T cell responses upon antigen encounter. To this 

end, we will adoptively transfer 105 naive CD4+ lymphocytes from WT or mutant OT-II 

mice into congenically marked C57Bl/6 hosts. CFSE-labeled CD4+ lymphocytes from 
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the WT or mutant OT-II mice will be transferred into a cohort of recipient mice for 

assessing proliferative response to antigenic stimulation. Hosts will be immunized with 

Ova peptide plus adjuvant (IFA + LPS) at the base of the tail one day after adoptive 

transfer to determine the effects the C4 and DE2 mutations have on model vaccine 

systems. Draining lymph nodes will be harvested, and CFSE dilution of transferred 

cells will be measured 2-3 days following immunization to determine the proliferative 

ability of Ova-specific CD4+ T cells. Phenotypes of responding cells will be determined 

by harvesting draining lymph nodes on day 6 after immunization and analyzing 

expression of CD25, CD44, CD62L, Tbet, GATA3, RORγT, CXCR5 and FoxP3 by 

flow cytometry to determine frequency of naïve (CD25-CD44lowCD62L+), activated 

(CD25+CD44highCD62L-), Th1 (Tbet+), Th2 (GATA3+), Th17 (RORγT+), Tfh (CXCR5+) 

and Treg (FoxP3+) phenotypes. Additionally, the effector function of responding cells 

will be determined by evaluating IL-2, IFN-γ, IL-17 and IL-21 production in the 

transferred cell populations using flow cytometry.  

 Recipient mice will also be infected with 1X104 Toxoplasma gondii parasites 

expressing OVA (Toxo-OVA) or 5X106 plaque forming units (PFU) of recombinant 

vaccinia virus (rVV-OVA) expressing OVA to determine the effects of destabilizing 

TCR-CD3 interactions and preventing dimerization on CD4+ T cell response to model 

bacterial and viral infections, respectively [220-222]. Proliferative capacity (day 3 post-

infection) and effector phenotype and function (day 6 post-infection) of responding 

cells will be analyzed as outlined above. Additionally, a cohort of mice will be re-

challenged 60 days following primary antigen encounter, and phenotype and effector 

function of memory cells will be analyzed 5 days after re-challenge by flow cytometry.  
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 To complement the in vivo studies outlined above, it will also be critical to 

assess how the C4 and DE2 mutations impact the initiation of TCR signaling and TCR 

proximal signaling events. We will evaluate how TCR-CD3 complex stability and 

dimerization differentially impact TCR-proximal and distal signaling events using 

naïve peripheral CD4+ T cells isolated from each of our transgenic mouse lines. 

Intracellular calcium mobilization is commonly used to measure TCR-proximal 

signaling, and will be assessed by loading naïve CD4+ T cells from each of our 

transgenic mouse lines with the ratiometric calcium dye, Fura-2AM. These cells will 

then be imaged on mobile lipid bilayers with Ova:I-Ab or with M12 cells expressing 

tethered Ova:I-Ab and calcium flux will be measured using live cell imaging. Based on 

our previous findings in vitro we expect that naïve CD4+ T cells from OT-II DE2 tg 

mice will have dramatically impaired initial intracellular calcium mobilization, while 

naïve T cells from OT-II C4 tg mice will have minor defects in calcium flux upon TCR 

ligation. 

 Because the C4 mutations impaired cytoskeletal polarization in cell lines, we 

will also determine the impact of disrupting complex stability or dimerization on 

cytoskeletal rearrangement. In vitro blasted T cells from each of the transgenic mouse 

lines will be transduced with tubulin fused to GFP (tubulin-GFP) and imaged on 

bilayers presenting Ova:I-Ab or with M12 cells expressing Ova:I-Ab. MTOC 

polarization can then be assessed by measuring tubulin-GFP polarization to the T cell-

APC interface. Additionally, naïve CD4+ T cells from WT and mutant OT-II transgenic 

mice will be labeled with a cell dye such as CFSE and cultured with M12 Ova:I-Ab 

APCs labeled with a cell dye in a different color. The ability of T cells to conjugate to 
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APCs will be then be assessed by detecting and enumerating cell doublets that are 

positive for both cell dyes by flow cytometry. Based on our previous findings showing 

that cell lines containing TCRs with the C4 mutations are unable to sustain contact with 

APCs, we predict that cells from the OT-II C4 mice will have defective cytoskeletal 

rearrangement and MTOC polarization as well as decreased number and frequency of T 

cell-APC conjugates formed compared to OT-II WT and OT-II DE2 mice [42].  

