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ABSTRACT  

T cells discriminate self from foreign peptides presented in the context of self-major 

histocompatibility complex (pMHC) molecules via clonotypic T cell receptors (TCRs). 

CD8+ T cell recognition and responsiveness to foreign pMHC is known to diminish over 

the lifespan, which is consistent with gradual thymic involution over time. It is further 

supported by experimental evidence that restricting the diversity of class I MHC peptides 

during positive and negative selection results in selection of fewer CD8+ T cells that are 

highly specific for pMHC. How the affinity of the CD4+ T cell compartment for self-

pMHC, and its capacity to bind foreign-pMHC change over the lifespan are fundamental 

aspect of T cell biology that remain largely unexplored. Experimentally restricting thymic 

selection is known to allow degenerate CD4+ T cells to develop. This suggests that they 

might accumulate in the CD4+ T cell compartment over time. We report that, while old 

mice (18-22 months) contain fewer CD4+ T cells than adults (8-12 weeks), those that 

remain have a higher intrinsic affinity for self-pMHC. Old mice also have more cells that 

bind distinct foreign-pMHCs, either alone or in combination. The numerical increase of 

these subsets with age directly correlates with their affinity for self-pMHC. However, no 

relationship was observed between affinity for self-pMHC and responsiveness to foreign-

pMHC. These data demonstrate that the CD4+ T cell compartment preferentially 

accumulates promiscuous constituents with age as a consequence of higher affinity T cell 

receptor interactions with self-pMHC. These results have important implications for the 

design of immunotherapeutics targeting CD4+ T cells to improve immunity in older 

adults. 
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CHAPTER 1 
 

INTRODUCTION 

 

1.1 Fundamentals of the immune system 

The immune system is a complex network of cells, tissues and organs that work together 

to provide protection against invading pathogens. Discriminating self- from foreign-

antigen is its fundamental purpose. To do so, the vertebrate immune system is divided 

into two compartments: innate and adaptive. Although, each cell within these 

compartments has a unique function, they work collectively towards responding to 

foreign antigen and establishing tolerance to self-antigens. 

  

1.1.1 Self Vs. Non-self recognition 

At the heart of the immune system is its ability to distinguish between self and non-self 

(1). Virtually all cells in our body carry distinctive molecules that identify them as self. 

The immune cells are educated to normally ignore these self-molecules, thereby 

establishing self-tolerance (2). However, upon recognition of foreign molecules such as 

those seen on the surfaces of a bacterium or virus, a robust immune response is mounted.  

 A foreign molecule that triggers the immune system is called an antigen. Antigen 

could be whole or a portion of a virus or a bacterium or a parasite. Tissues from another 

individual could also act as an antigen as the immune system recognizes it as foreign and 

this results in rejection of transplanted tissues (3). Major histocompatibility complexes 

molecules play a major role in the distinction between self vs. non-self (4). In abnormal 

cases, the immune system looses its tolerance to self and mounts an autoimmune 
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response (5). Nevertheless, immune cells are self reactive to some extent as tonic 

signaling via self is required for their survival and maintenance (6). However, this self-

reactivity is kept in check via regulatory mechanisms that strive to prevent autoimmune 

conditions (7, 8). 

 

1.1.2 The innate immune system. 

The innate (or natural) immune system is common to all animals, be they vertebrates or 

invertebrates. Hematopoietic stem cells (HSC’s) give rise to myeloid and lymphoid 

progenitor cells. Myeloid progenitor cells generate red blood cells, neutrophils, basophils, 

eosinophils, macrophages, mast cells, and natural killer (NK) cells that form the innate 

immune system (8). Cells of the innate immune system recognize general danger or 

pathogen-associated patterns and provide a quick response to organisms that are 

recognized as foreign (9). Various innate sensor mechanisms are involved in pathogen 

recognition. Complement proteins are innate sensors which either mark the pathogen for 

ingestion (opsonization) or attract other immune cells such as NK cells to respond against 

the pathogen (10). Once at the site of infection, NK cells inject enzymes into the virally 

infected cell that either self-destruct the cell or send signals that commit the infect cell to 

undergo apoptosis thereby destroying the virus in the process.  

Toll like receptors (TLRs) are transmembrane receptors that are found on a 

variety of innate immune cells such as mast cells, marcrophages, dendritic cells (DCs) 

and even non-immune cells such as epithelial cells and fibroblasts. Depending on their 

ligand they bind, they are either localized on the cell surface or intracellularly (11). TLRs 

are instrumental in recognizing pathogens and thereby initiating an innate immune 
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response (12). Upon pathogen recognition by TLRs, marcophages phogocytose the 

invading pathogen into a vesicle called a phagosome (13). The phagosome is then taken 

inside the cell where it fuses with another vesicle called a lysosome. The lysosome 

consists of proteases that digest pathogenic proteins into smaller fragments called 

peptides. Antigen presenting cells (APCs) such as macrophages and dendritic cells (DCs) 

present these antigenic peptides on their cell surface in the context of self-major 

histocompatibility complex (MHC) molecules (14). The T cells of the adaptive immune 

system recognize the composite surface consisting of the foreign peptide and self-MHC 

molecules. Thus, the antigen processing and presentation pathways are at the heart of the 

cross-talk between the innate and the adaptive immune cells. A detailed discussion of the 

innate immune system is beyond the scope of this dissertation. Importantly, innate 

immune responses are of a shorter duration but extremely crucial for setting the stage for 

pathogen specific adaptive immune responses (15-17).  

 

1.1.3 The adaptive immune system. 

The key feature of the vertebrate adaptive immune system is its capability to mount 

pathogen specific immune response and to provide life long protection against a 

previously-experienced pathogen by developing long-lived memory (18). Lymphoid 

progenitor cells give rise to T lymphocytes and B lymphocytes that form the adaptive 

immune system (19). Both B-cells and T-cells express a unique antigenic receptor that 

makes them capable of responding to extracellular or intracellular pathogens (20).  

 B-cells originate and mature in the bone marrow (21). B-cells express surface 

bound immunoglobulin molecule as its receptor that is capable of recognizing specific  
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extracellular pathogen. Upon activation and affinity maturation, B-cells secrete soluble 

immunoglobulin molecules that passively diffuse throughout the circulatory system and 

play a vital role in clearing an extracellular pathogen (Humoral Immunity) (22).  

 T cells on the other hand originate in the bone marrow but migrate to the primary 

lymphoid organ, the thymus, for their development and maturation (23). Through a series 

of gene rearrangement processes, a productive T cell receptor (TCR) is expressed on the 

surface of a T cell (24). These T cells are then selected based on their ability and affinity 

to recognize self-peptide MHC molecules (25). T cells are classified into two types based 

on their co-receptor expression. Cytotoxic CD8+ T cells, which express the co-receptor 

CD8, are known to clear intracellular pathogens such as intracellular viruses, bacteria and 

parasites (Cell mediated Immunity) (26). They recognize their targets by binding to 

foreign peptide-MHC I molecules expressed on the surface of an APC. Helper T cells / 

CD4+ T cells, which express the co-receptor CD4, orchestrate both the humoral immunity 

and cell-mediated immunity by helping in the maturation of B-cells into plasma cells and 

memory B cells and in the activation of cytotoxic T cells and macrophages, respectively 

(27, 28).  

The focus of this dissertation is on the factors influencing the development and 

the responsiveness of the pre-immune CD4+ T cell compartment over time. Hence, T cell 

development and the factors that play a vital role in shaping the peripheral T cell 

compartment will be discussed at length bellow. 
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1.2 T cell development  
 
The thymus provides a specialized and architecturally organized microenvironment for 

the development of T cells (23). T cell precursors migrate from the bone marrow to the 

thymus for their development and maturation; for this reason they are called thymus-

dependent (T) lymphocytes or T cells. The developing thymocytes pass through distinct 

stages during their development that are marked by the status of TCR expression, 

expression of the CD3 complex subunits and the expression of the co-receptors CD4 and 

CD8. The surface expression of these distinct markers indicate the functional maturation 

of the developing T cells and the particular combination of these cell surface proteins act 

as markers for the T cells at different stages of differentiation. Approximately 2-4 % of 

the T cell precursors that enter the thymus leave as mature T cells everyday. The process 

of T cell development involves: (i) “random” and orderly re-arrangement of TCR gene 

segments, (ii) sequential and rigorous selection of successful/productive heterodimeric 

TCR gene re-arrangement and (iii) eventual egress of mature and self-tolerant T cells, 

each expressing a unique antigen specific TCR(29). 

 The thymus is divided into two main regions, the peripheral cortex and the central 

medulla. Both compartments are architecturally distinct, being composed of different 

types of APC’s. They thereby provide discrete microenvironments for T cell development 

(30). T cell precursors enter the thymus through the cortico-medullary junction and 

migrate outwards to the cortex (31). The process of re-arrangement of TCR gene 

segments is then initiated. Cortical stroma consists of cortical thymic epithelial cells 

(cTECs). cTECs have long branching processes that express both MHC I and MHC II 

molecules on their surfaces. Thymic cortex is densely packed with cTECs, which make 
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contact with almost every immature thymocyte in the cortex. The MHC molecules 

displayed by cTECs play a vital role in ensuring the mature T cell repertoire is self-MHC 

restricted (positive selection) (23, 25, 29, 32). The developing thymocytes then migrate to 

the inner medulla, which consists of fewer thymocytes compared to the cortex. The 

hallmark of the thymic medulla is the presence of medullary thymic epithelial cells 

(mTECs) that express tissue restricted antigens (TRAs) and a group of specialized APCs 

that express MHC and co-stimulatory molecules (33, 34). Collectively, mTECs and the 

specialized APC’s are responsible for the induction of self-tolerance (negative selection) 

(25, 32). Thus, thymic compartmentalization provides a temporal and spatial segregation 

that allows thymocyte development and maturation. 

 At the heart of this process of establishing a combinatorial library of T cells, each 

expressing a unique antigenic receptor, is the orderly and stepwise rearrangement of TCR 

gene segments. This will be discussed in detail bellow. 

 

1.2.1 V(D)J recombination 

Two distinct linages of T cells, αβ and γδ, which differ in their receptor expression, are 

produced during T cell development (35). The genes that encode the TCR (α,β,γ and δ) 

are organized in the germ line in a multigene organization. The functional TCR is 

produced by rearrangement of variable (V) and joining (J) gene segments for the α and 

the γ chain and the V, diversity (D) and J segments for the β and the δ chains (24) (Fig. 

1). The location of these gene segments is such that when a productive α chain is 

rearranged it splices out the constant (Cδ) segment of the δ chain, so that, in the given T 

cell the αβ receptor is not co-expressed with γδ receptor (36, 37). 
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 T cells enter the thymus as double negative (DN1) cells as they lack the 

expression of the CD4 and/or CD8 co-receptors and their TCR gene segments are not re-

arranged. The rearrangement of the TCR gene segments begins in the DN2 stage. The 

β, γ, δ loci undergo re-arrangement almost simultaneously in the developing thymocytes 

(38). The rearrangement at the β loci begins with the rearrangement of the Dβ to Jβ and 

continues in the DN3 cells with Vβ to DβJβ. The VβDβJβ unit is finally spliced to join 

the Cβ segment. A successful gene rearrangement at the β gene loci results in the cell 

surface expression of the productive β chain paired to a surrogate pre T cell receptor 

alpha chain (pre Tα), which forms the pre T cell receptor (preTCR) (39). Those 

thymocytes that fail to rearrange the β gene segments on β chain loci on both the 

chromosomes eventually undergo apoptosis and die. The preTCR is expressed on the cell 

surface along with the CD3 subunits, which are the signaling subunits of the TCR. The 

preTCR-CD3 complex signals in a ligand independent manner via tyrosine kinase, LCK 

(40). It is thought that a γδ receptor delivers a stronger signal in the developing 

thymocytes than that of the preTCR and that this stronger signaling leads to γδ linage 

commitment (41). The weaker, ligand independent signaling through preTCR-CD3 

complex is crucial for αβ linage commitment (42, 43).  

 The expression of a productive preTCR results in an arrest in further β chain gene 

rearrangement (beta allelic exclusion) and signals the thymocyte to proliferate and to 

express co-receptors (CD4 and CD8) (44). Proliferation of DN4 cells triggered by 

signaling through the preTCR-CD3 complex causes an arrest in the expression of the 

recombination activating genes RAG1 and RAG2. This ensures that no rearrangement 

occurs during the proliferative phase and enough copies of CD4+CD8+ double positive  
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(DP) cells with a productive β chain are produced. At the end of the proliferative phase, 

the newly transcribed and functional RAG1:RAG2 complex initiates the rearrangement 

of the α chain segments independently in each developing DP thymocyte (45). The 

presence of multiple Vα and Jα gene segment allows for many successive Vα to Jα 

rearrangements. Vα Jα sequence is spliced to Cα to finally form a functional VαJαCα 

unit. This phase of α chain gene segment rearrangement continues for 2-3 days in a 

mouse (46). This suggests that a non-productive α chain rearrangement is most likely to 

be rescued by a later rearrangement event. Thus, unlike for the β chain, no allelic 

exclusion occurs for the α chain (47). The rearrangement of the α chain gene segments 

continues until there is signaling via a self-pMHC molecule that positively selects a TCR 

(25, 32). This means that a developing thymocyte could have in-frame rearrangement of 

α chain gene segments on both the chromosomes each producing a functional α chain 

which pairs with the same β chain (48). This is because the expression of the TCR itself 

is not sufficient to cease the α chain gene rearrangement until it gets positively selected 

by a self-pMHC molecules or the cell dies of neglect (49).  

 Experimental observations have shown that approximately one third of the mature 

αβ T cells bear two in-frame rearrangement of α chain and have the potential to express 

two TCRs (48-50). This suggests that the “one cell one receptor rule” does not apply to a 

subset of αβ T cells. Cells belonging to this dual αβ TCR subset may have a broad range 

of pMHC binding compared to those with single TCR. This may have implications for 

autoimmune responses and/or allogeneic responses (50). Alternatively, dual TCR cells 

could challenge peripheral tolerance when one TCR gets activated by foreign antigen the 

other TCR (non-positively selected) becomes competent to attack a self-antigen (48, 51). 
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This type of cross-reactivity is not due to molecular mimicry but rather due to somatic 

recombination of two distinct TCRs. 

 As the cell progresses through the DN to the DP and finally to single positive 

stage, there is a distinct pattern of expression of proteins that are involved in TCR gene 

rearrangement and signaling. Terminal deoxynucleotidyl transferase (TdT) is one such 

protein that is expressed throughout the TCR gene segment rearrangement. TdT is 

responsible for the addition of N-terminal nucleotides that are found at the junctions of all 

rearranged α and β chains (52). Enormous diversity can be generated by this mechanism 

at each junction, assuming random selection of nucleotides. However some of these 

additions could result in non-productive recombination by inserting in-frame stop codons 

that result in premature termination of TCR chains or by substituting the amino acids that 

render the recombination product non-functional. The mechanism by which diversity is 

generated for TCRs should allow the T cells to recognize a multitude of processed 

foreign antigens while restricting its MHC recognition to a small number of self-pMHC 

molecules. 

 Until this point, T cell development has been independent of interaction between 

the TCR and its ligand, peptide-MHC complex. The recognition of self-peptides in the 

context of self-MHC molecules presented by various thymic APCs is very crucial for 

determining the fate of the developing thymocyte (25) (32). Thus, the next phase post-

TCR gene segment rearrangement not only selects for T cells that form the peripheral T 

cell repertoire but also imprints behavioral characteristics of the mature T cells in the 

periphery.  
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1.2.2 Positive and negative selection of T cell repertoire 
 
 Rearrangement of TCR gene segments with junctional diversity can generate 

enormous heterogeneity, with an estimated potential of more than 1015 for αβ TCRs (53). 

Theoretically, these randomly rearranged TCRs should be capable of recognizing soluble 

antigen (foreign or self), self-MHC molecules or antigen embedded in a non-self MHC 

molecule. However, one of the hallmarks of a mature T cell repertoire is to recognize 

foreign antigens in the context of self-MHC molecule and to receive survival signal 

through interactions with peripheral self peptide-MHC molecules. This is achieved by 

two selection events that a developing thymocyte undergoes in the thymus (25, 54). 

Positive selection of thymocytes bearing TCRs that recognizes self-MHC molecules, 

which results in MHC restriction. Cells that fail to recognize self-MHC die due to 

apoptosis. Negative selection of thymocytes that have a high binding affinity to self-

MHC alone or self-antigen embedded in self-MHC molecule receive a death verdict, 

which results in self-tolerance. Thymocytes egressing from the thymus can be 

categorized into one of the three subsets: conventional CD4+ or CD8+ T cells, which bind 

to peptides bound to MHC II and MHC I respectively, or T regulatory cells (Tregs) 

expressing CD4 co-receptor and higher levels of CD25 (32, 55). Additionally, almost all 

of the CD4+ mature T cells are programmed to secrete cytokines and CD8+ T cells are 

programmed to become cytotoxic effector cells (27, 56). Thus, the selection process not 

only determines the cell surface phenotype of the thymocytes but also their functional 

potential.  

 Positive and negative selection of the developing thymocyte takes place in 

discrete thymic microenvironment, the cortex and medulla respectively(23). Each 
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compartment is composed of distinct APCs, which provide selection niches that 

coordinate spatial separation. Positive selection in the thymus is largely coordinated by 

self-pMHCs expressed by cTECs. cTECs have long processes that facilitate intimate 

contact with the developing DN and DP thymocytes. The critical role of a single stromal 

cell type, cTECs, in positive selection is not solely based on their location and abundant 

surface expression of MHC molecules, but is in part due to the unique antigen processing 

properties that they possess (32, 57). cTECs possess a unique catalytic subunit of 

proteasome for MHC I presentation and a unique lysosomal protease for MHC II 

presentation. These exclusive proteolytic pathways enable the cTECs to present unique 

set of peptide-MHC complexes that are distinct from the ones expressed by other thymic 

APCs or peripheral APCs. Thymic medulla on the other hand serves as the main site for 

negative selection and thus, central tolerance induction (32). Thymic medulla is densely 

packed with a variety of APCs. mTECs are specialized in the expression of autoimmune 

regulator (AIRE) which enables the ectopic expression of TRAs (58). In addition to 

mTECs, thymic medulla also inhabits a variety of hematopoietic APCs (migratory DCs, 

plasmacytoid DCs and B cells), which immigrate to the thymus at steady state and act a 

source of peripheral self-antigens (33). 

 The affinity threshold model of thymocyte selection suggests that the affinity of a 

developing thymocyte to self-peptide MHC molecules is a vital determinant of the cell 

fate (54). Weak interactions are required to “pass” positive selection and avoid death by 

neglect, whereas strong interactions cause negative selection by apoptosis. This suggests 

that there is narrow apparent affinity threshold between these two possible outcomes of 
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thymic selection (Fig. 2). Thus, positive and negative selection result in the generation of 

a mature T cell repertoire that is self-MHC restricted and is self-tolerant. 

For OVA-specific CD8+ T cells from the OT-I TCR transgenic, it has been 

reported that the process of positive selection is highly peptide specific and is sensitive to 

extremely low ligand density (59). The positively selecting ligand can act as an 

antagonist to mature CD8+ T cells in the periphery, but only when present at much higher 

concentrations than the agonist peptide. Thus, is it unlikely that the levels at which the 

endogenous peptides are expressed in the periphery could inhibit a T cell response 

against an agonist peptide. Nevertheless, the implication is that tonic interactions with 

self-pMHC may impair CD8+ T cell activation. 

For CD4+ T cells, tonic interaction between TCRs and endogenous peptides in 

self MHC II have been proposed to enhance sensitivity or action in response to agonist 

pMHC. For example, the selecting pMHC for the 5C.C7 TCR are reported enhance T cell 

activation (60). The self peptide that mediate positive selection of AND CD4+ T cells, 

gp250, was also reported to act as coagonist to initiate the activation and enhance the 

survival of peripheral AND CD4+ T cells (61). A link between positive selection and the 

activation and peripheral survival of CD4+ T cells has also been recently proposed in a 

study of TCR transgenic T cells responding to agonist ligands (62). These data suggest 

that tonic interactions with selecting ligands may have different impacts on CD4+ T cell 

activation compared with CD8+ T cells.   

 The nature of the interaction between TCR and self-pMHC is extremely weak. 

This makes it challenging to study how the recognition of self-pMHC by TCRs affects 

the T cell development and their peripheral immune response to pathogen. Expression of  
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CD5, a cell surface glycoprotein, is upregulated during crucial stages of T cell 

development (63). It is known to modulate TCR signaling via phosphatase activity. The 

mature T cell repertoire displays a range of CD5 expression and the CD5 levels on each T 

cell parallels the affinity of positively selecting TCR-self-pMHC interaction. A direct 

correlation between CD5 levels on transgenic T cells and their responsiveness to foreign 

pMHC has been shown recently (62), wherein the CD5hi cells with a higher basal 

phosphorylation outcompeted the CD5lo cells upon antigenic challenge. However, 

another study challenged the generality of this observation by showing that CD5hi and  

CD5lo T cell clones of identical specificity may respond differentially with respect to 

timing and magnitude of clonal expansion and contraction (64). Nevertheless, these 

studies clearly demonstrate the impact of thymic education on T cell responses to foreign 

pathogens encountered in the periphery.  

 The net result of the thymocyte development is the egress of mature SP (CD4+ or 

CD8+) T cells into the periphery. These mature T cells form a combinatorial library of 

self-MHC restricted and self-tolerized cells each expressing a unique antigenic receptor.  

 

1.2.3 Potential of the T cell repertoire 

 An enormous level of TCR αβ diversification is achieved in the thymus by 

“random” V(D)J recombination of germline encoded TCR gene segments. 

Rearrangement of the gene segments that encode TCR α chain occurs independently in 

each thymocyte post proliferation triggered by preTCR-CD3 complex, which adds to the 

diversity of the T cell repertoire (45). This diversity is further enhanced by addition of 

non-germline N nucleotides at the junctions of both TCR α and β chains (52). The 
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theoretical diversity of TCRs that is generated by this system is estimated to be more than 

1015(53). Moreover, some T cells express dual TCRs (two distinct TCRα chains pairing 

with a common TCRβ chain) (48-50). Thus, in theory the T cell repertoire has the 

capacity to bind to a wide range of foreign pMHC molecules. However, the actual T cell 

repertoire never reaches the upper limit of its potential due to limitations imposed by 

intrathymic selection process, peripheral space and time.  

 TCR diversity is localized to the complementarity determining regions (CDR). 

The CDR1 and CDR2 are encoded by the germline V gene segments whereas the CDR3 

loops are encoded by the V(D)J gene segments and the junctions of these segments are 

joined by the non germline encoded N and P nucleotides which leads to significant 

variability (65). The highly polymorphic CDR3 loops of the α and the β chain make 

contacts with the peptide, whereas the more conserved elements of the TCR, CDR1 and 

CDR2, interact mostly with the MHC molecule (66, 67). Intrathymic positive and 

negative selection events select for self-MHC restricted and self-tolerant T cells by 

screening their TCRs, specifically the CDR regions. Both these events considerably limit 

the diversity of the generated repertoire, approximately 3 to 100-fold reduction (68-70). 

Thus, even though the theoretical potential of the repertoire is 1015, a mouse contains 108 

total T cells (71) and a human has about 1012 T cells (72) in total. Due to intrathymic 

proliferation, post-thymic peripheral homeostasis and the presence of the antigen 

experienced memory compartment, some T cells will have same TCR. The size of the 

clone expressing the same TCR would differ by 20-100 fold, but is estimated to be 

~1,000-4,000 and ~20-50 cells/clone in human and mouse respectively (72, 73). Thus, the 
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specificity/diversity of the T cell repertoire is limited to the number T cells at any give 

time in an organism. 

  

1.3 Peripheral T cell repertoire 
 
 For the T cell repertoire to execute its adaptive immune function, it should have 

the potential to recognize a diverse array of ligands. Yet, each T cell must respond to an 

antigen in a timely manner with precise specificity. It is clear, both in humans and in 

mice, that the entire combinatorial diversity of TCR sequence cannot be represented 

within a T cell repertoire of an organism (70). Thus, the T cell repertoire generation is not 

an entirely random event; additional factors ensure that it consists of constituents that will 

mount a response against non-self while preventing autoimmune condition. 

 

1.3.1 Size Constraint: Diversity Vs Precursor number  

 T cells recognize an antigen when it is processed and presented on the surface of 

an APC in the form of pMHC complex. The blood and the secondary lymphoid organs 

are under constant surveillance by the T cells, as those are the sites where immune 

responses are mounted (74). This surveillance mechanism greatly increases the 

possibility of antigen detection by the T cells. However, in order to detect an antigen in a 

timely manner, not only the antigen-specific T cell must be present in the repertoire, but 

also a minimum number of T cells of a given specificity are required. Analysis of TCR 

sequences from different individuals confirms that the process of generating the 

combinatorial library of T cells does not occur randomly. Sequencing TCRs, among 

individuals bearing same MHC allele, by deep sequencing techniques show a 
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considerable degree of overlap in TCR sequences that constitute an antigen response 

(75). Such an overlap would be unlikely if T cells were randomly included in the 

peripheral repertoire, suggesting the significance of other factors influencing its 

composition. 

 Limited peripheral space exerts considerable amount of constraint on the size and 

the diversity of the T cell population. As the size of the T cell population of a given 

specificity increases, the time required to detect the antigen decreases but at the same 

time the overall diversity of the T cell repertoire declines. Given the space constraints on 

the pre-immune T cell repertoire, a balance is struck between the T cell precursor 

frequency and diversity of the T cell repertoire for a most effective immune function (76) 

(Fig. 3). The precursor frequency of naïve CD4+ and CD8+ T cells of a particular 

specificity, both in mice and humans, is known to be 1-100 cells/106 (77, 78). However, 

since humans have more peripheral space compared to mice, they have a higher absolute 

number of T cells of a given specificity. Thus, the absolute number of antigen specific T 

cells will vary between human and mice, although the antigen-specific diversity and 

relative pre-immune T cell frequency will be approximately the same in both the species. 

  Low pre-immune frequency of antigen specific T cells has made their 

quantification quite challenging for decades. However, recently, the combination of 

fluorophore-labeled pMHC tetramer and magnetic particle based cell enrichment 

techniques has made it possible to quantify the size of an antigen-specific T cell 

population (79). Using this technique, the pre-immune frequency of CD4+ T cells specific 

for a particular pMHCII complex was assessed to be 0.8-10 cells/106 and that for naïve 

CD8+ T cells specific for a given pMHCI complex ranged from 1-89 cells/106 (77). This  
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variation in the size of antigen-specific naïve T cell population is of considerable 

significance as it is postulated to predict the magnitude of the T cell response (77, 79). 

Therefore, a larger sized naïve T cell population specific for a foreign pMHC could 

contribute to the phenomenon of immunodominance, although other variables such as 

efficiency of pMHC complex processing and presentation, recruitment of naïve T cells 

into an immune response and differential T cell proliferation following initial 

recruitment, are also important. 

 

1.3.2 Space constraints: Cross-reactivity 

Antigen specific immune response is a key feature of the adaptive immune system. The 

specificity for antigen recognition, in case of T cells, is provided by its TCR. The clonal 

selection theory proposed that each T cell is specific for a single peptide and lacked the 

potential to recognize alternate peptides (80, 81). However, quantitative tools have 

challenged this notion (82). As discussed earlier, the T cell repertoire never reaches its 

theoretical potential of generating 1015 (mice) distinct TCRs (53). At a given time only 

108 total T cells are present in a mouse (71). Using mathematical tools, it is predicted that 

a vast number (>1015) of different self-MHC binding peptide epitopes can be generated 

from a minimal proteinogenic fragment (83). Thus, the number of foreign pMHC 

molecules that T cells might encounter is far more than the total T cells in an individual. 

This suggests that the T cells must have the potential to recognize multiple peptides; 

otherwise there will be pathogenic peptides that go unrecognized.  

 The TCR employs multiple mechanisms to engage with pMHC molecules. 

Structural studies have revealed a general binding orientation where, germline encoded 
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CDR1 and CDR2 elements of the TCR generally contact conserved residues of the MHC 

helices, whereas the highly variable CDR3 element of TCR generally contact the most 

variable part of the pMHC complex, the peptide (66). TCR-pMHC structure analyses 

have shown that this interaction varies widely between individual TCRs. The pMHC 

molecule can also change its conformation post engagement with TCR. Changes in the 

peptide binding angle and/or peptide binding register are known to permit the TCR to 

bind different pMHC molecules. Using soluble TCRs to probe yeast displayed peptide 

MHC II library demonstrated that a single TCR could bind to multiple peptides with 

similar TCR contact residues while tolerating substitutions at other positions in the 

peptide fragment suggesting that TCR cross-reactivity is not completely degenerate but is 

rather “residue focused” (84, 85). A recent study extended this observation by indicating 

that the TCR cross-reactivity between self and foreign peptides can influence the size of 

the naïve T cell population (86), such that systemic expression of a self-peptide could 

negatively impact the size of naïve T cell population specific to a cross-reactive foreign 

peptide. Reciprocally though, a large naïve T cell population cross-reactive to a tissue 

restricted peptide could lead to autoimmunity. Thus, binding promiscuity at the interface 

between TCR and pMHC allows for a significant number of peptides to act as agonist for 

an individual TCR. 

 T cells reside in a limited peripheral space. This spatial constraint also 

necessitates T cell cross-reactivity to be an inherent and essential feature of T cell 

recognition (87). The naïve T cell precursor frequency has been suggested to parallel the 

magnitude of the immune response (77, 79). Thus, the size of the pathogen specific naïve 

T cell population must be sufficiently large to ensure a timely response. The finite 
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peripheral physical space puts a restriction on the number of T cells of a given specificity. 

Cross-reactive nature of T cells thereby achieves a balance between naïve T cell 

frequency and diversity (83). Additionally, memory T cells primed against one antigenic 

infection are also known to target more than one infection, a feature known as 

heterologous immunity (88, 89). Thus, cross-reactivity seems to be an important feature 

of the T cell repertoire, in spite of being kept in check via thymic negative selection (90).   

 Cross-reactivity and/or heterologous immunity have both positive and negative 

implications. The idea that a library of cross-reactive T cells wherein each T cell 

recognizes multiple different peptides but that do not respond to peripheral self-peptides 

has a number of positive consequences. First, a cross-reactive T cell repertoire provides a 

perfect balance between T cell repertoire diversity and the size of the naïve T cell 

population of a particular specificity. Second, a cross-reactive pre-immune T cell 

repertoire ensures rapid detection of pathogens. Third, recognition of any one peptide by 

several TCRs leads to the generation of a polyclonal T cell response that allows for 

efficient clearance of the infection. However, the most obvious and detrimental 

consequence of T cell cross-reactivity is autoimmunity. Although most cross-reactive T 

cells are culled in the thymus, some weakly cross-reactive T cells might persist in the 

periphery and can mount an immune response to self due to “molecular mimicry” (91, 

92). Memory T cells, which are known to have a lower activation threshold are likely to 

cross-react with a self-peptide with an affinity much lower than the original pathogenic 

peptide thereby leading to detrimental immune pathologies (93).  

  While the antigen sensitivity of a T cell and its ability to interact with 

weaker TCR ligands is thought to be linked, there are other factors at play that influence 
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a T cell’s sensitive to agonist pMHC. For example, changes in the TCR expression, 

changes in the expression and function of co-stimulatory molecules, differential control 

of phosphatase pathways, altered glycosylation status of the TCR or other surface 

molecules regulate the antigen sensitivity of a particular TCR on a T cell (83). These 

mechanisms may help regulate the antigen sensitivity of T cells to cross-recognize TCR 

ligands and thus may help strike a balance between specificity and cross-reactivity of T 

cell repertoire. Therefore, it is important to note that, although the sequence of a 

particular TCR on a T cell remains constant over time, the T cell’s sensitivity to agonist 

and/or the cross-reactive ligands is not fixed and can be varied throughout the lifespan by 

a number of parameters. 

 In summary, a high level of selectivity as proposed by clonal selection theory will 

generate a functionally inadequate T cell repertoire. Although, the TCR reactivity may 

not be in millions as suggested by Mason (82), experimental evidence support the notion 

of “one clonotype- multiple specificities”. This suggests that cross-reactivity is an 

essential feature of the T cell repertoire (82, 94).  

 
1.3.3 Alloreactivity 
 
 The conventional antigen recognition of foreign peptide-self-MHC molecules by 

T cells forms the basis of every T cell mediated immune response, whereas self-tolerance 

prevents autoimmune responses (5, 94). This restricted T cell recognition of foreign 

peptides bound to an individual’s own MHC molecules is a key feature imparted on T 

cells by intra-thymic education. However, the phenomenon of “alloreactivity” is an 

exception to this basic rule of T cell recognition. Alloreactivity of T cells refers to the 
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ability of a T cell to bind to peptide-non-self (allogeneic) MHC molecule that was not 

encountered during thymocyte development (95).  

 T cell alloreactivity is a well-accepted phenomenon, but the basis of this 

recognition remains debated. One model proposes that the alloreactive TCR recognizes 

only the germline encoded MHC surfaces that are conserved among the different MHC 

alleles, whereas the other model suggest that peptide degeneracy is at the center of TCR 

recognition of allogeneic MHC complexes (96). Many of the solved alloreactive TCR-

peptide-MHC structures have revealed that the alloreactive T cells interact with both the 

peptide and the MHC molecule, in a manner similar to conventional antigen recognition 

(95, 97). Interestingly, various attempts made to determine the peptide specificity of the 

alloreactive T cells have suggested that a TCR on an alloreactive T cell is capable of 

recognizing multiple, but limited number of peptides thereby maintaining specificity (98). 

However, as discussed in the previous section, cross-reactivity or polyspecificity is a 

well-accepted feature of conventional T cells and is not unique to allorecognition. 

 MHC genes are the highly polymorphic genes known in vertebrates. Although 

thymocyte development selects for T cells that can recognize peptides bound to self-

MHC molecules, there is no process to select for or against T cells that bind to other 

MHC molecules that are not expressed in an individual (32). Thus, alloreactive T cells 

may represent a broad subset of T cell compartment since they may be “selected” on a 

broader range of self-peptide MHC molecules as compared to syngeneic T cells (95). 

Recently, a sensitive peptide-MHC tetramer enrichment method was used to quantify the 

role of positive selection in generating the pre-immune polyclonal T cell repertoire in 

normal individuals (99). Interestingly, the number of human and mouse naïve CD4+ T 
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cells binding a particular foreign peptide MHC were comparable in allogeneic hosts. 

Although this result seemed surprising, it was backed by evidence showing that thymic 

selection (positive selection) influences the binding capacity of CD4+ T cells such that it 

optimizes the number and the function of MHCII restricted CD4+ T cell clones in a 

peripheral pre-immune T cell repertoire. 

 Taken together, although there is no selective pressure to develop alloreactivity, 

alloreactive T cells form a significant portion of the mature peripheral T cell repertoire 

(100). Due to their broader recognition capacity, alloreactive T cells are invaluable in 

understanding the fundamentals of T cells antigen recognition and response. 

 

1.3.4 Resource availability: Homeostatic proliferation/ Survival 

 Thymic education selects for a very small fraction of immature thymocytes with 

low affinity to self-pMHC molecules to survive and differentiate into mature T cells (54). 

These antigen-inexperienced naïve T cells exit the thymus and enter the periphery where 

they recirculate through the peripheral secondary lymphoid organs. Upon activation by 

foreign peptide, antigen specific naïve T cells undergo massive expansion along and 

differentiate to gain specific effector functions, both of which are required to clear the 

infection. The majority of effector T cells die post pathogen clearance, but a small 

fraction survive in the periphery as part of the long lived memory T cell compartment 

(101).  

 Several homeostatic mechanisms control the survival and composition of the 

peripheral naïve and memory T cell compartments (6, 102). Low affinity reactivity to self 

not only provides essential homeostatic survival signals to peripheral naïve T cells but 
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also enhances TCR’s sensitivity to foreign antigens. IL7 and IL15, members of the 

common γc family are also known to play a substantial role in the survival and periodic 

homeostatic proliferation of the naïve and/or memory T cells. The composition of the 

naïve and memory T cell compartments undergoes dynamic change due to continual 

exposure to pathogenic and environmental antigens. Thus, the size of the T cell clone and 

the availability of resources determine the survival and homeostatic proliferation of the 

peripheral T cell population. 

 TCR and IL7 signaling are essential for the survival of naïve T cells (103, 104). 

TCR signaling via contact with specific self-pMHC is required for naïve T cell survival, 

but the exact intracellular signaling induced within T cells post TCR signaling is not yet 

completely deciphered. Phosphorylation of the ζ subunit of the CD3 complex has been 

reported post TCR signaling to self-pMHC (62). This basal T cell activation is thought to 

enhance TCR’s sensitivity to its cognate antigen. Also, TCR diversity of the naïve T cell 

pool is a combined outcome of the thymic selection process and continual peripheral 

selection via TCR interactions with an extremely diverse repertoire of self-pMHC ligands 

for survival signals (6). Local production of IL7 in the secondary lymphoid tissues is 

suggested to be crucial for the survival and homeostatic proliferation of naïve T cells 

(105). A highly regulated feedback control on the expression of IL7Rα chain ensures that 

maximum numbers of T cells are maintained by exposure to relatively fixed amounts of 

IL7 (106). In addition to IL7, other γc cytokines, especially IL2 and IL15 are also thought 

to play a role in naïve T cell homeostasis. Collectively, TCR signaling and a combination 

of different cytokines are critical in naïve T cell survival and intermittent homeostatic 

proliferation. 



	   43	  

 Homeostasis of memory T cells is largely regulated by IL15 signaling mechanism 

(6, 101). Antigen specific memory T cells and the naturally occurring memory phenotype 

T cells arise in response to foreign, commensal or self-antigen exposure. After the 

clearance of a pathogen, the bonafide antigen specific memory T cells that are generated 

rely on IL15 signaling for their survival and homeostatic proliferation. However, the 

memory phenotype T cells that are generated over time due to exposure to protein 

antigens, commensals, and self-antigens have slightly different requirements for their 

survival and basal homeostatic proliferation as they are dependent on both TCR and 

cytokine signaling (107, 108). This suggests that the requirements for the survival and 

periodic homeostatic proliferation of the two memory subsets are similar, but not 

identical. 

 T cell production and survival are tightly governed by competition for the 

available peripheral resources, namely the cytokines and the self-pMHC ligands. The 

homeostatic mechanisms that control the size and the shape of the peripheral T cell 

compartment are not completely understood, however they allow them to receive weak 

signals that promote their survival and very rarely leads to cell division. 

 

1.4 The aged immune system 
 
 It is well established that time or increasing age is associated with a decrease in 

the potential of the immune system to mediated effective response to vaccination and 

invading pathogens (109). The overall impact of age on the composition and function of 

the cells of the immune system will be discussed in detail in the section below. 
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1.4.1 Increased susceptibility and Lowered responsiveness 

 There has been an unprecedented growth in the proportion of the elderly 

population worldwide (110). Advances in medical care and an increase in life expectancy 

are thought to be the primary reasons for this increase in the number of people reaching 

old age. The population aging 65 years and older in the United States is estimated to 

double in the next 25 years (111). By 2030, 20% of the US population is expected to be 

65 years and older (112). However, despite advances in healthcare, newly emerging 

infectious diseases, acute illnesses, chronic diseases and degenerative illnesses have been 

the leading causes of death in all age groups, especially in elderly population. Older 

adults are four times more prone to Listeria monocytogenes (Lm) infection compared to 

the general population (113). A similar trend is seen in the case of West Nile Virus 

(WNV) infection, as this life threatening disease becomes more prevalent in the elderly 

compared to adults less than 40 years of age (114). For several centuries, vaccination has 

been the best strategy available to fight against infectious diseases. However, the elderly 

population responds poorly to vaccination (115). Up to 60% of the elderly receive no 

protective benefits from the annual vaccination against influenza virus (116). Taken 

together, increased susceptibility to infections and lowered responsiveness to vaccination 

pose serious health challenges to the continually increasing aging population. 

 
 
1.4.2 Immunosenescence: Continuum of changes over time 
 
  Advanced age is associated with a deterioration of both innate and adaptive 

immunity (117, 118). Although, the most widely appreciated consequence of aging is the 

diminished immune responses against pathogens, aging also results in enhanced 
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susceptibility to autoimmune conditions (119, 120). Age-related changes that impact 

many components of the innate and adaptive immune systems collectively result in an 

incompletely understood state of immune deficiency called immunosenescence (121).  

 Advance age exerts serious impact on cells of the innate immune system (117). 

Innate immune cells form the first line of defense against the invading pathogen. Aging is 

associated with a breakdown of the epithelial barriers of the skin, lungs and 

garstrointestinal tract (122). Thus, the challenge for the innate immune system of elderly 

increases as the portal of pathogen entry is breached. A functional balance is achieved 

between the pro- and anti-inflammatory molecules in an adult immune system. This 

interplay between the pro- and anti-inflammatory molecules is crucial for the clearance of 

a pathogen. However, immunosenescence is associated with a hyperinflammatory state, 

known as “inflamm-aging” (123). This innate immune imbalance, pro- verses anti-

inflammatory signals, results in either inadequate or overabundant response when the 

system is challenged. 

 Time, with its age-associated changes in almost all the T cell development 

processes (discussed in previous sections), exerts an overarching layer of constraint on 

the peripheral T cell repertoire (124, 125). Gradual involution of the primary lymphoid 

organ, the thymus, over time disrupts the thymic architecture thereby resulting in a 

decline in thymic output since optimal thymic function depends on the crosstalk between 

the developing thymocytes and thymic stromal cells (126, 127). This decline in thymic 

output is attributable to defects in commitment of hematopoietic stem cells to the 

lymphoid lineage and the trafficking of T cell progenitors to the thymus for development 

(127). Also, the decline in the numbers of cTECs and mTECs with age qualitatively and 
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quantitatively reduces the antigen presentation in the thymus, which increases the 

competition for selecting ligand and curtails the efficiency of thymocyte selection process 

(32, 128, 129). Throughout the life of an individual, thymic output depends on the overall 

cellularity of the thymus. Thus, as thymic cellularity drops over time, fewer mature 

thymocytes mature to join the peripheral T cell repertoire (130, 131). Thymic involution 

and a reduction in the number of naïve T cell numbers adversely impacts the peripheral T 

cell repertoire diversity and exerts a pressure on the homeostatic mechanisms that are 

required for the survival and maintenance of a diverse pre-immune T cell compartment 

(132). 

 Finite peripheral space exerts additional constraint on recent thymic emigrants 

(76, 82, 83). As a consequence of pathogen experience over time, the memory T cell pool 

in the elderly grows with age and competes with the naïve T cells entering the periphery 

(78, 89, 130). Increased availability of survival cytokines triggers homeostatic 

proliferation of the naïve T cells (132). However, this rapid homeostatic cycling of cells 

eventually converts the naïve T cells into memory phenotypic cells. During aging, both in 

mouse and humans, antigen-inexperienced “naïve” T cell precursors gradually assume a 

memory phenotype (CD44hi) (78, 89, 130). Additionally, the TCR repertoire diversity is 

deeply compromised over time (70, 130, 133-135). As seen in CD8+ T cell compartment, 

narrowing of T cell repertoire diversity reduces the number of naïve T cell clones capable 

of clearing pathogens. This reduction in certain T cell clones may leave “holes” in the 

repertoire that enhance the susceptibility and lower the immune responsiveness during 

aging (136). However, the bias in preserving certain T cell clone over the other is not 

clearly understood.  
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 Thus, the composition of the T cell compartment undergoes dynamic changes 

over time. From a restricted T cell repertoire in neonates (137) to achieving peak T cell 

repertoire diversity as adult (131) and finally a compromised immune function with age 

(109), it is clear that the T cell repertoire never reaches equilibrium. Instead, it undergoes 

a continuum of changes over the lifespan of an individual. How time/age impacts the T 

cell repertoire is not completely understood. This area of basic T cell biology needs 

significant and immediate attention as it has direct implications in designing 

immunotherapies, such as vaccine, that are administered early on in life with a goal to 

provide life long protection. 