  

SECTION 6.4 - A glycine patch in the CD4 TMD contributes to T cell 

activation 

 Once information regarding TCR-pMHC interactions is transmitted to the TCR-

associated CD3 signaling modules, Lck is recruited to the CD3 ITAMs via CD4 

association with MHCII to initiate signaling. How CD4 recruits Lck to the ITAMs and 

contributes to TCR-CD3 signaling is not well-understood. In attempting to identify 

regions of CD4 that may contribute to TCR activation, we discovered a conserved 

GGxxG motif in the CD4 transmembrane domain that is related to the previously 

described GxxxG motifs of other proteins and is predicted to form a flat glycine patch 

in a transmembrane helix [97]. In other proteins, these patches have been reported to 

mediate protein interaction of transmembrane domains. We have shown that 

introducing bulky side-chains into this patch (GGxxG to GVxxL) impairs CD4 function 

in T cell activation upon TCR engagement of agonist and weak agonist stimulation. 

Because CD4 has been shown to form homo-dimers that are functionally important for 

T cell activation, we tested whether mutating the TMD glycine patch impaired CD4 

dimerization. However, using FRET, we saw no evidence that these mutations 
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decreased CD4 dimerization either in the unliganded state or upon engagement of 

pMHC concomitantly with the TCR. This suggests that the CD4 transmembrane 

domain is either mediating interactions with an unidentified partner, or mediating some 

other function such as membrane domain localization that is important for its role in T 

cell activation. 

 Because glycine patches often mediate protein interactions, we tested whether 

this glycine patch was involved in CD4 proximity to the TCR-CD3 complex using 

FRET on non-mobile surfaces coated with T102S:I-Ek. Here, we observed no difference 

in FRETE values between CD4TTMD.mCh::CD3δmEGFP and CD4TmCh::CD3δmEGFP control 

cells, indicating that these mutations in the CD4 TMD glycine patch do not impair CD4 

association with the TCR-CD3 complex (Fig. 51A).  

 We have preliminary evidence suggesting that the CD4 TMD is important in 

membrane localization. To determine whether the glycine patch in the CD4 TMD is 

important for membrane localization, we ran whole cell lysates on a sucrose gradient to 

fractionate the membranes into detergent soluble membrane domains (DSMs) and 

detergent resistant membrane domains (DRMs). While there was no difference in the 

distribution of the CD4TTMD mutant versus wild-type CD4T at this level of 

fractionation, we did observe less Lck association with CD4TTMD than with CD4T (Fig. 

51B and C). Because CD4T lacks the ICD clasp required for direct interactions with 

Lck, any Lck association with CD4T is likely due to co-localization within the same 

membrane microdomain. We therefore take this as evidence suggesting that the CD4 

TMD glycine patch plays a role in the membrane domain localization of CD4 and that 
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the altered localization of CD4TTMD may contribute to the reduced activity of this 

mutant in T cell activation. 

 Although lower association with Lck is suggestive of altered microdomain 

localization, it will be important to provide more direct evidence that the CD4 TMD 

glycine patch is important for localization. Super-resolution microscopy techniques 

such as photoactivated localization microscopy (PALM) and stochastic optical 

reconstruction microscopy (STORM) allow for resolution beyond the defraction limit 

and can be used to more precisely determine protein localization than membrane 

fractionation by sucrose gradient. For instance, PALM and direct STORM (dSTORM) 

have been recently used to show that CD4, Lck and TCR localize to distinct 

nanoclusters in T cell membranes [223]. Similar experiments could be performed using 

wild-type CD4T and CD4TTMD to determine membrane localization of these molecules 

compared to Lck within the same cell. Alternatively, electron microscopy of T cell 

membrane sheets has been used to show distinct nanoclusters of many different 

proteins, including Lck and linker of activated T cells (LAT) [224,225]. This could be 

used here to show membrane localization of Lck and the wild-type and TMD CD4 

mutant to determine whether the CD4 TMD plays a role in localization to distinct 

membrane domains. These experiments would give us a more complete understanding 

of the role of the CD4 TMD glycine patch in CD4 membrane localization and T cell 

activation. 
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Fig. 51. CD4TTMD does not impair CD4::CD3δ FRET but does impair CD4-Lck 
association 

(A) M12 cells expressing the 5c.c7 TCR with CD4TTMD.mCh and CD3δmEGFP were imaged 

on immobile bilayers coated with T102S:I-Ek. FRETE was assessed as in Chapter 5. (B-

C) Cell lysates from 58α-β- cells expressing the 5c.c7 TCR and either wild-type CD4T 

or CD4TTMD were ran on a sucrose gradient as in Chapter 2. Membrane fractions were 

assessed for (B) CD4 or (C) CD4-associated Lck by FFLISA as described in Chapter 2.  