 

1.5 Aged T cell compartment  

 Although immuosenescence affects many aspects of innate and adaptive 

immunity, alterations in T cell function and maintenance are very prominent and 

pronounced changes occurring in an aged immune system (117, 118, 122). In this section, 

our understanding on age-related changes in CD4+ and CD8+ T cell repertoires, primary 

T cell responses and T cell memory will be discussed. Additionally, the gaps in our 

knowledge on these topics will be highlighted. 

 

1.5.1 Aged CD8+ T cells 

 How the T cell repertoire evolves over the lifetime of an individual is not 

completely understood. Most studies focused on CD8+ T cells have provided us with 

valuable insights on aging T cell biology (138). Age-related decline in CD8+ T cell 

numbers, reduced frequency of antigen specific CD8+ T cells (139-141), reduced CD8+ T 



	   48	  

cell repertoire diversity (135, 136), lowered responsiveness to newly encountered 

pathogen (138, 142, 143) and impaired generation of CD8+ T cell memory (132, 144) are 

observed. How many of these defects are intrinsic to old CD8+ T cells and how many 

could be attributed to aged “environment” remains to be elucidated. 

 The generation and maintenance of a diverse peripheral T cell repertoire is 

dependent on production of mature thymocytes by the thymus (125). The number of 

naïve CD8+ T cells entering the periphery gradually decreases with age (118) . The 

number of antigen-specific naïve CD8+ T cells is also known to reduce with age (139-

141, 145). This suggests that the capacity of the CD8+ T cell compartment to bind to 

specific foreign pMHC I molecules reduces with age. The lack of thymic function exerts 

a severe stress on the peripheral maintenance mechanisms (132). A steady increase in the 

proportion of memory CD8+ T cells has been observed (138). Also, excess availability of 

survival cytokines and peripheral space enhances the peripheral homeostatic proliferation 

and results in the naïve CD8+ T cells to gradually assume a pseudo-memory phenotype 

(102, 108). Perturbations in the CD8+ T cell repertoire can also be attributed to CD8+ T 

cell clonal expansions (TCEs), non-malignant expansions of individual CD8+ T cell 

clones (146). Larger CD8+ TCEs specific for the immunodominant CMV peptides has 

been observed, and these become progressively more prominent over time (147). As it 

would intuitively follow, reduction in the number of naïve CD8+ T cells negatively 

impacted the diversity of the TCR repertoire both in mice and humans(70, 130, 135, 136). 

Thus, reduced thymic function, increased proportion of peripheral memory CD8+ T cells 

and appearance of TCEs severely compromises the overall size and diversity of the CD8+ 

T cell repertoire and eventually responsiveness to newly emerging pathogens. 
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 The “aged” environment has also been shown to severely impact CD8+ T cells 

priming which ultimately dictates the immune response mounted against a pathogen 

(118). Although it has not been comprehensively shown, the composition of all the 

immune cells is altered with age. Lowered numbers of CD8α DCs have been reported in 

old mice compared to adult during Lm infection (148). This influences the antigen 

presentation, which results in the poor CD8+ T cell priming during Lm infection. CD8+ T 

cell-intrinsic defects have also been convincingly shown to impair their own response 

magnitude and poly-functionality during antigenic challenge (142). Additionally, age 

severely affects the recall responses in the elderly (136). CD8+ T cell memory generated 

in adults is maintained long-term and is functional (149). However, robust and long-

lasting CD8+ T cell memory is not as efficiently generated after infection in the elderly.  

 It is clear that progressive aging affects the CD8+ T cell responses; but whether 

the reported deficiencies in the CD8+ T cell function are the outcome of CD8+ T cell 

intrinsic or functionally defective immune cells that provide help to CD8+ T cells or a 

combination of both remains to be conclusively studied. 

 

1.5.2 Aged CD4+ T cells 
 
 Another key feature of the aged immune system is an impaired humoral immune 

response (150). This has a negative impact, as generation of protective antibodies is the 

primary goal of vaccination. Cognate help provided by the CD4+ T cells is critical for 

generation of productive B cell responses (27, 28). Clear patterns of cell intrinsic defects 

in naïve CD4+ T cells have been reported (151). Some of the most conclusive studies 

have used purified adult and old naïve CD4+ T cells from TCR transgenic (TCR Tg) mice 
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which were either studied in vitro or adoptively transferred into adult mice to discern cell 

intrinsic defects in naïve CD4+ T cells (152). However, the TCR Tg mouse model does 

not account for other age-related changes in the T cell compartment, the TCR repertoire 

and T cell survival and maintenance mechanisms. Thus, to assess the impact of time on 

the CD4+ T cell compartment, the polyclonal CD4+ T cell repertoire needs to be 

examined in detail, as T cell populations are known to undergo major shift in subsets with 

age (153). 

 Activation of T cells requires the recognition of cognate pMHC presented by APC 

via their clonotypic TCR, this interface formed between T cell and APC is called the 

immunological synapse. Naïve CD4+ T cells from aged TCR Tg animals have shown to 

form inefficient immunological synapse as compared to adult (154, 155). Impaired 

recruitment of signaling molecules (Lck, Zap70, Fyn, LAT), CD3ζ phosphorylation and 

downstream induction of NF-AT has been demonstrated in in vitro stimulated old naïve 

CD4+ T cells (155). Significant alteration in cytoskeleton rearrangement (156), cell 

surface glycosylation (157) and phosphorylation (158, 159) also contribute towards 

reduced function of old naïve CD4+ T cells. Together, these alterations result in reduced 

TCR signaling intensity, which influences events downstream of initial priming event.  

 Impaired TCR signaling and naïve CD4+ T cell activation results in an effector 

CD4+ T cell that functions poorly compared to their adult counterpart. Naïve TCR Tg 

CD4+ T cells from old animals showed reduced expansion after stimulation (160). 

Additionally, the aged CD4+ T cells exhibited defects in cytokine production after re-

stimulation, with significantly reduced IL-2 production, thereby impairing Th1 

polarization (161). However, exogenous IL-2 could overcome some of the defects in Th1 
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cell function. This suggested that old naive CD4+ TCR Tg cells are defective in IL-2 

production but not responsiveness to IL-2. Increased post-thymic longevity of CD4+ T 

cells is observed as a compensatory mechanism to reduced thymic output (162). This 

increase in lifespan is achieved by an imbalance between pro- and anti-apoptotic factors, 

and this alteration is reported to be sufficient to facilitate development of functional 

defects. In a mouse model of WNV, adoptively transferring total CD4+ T cells from aged 

animal into an adult RAG knockout mouse did not confer protection to WNV virus as 

compared to mice that received total CD4+ T cells from adult donor (143). Collectively, 

these observations indicate cell intrinsic defects in naïve CD4+ T cells, however they do 

not rule out the influence of other age-related changes in the aged “environment”. 

 Memory CD4+ T cell responses are also impaired with age. Memory cells 

generated from aged naïve CD4+ T cells provided a poor recall response, whereas 

memory CD4+ T cells generated during adulthood provided long-term protection (144, 

163). Inadequate expansion, reduced cytokine production, impaired cognate helper 

function in old animal is observed in memory CD4+ T cell responses to protein model 

antigens (164). Interestingly, new CD4+ T cells generated from aged bone marrow stem 

cells in an adult recipient exhibit robust primary and recall responses and provided 

cognate help to mount functional humoral responses after vaccination (165). This result 

suggests that a combination of cell-intrinsic and the aged microenvironment are 

responsible for the age-related changes in the CD4+ T cell compartment. 

 The use of TCR Tg mouse models to study cell-intrinsic and extrinsic aged CD4+ 

T cell defects has undoubtedly moved the field forward (124), however, the phenotypic 

and functional global characterization of polyclonal CD4+ T cell compartment remains 
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largely unexplored. Similar to CD8+ T cells, phenotypic conversion of naïve CD4+ T cells 

to a pseudo memory phenotype has been reported in old TCR Tg mice (166), however, 

the same for wild type CD4+ T cells remains to be explored. In humans, the presence of 

memory phenotypic CD4+ T cells specific to a variety of viral antigens were found in 

subjects of different age groups that were never exposed to the antigens being studied 

(78). These results indicated that the memory phenotypic CD4+ T cells that accumulate 

over time might be cross-reactive as a consequence of exposure to diverse environmental 

antigens. Although, cross-reactivity is suggested to be an key feature of the T cell 

repertoire (82, 83), whether advanced age cause cross-reactive CD4+ T cells accumulate 

over time and if so then do they provide protective heterologous immunity are some of 

the outstanding questions that remain to be answered. 

 This dissertation primarily focuses on understanding how the CD4+ T cell 

compartment evolves over time. The significance and the goals of this thesis will be 

discussed in the sections bellow.  
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1.6 Significance 

 Globalization, improved hygiene and health care, and the development of 

antibiotics are some of the prime reasons for increased life expectancy in the 20th century 

(110). However, heightened susceptibility to newly emerging pathogen and lowered 

responsiveness to protective strategies such as vaccination therapy are among the leading 

causes of death among the elderly population (113, 114, 116). Fundamental aspects of 

immune system are primarily studied in adult animal models, when the immune system is 

considered to be at its peak. However, basic mechanisms that lead to increased age-

related vulnerability to infection remains incompletely understood. Clear and definitive 

research to define the quantitative and qualitative age-related changes in CD8+ T cell 

compartment has been of great interest in the past couple of decades (132, 138, 146). 

However, the evolution of polyclonal CD4+ T cells over time remains largely unexplored. 

Additionally, lack of “tools” to track antigen specific (e.g. WNV) CD4+ T cells made it 

difficult to study pathogen specific CD4+ T cells. Our aging mice model provides a 

strong platform to study how T cell compartment evolves over time and more specifically 

determine alterations in the pre-immune CD4+ T cell repertoire, contributions of “aged-

environment” in shaping the CD4+ T cell repertoire over time and the influence of these 

changes on the effector CD4+ T cell responses. We have engineered WNV-specific 

pMHC II tetramer; this is a significant highlight of this dissertation as it has enabled us to 

study WNV specific CD4+ T cells in a polyclonal setting. 

 CD4+ T cells are at the heart of an effective immune response to pathogens (27, 

28). They are known to not only orchestrate the B cell and CD8+ T cell responses, but 

also monitor the innate immune mechanisms. Thus, knowing how the CD4+ T cell 
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compartment evolves over time has important implications for the design of 

immunotherapeutics targeting CD4+ T cells for long-term efficacy. 
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1.7 Goals of this dissertation 

 The overarching goal of this dissertation is to understand how the CD4+ T cell 

compartment evolves over time. CD8+ T cell recognition and responsiveness to foreign 

pMHC is known to diminish over the lifespan(138), which is consistent with gradual 

thymic involution over time (128). It is further supported by experimental evidence that 

restricting the diversity of class I MHC peptides during positive and negative selection 

results in selection of fewer CD8+ T cells that are highly specific for pMHC (167). How 

the affinity of the CD4+ T cell compartment for self-pMHC, and its capacity to bind 

foreign-pMHC change over the lifespan are fundamental aspects of T cell biology that 

remain largely unexplored. Experimentally restricting thymic selection is known to allow 

degenerate CD4+ T cells to develop (168). This suggests that they might accumulate in 

the CD4+ T cell compartment over time. Based on the current literature we hypothesized 

that; (i) the number of naïve CD4+ T cells declines with age, (ii) the number of pathogen 

specific CD4+ T cell reduces over time with increased poly-specificity and (ii) the 

magnitude and the effector function of CD4+ T cell reduces with age. In order to address 

our hypotheses, we developed the following specific aims: 

Specific Aim 1: Global quantitative and qualitative characterization of the pre-immune 

CD4+ T cell compartment. 

Specific Aim 2: Enumerate and phenotypically characterize antigen specific CD4+ T cells. 

Specific Aim 3: To analyze the magnitude and effector function of old CD4+ T cells 

compared to adult after antigen challenge. 

Specific Aim 4: To study the role of CD4+ T cells in age-related vulnerability to West 

Nile Virus. (In collaboration with the Nikolich Lab) 
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The following chapters will address each of these aims. Each chapter will provide 

pertinent introduction, material and methods, results and detailed discussion. The final 

chapter will provide the overall summary and future directions of this research project. 

 Data discussed in chapters 2, 3 and 4 have resulted in a manuscript titled “ 

Affinity for self drives preferential accumulation of promiscuous CD4+ T cells over the 

lifespan” (Neha R. Deshpande, Heather L. Parish, James M. Ertelt, Sing Sing Way, and 

Michael S. Kuhns). A revised manuscript addressing reviewers comments was submitted 

to eLife recently. Chapter 5 discusses a collaborative project (with Nikolich lab), 

experiments for which are currently ongoing. 
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CHAPTER 2 
 

GLOBAL CHARACTERIZATION OF CD4+ T CELL 

COMPARTMENT OVER TIME 

 

2.1 Introduction 

Advances in health care system and globalization has contributed to an increase in the 

proportion of older population (110). The inevitable, gradual process of aging impacts 

virtually every facet of the immune system that has been examined so far (118, 122, 128). 

Time- owing to its age-associated changes in gene expression, thymic architecture and 

output, antigen experience, and homeostasis- exerts significant pressure on T cell 

compartment (125, 128, 130, 166, 169). Since most T cell studies have been done in 

neonatal/adult mice, understanding how the T cell repertoire evolves over the lifespan of 

an individual is very important. Studies focused on characterization of the CD8+ T cell 

compartment have reported a decline in the number of naïve CD8+ T cells over time (136, 

139-141). Also, the CD8+ T cell compartment shifts from predominantly naïve (CD44lo) 

to mostly memory phenotypic cells (CD62Lhi CD44hi) with narrowed clonal 

representation over time (140).  Some of the most definitive studies on naïve CD4+ T 

cells have employed TCR Tg mouse models (124, 153). These studies have indicated 

that, due to thymic involution and a decrease in thymic output, naive CD4+ T cells 

persists longer in the periphery with age (162). Naïve CD4+ T cells, in human, exhibit 

increased turnover with age resulting in a shift from naïve to memory phenotypic cells 

(166). Similar to CD8+ T cells, the clonal diversity of the CD4+ T cell repertoire in aged 
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mice is reported to narrow over time (133, 134). Studies on TCR Tg mice have enabled 

us to make rapid progress in understanding the biology of aging CD4+ T cells. However, 

owing to the caveats of Tg mouse models, global characterization of an un-manipulated 

polyclonal CD4+ T cell compartment over time remains an area that needs attention. 

 To better understand how time impacts the CD4+ T cell compartment, we 

compared the phenotypes of mouse CD4+ T cells from unprimed adult (8-12 weeks) and 

old (18 months) lymph nodes and spleen. As a consequence of thymic involution and 

decrease in thymic output, we observed a numerical decline in the absolute number of 

CD4+ T cells over time with a shift from naïve to memory phenotypic cells. CD5 levels 

on T cells have been directly correlated to the intrinsic affinity of a T cell’s TCR for self-

pMHC (63). We observed an age-associated preferential accumulation of CD4+ T cells 

with high intrinsic affinity to self-pMHC, as measured by CD5 expression. Enhanced 

CD5 expression also directly correlated with active TCR engagement. Decreased thymic 

output results in increased availability of peripheral space and survival cytokines. 

Consequently, we observed an increased basal homeostatic proliferation over time, as 

measured by incorporation of BrdU. Additionally, a positive correlation was observed 

between CD5 expression and BrdU incorporation by CD4+ T cells. Collectively, our 

results suggest that over time the CD4+ T cell compartment contracts. As a consequence 

of tonic TCR signaling and homeostatic proliferation, a higher proportion of those that 

remain are memory phenotypic cells with higher affinity to self-pMHC (CD44hi CD5hi). 
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2.2 Material and Methods 

Mice: 

Old (male, 18 months) C57BL/6, H-2b, mice were obtained from the National Institute of 

Aging breeding colony. Adult (male, 8-12 weeks) C57BL/6 mice were purchased from 

the Jackson Laboratory. Mice were maintained under specific pathogen-free conditions in 

the animal facility at The University of Arizona. Experiments were conducted under 

guidelines and approval of the Institutional Animal Care and Use Committee of The 

University of Arizona. 

 

Lymphocyte processing: 

Inguinal, cervical, axillary, popliteal, mesenteric and lumbar lymph nodes were harvested 

along with the spleen from individual adult and old mice. Single-cell lymphocyte 

suspension was depleted of red blood cells with ACK buffer (gibco Life Technologies) 

and Fc blocked [mAb 2.4G2 hybridoma supernatant + 2% mouse serum (Caltag 

Laboratories), 2% rat serum (Jackson Immuno Research Laboratories, INC)] on ice for 

20 mins. Lymphocyte were stained with a cocktail of flourochrome-labeled antibodies for 

30mins at 4°C [anti-CD19 (eBiosciences), anti-CD8α (eBiosciences), anti-CD11c 

(eBiosciences), anti-F4/80 (Biolegend), anti-CD3 (eBiosciences), anti-CD4 

(eBiosciences), anti-CD44 (eBiosciences), anti-CD5 (BD Pharmingen)]. Cells were 

washed and the samples were analyzed with a LSRII cytometer (Beckton Dickinson), 

with analysis performed on FloJo software (Treestar).  
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In-Vivo proliferation assay 

BrdU was delivered to mice through drinking water at the concentration of 1mg/ml + 1% 

glucose. Inguinal, cervical, axillary, popliteal, mesenteric and lumbar lymph nodes were 

harvested along with the spleen from individual adult and old mice on day 6. 

Lymphocytes were stained with cell surface antibodies (anti-CD3, anti-CD4, anti-CD19, 

anti-CD8α, anti-CD11c, anti-F4/80, anti-CD44 and anti-CD5) followed by intracellular 

anti-BrdU (BD Pharmingen) antibody according to BrdU flow kit protocol (BD 

Biosciences). 

 

Statistical analysis: 

Mean fluorescent intensity of cell surface antibodies and intra-cellular antibodies were 

obtained from FloJo software (Treestar). Comparisons were made using non-parameteric 

Mann-Whitey test. All statistical analysis was performed using GraphPad Prism software. 
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2.3 Results 
 
2.3.1 Memory phenotypic cells with high intrinsic affinity to self-pMHC 

preferentially accumulate within a contracting CD4+ T cell compartment. 

To initiate the characterization of the CD4+ T cell compartment over time, we analyzed 

the number and phenotype of CD4+ T cells in the lymph nodes and spleen of unprimed 

adult (8-12 weeks) and old (18 months) male C57BL/6 mice (Fig. 4A). The absolute 

number of CD4+ T cells reduced significantly in old mice (Fig. 4B). The CD4+ T cell 

compartment gradually assumes a memory phenotype over time as assessed by 

expression of CD44 (Fig. 4C). The decline in total CD4+ T cell numbers was explained 

by a significant loss of naïve (CD44lo) cells with age (Fig. 4D). However, those with a 

memory phenotype (CD44hi) increased both as a percentage of the total and in terms of 

absolute numbers compared with adults (Fig. 4E and F). Similar age-associated changes 

have been reported for the CD8+ T cell compartment (139). 

Studying the recognition of self-pMHC by the TCR has remained challenging due 

to the weak nature of these interactions and the paucity of known endogenous selecting 

ligand. The expression of CD5, a cell surface glycoprotein that is a negative regulator of 

TCR mediated cell signaling, has been directly correlated to the degree of a TCR’s self-

reactivity (63). Hence, we evaluated how reactivity to self-pMHC might relate to the 

observed age-related changes. The old CD4+ T compartment accumulated CD5hi cells 

compared to their adult counterparts indicating an increased clonal representation of 

CD5hi cells with age (Fig. 5A).  

 



	   62	  

 	  



	   63	  

As previously reported, adult memory CD4+ T cells expressed higher CD5 levels 

relative to adult naïve cells, (62) while old memory cells also had elevated CD5 levels 

relative to adult naïve cells (Fig. 5B and C). Interestingly, old naïve CD4+ T cells had 

higher levels of CD5 expression relative to adult naïve cells, indicating a shift over time 

towards a higher intrinsic affinity for self in this population. Since this parameter has yet 

not been explored for CD8+ T cells, we examined the changes in reactivity to self-pMHC 

in the CD8+ T cell repertoire. Similar to CD4+ T cells, the CD8+ T cell compartment also 

preferentially shifted to CD5hi phenotype with elevated CD5 levels on aged memory 

CD8+ T cells relative to adult naïve cells (Fig. 5D-F). However, CD5 levels on old naïve 

CD8+ T cells remained unchanged over time. These data show that the affinity of a TCR 

for self-pMHC provides a fitness advantage for clonal representation and survival within 

the CD4+ and CD8+ T cell memory pool over the lifespan.  
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Elevated CD5 levels on CD8+ and CD4+ T cells have been linked to tonic TCR 

signaling (62, 64, 170). Since TCR engagement corresponds to TCR-CD3 complex 

down-regulation (171), we evaluated if the expression of TCR-CD3 complex on T cells is 

compromised over time. Both the adult and old memory CD4+ T cells had reduced CD3ε 

levels as compared to naïve cells (Fig. 6A and B). Although not as significant as the 

memory population, old naïve CD4+ T cells also had lower CD3ε levels relative to adult 

naïve cells. For CD8+ T cells, concordant with the CD5 expression levels, the memory 

CD8+ T cells also had lowered CD3ε levels, but no significant difference in the CD3ε 

levels were observed between adult and old naïve CD8+ T cells (Fig. 6C and D). These 

data reveal an inverse relationship between CD5 levels and TCR down regulation at the 

population level over time that is consistent with tonic interactions between TCRs and 

self-pMHC.  
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2.3.2 CD5 levels directly relate to in situ proliferation of CD4+ T cells in unprimed 

mice. 

Peripheral naïve T cell maintenance relies on sub-threshold TCR stimulation and 

signaling via homeostatic cytokines (6, 104). Evidence for TCR-self-pMHC interaction 

prompted us to investigate if this corresponded to T cell proliferation in vivo. Old CD4+ T 

cells incorporated higher levels of BrdU as compared to adults over the course of six days 

indicating elevated homeostatic proliferation with age. Those cells from adult and old 

mice with the highest CD5 expression were observed to incorporate the most BrdU (Fig 

7A). This result supported the idea of a relationship between affinity for self-pMHC and 

basal homeostatic proliferation. When divided into naïve and memory populations based 

on CD44 expression using conventional gating, we observed that CD44lo naïve cells with 

higher levels of CD44 expression incorporated more BrdU than those with lower CD44 

(Fig 7B). This may reflect a conversion from a naïve to memory phenotype due to 

homeostatic proliferation. A significantly higher percentage of naïve cells incorporated 

BrdU in old mice compared with adults, but the absolute number of naïve cells that 

incorporated BrdU were comparable between adult and old mice (Fig 7C). Similarly, we 

observed a significant decline in the percentage of cells within the memory CD44hi pool 

incorporating BrdU in old mice compared with adults although the absolute number 

incorporating BrdU trended higher in old mice (Fig 7D). Interestingly, the extent to 

which naïve cells incorporated BrdU (MFI) trended lower in old mice relative to adults 

(Fig 7E), and was significantly lower in memory cells from old mice relative to their 

adult counterpart (Fig 7F), indicating that these cells did not proliferate as robustly over 

the six days of BrdU treatment.  
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 A dramatic increase in naïve CD8+ T cell homeostatic proliferation has been 

reported in aged rhesus macaques (169). For CD8+ T cells, the CD5lo cells incorporated 

more BrdU as compared to CD5hi cells in both adult and old mice indicating a disconnect 

in the link between CD5 levels and direct in situ proliferation for CD8+ T cells (Fig 8A). 

Similar to CD4+ T cells, CD44lo naïve cells with higher levels of CD44 expression 

incorporated more BrdU than those with lower CD44 (Fig 8B). However, the absolute 

number of naïve CD8+ T cells that incorporated BrdU was significantly lower in old mice 

compared to adults (Fig 8C). Similarly, we observed a lowered percentage and absolute 

number of CD44hi cells incorporating BrdU (Fig 8D). Additionally, neither the old naïve 

nor memory cells seemed to have proliferated as robustly as their adult counterparts as 

the BrdU MFI on old CD8+ T cells was significantly lower than adults (Fig 8E and F). 

Thus, these observations suggest that the homeostatic cues that maintain CD4+ and the 

CD8+ T cells over time might be different.  

 Subtle differences in IL-7R expression of naïve CD8+ T cells are known to 

influence their homeostasis (172). Additionally, these differences in IL7-R expression on 

CD8+ T cells have been reported to correlate to their relative CD5 expression levels (172-

174). Under normal conditions, IL-7 levels permit an unbiased proliferation or survival of 

CD5hi and CD5lo cells. However, excess IL-7 allows preferential accumulation of CD5hi 

cells. On the other hand, under conditions of limiting IL-7, the survival of CD5lo CD8+ T 

cells is favored which is likely related to their higher basal level glucose intake compared 

to CD5hi cells. Thus, our observations on homeostatic proliferation of CD8+ T cells over 

time need further analysis of factors such IL-7 levels and IL-7R expression by naïve and 
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memory CD8+ T cells and their relationship with CD5 levels. Nevertheless, these data 

provide the evidence that the homeostatic proliferation of the two distinct subsets of T 

cells occurs differentially. 

Taken together, the data suggest that the CD4+ T cell compartment preferentially 

accumulates T cells with a higher affinity for self-pMHC over the lifespan in response to 

tonic TCR signaling and homeostatic proliferation. The aged CD8+ T cell repertoire is 

also enriched with CD5hi cells via TCR signaling. It is important to note however that 

since inflammation increases with age (123), this proliferation could reflect higher basal 

responses to environmental antigens, commensal organisms, or parasites that result in 

preferential expansion of cells with higher TCR self reactivity. 
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2.4 Discussion 

 Time is known to exert a dramatic impact on T cell phenotype and peripheral 

maintenance (118, 122, 128). Prior to addressing pointed question about quantitative and 

qualitative alteration in antigen-specific T cells over time, it is critical to first explore the 

global phenotypic changes in each of the T cell compartment. The CD8+ T cell 

compartment has previously been reported to shrink in size with conversion of naïve 

CD8+ T cells into memory phenotypic cells of limited clonal diversity (136, 138). Age-

associated phenotypic changes in the CD4+ T cell compartment have been mostly studied 

using TCR Tg mouse models (124, 153). Global phenotypic characterization of the 

polyclonal CD4+ T cell compartment over time is a key feature of our study. Our data 

clearly demonstrates that the CD4+ T cell compartment evolves over time with gradual 

accumulation of memory phenotypic cells of higher TCR self-reactivity and basal 

turnover in a contracting pool of CD4+ T cells. 

 The thymus is known to undergo significant loss in size, weight and mature 

thymocyte output over time as a consequence of thymic involution (128, 166). Thymic 

involution dramatically disrupts the architecture of the thymus, which directly impacts 

the development of maturing thymocytes. Age associated defects in TCR rearrangement 

process was reported to be responsible for thymic involution over time (175). However, 

employing three well-studied Tg mouse models it was shown that factors other than the 

presence of rearranged TCR and its selecting MHC molecules are responsible for the loss 

of cell number during thymic atrophy (176). In accordance to the phenotypic changes 

observed in aged CD8+ T cell compartment, we observed a significant drop in the 

peripheral CD4+ T cells over time. This loss in total CD4+ T cell numbers can be 
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attributed to the decline in the number of naïve CD4+ T cells and a gradual phenotypic 

shift of the naïve CD4+ T cells to a pseudo memory phenotype. Our data implies that 

these qualitative and quantitative age-associated changes in the CD4+ T cell compartment 

would exert tremendous stress on peripheral T cell maintenance mechanisms in order to 

strike a balance between T cell repertoire diversity and precursor frequency given that the 

peripheral space and resources are limited (177). 

 Low-intensity TCR signaling is essential for peripheral naïve T cell survival and 

maintenance (6, 104). Our observation that both the CD4+ and the CD8+ T cells with 

higher intrinsic affinity to self-pMHC accumulate in the aged T cell compartment 

suggests that T cells with survival advantage are maintained over time. A mechanistic 

link between CD4+ T cells with higher affinity to self and residence in memory pool has 

been shown in adults (62). Here, we extended this observation to old thereby suggesting 

that affinity to self-pMHC impacts the clonal fitness and memory cell expansion 

throughout the lifespan. CD4+ T cells with higher avidity to self-pMHC have been 

reported to have a selective advantage during thymic development and this results in 

enriching the T cell repertoire with clones that bind and respond more strongly to cognate 

foreign pMHC (62, 63). However, another study challenged the generalization of this 

observation by reporting that for T cell clones of the same specificity but differential self-

pMHC avidity, the CD5hi clone underwent substantial cell death during immune response 

owing to strong TCR signals (64). Increased avidity to self-pMHC also presents a 

proportional increase in the threat of autoimmune responses. Thus, although aging results 

in preferential accumulation of T cells that are well fitted for peripheral survival and 

maintenance, it poses an increased risk of autoimmunity over time (120). 
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 The peripheral space where the T cells can take residence is limited (177). The 

thymic output reduces over time with a gradual expansion of memory T cell pool owing 

to exposure to infections, environmental and commensal antigens (166) (130, 132, 146). 

Collectively, they profoundly affect the naïve T cell homeostasis with age. TCR:self-

pMHC signaling and homeostatic cytokine IL-7 required for naïve T cell maintenance 

rarely leads the naïve T cell to proliferate thereby maintaining their phenotype (6, 102, 

104). However, with age due to lowered thymic output and an excess of peripheral space 

and trophic cytokines, increased homeostatic proliferation has been reported for human 

naïve CD4+ T cells and naïve CD8+ T cells in rhesus macaques (130, 132, 144, 166, 169). 

Corresponding to these studies we observed an elevated levels of basal homeostatic 

proliferation of polyclonal aged CD4+ T cells, especially the cells of pseudo memory 

phenotype and of high intrinsic affinity to self. In addition to the factors mentioned 

above, this proliferation could also reflect higher basal homeostasis owing to an age-

associated imbalance in pro- and anti- inflammatory molecules that results in preferential 

expansion of CD44hi CD5hi cells (123). In contrast to CD4+ T cells, preferential survival 

of CD5lo CD8+ T cells in adult and old mice indicated that homeostatic mechanisms not 

only maintain the size but also impact the diversity of the T cell repertoire.  

 The T cell compartment continuously evolves over time. Our data have 

highlighted some of the key phenotypic differences between the adult and old naïve 

CD4+ T cells. In spite of the preferential accumulation the naïve CD4+ T cells with higher 

affinity to self:pMHC and enhanced basal proliferation with age, how peripheral 

tolerance is maintained and how autoimmune responses are kept in check over time are 

some of the exciting areas to be explored. We are currently investigating the age-related 
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changes in the T regulatory subset. This will have serious implications in vaccine design, 

as most of the new therapies are tested only in adult mouse or human, which may not be a 

good model for elderly population. 
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CHAPTER 3 

 

THE CD4+ T CELL COMPARTMENT BECOMES POLY-SPECIFIC 

WITH AGE 

 

3.1 Introduction: 

Each mature αβ T cell egressing from the thymus expresses an unique αβ TCR that has 

been selected to bind short peptides in the context of a MHC molecule (29, 178). How 

time impacts the capacity of CD4+ T cell compartment to bind foreign pMHC in 

unprimed, polyclonal mice remains unexplored. TCRβ sequence analyses suggest a 

decline in TCR clonal diversity with age in mice and humans in both the CD8+ and CD4+ 

T cell compartment (70, 133-136, 146, 179-181). However, there are several limitations 

to these sequencing studies. First and foremost, due to technical difficulties the studies 

are limited to TCRVβ sequencing only. Sequencing analysis carried out on total CD4+ 

and CD8+ T cell pools fail to take into account the various age-related changes in these 

two distinct T cell compartments at an individual level. Finally, some of these studies 

were done on T cells post infection/immunization (182, 183) which defeats the aim of 

studying unprimed (naïve) T cell repertoire diversity and also gets complicated by age-

associated alterations in antigen processing and presentation. Nevertheless, sequencing 

analysis informs us about the clonal diversity of the T cell repertoire. But, what a TCR on 

a T cell binds cannot be inferred from its sequence (84). 
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 An effective T cell repertoire must consists of a population of T cells that can 

respond to a universe of pathogenic antigens that it may encounter during a lifetime of an 

individual (46). Since the number of potential pathogenic antigens outnumbers the total 

number of T cells, cross-reactivity is considered to be an inherent feature of the T cell 

repertoire (82, 83). However, the cross-reactive nature of the TCR further complicates 

any correlation between TCR clonal diversity and its binding capacity to foreign pMHC. 

This disparity can be resolved by a direct measurement of a T cell’s capacity to bind to a 

particular pMHC. Because of the tremendous diversity of the T cell repertoire, the 

number of T cells that can bind to a particular pMHC complex is very rare. A 

combination of fluorophore labeled pMHC tetramers and magnetic particle based cell 

enrichment technique has improved our ability to enumerate rare naïve T cells capable of 

binding to a given pMHC ligand (79). Tetramer enrichment experiments indicate that the 

number of CD8+ T cells binding distinct foreign pMHC class I decreases with age (136, 

139-141). This decline is precursor frequency also corresponds to the compromised CD8+ 

T cell effector magnitude and response over time. This lead us to hypothesize that a 

similar age-related decline may occur in the CD4+ T cell’s binding capacity to a given 

foreign pMHC II molecule over time. 

 To better understand how time impacts antigen specific CD4+ T cells over time, 

we compared mouse CD4+ T cells from unprimed adult and old lymph nodes and spleen 

for their capacity to bind to foreign pMHC II molecules, their affinity for self-pMHC, and 

their basal homeostatic proliferation. Even though the absolute number of CD4+ T cells 

declined with age, the number of naïve and memory CD4+ T cells that bind 

immunodominant, subdominant, or allogeneic pMHC II tetramers increased significantly 
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in previously unexposed old mice compared to their adult counterparts. This numerical 

increase in CD4+ T cells capable of binding to pMHC directly corresponded to their 

affinity for self-pMHC, as measured by CD5 levels, and homeostatic proliferation in 

adult mice. Our observations emphasize the changes that occur in T cell clonal 

representation within the polyclonal repertoire with age. These results suggest that the 

factors that continually shape the composition of an unprimed CD8+ and CD4+ T cell 

compartments are distinct. Thus, CD4+ and CD8+ T cells need to be considered separately 

while studying age-related alterations and designing immunotherapies strategized to 

provide a lifetime protection. 
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3.2 Material and Methods 
 
Mice:  

Old (18 months) C57BL/6, H-2b, mice were obtained from the National Institute of 

Aging breeding colony. Adult (8-12 weeks) C57BL/6 mice were purchased from the 

Jackson Laboratory. Mice were maintained under specific pathogen-free conditions in the 

animal facility at The University of Arizona. Experiments were conducted under 

guidelines and approval of the Institutional Animal Care and Use Committee of The 

University of Arizona. 

 

Peptides and CFA: 

Synthetic peptides Env641-655 (PVGRLVTVNPFVSVA) and OVA 323-339 

(ISQAVHAAHAEINEAGR) at >95% purity were purchased from 21st Century 

Biochemicals. CFA was purchased from Sigma-Aldrich.  

 

Immunizations:  

For peptide immunizations, mice were immunized with 50µg peptide in 100µL CFA at 

two sites on either side of the base of the tail. 

 

Cell Lines:  

The full length I-Ab/ I-Ek expression constructs were built using the MSCV-based 

retroviral plasmids pP2 (IRES-puromycin resistance) and pZ4 (IRES-zeocin resistance) 

(184, 185).	  58α−β− cell lines were generated, stained with either I-Ab/ I-Ek  (BD 

Pharmingen) surface antibody and analyzed by flow cytometry. 
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Tetramers: Class II pMHC monomers were generated with baculovirus expression 

vectors, based on pAcGP67A (Pharmingen), encoding acidic or basic leucine zippers 

(generous gift of K.C. Garcia) according to the approach of Teyton and colleagues (186). 

The full extracellular domains of I-Ek alpha and I-Ab alpha were expressed as fusions 

with the acidic leucine zipper, a BirA acceptor peptide, and a 6X his tag. The full I-Ab 

beta extracellular domain was expressed as fusions with the WNV Env 641-655 or OVA 

323-339 peptides at the N-terminus, via a short linker similarly to Kappler and colleagues 

(187), and at the C-terminus with the basic leucine zipper and a 6X his tag. I-Ek beta 

fused to moth MCC 88-103 was otherwise the same. Tetramers were created by mixing 

biotinylated peptide:I-Ab/I-Ek monomers with PE (Biolegend)-, APC (Biolegend)- or 

PerCPCy5.5 (eBiosciences) conjugated streptavidin at a molar ratio of 4:1 (Tetramer 

Concentration: 25nM). 

Baculovirus stocks were made in SF9 cells. 

SF9 cell Transfection (making P0 virus stock) 

• SF9 cells were spilt to a density of 1 x 106 cells/ ml. 2 x 106 cells (total) were 

seeded into a well of a 6 well tissue culture plate per transfection, total volume 2 

mls. 

• Plate was incubated in the insect cell incubator, 27°C for 30 mins. SF9 cells 

adhere to the plastic during the incubation period. 

• The vector DNA was co-transfected with “baculosapphire” DNA (Sapphire 

Baculovirus DNA, Allele Biotech, Cat # ABP-BVD-10001) along with a 



	   81	  

transfection reagent Cellfectin II (Invitrogen, Cat #10362-100). Cellfectin is a 

lipid that carries DNA into the cells. 

• 2 sterile eppi-tubes, labeled A and B, were prepared. 

• Baculosapphire was spun down in picofuge to pulse down any condensation from 

under the lid keeping the concentration consistent.  

• Solution A: 0.15-0.2ug of baculosapphire was combined with 2ug of vector DNA, 

mixed well with pipette and incubated for 5 mins. 

• Solution B: 10ul of Cellfectin II was added to 100ul of SF900 (straight out of the 

bottle with NOTHING added). 

• Solution A and B were combined, mixed gently, incubated for 15-20 minutes. 

• 1.8mls of SF900 (straight out of the bottle) was taken in a snap cap FACS tube. 

At the end of the incubation period DNA was added to it. Mixed gently with a 

pipette prior to adding the transfection mix onto the cells. 

• The media was removed from SF9 cells. The transfection mixture was overlaid 

onto the cells. Plate was rocked once or twice to cover cells, and then incubated 

for at least 3 (but not more than 5 hours) in insect cell incubator. 

• At the end of the incubation period, the transfection media was aspirated, and 2.5-

3 mls of SF900 complete media (FBS + L-glutamine + gentamicin) was added. 

The plate was wrapped in saran wrap followed by aluminum foil to prevent 

evaporation. The plate was incubated in insect cell incubator for 7-9 days at 27°C. 

• Day7-9: The contents of each well were pipetted into a snap cap FACS tube. 

Centrifuged for 5 mins at 2000 rpm. The supernatant was pipetted into a fresh 
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freezing vial, labeled, vial’s cap was wrapped with parafilm and it was stored at 

4°C refrigerator.  

 

This is called the “P0” (P-zero) or primary transfection supernatant, which was 

used to make larger volumes of virus for expression by amplification. 

 

Amplifying P0 virus in SF9 cells (Making “P1” virus) 

The goal here is to add far less virus particles than cells in the flask i.e. Multiplicity of 

infection-MOI is far bellow 1. The SF9 cells were inoculated with a 1:1000 to 1:5000 

ratio of P0 virus. The cells stop growing, when the number of virus particles amplifies 

to the point that they exceed the number of cells. 1:1000 to 1:5000 ratio is a good 

starting point. However, it can be tweaked according to the potency of the P0 virus 

stock. 

 

Generating P1 virus in insect cell suspension culture: 

• An insect cell flask was seeded with 30-50 ml of SF9 cells in complete SF9 media 

at ~ 1 x 106 cells/ ml. 

• Cells were transduced with 1:1000 to 1:5000 (i.e. roughly between 5-30ul) 

dilution of the P0 virus stock. 

• The flask was incubated in the insect cell incubator at 27°C, 120rpm. 

• The cells were maintained at ~ 2 x 106 cells/ ml by counting them everyday and 

adding complete SF9 media as required. 

• When the cells stopped dividing (day1), the flask was incubated for 5-7 days. 
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At the end of incubation period, the cell suspension is collected into a 50 ml conical tube. 

Centrifuged for 10 mins at 2000 rpm. The supernatant transferred into a fresh labeled 

50ml conical tube, cap was wrapped with parafilm and it was stored at 4°C refrigerator.  

 

This is called the “P1” virus stock, which was used to obtain hi-titer virus for expression 

 

Titering Insect Virus in Hi5 cells 

Protein mini prep: 

The amplified virus is titred to determine the optimal titre to transduce Hi5 insect cells 

for maximal protein expression. It was performed in a 6 well plate format, and our 

readout was a flow based fluorophore linked immunosorbent assay (FFLISA) at the end. 

 

1. Each well of a 6 well plate was seeded with 2 ml of Hi5 cells (1-2 x 106 cells/ml) 

in Insect-Xpress media (Lonza, cat# 12-730F/Q).  

2. 0ul (negative control), 1ul, 10ul, 25ul, 50ul, and 100ul of P1 virus were added to 

respective well. The plate was incubated in the insect cell incubator at 270C for 

48-72 hrs. 

 
0ul 

(Negative control) 

             
            1ul 

(1:2000) 

 
10ul 

(1:200) 
 

25ul 
(1:80) 

 
50ul 

(1:40) 

 
100ul 
(1:20) 
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3. 2x106 streptavidin beads (Polysciences Inc. cat# 24158) were coated with 5ug 

biotinylated capture antibody (I-Ek – 17.3.3 or I-Ab). The eppendroff tube is 

incubated on a shaker overnight at 40C. (Day before FFLISA day) 

 

FFLISA day: 

1. FACS tubes were labeled.  2.5ul of capture antibody-coated beads were added 

into each tube containing 2 ml of FACS buffer (1X PBS, 2% FBS, 0.02% Na 

Azide)  

2. Centrifuged for 2 mins at 1500 rpm 

3. The supernatant was poured off and the tubes are set aside. 

4. 1ml of the cell supernatant was collected from each well into an eppendroff tube. 

5. Centrifuged for 2 mins at 1500 rpm. 

6. 0.5 ml of the supernatant is added to the washed beads. 

7. The tubes were incubated for an hour in cold room, shaker. 

8. The beads were washed with 2mls of FACS buffer (Centrifuged for 2 mins at 

1500 rpm). The supernatant was poured off. 

9. Beads were stained with staining antibody (I-Ek- 14.4.4 FITC, BD Biosciences 

and I-Ab –KH74, AF648-Biolegend). 

10. Beads were incubated with the staining antibody for 30 mins in cold room, 

shaker. 

11. The beads were washed with 2mls of FACS buffer (Centrifuged for 2 mins at 

1500 rpm). The supernatant was poured off. 

12. The beads were re-suspended in 0.5mls of FACS buffer. 
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13. Samples were analyzed on a flow cytometer. 

The protein concentration in the unknown samples was calculated with the help of a 

standard curve by serially diluting the purified protein I-Ek/ I-Ab of known concentration 

and following the FFLISA protocol. 

 

Secreted Protein expression: 

Large-scale protein production was performed in Hi5 cells as previously described (188). 

pMHC complexes were purified from media by affinity chromatography using Ni-NTA 

affinity resin (Qiagen) followed by biotinylation with BirA enzyme (Avidity/made 

inhouse), and size exclusion chromatography with a Superdex-200 column (GE 

Healthcare Life Sciences). 

 

Buffers required: 

1. 2M Immidazole @ pH 7.2 

2. Wash Buffer:  1X PBS 

                       300 mM NaCl (150mM NaCl is already present in PBS) 

                       20mM Immidazole 

                       0.02% Na Azide 

                       1X Protease Inhibitors 

3. Elution Buffer: 1X PBS 

                        150 mM NaCl (150mM NaCl is already present in PBS) 

                        200mM Immidazole 

                        0.02% Na Azide 
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                        1X Protease Inhibitors 

4. 1M NiCl2 

5. 5M CaCl 

• All buffers are filtered 

             

Secreted Protein expression protocol 

• Suspension culture of Hi5 cells was initiated. The cells were maintained at ~ 1 x 106 

cells/ ml by counting them everyday and adding complete Insect Xpress media (1L 

Insect Xpress media + 200uL of gentamycin) as required. 

• 6L of Hi5 cells (1L in each flask) at a cell density of ~ 2 x 106 was grown. 

• Hi5 cells were transduced with titrated P1 virus calculated from the titration 

experiment (FFLISA). 