190 
 

SECTION 6.5 - The CD4 D3 domain contributes to T cell activation  

 Existing structural data have shown that CD4 binds MHC in a V-like arch that 

would hold the CD4 ICD and CD4-associated Lck at a distance from the CD3 ITAMs 

[98,191]. However, our recent analysis of FRET between the CD4 juxtamembrane 

region and the CD3 juxtamembrane regions suggest that CD4 comes into closer 

proximity than the structural data would predict (Glassman et al, J. Immunol., in press). 

Additionally, domain swap experiments as well as some mutagenesis studies have 

suggested that CD4 may interact with the TCR-CD3 complex along a more continuous 

interface than is suggested by the structural data [99-101]. Here, we have used a more 

careful mutagenesis approach than was previously used to assess if and how the CD4 

ECD contributes to T cell activation and proximity to the TCR-CD3 complex upon 

pMHC engagement.  

 We have shown that mutation of highly conserved, solvent accessible residues 

in the D3 domain of CD4 results in decreased T cell activation in T cell hybridoma cell 

lines. We generated multiple independent cell lines to show that mutation of residues in 

the BC and FG loops of the D3 domain consistently impair downstream measures of 

TCR signaling, including IL-2 production, TCR down-regulation and CD69 up-

regulation. Additionally, we found that mutations in the FG loop impaired FRET 

between CD4 and CD3δ on lipid bilayers containing agonist pMHC (MCC:I-Ek) or on 

immobile surfaces containing weak agonist pMHC (T102S: I-Ek), suggesting that the 

FG loop is important for the proximity of CD4 to the TCR-CD3 complex. However, we 

measured no differences in FRET for mutants in the BC loop compared to wild-type 
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CD4, leaving open the question of how these mutations are leading to decreased T cell 

activation. 

 Although mutations in the BC loop did not impair CD4::CD3δ FRET, it is still 

possible that this surface is involved in CD4 interactions with the TCR-CD3 complex. 

One possibility is that the mutations that impair function (P228E/F231E) do not impair 

CD4 proximity per se but instead alter the kinetics of interaction with the TCR-CD3 

complex, which would not be reflected in FRET measurements. Fluorescence recovery 

after photobleaching (FRAP) can be used to determine the kinetics of diffusion of 

molecules in cells by attaching a fluorescent molecule to the protein of interest and then 

photobleaching a small area of the cell and measuring the recovery of the 

photobleached molecule over time. Here, we can utilize the cell lines we have already 

generated for FRET experiments, where wild-type or mutant CD4T is fused to 

mCherry, to photobleach mCherry and measure mCherry recovery over time. If the BC 

loop mutants interact with the TCR-CD3 complex with faster kinetics than wild-type 

CD4, we would expect to see faster recovery of mCherry in mutant versus wild-type 

cells. Faster kinetics could explain decreased function of these mutants if they did not 

interact with the TCR-CD3 complex for a long enough duration to allow for CD3 

ITAM phosphorylation or only allow for partial phosphorylation.  

 An alternative and more direct way to measure whether the CD4 mutants that 

impair T cell activation also impair CD4 interactions with the TCR-CD3 complex 

would be by using an enzyme-based proximity assay. We are currently building a 

system in which CD4 is directly fused to an Lck molecule in which the Lck kinase 

domain is replaced by either biotin ligase (BirA) or lipoic acid ligase (LpLA). The 



192 
 

residue of the acceptor peptide (biotin acceptor peptide (BAP) or lipoic acid acceptor 

peptide (LAP)) that is modified by the respective ligase will be placed between the two 

tyrosines of the CD3δ ITAM that are normally phosphorylated by Lck upon TCR-

pMHC engagement, therefore mimicking the manner in which Lck normally modifies 

the ITAM. Because modification of the acceptor peptide in either case requires direct 

interaction between enzyme and substrate, this will provide a more sensitive read-out 

for whether mutations in the CD4 ECD are impairing interactions with the TCR-CD3 

complex.  

 Now that we have identified CD4 mutants that impair T cell activation in vitro, 

it would be interesting to determine the functional consequences of these mutations in 

vivo. We will use CRISPR/Cas9 technology to disrupt endogenous CD4 and introduce 

mutant CD4 in T cell blasts from 5c.c7 TCR transgenic mice. Cells will then be labeled 

with a cell trace dye and transferred into wild-type hosts (B10.A) to monitor the 

response of cells harboring the CD4 mutations. Mice will then be challenged by peptide 

immunization using the agonist MCC peptide, the weak agonist, T102S, or the 

antagonist, T102G. We can then measure proliferation of transferred cells as well as 

functional responses such as cytokine production to determine the effects these 

mutations have on T cell responses in vivo. Based on our findings in cell lines, we 

expect that transferred cells expressing mutant CD4 molecules will have decreased 

proliferative and functional responses, particularly in response to the weaker affinity 

ligand, T102S and T102G. Overall, this will add to our current understanding of how 

CD4 contributes to TCR signaling and T cell fate outcomes.  
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