• The flasks are incubated in the insect cell incubator at 270C, 120rpms, for 72 hrs. 

 

Protein Harvest 

IMPORTANT: Glassware’s used in this protein prep protocol were rinsed with DI water 

followed by milliQ water prior to use. For best results play “Cake” on the lab computer. 

 

• Hi5 cell suspension was spun down at 2000rpm, decal 5 for 30 mins in Sorvall 

bottles. 

• The supernatant is collected in a 4L beaker. The cell pellet typically looks like 

eggshells.  

• Salts (precipitation reagents) are added to the cell supernatant. 
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• For each liter of cells: 

                                                                     Final Concentration 

o 1ml of 1M NiCl2                                                1mM NiCl2 

o 1ml of 5M CaCl2                                               5mM CaCl2 

o 50 ml of 1M Tris, pH8.0                    50mM Tris, pH8.0 

o 0.02% Na Azide                                 --- 

o 20ml of 2M Immidazole                    20mM Immidazole 

 

• The supernatant was stirred on a magnetic stirrer for 20 mins. 

• The Sorvall bottles were rinsed with DI water and used to spin the precipitated 

supernatant. Centrifuged at 3500rpm, decal 5 for 30-35 mins. 

• Corse filtered the supernatant through a Millipore glass fiber prefilter (Millipore, 

Cat#AP1514250) on top. (Spraying some milliQ water moistens the filter). The 

vacuum was turned on. The filtrate is collected in 4L beakers. This filtrate was re-

filtered through a Nitrocellulose filter (Millipore, Cat#9004-70-0) using a filtration 

unit dedicated for protein preps. The flow-thru is collected in a 4L beaker. 1X EAL 

[E-64 (Sigma#E3132), Aprotinin (Sigma#A1153), Leupeptin (Sigma#L2884)] 

protease inhibitors were added to the filtrate. 

• The NiNTA column was mounted. 10 ml of well-mixed Ni slurry was added to the 

column.  

• The column was washed with 5-column volume of wash buffer. 

• The beakers with the filtered suspension were placed on the top shelf at “my” bench, 

so as to drip it onto the column by gravity. 
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• The tubing was rinsed with DI water followed by milliQ water.  

• An 18 gauze needle was fixed to one end of the tubing, which got dropped into the 

filtered suspension. To the other end of the tubing a 10 ml syringe was connected. 

Some suspension was drawn into the syringe. The tubing was snapped and carefully 

plugged it onto the column. The flow-rate is adjusted and the suspension is allowed 

drip over the column. 

• 1ml of the sample i.e “1X load” and 1ml of flow-thru i.e. “1X flow-thru” is collected 

Saved at 40C. 

• Elution #1 

• At the end of the run, the tubing is disconnected from the column. 

• The complete protein inhibitor tab bottle is taken out of 40C and hand warmed it, to 

avoid condensation in the cap. In a 50 ml conical tube 25 mls of elution buffer + 1 

complete tab was added and vortexed to dissolve the complete tab. The volume is 

brought up to 50 mls. The elution buffer is kept on ice.  

• A 50ml conical tube was placed underneath the column to collect “Wash #1”. The 

column was washed 5 times with 10 ml wash buffer.  

• Power Wash: 5-column volume of wash buffer was poured over the column. 

• Place a fresh 50 ml conical tube was placed underneath the column to collect Elute 

#1. 10 mls of elution buffer was added onto the column. This helped to displace the 

wash buffer. 

• Another 10 mls of elution buffer was added onto the column.  

• Another 10 mls of elution buffer was added onto the column. The flow was stopped 

with 5 ml elution buffer left little above the column. Allowed to sit for 20-30 mins.  
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• At the end of the incubation period, the elution buffer was allowed to run through. 

Eluted twice with 10 ml of elution buffer each. 

• Wash #1 and Elute #1 were saved at 40C. 

• Power wash: The column was washed with 5-column volume of wash buffer twice. 

• The tubing is re-connected once again and the 1x flow thru was allowed to run over 

the column. 

• 1ml of the sample i.e “2X load” and 1ml of flow-thru i.e. “2X flow-thru” is collected 

Saved at 40C. 

• At the end of the second run the same elution protocol was repeated to generate wash 

#2 and elute #2. 

• Wash # 1 & 2 and elute # 1 & 2 were nanodropped using elution buffer as blank. 

Concentrating the Protein: 

• An ultrafiltration unit was used to concentrate the protein. The entire unit was rinsed 

with DI water followed by milliQ water prior to use. 

• A 10,000 KDa filter (Millipore, Cat# 13642) was placed in unit with the shiny side 

up. A O-ring was placed on top of the filter. 

• The set up of the filtration unit was tested with the help of milliQ water. 

• The filtration unit was placed in the cage and then the whole unit sat on a magnetic 

stirrer in the chemical hood. A beaker was placed in position to collect the flow-thru. 

• The magnetic stirrer was set at the right speed. 

• The pressure knob (70psi) was turned on followed by the one connected to the unit. 

(At this point you can watch the unit sit firmly into the cage). 
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• On confirming the settings of the filtration unit, it was disconnected and milliQ water 

was replaced with Elute #2 and then Elute #1. 

• The unit was re-connected. Elutes were concentrated down to ~25 mls. (Keep a close 

watch while it’s concentrating). The unit was carefully disconnected and the 

concentrated protein was pipetted out using the GLASS PIPETTE into the elute #1 

conical tube (its plastic is already blocked with protein). 

• The protein was further concentrated using a 10,000 KDa spin concentrator, @ 

3000xg, 5 min spin, 40C. 

•  At the end of each spin, the protein suspension was mixed with a pipette (disturbs the 

gradient) without disrupting the filter. 

• The protein was concentrated down to 3.5 mgs/ml. 

Biotinylation reaction: 

7 parts of substrate 

1 part of Biomix A 

1 part of Biomix B 

1 part of extra Biotin 

3ug of Bir A ligase 

Therefore, 70 % is protein i.e 2.5 mgs/ml = 40uM(IAb/IEk) 

700ul of protein 

100ul of Biomix A 

100ul of Biomix B 

100ul of extra Biotin 
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7ul (3mg/ml) of Bir A ligase (much more BirA ligase was added then described in 

protocol) 

• Incubated overnight on bench (room temperature). 

• Filter the biotinylated reaction.  

 

Size exclusion chromatography: Superdex-200 column 

• The Superdex-200 column was clamped straight upright on the stand. 

• The FPLC unit was started followed by the computer. 

• The probe was placed into the dH2O (filtered and degased) bottle. 

• A basic pump wash was started. (Manual run, very low flow rate i.e 0.2 mls/min) 

• The injection tubing was connected to the column by a drop on drop method (This 

insures that no air bubbles are formed). 

• The column was connected to the detector 

• The dH2O run was started at the flow rate of 0.3 mls/min (Since the column is stored 

in ethanol the flow rate is kept low). 

• At the end of the run a basic pump wash was carried out. 1X PBS (filtered and 

degased) run was started to exchange dH2O. 

• Injecting the protein into the column: 

o The injection loop is flushed couple of times with 1XPBS. 

o The syringe is loaded with protein in a 1X PBS to a total volume of 5 mls. 

o The protein then loaded into the injection loop. 

• Program setting: 

o Flow Rate : 0.5 mls/mins 
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o Pressure alarm: 0.3 mPa 

o Empty loop with: 6 mls (for 5ml loop) 

o Fractionation start: 0.3 column vol (~40 mls) 

o Fraction size: 1 ml 

• Column clean up 

o 0.5 M NaOH run. Same Program as protein run. 

• At the end of the run the injection loop was flushed with dH2O couple of times 

followed with air.  

• Pump wash followed by a dH2O run. 

• Pump wash followed by a 20% ethanol run. (Flow rate: 0.3 mls/min, pressure alarm: 

0.3) 

• Once the pressure syringe at the end of the column is ¾ full, the run was stopped.  

• Column is stored at RT. 

 

Concentrating the fractions: 

• The protein fractions were concentrated using a 10,000 KDa spin concentrator, @ 

3000xg, 5 min spin, 40C.  

• The protein is stored in 50% glycerol at -200C. 

Streptavidin Band Shift assay: 

A known concentration of I-Ab/I-Ek monomers (1ug) were incubated with various 

concentrations of streptavidin (molar ratio, I-Ab/I-Ek : streptavidin, 1:5, 2:1, 3:1 and 4:1). 

Samples were run on 12% non-reducing SDS PAGE gel. Protein bands were stained with 
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Sypro-Orange protein dye (LifeTechnologies # S6650) and illuminated on UV trans 

illuminator.  

 

Peptide:MHCII Tetramer-Based Enrichment: Tetramer enrichment was performed as 

described previously (79) with slight modifications. Inguinal, cervical, axillary, popliteal, 

mesenteric and lumbar lymph nodes were harvested along with the spleen from 

individual mice. Single-cell splenocyte suspension was depleted of red blood cells with 

ACK buffer (gibco Life Technologies) and Fc blocked [mAb 2.4G2 hybridoma 

supernatant + 2% mouse serum (Caltag Laboratories), 2% rat serum (Jackson Immuno 

Research Laboratories, INC)] on ice for 20 mins. Each tetramer was added at a final 

concentration of 25nM and incubated at room temperature in the dark for 1hr. Cells were 

washed in FACS buffer (PBS + 2% FBS, 0.1% NaN3) and resuspended in a final volume 

of 200µL containing 25µL of anti-PE and 25µL of anti-APC microbeads (Miltenyi 

Biotec) or 50µL of anti-His microbeads. After 30 minutes incubation at 4ºC, cells were 

washed, resuspended in 3ml FACS buffer and passed over a LS magnetic column 

(Miltenyi Biotec) according to the manufacturers instruction. The columns were removed 

from the magnetic field and bound cells were eluted by allowing 4mL of sort buffer to 

pass through the column by gravity. A second elution was performed by pushing 4ml of 

FACS buffer through the column with a plunger. The tetramer enriched “bound” fraction 

and an aliquot of flow-thru, “unbound” fraction were stained with a cocktail of 

flourochrome-labeled antibodies for 30mins at 4°C [anti-CD19 (eBiosciences), anti-

CD8α (eBiosciences), anti-CD11c (eBiosciences), anti-F4/80 (Biolegend), anti-CD3 

(eBiosciences), anti-CD4 (eBiosciences), anti-CD44 (eBiosciences), anti-CD5 (BD 
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Pharmingen)]. Cells were washed and the samples were analyzed with a LSRII cytometer 

(Beckton Dickinson), with analysis performed on FloJo software (Treestar). 

 

In-Vivo proliferation assay 

BrdU was delivered to mice through drinking water at the concentration of 1mg/ml + 1% 

glucose. Spleen and lymph nodes were harvested on day 6. Post tetramer enrichment, 

cells were stained with cell surface antibodies (anti-CD3, anti-CD4, anti-CD19, anti-

CD8α, anti-CD11c, anti-F4/80, anti-CD44 and anti-CD5) followed by intracellular anti-

BrdU (BD Pharmingen) antibody according to BrdU flow kit protocol (BD Biosciences). 

 

Statistical analysis: 

Mean fluorescent intensity of cell surface antibodies was obtained from FloJo software 

(Treestar). Comparisons were made using two-tailed unpaired student’s t-test or non-

parameteric Mann-Whitey or ANOVA followed by Dunn’s posttest comparison. All 

statistical analysis was performed using GraphPad Prism software. 
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3.3 Results: 
 

3.3.1 Generating WNV specific MHC II tetramer 

How time impacts the capacity of the CD4+ T cell compartment to bind foreign pMHC in 

unprimed mice remains uncharacterized. Based on data concerning the CD8+ T cell 

compartment, we hypothesized that the number of pathogen specific CD4+ T cells 

capable of binding to a particular foreign pMHC reduces with age (136, 139-141). To test 

this hypothesis, we generated a mouse class II MHC (I-Ab) tetramer presenting the 

immunodominant peptide (amino acids 641-655) from West Nile Virus (WNV) envelope 

protein (E641) in order to directly detect and enumerate CD4+ T cells expressing TCRs 

with the capacity to bind E641:I-Ab (189). This epitope was chosen because WNV is the 

leading cause of epidemic encephalitis in the United States and a number of animal 

models, including mice, have been established that are thought to parallel infection in 

humans (190). Given that the lethality of WNV infection increases over the lifespan of 

both mice and humans, it has emerged as a useful model for investigating the impact of 

age-related defects in B cell and CD8+ T cell effector function on susceptibility to viral 

infection and vaccine efficacy (143, 189, 191). CD4+ T cells are less well characterized 

due to the absence of an immunodominant class II pMHC tetramer.  

 Engineering and purifying class II pMHC tetramers has been quite challenging. 

Both α and β chains of the MHC II molecule form the open-ended peptide-binding 

groove, thereby permitting the peptide to bind the MHC II molecule in multiple registers. 

This makes it challenging to achieve stable folding of peptide-MHC II molecules. MHC 

II molecules folded in vivo contain endogenous peptides derived from proteins expressed 

in the cell lines in which the MHC class II molecules are expressed and folded. This 
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causes problems when exchanging a peptide of interest into these MHC class II 

molecules, especially if the endogenous peptide has higher binding affinity. Additionally, 

using synthetic peptides for the peptide exchange requires large quantities of these 

peptides that further increase the expense of synthesizing class II pMHC tetramers. We 

engineered our class II pMHC constructs with the peptide of interest tethered to the N 

terminus of the MHC II β chain via a flexible linker (187). This ensures that the desired 

peptide is present in each of the four MHC class II/peptide complexes that make up a 

tetramer. However, this strategy does not account for the possibility that the peptide 

might bind the MHC II molecule in multiple registers. 

 E641:I-Ab monomers were generated with baculovirus expression vectors, 

encoding acidic or basic leucine zippers (186). The extracellular domains of I-Ab alpha 

were expressed as fusions with the acidic leucine zipper, a BirA acceptor peptide, and a 

6X his tag (Fig 9A). The full I-Ab beta extracellular domain was expressed as fusions 

with the WNV Env 641-655 peptide at the N-terminus, via a short linker (187), and at the 

C-terminus with the basic leucine zipper and a 6X his tag (Fig 9B). The biotinylated 

monomer was tetramerized using streptavidin conjugated to a fluorophore (Fig 9C and 

D). As TCRs disassociate quickly from their ligands (192), pMHC, (with a half life of 

few seconds) pMHC tetramer binding to TCRs on a T cell increases the overall avidity of 

this interaction (193) (Fig 10).  

 Prior to E641:I-Ab monomer expression in insect cells, we confirmed the stable 

cell surface expression of full length E641:I-Ab molecule by generating mammalian cell 

lines. Cell surface expression of E641:I-Ab on 58α−β− cells suggested that E641:I-Ab 

monomer was successfully folded and trafficked to the cell surface (Fig 11). The 
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baculovirus stocks were made in SF9 insect cells and the amplified virus was titerd by 

Flow-based Fluorescence Linked Immunosorbant Assay (FFLISA) (Fig 12). The optimal 

titer was then used to transduce Hi5 insect cells for maximal protein expression (188). 

pMHC complexes were purified from media by affinity chromatography using Ni-NTA 

affinity resin followed by biotinylation with BirA enzyme, and size exclusion 

chromatography (Fig 13). Efficiency of biotinylation reaction was tested by a streptavidin 

band shift assay where purified streptavidin was titrated to a fixed amount of E641:I-Ab 

monomer (Fig 14). E641:I-Ab monomer was biotinylated at high efficiency as we 

observed the E641:I-Ab monomer band shift up with the formation of E641:I-Ab dimer, 

trimer and tetramer species as the streptavidin concentration increased. The optimal 

streptavidin to E641:I-Ab molar ratio (1:4) for tetramer formation was also determined by 

the band shift assay.  
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We validated the specificity of our reagent by detecting CD4+ T cells that expand after 

immunization with E641 peptide in complete Freund’s adjuvant (CFA) (Fig 15). This 

reagent not only allowed us to track CD4+ T cells specific to WNV but will act as a 

critical tool for future studies aimed at integrating analysis of effector functions from a 

variety of adaptive immune cell populations in response to this virus. 

 

3.3.2 An increase in virus-specific memory CD4+ T cells with time 

In order to assess the impact of time on the capacity of the CD4+ T cell compartment to 

bind E641, tetramer enrichment of pooled lymph node and spleen cells to enumerate 

CD4+ T cells binding E641:I-Ab tetramers made with streptavidin-PE and streptavidin-

APC was performed using anti-PE and anti-APC magnetic beads, as described in 

previous studies (79, 194, 195). CD4+ T cells binding the E641:I-Ab tetramers were 

enumerated by flow cytometry (Fig 16A-D). On average, the number of E641-bound 

cells from unprimed adult mice (40-50) was within the range previously described for 

CD4+ T cells that bind other foreign class II pMHC, while the old unprimed mice 

contained nearly 1000 E641-binding CD4+ T cells (78, 79) (Fig 16E). This indicates that, 

unlike CD8+ T cells, the numbers CD4+ T cells specific for WNV increase over time. 
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3.3.3 The pMHC binding-capacity of the CD4+ T cell compartment increases with 

time 

The absolute number of CD4+ T cells in old mice decreased over time yet the number of 

WNV specific E641-bound cells increased with age. Although these two pieces of data 

were difficult to reconcile, it presented the possibility that the capacity of the CD4+ T cell 

compartment to bind foreign pMHC increases with age. This would suggest that those 

cells that survive over time are poly-specific/cross-reactive to particular pMHC to which 

they are yet not exposed. Alternatively, this result could be unique to cells binding to 

E641:I-Ab, and not generalized to the broader CD4+ T cell compartment. 

To examine whether an increased binding capacity is a general characteristic of 

the aged CD4+ T cell compartment, we also enumerated cells specific for a subdominant 

foreign-pMHC and an allogeneic-pMHC. The ovalbumin-derived (OVA 323-339) 

peptide bound to I-Ab was chosen as a subdominant ligand since it was reported to elicit a 

weak CD4+ T cell response upon immunization when compared to cells with the same 

precursor number that are specific for a FliC protein-derived peptide from Salmonella 

typhimurium (79). We generated an OVA:I-Ab tetramer (OT II specificity) similarly to 

the previous study (79). On confirming the cell surface expression of OVA:I-Ab on 

mammalian cell lines, OVA:I-Ab monomers were purified similar to E641:I-Ab as 

described above (Fig 17A-C). We validated this reagent by confirming that we could 

detect OVA specific population after immunization with OVA in CFA. The frequency of 

OVA:I-Ab response was ten-fold lower than that observed upon E641 immunization (Fig 

18A-I). Since the OVA:I-Ab specific response was so low, we confirmed OVA response 

by tetramer enrichment upon OVA+CFA immunization (Fig 19). We next validated that  



	   108	  

  
	  



	   109	  

  	  



	   110	  

  	  



	   111	  

the OVA response is subdominant to that for E641 by co-immunizing adult mice with the 

E641 and OVA peptides together (E641+OVA+CFA). A larger response was detected 

against E641 peptide as compared to OVA (Fig 20A-C). Additionally, OVA:I-Ab 

monomer was found to be less SDS stable as compared to the E641:I-Ab monomer over 

time (Fig 21). These results clearly demonstrate the immunodominance of E641 peptide 

over the OVA peptide.  

Since we conducted all our studies in C57BL/6 mice (H-2b restricted), the well-

characterized moth cytochrome c peptide (MCC 88-103) bound to I-Ek (196, 197) was 

chosen to enumerate alloreactive CD4+ T cells with a tetramer made by the same strategy 

used for the I-Ab tetramers (Fig 22A-C). We confirmed the TCR specificity of all three 

tetramers by staining mammalian cell lines expressing OTII (which recognizes OVA:I-

Ab), 5CC7 or 2B4 TCR’s (both of which recognize MCC:I-Ek) with different 

combinations of tetramers. OVA:I-Ab tetramer staining was observed on OT II cell line 

but not on the parental 58α−β−, 5CC7 or 2B4 cell lines (Fig 23 A-D middle panel). Cell 

lines expressing either the 5CC7 or 2B4 TCR cell lines recognized MCC:I-Ek tetramer 

(Fig 23 A-D right panel). However, 2B4 cell line stained much brighter than 5CC7 

revealing the differences in the avidity of their TCR:pMHC interaction. Since we do not 

have a TCR known to bind E641 peptide, we could not engineer hybridomas specific this 

peptide. Thus, E641:I-Ab tetramer staining was not observed on any of the cell lines 

tested (Fig 23 A-D left panel). 
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Although the molecular basis of T cell alloreactivity is incompletely understood, 

alloreactive T cells form a significant subset of the T cell compartment (95, 99). Also, 

allogeneic CD4+ T cells binding E641:I-Ab may have been selected on a broader range of 

self-pMHC thus representing a broader subset of the CD4+ T cell compartment than the 

syngeneic CD4+ T cells that bind the immunodominant E641 or subdominant OVA 

peptide in I-Ab (95). Importantly, recognition of allo-pMHC by memory cells provides 

direct evidence of T cell poly-specificity or cross-reactivity, as they have not yet 

encountered the particular surface of the allo-pMHC. Therefore, directly comparing the 

binding capacity for the immunodominant, subdominant and allogeneic pMHC allowed 

us a broad sampling of CD4+ T cells with different recognition properties within the 

CD4+ T cell compartment. 

The absolute number of CD4+ T cells binding E641:I-Ab, OVA:I-Ab, and MCC:I-

Ek were enumerated as above. Here we employed anti-His magnetic beads to enrich 

tetramer-bound cells since all MHC monomers were engineered with a 6x His-tag on 

both the alpha and beta subunits. Anti-fluorescent protein (FP) magnetic beads would be 

subject to differences in the number of epitopes on the FP as well as differences in the 

affinity of the anti-FP antibodies conjugated to the beads. Since the anti-His beads would 

bind the tags on each tetramer equivalently, this approach enabled an unbiased 

enrichment of cells binding distinct tetramers. The surface markers and gating scheme 

allowed for phenotypic sub-setting of cells and enumeration by flow cytometry (Fig 24 

A-C). Negligible numbers of tetramer+ cells were observed in our unbound fraction and 

thus was used to set the gate for enumerating tetramer bound cells in our enriched 

fraction (Fig 24 D-F and Fig 25 A-F). These tetramer+ cells were further categorized by  
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their capacity to bind one, two, or all three tetramers (197, 198) (Fig 24 G-J) . 

The absolute number of naïve and memory CD4+ T cells bound to E641 was 

higher in old mice as compared to adult, as observed previously (Fig 25G). Interestingly, 

on an average total number of E641-bound adult cells detected after enrichment using 

anti-His beads was higher than with anti-FP beads. However, at ~7 naïve tetramer 

positive cells per million they are within the reported precursor range for mouse and 

human CD4+ T cells (78, 79). The presence of two 6x His-tags within each monomer 

could explain the difference in numbers between the two enrichment strategies. The 

interaction between anti-His bead and tetramer could be more avid than the anti-FP beads 

thereby allowing the enrichment of CD4+ T cells that bind tetramers with low affinity that 

are otherwise known to go undetected (199). Also, our analysis allowed the enumeration 

of even the weakly staining/ low avidity tetramer+ population as the tetramer positive 

gates were based on the “flow-thru” or unbound populations after enrichment. 

Importantly, single tetramer+ population that bound solely to one of the three tetramers 

did not bind either of the other two tetramers, or any of the antibodies used to isolate 

CD4+ T cells, indicated that binding is truly tetramer specific.  

Similar to E641-bound cells, the number of naïve and memory CD4+ T cells that 

exclusively bound to OVA:I-Ab or the MCC:I-Ek tetramers was higher in old mice 

compared to adults (Fig 25H and I). Interestingly, the fold-increase in precursor numbers 

over time for the subdominant population was greater than for the immunodominant or 

allo-reactive populations (OVA>E641>MCC). These data suggest that the capacity of the 

CD4+ T cell compartment to bind foreign pMHC increases over time and that this 

increase is not unique to E641 peptide. Nevertheless, by no means is this analysis 
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exhausting as there could be a CD4+ T cell population specific to an untested pMHC that 

declines with age leaving “holes” in the T cell repertoire diversity.  

We interpreted these data as suggesting that the poly-specificity of CD4+ T cell 

compartment increases over time. To further test this interpretation, we enumerated CD4+ 

T cells with a capacity to bind a combination of two or all three tetramers. The absolute 

number of naïve cells binding OVA+MCC increased with time, as did the memory cells 

binding either E641+OVA, OVA+MCC or E641+OVA+MCC, while the population 

binding E641+MCC did not change significantly with time (Fig 25J-L and Fig 26). 

These results provide evidence that the promiscuity of the CD4+ T cell compartment 

increases with aging. 
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3.3.4 Affinity for self-pMHC influences clonal fitness over the lifespan 

The binding strength of a TCR on a T cell for self-pMHC has been directly correlated to 

its affinity to bind cognate foreign pMHC (62, 76). However, it is difficult to examine the 

strength of TCR-self-pMHC interaction as it is of a very low affinity (below the negative 

selection threshold). Instead, the expression of CD5, a negative regulator of TCR, on T 

cells has been reported to directly correlate to TCR signaling strength during immature T 

cell selection in thymus (63). Hence, to explore how selective pressures in the thymus 

relate to the binding capacity of the CD4+ T cell compartment, we assessed CD5 levels 

on the tetramer-bound adult and old populations relative to the average expression on the 

total adult CD4+ T cell population. Adult CD4+ T cells binding E641:I-Ab, OVA:I-Ab, or 

MCC:I-Ek tetramers exclusively had CD5 levels that were significantly higher than the 

average of the total adult population (Fig 27A). Interestingly, CD5 levels on the 

subdominant OVA population were higher than the immunodominant E641 population. 

Thus, our results indicate that the CD5 levels are not predictive of immunodominance for 

these specificities. The average CD5 levels on CD4+ T cells binding the allo-pMHC 

tetramers were also higher than the total population, but lower than the OVA- or E641-

bound populations. Importantly, CD5 levels on old CD4+ T cells binding one tetramer 

(OVA>E641>MCC) remained unchanged relative to the adult population (Fig 27B).  

For the populations binding two tetramers, the average adult CD5 levels were not 

significantly different than the average of the total population (Fig 27C). Interestingly, all 

of the double tetramer+ populations trended higher in CD5 levels with time (Fig 27D), 

suggesting a preferential accumulation of CD4+ T cells with higher affinity for self-

pMHC, although only the population binding OVA+MCC increased significantly  
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from the total adult population. The immunodominant and subdominant tetramer specific 

cells had higher CD5 levels relative to total old CD4+ T cell population (Fig 28A). But, 

the CD5 levels on the old allo-pMHC specific CD4+ T cells were at the average of the 

total population. The CD5 levels on the double tetramer+ populations were also at the 

average of total old CD4+ T cell population (Fig 28B) 

All the tetramer+ populations assessed in our study expressed CD5 levels at or 

above the average CD5 level on total adult CD4+ T cell population. This observation 

highlights the limitations of employing tetramers as tool to detect pMHC specific T cells, 

as tetramers are capable of detecting T cells only above a certain affinity threshold (196). 

Thus, it is possible that the low affinity peptide specific CD4+ T cells expressing lower 

CD5 levels go undetected. 

The CD5 levels on the adult pMHC-bound populations followed the same trend as 

the fold-increase in the absolute number of these populations over time. To explore this 

relationship in detail, the fold change in the number of pMHC-bound cells from adult to 

old mice was compared with the relative CD5 levels on the adult populations. A direct 

relationship was observed between these parameters for both the naïve and memory pools 

(Fig 29A and B). The fold change in the number of pMHC-bound cells also directly 

correlated (did not reach statistical significance) to the CD5 levels on the old CD4+ T cell 

population (Fig 29C and D). Thus, these results indicate that affinity for self-pMHC 

impacts, and is thus predictive of, the expansion of CD4+ T cell subsets over time.  

This relationship between CD5 expression on tetramer+ population and their 

expansion over time prompted us to explore if their affinity to self-pMHC and fold-

increase over time relates to their basal homeostatic proliferation. In the adult population, 
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BrdU incorporation mirrored the rank order of CD5 expression seen in both the naïve and 

memory populations (Fig 30A and B). Additionally, although not statistically significant, 

a relationship was observed between percent BrdU incorporation by pMHC-bound cells 

and their CD5 levels relative to total adult CD4+ T cell population (Fig 30C and D). 

Collectively, our data establishes a link between affinity for self-pMHC, basal 

homeostatic proliferation, and fold-expansion of pMHC specific CD4+ T cell population 

over time. 
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3.4 Discussion 

Recent advances in the analysis of clonal diversity within antigen specific pre-immune T 

cell repertoire have made it possible to study the rules that govern the composition of the 

T cell compartment. Studies on humans and animal models of different age groups have 

highlighted that clonal representation within the T cell repertoire never reaches 

equilibrium (78, 137). Rather it is continuously evolving over time within an individual. 

A thorough understanding of the factors that influence the size and shape of the T cell 

repertoire is important given that the elderly (>65 years of age) remain vulnerable to 

infections and infectious diseases are among the top causes of mortality in this population 

(113, 114). Age-related changes in the CD4+ T cell compartment so far have been mostly 

explored employing the transgenic mouse models (124, 152). However, here we 

characterized the age-associated changes in this subset in a polyclonal setting. We have 

developed novel reagent in this study to track WNV specific CD4+ T cells. This technical 

advancement will allow tracking of WNV specific CD4+ T cells in future studies aimed at 

studying various adaptive responses towards this virus. The key finding here is that the 

binding capacity of the CD4+ T cells to foreign-pMHC molecules increases over time, 

which is in contrast to what has been reported for the CD8+ T cells (136, 139, 141) 

However, an age-related increase in TCR avidity in gB-8p specific CD8+ T cells has been 

reported (140). These results suggest that the CD8+ and CD4+ T cell compartments or for 

that matter every immune cell compartment must be studied independently when 

considering them as targets for designing immunotherapies.  

 Our observation that the binding capacity of the CD4+ T cells increases with age, 

when considered with reports of lowered clonal diversity of the CD4+ T cell 
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compartment, suggests that there does not have to be a direct relationship between the 

two. TCR sequence analysis of both the CD8+ and CD4+ T cells indicate that the clonal 

diversity of these two T cell compartments contracts over time (70, 133-135, 146, 181). 

However, these studies have not quantitatively analyzed the impact of time on clonal 

diversity of naive T cell repertoire in unimmunized mice. Lowered T cell clonal diversity 

over time is followed by the observation that the binding capacity of the CD8+ T cells to 

multiple distinct foreign pMHC’s decreases with age (136, 139, 141). However, an age-

related increase in TCR avidity in gB-8p specific CD8+ T cells has been reported (140). 

Interestingly, in spite of the lowered total CD4+ T cell numbers, we observed an increase 

in the binding capacity of the CD4+ T cells to three completely distinct pMHC’s with 

aging. In order to reconcile these two sharply contrasting observations we turned to 

Mason’s theory of “one TCR- multiple specificity” whereby each TCR can bind to more 

than one pMHCs (82). In accordance to this theory, we observed an increased the 

proportion of poly-specific CD4+ T cells over time. Thus, TCR sequence analysis informs 

us about the diversity of the T cell repertoire, but the binding capacity of the T cells to 

foreign pMHC cannot be inferred from such analyses, at least as observed for the CD4+ T 

cell compartment. 

 The impact of thymic selection on peripheral T cell repertoire has received 

significant attention in the last several decades (32, 76). Thymic involution with aging 

exerts tremendous pressure on the thymocyte developmental process (128). The observed 

age-associated changes in adult and old naïve CD4+ T cells are likely to reflect the impact 

of time on thymic selection as the naïve cells are reported to have half life in the range of 

5-24 days for adults and 9-20 days for old mice (131, 162). Alternatively, other studies 
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have shown that with age naïve T cells become progressively longer-lived implying that 

during their stay in the naïve T cell pool they recirculate within the confines of the 

peripheral lymphoid organs. (6, 162). This means that most naïve cells analyzed in this 

study at 18 month (old mice) have undergone thymic selection within 1-2 months prior to 

analysis or are very long-lived naïve T cells that are sustained over time though complex 

homeostatic maintenance mechanisms. 

 Thymic involution greatly disrupts the thymic architecture (32, 128). This results 

in a significant decrease in cTECs that are involved in the positive selection. Thus, an 

age-related decline in cTEC numbers and/or their compromised antigen presentation 

properties could lead to a limited positively selecting ligandome. Additionally, the 

affinity threshold of TCR-pMHC interaction that allows for positive selection of 

developing thymocytes will also be altered. These age-associated changes will 

collectively lead to selection of CD4+ T cells with competitive advantage, presumably 

those having higher affinity to self-pMHC. Consistent with this speculation, we observed 

accumulation of CD4+ T cells with higher intrinsic affinity to self (CD5hi CD4+ T cells) 

over time. Following positive selection, developing thymocytes then enter the thymic 

medulla for negative selection. Similar to cTEC’s, lowered mTEC numbers and 

decreased expression of TRA’s over time imposes added pressure on the developing 

thymocytes (128, 129). CD4+ T cell repertoire selected on single-pMHC II complex is 

reported to be highly MHC and peptide degenerate (168). Thus, with a limited negative 

selection with age, one would expect that the CD4+ T cell repertoire to be highly 

promiscuous. In line with this thinking, we observed that the CD4+ T cell compartment 

becomes increasingly poly-specific with age with higher affinity for self-pMHC.  Also, it 
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is important to note that T cells can express secondary TCRs due to the productive 

rearrangement and expression of two TCR α subunits (48). These have recently been 

described to increase reactivity to self- and allo-pMHC (49). Finally, age-related change 

in thymic architecture would place a considerable stress on the post-thymic peripheral 

selection mechanisms. Not all self-antigens are expressed in the thymus, hence the 

peripheral selection mechanisms in secondary lymphoid organs play a vital role in 

shaping the composition of the T cells. It is very likely that our observation of age-related 

accumulation of CD4+ T cells of higher affinity to self-antigens, increased binding 

capacity of CD4+ T cells to foreign pMHC molecules, increased polyspecificity of CD4+ 

T cells over time could be a result of post-thymic peripheral selection during naive T cell 

maintenance in secondary lymphoid organs. Thus, a number of different factors such as 

thymic education as wells as post-thymic peripheral selection during naïve T cells 

maintenance could play a role in shaping the composition and function of the CD4+ T cell 

compartment, all of which are mutually inclusive. 

 Differences in thymic selection process over time allowed for preferential 

accumulation of poly-specific CD4+ T cells with higher affinity to self-pMHC. Although 

the CD5 levels on the single tetramer+ cells remained constant with age, the poly-specific 

cells detected in old mice had an elevated expression of CD5 compared to adults. 

Interestingly, of the three specificities tested, CD4+ T cells specific to the subdominant 

OVA peptide (highest fold expansion over time) expressed the highest CD5 levels and 

underwent higher homeostatic proliferation over the lifetime. This suggests a link 

between affinity to self-pMHC, clonal fitness and expansion. Indeed, the level of CD5 on 

adult and old tetramer binding naïve and memory subset were found to directly correlate 
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with their fold change over time. Of note however, our study lacks the power to resolve 

whether the CD44hi CD4+ T cells are true memory cells generated in response to 

pathogenic or environmental antigens or memory phenotypic cells generated due to 

homeostatic proliferation in response to increased peripheral space and excess of survival 

cytokines (6). Nonetheless, CD5 expression levels can be employed as a predictive 

measure of identifying CD4+ and CD8+ T cells with survival advantage. 

 In summary, our observation that the binding capacity of the CD4+ T cell 

compartment increases over time will push the field forward in understanding how the 

composition of this T cell subset shapes over time. Increase in poly-specific memory 

CD4+ T cells over time would suggest an improved heterologous immunity (89), but at 

the same time increases the risk of autoimmune responses (119, 120). T cell’s affinity to 

self-pMHC has been correlated to its affinity to bind the cognate foreign pMHC (62). 

Also, cells with higher affinity to self are reported to provide a robust immune response 

upon antigenic challenge and thereafter reside in the memory pool. Does this increased 

binding capacity to foreign pMHC, and a preferential accumulation of CD5hi cell in the 

CD4+ T cell compartment over time, have any benefits? This question will be addressed 

in the following chapter. Nevertheless, here we reported a clear difference in the 

composition of CD8+ and CD4+ T cell compartments with age in terms of impact of time 

on their binding capacity to foreign pMHC indicating that the rules that shape these two 

T cell subsets with age are distinct. 
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CHAPTER 4 

THE UNPRIMED T CELL PRECURSOR NUMBERS FAIL TO 

PREDICT IMMUNE RESPONSE MAGNITUDE OVER TIME. 

 

4.1 Introduction 

Age-associated narrowing of TCR repertoire diversity in mice and humans is one of the 

factors thought to be responsible for lowered responsiveness to immunizations seen in 

elderly population (70, 133-136, 146, 181). The coincident reduction in binding capacity 

of CD8+ T cells over time is concordant with their reduced functional responses (140-

143, 148). However, the increase in binding capacity of the CD4+ T cell compartment 

and the observed lowered T cell functional response cannot be easily reconciled. Higher 

precursor frequencies for a foreign pMHC generally result in a higher magnitude of a 

response upon immunization (77, 79, 86, 194) and more memory T cells in unexposed 

individuals are expected to result in an increased response (78). Finally, T cells with 

higher levels of tonic interactions with self-pMHC maintain cells in a heightened state of 

responsiveness to agonist pMHC and may act as co-agonists to help bolster a response 

(62, 64, 76, 200, 201). Thus, the data discussed so far led us to hypothesize that, the 

magnitude of pMHC-specific response to antigenic challenge will be larger in old mice as 

compared to the adult.  

 Here we report that, although the numerical increase in the pMHC binding 

populations in old mice corresponded to their affinity for self-pMHC and homeostatic 

proliferation, it did not translate into a higher immune response magnitude upon 

immunizations or pathogenic infection. Additionally, CD4+ T cells specific to the 
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subdominant peptide (OVA), which had the highest affinity to self-pMHC, failed to 

expand upon immunization and infection in both adult and old mice. This finding 

indicates that higher affinity to self-pMHC could be counterproductive as shown in the 

case of CD8+ T cells (170). We observed no difference in cytokine production by CD4+ T 

cells over time. These data reveal that age differentially impacts the CD4+ and CD8+ T 

cell compartment. The capacity to bind foreign pMHC increases over time proportionally 

to the extent of their tonic signaling via self-pMHC and homeostatic proliferation. 

However, this quantitative and qualitative change in the composition of the CD4+ T cell 

repertoire over time does not increase their responsiveness upon antigenic challenge. 

Collectively, our findings emphasize that the rules governing the age related changes in 

the CD4+ and CD8+ T cell compartment cannot be generalized and these two 

compartments need to be evaluated separately when considering them for designing 

immune-therapies to improve T cell function with age. 
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4.2 Material And Methods 

Mice:  

Old (18 month) C57BL/6, H-2b, mice were obtained from the National Institute of Aging 

breeding colony. Adult (12-15 weeks) C57BL/6 mice were purchased from the Jackson 

Laboratory. Mice were maintained under specific pathogen-free conditions in the animal 

facility at The University of Arizona. Experiments were conducted under guidelines and 

approval of the Institutional Animal Care and Use Committee of The University of 

Arizona. 

Peptides and LPS:  

Synthetic peptides Env641-655 (PVGRLVTVNPFVSVA) and OVA 323-339 

(ISQAVHAAHAEINEAGR) at >95% purity was purchased from 21st Century 

Biochemicals. Purified LPS was purchased from Invivogen (tlr-smlps).  

Infections:  

The ActA-deficient LmE641-OVA strain was produced using a similar approach as 

described previously (202) by ligating the coding sequence for a chicken ovalbumin 

fragment fused to the WNV dominant epitope Env 641-655 peptide into the Pst1 and 

Stu1 restriction sites of the pAM401-based Lm-expression construct. Mice were injected 

intravenously with 107 PFU LmE641-OVA in 100µl PBS. For peptide immunizations, 

mice were immunized with 20µg peptide and 10µg LPS at two sites on either side of the 

base of the tail. 

Tetramers:  

A detailed method of I-Ab and I-Ek tetramer generation was discussed in the previous 

chapter. 
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MHCII Tetramer-Based Enrichment:  

Tetramer enrichment was performed as described previously (79) with slight 

modifications. Inguinal, cervical, axillary, popliteal, mesenteric and lumbar lymph nodes 

were harvested along with the spleen from individual mice. Single-cell splenocyte 

suspension was depleted of red blood cells with ACK buffer (gibco Life Technologies) 

and Fc blocked [mAb 2.4G2 hybridoma supernatant + 2% mouse serum (Caltag 

Laboratories), 2% rat serum (Jackson Immuno Research Laboratories, INC)] on ice for 

20 mins. Each tetramer was added at a final concentration of 25nM and incubated at 

room temperature in the dark for 1hr. Cells were washed in FACS buffer (PBS + 2% 

FBS, 0.1% NaN3) and resuspended in a final volume of 200µL containing 25µL of anti-

PE and 25µL of anti-APC microbeads (Miltenyi Biotec) or 50µL of anti-His microbeads. 

After 30 minutes incubation at 4ºC, cells were washed, resuspended in 3ml FACS buffer 

and passed over a LS magnetic column (Miltenyi Biotec) according to the manufacturers 

instruction. The columns were removed from the magnetic field and bound cells were 

eluted by allowing 4mL of sort buffer to pass through the column by gravity. A second 

elution was performed by pushing 4ml of FACS buffer through the column with a 

plunger. The tetramer enriched “bound” fraction and an aliquot of flow-thru, “unbound” 

fraction were stained with a cocktail of flourochrome-labeled antibodies for 30mins at 

4°C [anti-CD19 (eBiosciences), anti-CD8α (eBiosciences), anti-CD11c (eBiosciences), 

anti-F4/80 (Biolegend), anti-CD3 (eBiosciences), anti-CD4 (eBiosciences), anti-CD44 

(eBiosciences), anti-CD5 (BD Pharmingen)]. Cells were washed and the samples were 

analyzed with a LSRII cytometer (Beckton Dickinson), with analysis performed on FloJo 

software (Treestar). 
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In-Vivo proliferation assay 

BrdU was delivered to mice through drinking water at the concentration of 1mg/ml + 1% 

glucose. Spleen and lymph nodes were harvested on day 6 post immunization or 

infection. Post tetramer enrichment, cells were stained with cell surface antibodies (anti-

CD3, anti-CD4, anti-CD19, anti-CD8α, anti-CD11c, anti-F4/80, anti-CD44 and anti-

CD5) followed by intracellular anti-BrdU (BD Pharmingen) antibody according to BrdU 

flow kit protocol (BD Biosciences). 

Intracellular cytokine staining 

Cytokine-producing T cells were detected using the Foxp3 transcription factor staining 

kit (ebiosciences). Single-cell lymphocyte suspension was depleted of red blood cells and 

was incubated with 1 µM of peptide in the presence of 5 µg/ml brefeldin A (Sigma-

Aldrich) for 6 h at 37°C. After 6 h, the cells were washed and blocked with Fc block 

(2.4G2 supernatant + 2% mouse serum, 2% rat serum) and incubated overnight in the 

presence of a saturating dose of surface antibodies, anti-CD3, anti-CD4, anti-CD44, anti-

CD5. After washing, the cells were fixed and permeabilized, and intracellular antibodies 

[anti–IFN-γ (eBiosciences) and anti-TNFα (eBiosciences)] were added for 30 min. The 

samples were then washed and analyzed using a LSR II cytometer (Beckton Dickinson). 

Statistical analysis: 

Mean fluorescent intensity of cell surface antibodies and intra-cellular antibodies were 

obtained from FloJo software (Treestar). Comparisons were made using two-tailed 

unpaired student’s t-test or non-parameteric Mann-Whitey or ANOVA followed by 

Dunn’s posttest comparison. All statistical analysis was performed using GraphPad Prism 

software. 
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4.3 Results 

4.3.1 Disconnect between precursor number and response magnitude upon 

immunization 

Higher precursor frequencies for a foreign pMHC generally result in a higher magnitude 

of a response upon immunization (77, 79, 86, 194). To test if larger pMHC specific CD4+ 

T cell population observed in aged mice would result in larger immune response, we 

monitored responses to the immunodominant E641 peptide in lipopolysaccharide (LPS) 

as an adjuvant. E641+ LPS, a low antigen complexity immunization was carried out to 

minimize the possibility of responses to additional foreign pMHC. Tetramers were used 

for detecting pMHC-specific populations, rather than functional assays, to prevent 

confounding effects of self-peptides acting as coagonist to the measured response (62). 

On day 6 post immunization, E641:I-Ab bound cells expanded significantly in both adult 

and old mice over their previously determined levels in unprimed mice (Fig 31A). 

Interestingly, the magnitude of the response was comparable between adult and old mice 

which was explained by lower fold expansion of E641-bound cells in old mice was lower 

than that in adults (Table 1). Cells binding both E641+MCC also underwent significant 

expansion in old mice but not in the adults. No change in the number of OVA- and MCC-

bound cells compared to the unprimed mice was observed for either the adult or old 

populations (Table 1). 

To further examine if the adult and old responses differed functionally, we 

evaluated the in vivo proliferation of the E641-bound cells after immunization. Cells 

binding only E641:I-Ab in old mice had, on an average, a higher percentage of BrdU 

negative cells and a lower percentage of BrdU positive cells compared to the adult mice 
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(Fig 31B). Given that the number of E641:I-Ab bound cells was comparable between 

adult and old mice, this decreased BrdU incorporation by E641-bound cells suggests that 

fewer cells may have divided in the old population. Although the number of cells binding 

both E641+MCC increased in old mice, the number of cells that incorporated BrdU was 

too low thereby presenting a technical limitation to confidently analyze this and other 

dual tetramer binding populations.  

Adult and old mice were also immunized with the OVA peptide in LPS to ask if 

the higher precursor population that accumulates with time enhances the response to this 

subdominant epitope. Also, as per previous studies, owing to higher affinity to self-

pMHC the OVA specific cells are expected to respond robustly upon antigenic challenge 

(62). Interestingly, no increase in OVA bound cells was detected in either the adult or old 

mice (Fig 31C). Rather, the number of OVA specific cells dropped upon immunization in 

old mice despite of their high intrinsic affinity for self-pMHC and higher basal 

proliferation. Cells bound to OVA:I-Ab on average had lower percentage of BrdU 

incorporation compared to adults (Fig 31D). Given that the OVA peptide is known to 

bind I-Ab MHC molecule in three distinct registers (203), each binding different 

population of cells, it is likely that the conformation of our OVA:I-Ab tetramer (the OTII 

specificity (79) is subdominant to the other registers. Thus, as previously reported, the 

drop in OVA:I-Ab bound cells in old mice could represent an abortive response owing to 

competitive priming (196, 204). The drop in old cells is unlikely to be due to reagent 

toxicity since the same lot of LPS was used for the E641 priming, where the OVA-bound 

cells were unchanged. Also, the OVA peptide was procured from the same source as the 

E641 peptide and elicited a response when used in CFA for our tetramer characterization  
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experiments (Fig 18, 19 and 20). Importantly, the population capable of binding to this 

subdominant pMHC that underwent highest fold expansion over time in our study did not 

result in a larger response upon immunization.  

 

4.3.2 Larger precursor population does not equate to a larger response upon 

infection 

To test our hypothesis in a biologically relevant system we turned to a genetically well-

studied model pathogen, L. monocytogenes (Lm). Lm is a gram-positive intracellular 

organism that has been previously employed to study the impact of time on immune 

system in both aged mice and humans (142, 205). In case of CD8+ T cells, a reduced 

clonal diversity, binding capacity, and effector functions of Lm responders has been 

recently reported (142). We thus engineered a Lm expressing the immunodominant E641 

peptide and the subdominant OVA peptide (LmE641-OVA), in addition to its own 

antigens, to examine if the increased number of E641 and OVA specific cells in old mice 

results in: an increased expansion of E641 or OVA binding cells compared with adults; a 

comparable response in both adult and old populations; or, a reduced response as 

observed in the aged CD8+ T cell compartment. 

Similar to immunization experiments, the magnitude of expansion of E641-bound 

CD4+ T cells in adult and old was equivalent 6 days after LmE641-OVA infection (Fig 

32A). Since the old mice had a higher precursor number, a comparable immune response 

results in a reduced fold expansion of E641-bound cells in old mice (Table 2). 

Additionally, the E641-bound cells had, on average, a reduced percentage of BrdU 

positive cells (Fig 32B). Cells binding only the subdominant OVA:I-Ab tetramer dropped 



	   144	  

in both adult and old mice (Fig 32C-D). However, neither population reached 

significance in the given sample size. Interestingly, upon LmE641-OVA infection, the 

cells binding both the E641+MCC tetramers expanded in both the adult and old mice 

(Table 2). Nonetheless, owing to the low numbers of these dual tetramer binding 

populations definitive conclusions cannot be made about their expansion or proliferative 

capacity. 

We next analyzed if the adult and old responses differed in their functional 

capacity to produce effector cytokines. No significant difference was observed in the 

frequency or number of CD4+ T cells expressing IFNγ or TNFα in response to the E641 

peptide (Table 3). However, relative MFI of IFNγ or TNFα produced by the old CD4+ T 

cells was higher compared to the adults indicating more molecules of these cytokines 

were present in old CD4+ T cells compared to adults in the 6 hours of in vitro stimulation 

(Table 3). Furthermore, no cytokine response was observed to OVA or the normally 

immunodominat Lm epitope Listeriolysin O (LLO 190-205) peptide, suggesting that 

E641 was the immunodominant epitope for CD4+ T cell responses in LmE641-OVA 

infections (Table 3). Altogether, these data indicate that the increased capacity of the 

aged CD4+ T cell compartment to bind foreign-pMHC does not translate into a larger 

total number of effector cells at the peak of a response or to a larger cytokine response to 

bacterial infection. 
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4.4 Discussion 

Aging is associated with pronounced impairment in immune responses to new pathogens 

(130). Various pathogenic models have been employed to study immunological 

challenges to the elderly (141-143, 148, 189, 206). These reports have presented clear 

age-related defects in the old CD8+ T cell repertoire that directly contribute to age related 

susceptibility to infections. Naïve T cell numbers (specifically CD4+ T cell) have been 

shown to predict the immune response magnitude (77, 79, 86, 194). Also, in our study we 

have observed the absolute number of naïve and memory CD4+ T cells that bind a given 

foreign pMHC increased with age. Thus, one would predict that large naïve T cell 

populations would be particularly important to aged individuals, because small 

populations are susceptible to extinctions as the total preimmune repertoire contracts with 

age. However, a key finding here is that this rule does not extend to the elderly 

population, as the magnitude of response in old mice was comparable to the adults 

despite higher precursor numbers in old animals. This suggests that in addition to naïve 

cell number other factors influence the magnitude of the primary response. 

 Age- associated alterations in antigen uptake, pathogen sensing and/or antigen 

presentation by CD8+α DC’s have been reported to contribute to impaired immune 

responses to microbial pathogens (148). A numerical decline in APCs displaying the 

cognate pMHC would result in a situation where only a fraction of the T cell population 

gets recruited in the response as some T cells by chance interact with a cognate pMHC+ 

APC while the other cells in the population do not. Alternatively, low numbers of pMHC 

ligands or critical co-stimulatory molecules per APCs could result in the response of only 

those T cells in the preimmune populations with highest-affinity TCR’s. In both 
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situations, a larger preimmune T cell population would result in lower than expected 

response magnitude. Nevertheless, the influence of other factors, such as T cell intrinsic 

defects or age-associated changes in immune cell trafficking, on the magnitude of a 

response upon antigenic challenge remains to be fully elucidated. 

 The extent to which CD5 levels on the peripheral T cells will enable us to identify 

potential targets to optimize the design of effective vaccines, manipulate homeostasis of 

T cells and develop interventions of autoimmune diseases remains to be tested. 

Reconciling the relationship between self-pMHC reactivity and foreign pMHC binding 

has been contradictory in recent studies. A direct correlation between self-affinity and 

increased recognitions on cognate foreign pMHC has been proposed based on studies 

with T cells from TCR Tg mice (62). Although this general relationship between self and 

foreign pMHC binding exists at the population level, among polyclonal T cells there can 

be specific TCRs with similar foreign pMHC affinity for the same epitope but very 

different self-responsiveness where a disconnect in the proposed correlation will be 

observed, as described recently (64). Collectively, these data suggest that the 

accumulation of CD4+ T cells with higher self-affinity over time would be beneficial for 

productive immunity. In our study, the cells binding to E641:I-Ab that expanded robustly 

upon immunization or LmE641-OVA infection expressed lower levels of CD5 than cells 

binding the subdominant OVA:I-Ab. Also, among the dual tetramer specific cells, the 

subset of CD4+ T cells binding the E641:I-Ab and MCC:I-Ek tetramers had the lowest 

CD5 expression, yet expanded upon LmE641-OVA infection in both the adult and old 

mice. As shown recently, these findings suggests that the subset of CD4+ T cells that 

received stronger TCR signals were more susceptible to cell death compared to cells with 
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lower CD5 levels (64). However, there is a major difference between our study and the 

previous studies. In our study, all the tetramer+ populations expressed CD5 levels at or 

above the average of the total adult polyclonal CD4+ T cells. Whereas, the CD5 levels on 

the TCR Tg T cells in the previous studies were well below the average adult population 

as all the T cells are competing for same self pMHC in a TCR Tg mice (62). 

Nevertheless, there is clearly a link between thymic selection and recognition of foreign 

pMHC complex in the periphery. In the current study, CD4+ T cells binding OVA:I-Ab 

tetramer expressed highest levels of CD5 and were also the population with maximum 

fold expansion over time, suggesting that CD5 levels on T cells may identify the 

population that will have a survival advantage over time but may not necessarily 

correspond to their responsiveness to foreign antigen. 

 Overall, the data presented here suggests that the relationship between the CD4+ T 

cell composition and immune decline over time is more complex than that reported for 

CD8+ T cells. A larger pre-immune T cell population with higher affinity for self-pMHC 

and broader binding capacity seems to have no obvious benefits. Rather, it potentially 

poses an increased risk of autoimmunity. Also, the link between the pre-immune T cell 

number and response magnitude was uncoupled with age, as larger pre-immune T cell 

populations generated smaller than expected immune response. However, carefully 

controlled studies are required as this disconnect in the relationship between naïve T cell 

numbers and response magnitude can be easily complicated by variability in T cell 

recruitment into immune response. This situation could arise if fewer numbers of APCs 

are displaying the relevant pMHC ligand such that only those T cells that by chance 

interact with the cognate pMHC+ APC respond while the others do not. Alternatively, low 
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numbers of pMHC ligands per APCs could result in response of only those naïve T cells 

with highest-affinity TCRs. We are planning on conducting adoptive transfer experiments 

to tease apart cell intrinsic verses cell extrinsic age-related changes in the CD4+ T cells 

(discussed in detail in future directions). Alternatively, the observed results could be a 

reflection peripheral space constraints whereby despite of a higher precursor number the 

old CD4+ T cells could not expand any further. Nevertheless, several factors such as self-

pMHC affinity, size of the pre-immune T cell population, TCR:pMHC dwell time, and 

affinity of the antigenic peptide for a specific MHC molecule must be considered while 

designing immune therapies strategized to achieve life-time efficacy.   
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CHAPTER 5 

ROLE OF CD4+ T CELLS IN AGE RELATED VULNERABILITY TO 

WEST NILE VIRUS INFECTION 

 

Collaborative project with the Nikolich lab (Jennifer Uhrlaub) 

 

5.1 Abstract 

Aging of the immune system leads to a common but incompletely understood state of 

immune deficiency called immunosenescence. Old animals and humans experience 

increased morbidity and mortality from infectious diseases and respond poorly to 

immunization. Models utilizing West Nile Virus (WNV) and Listeria monocytogenes 

(Lm) have clearly defined defects in old CD8+ T cells that directly contribute to increased 

susceptibility to infection. Antiviral activity of CD4+ T cells is known to protect host 

animals from WNV induced encephalitis. However, the specific contribution of antigen-

specific CD4+ T cells to declining immune responses to WNV in elderly population is 

less well understood. Using a MHC Class II tetramer specific for the immunodominant 

CD4 WNV epitope E641-655 we can now define the magnitude and function of antigen-

specific CD4+ T cell responses to WNV in old and adult mice. Our results so far 

demonstrate that CD4+ T cells do not conform to the current paradigm of 

immunoscescence measured in CD8+ T cells. 
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5.2 Introduction 

West Nile Virus is an encephalitic, single stranded positive sense RNA virus of the 

Flaviviridae family that cycles between mosquitoes and birds (207, 208). Humans and 

many other animals become the incidental hosts of WNV, which is asymptomatic in most 

immunocompetent individuals. However, it causes a systemic disease in approximately 

20% of infected individuals, with about 5% subjects experiencing severe nero-invasion 

that leads to encephalitis (208, 209). The elderly population exhibit dramatically higher 

incidence of this life threatening disease as compared to adults (210, 211). T cells are 

known to be important in not only controlling the primary infection but also to limit the 

disease severity upon reinfection (189, 212-215). Both the CD4+ and CD8+ T cells are 

known to play a vital role in controlling and clearing WNV infection (213-216). 

Substantial work has been done to evaluate the role of CD8+ T cells as a population and 

antigen specific CD8+ T cells in controlling the severity of WNV infection especially in 

the elderly population (143, 217). Although CD4+ T cells have been studied at a 

population levels (143, 189, 214), due to lack of scientific reagents, the role of antigen-

specific CD4+ T cells in vulnerability to WNV infection remains unexplored. 

 Employing a mouse model to study age-related vulnerability to WNV, important 

progress has been made in evaluating the susceptibility to WNV infection in the elderly 

(143, 191). Age-related defects in CD8+ and CD4+ T cell responses to WNV infection 

were demonstrated to result in increased viral loads in the brain of old animals. 

Adoptively transferring adult CD8+ or CD4+ T cells readily protected 

immmonocompromised mice, whereas both the old CD8+ and the CD4+ T cells were 

unable to provide WNV- specific protection. The percent and absolute number of antigen 
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specific CD8+ T cells were lower in old animals infected with WNV compared to adults. 

Specific age-related defects were observed in the capacity of effector CD8+ T cells to 

produce cytokines and lytic granules, both of which are critical to mount a robust 

immunity against WNV. Upon in vitro stimulation of adult and old WNV-infected 

spleenocytes with MHCII immunodominant epitopes (NS32066 + ENV 641-655), the 

percent of CD4+ T cells producing IFNγ trended to be lower in old mice compared to 

adults. However, the quantity and the quality of antigen-specific CD4+ T cells responding 

upon WNV-infection has not been previously investigated due a lack of reagent to track 

them. 

 In our study, by generating a MHC Class II tetramer specific for the 

immunodominant CD4 WNV epitope E641-655 (Fig 9) we were able to start exploring 

the role of antigen-specific CD4+ T cells in age-related vulnerability to WNV-infection. 

Day 8 post WNV infection, we observed equivalent numbers of E641:I-Ab specific CD4+ 

T cells in adult and old animals in the peripheral blood. Day 10 post WNV infection, 

adult and old animals had comparable numbers of E641:I-Ab in spleen, which was similar 

to what we have previously observed on day 6 in our immunization and LmE641 

infection model. Interestingly, on day 10 post WNV-infection, old mice had reduced 

number of E641:I-Ab specific cells in their brain (primary site of infection) as compared 

to the adult animals indicating an age-related impairment in immune cell trafficking or 

expansion upon secondary antigen encounter in the brain. Foxp3+ T regulatory cells 

(Tregs) are known to be important in immune cell trafficking to the site of infection upon 

HSV infection (218). As reported previously, we also observed an increased frequency of 

Tregs with age in an unprimed animal (219). However, the percent E641:I-Ab+ Foxp3+ 
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CD4+ T cells drops with age. Higher levels of peripheral Tregs are known to be critical 

for clearing WNV infection in immunocompetent humans and animals. Further studies to 

investigate the role of Tregs in age-relate susceptibility to WNV are currently ongoing. 

So far, our data suggest that CD4+ T cells do not follow the pattern of immunosenescence 

as observed for CD8+ T cells in the secondary lymphoid organs. However, lack of 

trafficking to the brain (primary site of WNV infection) seems to be common to both the 

T cell types (143). 
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5.3  Material and methods 
 

Mice 

Old (18 month) C57BL/6, H-2b, mice were obtained from the National Institute of Aging 

breeding colony. Adult (12-15 weeks) C57BL/6 mice were purchased from the Jackson 

Laboratory. Mice were maintained under specific pathogen-free conditions in the animal 

facility at The University of Arizona. Experiments were conducted under guidelines and 

approval of the Institutional Animal Care and Use Committee of The University of 

Arizona. 

Infection 

All mice were infected s.c. between the shoulder blades with 1000 PFU of 385-99 WNV 

in 100 µl of 1X PBS. Peripheral blood was withdrawn retro-orbitally on day 8 post 

WNV-infection. On day 10 post WNV-infection mice were retro-orbitally bled, spleen 

and brain (post perfusion) were harvested. 

Brain processing  

Mice were euthanized by overdosing them with isoflorine. This kept their circulatory 

system is intact. Mice were then perfused with 30mls with 1X PBS. Brain was collected 

in 2mls RPMI+5%FBS. Mice brains are pushed through a 40μm strainer using a plunger 

of a 3ml syringe. The strainer is washed well with 15-25mls of RPMI+5%FBS. The cell 

suspension was centrifuged at 1650 RPM, 5 mins, 4°C. The pellet was resuspended in 7 

mls of 30% Percol in a 15 ml conical tube. Centrifuged at 1200g, 30 mins at room 

temperature or 4°C. Myelin and excess percol is aspirated off and the pellet is tranfered to 

a new 15ml conical tube and washed with 10mls of RPMI+5%FBS. Centrifuged at 2000 

RPM, 5 mins, 4°C. The pellet was then transferred in a 96 well microtitre plate for 
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surface staining (anti-CD3, anti-CD4, anti-CD8α, E641:I-Ab tetramer, NS4b:Db 

tetramer).  

Blood processing  

Single-cell suspension from blood was obtained by hypotonic lysis. The cell suspension 

was centrifuged at 1650 RPM, 5 mins, 4°C. The pellet was washed and resuspended in 

RPMI+5%FBS. 100μl of cell suspension is transferred to a 96 well microtitre plate. Cells 

were blocked with Fc block (2.4G2 supernatant + 2% mouse serum, 2% rat serum). The 

cells were incubated overnight in the presence of a saturating dose of surface antibodies 

(anti-CD3, anti-CD4, anti-CD8α, E641:I-Ab tetramer, NS4b:Db tetramer). 

Spleen and lymph node processing 

Single-cell lymphocyte suspension from spleen and lymph nodes was obtained by gently 

grinding the spleen/lymph nodes between two microscopic slides. The red blood cells are 

lysed using ACK lysis buffer. The single-cell lymphocyte suspension is washed and 

resuspended in 5mls of RPMI+5%FBS. 100μl of cell suspension is transferred to a 96 

well microtitre plate. Cells are blocked with Fc block (2.4G2 supernatant + 2% mouse 

serum, 2% rat serum). The cells were incubated overnight in the presence of a saturating 

dose of surface antibodies (anti-CD3, anti-CD4, anti-CD8α, E641:I-Ab tetramer, 

NS4b:Db tetramer). 

Intracellular staining 

Foxp3+ T cells were detected using the Foxp3 transcription factor staining kit 

(ebiosciences). Overnight stained cells were washed with IX PBS and then stained with 

Live/dead fluorescent stain for 30mins, 4°C. After washing, the cells were fixed and 

permeabilized, and intracellular antibody [anti–Foxp3 (eBiosciences)] was added for 30 
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min, 4°C. The samples were then washed and analyzed using a LSR II cytometer 

(Beckton Dickinson). 

Statistical analysis: 

Data was analyzed using FloJo software (Treestar). Comparisons were made using two-

tailed unpaired student’s t-test or non-parameteric Mann-Whitey or ANOVA followed by 

Dunn’s posttest comparison. All statistical analysis was performed using GraphPad Prism 

software. 
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5.4 Results  

5.4.1 Detection of E641:I-Ab WNV specific cells in blood, spleen and brain of mice 

infected with WNV. 

To assess the role of antigen specific CD4+ T cells in age-related susceptibility to WNV 

infection, we first confirmed that our E641:I-Ab tetramer can detect WNV- specific CD4+ 

T cells in blood, spleen and brain of mice infected with WNV. Adult and old mice were 

infected with 1000PFU 385-99 WNV subcutaneously. On day 10 post infection, blood, 

spleen and brain was harvested from the infected mice. WNV specific E641:I-Ab CD4+ T 

cells and NS4b:Db CD8+ T cells were readily detected in the blood, spleen and brain of 

the infected mice using pMHCII and pMHCI tetramers, respectively (Fig 33A-C). 

 

5.4.2 Equivalent numbers of E641:I-Ab WNV specific cells in periphery, but lower 

numbers in brain of old mice infected with WNV. 

The absolute number of WNV-specific CD8+ T cells in an unprimed animal drops with 

age (143). Concordant with this, specific age-related defects in CD8+ T cell response 

against dominant WNV epitopes have been reported at the level of effector antigen 

specific CD8+ T cells generation and cytokine and lytic granule production (143). 

However, the number of antigen specific CD4+ T cells increases with age. Additionally, a 

majority of these cells gradually assume a memory phenotype. Collectively these two 

features could be beneficial to the elderly population, as precursor frequency is correlated 

to the magnitude of response and memory cells are known to mount a more rapid 

response upon challenge (78). But, increased susceptibility to WNV infection with age 

and the inability of adoptively transferred old CD4+ T cells to protect the  
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immunodeficient host (143) suggests that old CD4+ T cells (in addition to old CD8+ T 

cells) may lack the capacity to provide protection to the elderly against pathogens that 

have not been previously encountered. 

 To access the role of antigen specific CD4+ T cells in age related susceptibility to 

WNV we explored if CD8+ and CD4+ WNV-specific T cells are similarly impacted with 

age. Adult and old mice were infected with 1000PFU 385-99 WNV subcutaneously. On 

day 8 post infection, the percent and absolute number of CD8+ T cells in the peripheral 

blood was comparable in adult and old mice (Fig 34A). In the case of antigen specific T 

cells, the percent and the absolute numbers of NS4b:Db CD8+ T cells were significantly 

lower in old mice compared to adults (Fig 34B). Although there was a significant 

decrease in the percent of total CD4+ T cells in old mice compared to adult, the absolute 

numbers were similar (Fig 34C). Interestingly, equivalent percent and the absolute 

numbers of E641:I-Ab CD4+ T cells were circulating in the periphery of WNV-infected 

adult and old mice (Fig 34D).  

 Brain is the primary site of WNV-infection (208, 209). Hence, we were interested 

in evaluating how successfully WNV-specific T cells accumulate in the brain of infected 

old mice compared to adults. On day 10 post infection, in addition to blood and spleen we 

also harvested the brain from the WNV-infected adult and old animals. Equivalent 

numbers of total CD4+ T cells and antigen-specific E641:I-Ab CD4+ T cells were 

circulating in the peripheral blood even on day 10-post infection (data not shown). 

Similar to our E641+LPS immunization and LmE641-OVA infection experiments, the 

percent and absolute numbers of total CD4+ T cells and antigen-specific E641:I-Ab CD4+ 

T cells in the spleen of infected WNV-infected adult and old mice were comparable 
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(Fig 35A and B). However, drop in total CD4+ T cell number and a significantly lower 

numbers of E641:I-Ab CD4+ T cells were observed in the brain of WNV-infected old 

mice as compared to the adults (Fig 36A and B). Thus, despite their availability in the 

periphery, old mice have reduced numbers of E641:I-Ab CD4+ T cells in the brain 

compared to adults. 

 For CD8+ T cells, as reported previously, the percent and absolute number of 

NS4b:Db CD8+ T cells was significantly reduced in the blood, spleen and brain of WNV-

infected old mice as compared to adults (143). Collectively, our results point towards a 

possible defect in trafficking of the WNV specific T cells to the primary site of WNV-

infection. 

 

5.4.3 The frequency of WNV-specific Treg CD4+ T cells reduces with age. 

In our quest to identify the factors that could play a role in immune cell trafficking to the 

site of infection, we have recently turned our attention to regulatory T cells. Higher levels 

of peripheral Tregs after infection protect against sever WNV disease in 

immunocompetent humans and mice (220). Symptomatic human donors exhibited lower 

Treg frequency as compared to asymptomatic donors. Similar observations were made in 

mice. Moreover, Treg deficient mice developed lethal WNV infection at a higher rate 

than control mice. In case of herpes simplex virus-2 (HSV-2), the absence of Tregs was 

associated with accelerated mortality and increased viral loads in the mucosa and central 

nervous system (218). Absence of Tregs was also linked to retention of immune cells 

(DC, T cells, NK cells) in the draining lymph node (dLN) and a concordant delay in their  
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arrival at the site of infection. Although increased cytokine production was observed in 

the dLN in the mice depleted of Tregs, it was greatly reduced at the site of infection. The  

study concluded that Tregs modulate the inflammatory cytokine cues that control proper 

effector cell homing to the dLNs and to the site of infection. Thus, based on the available 

literature and our data so far, we decided to explore the role of Tregs in age-related 

susceptibility to WNV-infection. 

 Prior to studying the contribution of Tregs in age-associated vulnerability to 

WNV-infection, we first determined the proportion of Tregs at baseline i.e in unprimed 

adult and old animals. As reported previously by the Sakaguchi lab (219) and as observed 

by the Nikolich lab (data unpublished), there is a significant increase in the frequency of 

Tregs in old mice as compared to adult (Fig 37A). Interestingly, of the WNV-specific 

CD4+ T cells, the frequency those that are Foxp3+ drops significant with age (Fig 37B). 

These results suggest a shift in the proportion of CD4+ T cell subsets over time.  

 To examine the role of Treg cells in age-related susceptibility to WNV-infection, 

we are taking advantage of adult and old Foxp3DTR knock-in mice harboring Tregs tagged 

with a human diphtheria toxin receptor (DTR). This system allowed us to track Tregs and 

efficiently deplete them upon in vivo diphtheria toxin treatment. In our pilot experiment, 

we ablated Tregs by treating adult and old Foxp3DTR mice with DT followed by 1000 

PFU 385-99 WNV injection in their footpad. We also infected non-Foxp3DTR adult and 

old mice as controls. DT treatment followed by WNV infection ensured that the Tregs are 

absent only during the initial priming as the Tregs begin to re-populate in the Fop3DTR 

mice 2-3 days post DT treatment. One of the interesting observations of this experiment 
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is that the deletion of Tregs during priming retained E641:I-Ab IFNγ+ CD4+ T cells in the 

dLN independent of age as the frequency of E641:I-Ab IFNγ+ CD4+ T in adult and old 

Foxp3DTR mice trended to be higher compared to their non-Foxp3 DTR counterparts (Fig 

38A). Also, irrespective of the presence or absence of Tregs during initial priming, the 

frequency of NS4b:Db IFNγ+ CD8+ T cells in the aged mice was significantly higher as 

compared to their respective adult Fop3DTR/ non-Fop3DTR mice (Fig 38B).  

 Collectively, our data highlights some interesting similarities and differences in 

age-related alterations measured in the CD4+ and CD8+ T cells. Upon WNV infection, 

significantly fewer numbers of WNV specific CD8+ T cells were observed in old mice as 

compared to adults in both the blood and spleen. However, no significant difference was 

observed in the absolute numbers of WNV specific CD4+ T cells in either of these 

secondary lymphoid organs. However, significantly fewer CD4+ and CD8+ T cells were 

observed in the primary site of WNV infection (brain) in old mice compared to adult 

mice. These results points towards a possible age-related impairment in trafficking of 

immune cells or expansion upon secondary antigen encounter in the brain upon WNV-

infection. Our preliminary functional data also highlighted an interesting contrast 

between CD4+ and CD8+ T cells. The absence of Tregs during initial priming correlated 

with an accumulation of WNV specific effector CD4+ T cells in the dLN both in adult 

and old mice. Whereas, irrespective of the presence or absence of Tregs during initial 

priming, we observed an age-related accumulation of WNV specific effector CD8+ T 

cells in the dLN of infected old mice. These preliminary observations suggest that an age-

related increase in the frequency of Treg subset does impact both the CD4+ and CD8+ T 

cell immune response to WNV with a potential defect in immune cell trafficking. 
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However, studying the role of Tregs in age-associated vulnerability to WNV infection 

will require careful analysis of existing data and execution of the planed experiments 

(discussed in future directions section). 
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5.5 Discussion 

Antiviral immune responses to flaviviruses, including WNV, have shown that T cells 

play a critical role in preventing WNV mediated encephalitis (143, 189, 209, 212-216). 

Age-associated changes in the T cell compartment have been related to increased 

susceptibility to WNV infection in the elderly population (143, 191, 217). The number of 

WNV-specific CD8+ T cells have been reported to decrease significantly in the blood, 

spleen and brain of WNV-infected old mice compared to adult. In this study, WNV-

specific pMHC II tetramers enabled us to start addressing the qualitative and quantitative 

effector functions of WNV-specific CD4+ T cells upon WNV-infection. A key finding of 

this study (so far) is that age impacts the WNV-specific CD4+ T cells in the secondary 

lymphoid organs differentially than what has been reported for the WNV-specific CD8+ 

T cells (143). However, significantly fewer CD4+ and CD8+ T cells were observed in the 

primary site of WNV infection (brain) in old mice compared to adult mice (143). Thus, 

given the multitude of defects that affect the aging immune system, it is crucial to 

identify specific and key defects in these two distinct T cell subsets that affect the 

resistance to pathogens in elderly and then rationally target them for devising therapeutic 

strategies. 

 CD4+ T cells are absolutely required during primary WNV infection (143, 189). 

CD4+ T cell Ag-specific responses have been described to play an important role in 

clearing WNV infection by providing help to CD8+ T cells and B cells (143, 189, 191). 

Additionally, they have also been reported to confer a significant degree of anti-WNV 

protection to adoptive hosts at least in part by their direct effector function. However, 

aged CD4+ T cells failed to provide protection against WNV infection when adoptively 
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transferred in immunodeficient mice (143). In this study we explored the role of WNV-

specific CD4+ T cells in age-associated increased susceptibility to WNV infection. 

Equivalent numbers of WNV-specific CD4+ T cells were present in the periphery of 

WNV-infected adult and old mice. However, lower numbers of WNV-specific CD4+ T 

cells were observed in the brain, the primary site of WNV infection, of the infected old 

mice compared to adult. Thus, previously reported data on WNV-specific CD8+ T cells 

(143) and the data on WNV-specific CD4+ T cells from the current study suggests an 

age-associated defect in T cell trafficking to or expansion upon secondary antigen 

encounter in the primary site of infection (brain). 

 Proper T cell trafficking is critical for protection against WNV mediated 

meningitis/encephalitis (190, 212, 215, 216). In case of mucosal HSV infection, Tregs 

were shown to play a critical role in early immune cell trafficking from the site of 

immune induction to the site of infection (218). Also, the absence of Tregs caused 

alteration in the inflammatory chemokine milieu in the secondary lymphoid organs. 

Higher levels of peripheral Tregs are known to control WNV infection in mice and 

humans (220). Interestingly, we observed a significantly higher percent of Tregs in 

unprimed old mice compared to adult. However, the frequency of Tregs among the 

WNV-specific CD4+ T cells was significant lower in old mice compared to adult. Upon 

WNV-infection, we observed a preferential retention of WNV-specific CD4+ T cells 

producing INFγ in the dLN’s of adult and old mice lacking Tregs. Although, regardless 

of the presence or absence of Tregs, WNV-specific CD8+ T cells producing INFγ were 

retained in the dLN of the WNV-infected old mice. Thus, one might expect a potential 
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age-related defect in immune cell trafficking and/or expansion upon secondary antigen 

encounter upon WNV-infection. Experiments are in progress to address this issue. 

 In summary, the data thus far suggests that age impacts the WNV-specific CD4+ 

T cells differentially than that reported for the WNV-specific CD8+ T cells. Ongoing 

experiments are designed to carefully explore the role of Tregs in primary and memory 

WNV-specific CD4+ T and CD8+ T cell responses to WNV infection at the sites of viral 

induction and at the site of primary infection. The T cell compartment is known to evolve 

over time. Thus, the inclusion of cohorts of aged mice further strengthens our study, as 

we can also examine how age impacts the WNV-specific T cell responses in the presence 

or absence of Tregs. A better understanding of the board networking of diverse innate 

and adaptive effector mechanisms that protect against WNV may provide new avenues 

for designing therapeutic strategies, especially for the highly susceptible populations. 
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CHAPTER 6 

SUMMARY AND FUTURE DIRECTIONS 

6.1 Summary and Conclusions 

Time exerts a progressive, cumulative and unavoidable age-related alteration in the size, 

shape and function of the T cell repertoire (125, 130). This leads to increased 

susceptibility to newly emerging pathogens and lowered responsiveness to 

immunotherapies in the elderly population (110, 113, 114). Although most of the studies 

are done on adult mice or human T cells where immunity is at its peak, studies addressing 

the impact of time on the T cell repertoire are now gaining momentum	  (124,	  138,	  152,	  

153). It is now well accepted that the composition of the T cell repertoire never reaches 

equilibrium, but rather constantly evolves over time as the individual ages.  

 Understanding how the T cell repertoire evolves over time is critical as the 

population is, on average, growing older (111). By 2030, 20% of the US population is 

assessed to be 65 years and older (112). Definitive studies have centered on the CD8+ T 

cell compartment, which has been shown to shift from a predominantly naïve to mostly 

pseudo memory population with narrowed TCR repertoire diversity (132, 135, 136). The 

number of CD8+ T cells capable of binding a particular foreign pMHC also decreases 

with age (136, 139-141). A reduced CD8+ T cell effector response and function has also 

been reported (141-143, 148). However, less is known about the age-associated 

alterations on the polyclonal CD4+ T cell compartment. This is important to study since 

CD4+ T helper cells not only provide help to CD8+ T cells and B cells, but they are also 

known to orchestrate the effector function of innate immune cells (27, 28). Thus, the big 
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picture question of this dissertation was to understand how time impacts the pre-immune 

composition and effector function of the polyclonal CD4+ T cells.  

 

6.1.1 The contracting CD4+ T cell compartment gradually accumulates memory 

cells with high affinity to self-pMHC. 

To better understand how time impacts the CD4+ T cell compartment we analyzed the 

number and the phenotype of CD4+ T cells in unprimed adult and old mice. We observed 

that the CD4+ T cell compartment contracted over time with reduced number of naïve 

cells and a concordant increase in the numbers of memory phenotypic cells. Similar 

changes have been reported for CD8+ T cell compartment (139). The CD4+ T cell 

compartment seemed to gradually accumulate cells with higher intrinsic affinity to self-

pMHC as measured by CD5 expression. Additionally, the observation that adult memory 

CD4+ T cells express higher CD5 levels (62) also extended to old CD4+ T cells. 

Interestingly, old naïve CD4+ T cells (CD44lo) also expressed CD5 levels higher than 

adult naïve cells, indicating that the higher affinity to self-pMHC provides a fitness 

advantage for clonal representation and survival within the CD4+ T cell memory pool 

with age. Similar to CD4+ T cells, the CD8+ T cell compartment also preferentially 

accumulated cells with higher intrinsic affinity to self-pMHC with elevated levels on 

aged memory CD8+ T cells relative to adult. However, the CD5 levels on naïve CD8+ T 

cells underwent no change over time. These data suggest that affinity of a TCR for self-

pMHC provides a fitness advantage for clonal representation and survival within the 

CD4+ and CD8+ T cell compartment. 
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 Elevated CD5 levels have been linked to tonic TCR signaling (171). Here we 

reported an inverse relationship between CD5 levels and CD3 down regulation as the 

CD5hi old naïve and memory CD4+ T cells had lower levels CD3ε compared to adult 

naïve cells. Similarly, the adult and old memory CD8+ T cell population also expressed 

lower levels of CD3ε relative to adult naïve cells. On evaluating the CD4+ T cell 

proliferation in vivo we observed that the CD4+ T cells from adult and old mice with the 

highest CD5 levels incorporated the most BrdU over the course of six days. Also, those 

naïve CD44lo cells with highest CD44 levels incorporated more BrdU than those with 

lower CD44. However, for CD8+ T cells we observed a disconnect in the link between 

CD5 levels and direct in situ proliferation as the CD5lo CD8+ T cells incorporated more 

BrdU than CD5hi CD8+ T cells. But, similar to CD4+ T cells, the naïve (CD44lo) CD8+ T 

cells with higher CD44 expression incorporated more BrdU than those with lower CD44. 

Altogether, from these observations we concluded that CD4+ T cells with a higher 

affinity for self-pMHC increase over the lifespan as a consequence of tonic TCR 

signaling and homeostatic proliferation. Additionally, based off our observations on 

CD8+ T cells, our data suggests that the homeostatic cues that maintain the CD4+ and 

CD8+ T cells over time might be different. 

 

6.1.2 The CD4+ T cell compartment becomes more poly-specific with age. 

Upon global characterization of the polyclonal CD4+ T cell compartment we also 

evaluated the impact of time on the capacity of CD4+ T cells to bind foreign pMHC. 

Unlike CD8+ T cells, we observed an increase in the number of CD4+ T cells capable of 

binding to a particular foreign pMHC. The number of naïve and memory phenotypic 
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CD4+ T cells that bind immunodominant, subdominant, or allogeneic pMHC tetramers 

increased significantly in previously unexposed old mice compared to adults. So did the 

number of CD4+ T cells binding more than one foreign pMHC. This approach permitted 

us to cross-sample a variety of T cells with distinct recognition properties within the 

CD4+ T cells compartment thereby allowing us to interpret our observations as not 

unique to any given specificity. Rather, we conclude that the CD4+ T cell compartment 

binds foreign pMHC more promiscuously with time. For CD8+ T cells, the CD8 co-

receptor has been shown to control TCR cross-reactivity for pMHC I antigens (221). The 

presence of cross-reactive memory CD8+ T cells that allows the host to respond to a 

multitude of pathogens (heterologous immunity) within the confines of the immune 

system has been reported (222). These results are consistent with the notion that a high 

level of cross-reactivity is essential for effective T cell immunity. But this has yet to be 

convincingly proven. 

 We were also interested in evaluating how selective pressures in the thymus relate 

to the binding capacity of CD4+ T cell compartment. The numerical increase in the 

pMHC binding population corresponded to their affinity to self-pMHC since CD5 levels 

on CD4+ T cells binding one tetramer were significantly higher than the average of the 

total adult population. This held constant over time. Interestingly, the CD5 levels on the 

subdominant population were higher than the immunodominant population. Thus, we 

concluded that the CD5 levels on the CD4+ T cells are not predictive of 

immunodominance. Although the CD5 levels on adult poly-specific CD4+ T cells were 

near the average of the total population, all of these populations trended higher with age. 

We concluded that the clonal composition of the CD4+ T cell compartment shifts to cells 
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with higher intrinsic affinity to self. We also observed a direct relationship between CD5 

levels on the tetramer+ cells and the fold change in the absolute number of these 

populations over time. Therefore, we concluded that the affinity for self-pMHC impacts, 

and is thus predictive of, the expansion of CD4+ T cell subsets over time. Also, the in 

vivo expansion as measured by BrdU incorporation mirrored the rank order of CD5 

expression seen in both the naïve and memory population. Collectively, we conclude that 

our data establishes a link between affinity for self-pMHC, homeostatic proliferation and 

fold expansion over time. 

 

6.1.3 The increased CD4+ T cell pMHC binding capacity with age did not translate 

into increased expansion upon immunization or infection. 

In addition to examining the age-associated changes in the composition of the pre-

immune CD4+ T cell compartment, we became interested in evaluating the impact of time 

on effector responses of CD4+ T cells upon immunization and infection. Low antigen 

complexity immunizations were performed to test if the correlation between precursor 

number and response magnitude upon antigenic challenge as seen in adults (77, 79, 86) 

held true with age. Interestingly, despite having a high peptide-specific precursor 

frequency, the response magnitude to our immunodominant peptide was comparable 

between the adult and old mice upon immunization or bacterial infection. This indicated a 

lower fold expansion of immunodominant peptide specific CD4+ T cells in old mice 

compared to adults. The immune response to the immunodominant peptide further 

differed between adult and old mice as the percentage of immunodominant tetramer 
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bound cells incorporating BrdU was lower in old as compared to adults indicating that 

fewer cells may have divided in old population. 

 We also tested if the larger precursor population that accumulates with time 

enhances the immune response to the subdominant peptide. Oddly, despite the higher 

intrinsic affinity to self-pMHC and increased homeostatic proliferation, no increase in 

CD4+ T cells specific to the subdominant peptide was detected in either adult or old mice 

upon immunization. Indeed, although not significantly, the number of subdominant 

peptide specific cells declined in both populations upon bacterial infection. Also, fewer 

BrdU positive cells were observed in the old population compared to adults. This 

suggests that the CD4+ T cell compartment may accumulate suboptimal cells that would 

functionally result in increased holes in the repertoire with time. The rules that govern 

immunodominance may thus be the most important for productive long-lived immunity.  

 

6.1.4 Fewer WNV-specific CD4+ T cells accumulate in the brains of WNV-infected 

old mice compared to adults.  

Our E641:I-Ab tetramer allowed us to study the previously unexplored WNV-specific 

CD4+ T cell responses upon WNV-infection. Unlike CD8+ T cells, equivalent numbers of 

WNV-specific CD4+ T cells were observed in peripheral blood and spleen of the infected 

old and adult mice(143). However, significantly lower numbers of WNV-specific CD4+ 

T cells accumulated in the brains (primary site of WNV infection) of WNV-infected old 

mice as compared to adults. These results prompted us to explore a potential immune cell 

trafficking problem in old mice. In this regard, we have started evaluating the role of 

Tregs in immune cell trafficking as reported in case of HSV infection (218). Our 
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preliminary results indicate that irrespective of age, in the absence of Tregs, WNV-

specific effector CD4+ T cells are retained in the dLN of WNV-infected mice. On the 

contrary, irrespective of the presence or absence of Tregs, the WNV-specific effector 

CD8+ T cells are retained in the dLN of WNV-infected old mice. In order to build a 

convincing story around these key preliminary observations, detailed analysis of the 

current data set and completion of planned experiments is required. 

 Ultimately, the impetus for studying age-related changes in the innate and 

adaptive arms of the immune system is to acquire the knowledge needed to devise 

therapeutic strategies, such as vaccines, that can provide a long-lived boost to immune 

function and/or attenuate the risk of age-associated immune pathologies. The data 

presented in this dissertation suggest a more complex relationship between CD4+ T cells 

and immune decline over time than has been reported for the CD8+ T cell compartment. 

While an increase in binding capacity may compensate for a decrease in total CD4+ T cell 

numbers, a population with a higher affinity for self-pMHC and broader binding capacity 

presents obvious risks that could explain the increase in age-related autoimmune diseases, 

such as rheumatoid arthritis (RA) and giant cell arteritis (GCA) (119) (120). No obvious 

benefit was observed here from an increased binding capacity. Rather, the link between 

precursor frequency and the magnitude of a response to a foreign pMHC (79) was 

uncoupled – those cells binding the immunodominant peptide in old mice failed to 

expand to a greater magnitude upon immunization or infection than those in the adult 

mice, even though their precursor frequency was higher. Regulatory T cells (Tregs) have 

been reported to increase with age, but were not found to contribute to age-related defects 

in T cell responses (219). This suggests that the reduced fold-increase in pMHC-specific 
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CD4+ T cell expansion after challenge may reflect an intrinsic defect in the CD4+ T cells 

themselves, and/or competition for resources such as access to pMHC on a limiting 

number of antigen presenting cells which are know to decrease with time (148) or lower 

numbers of pMHC ligands per APC. Interestingly, those cells binding the subdominant 

peptide had the highest affinity for self-pMHC and underwent the highest fold expansion 

in unprimed mice with time. Yet, they failed to expand upon immunization or infection 

suggesting that the CD4+ T cell compartment preferentially accumulates less fit cells that 

would functionally result in diminished immune response over time. The rules governing 

immunodominance may thus be the most important for productive long-lived immunity 

(204, 223, 224).  

 The T cell aging field is collectively working towards answering the long standing 

question of what can be done to improve T cell function with age. Studies aimed at 

improving peripheral T cell performance with aging are not only extremely challenging, 

but also very exciting, and otherwise highly satisfying. Clearly, the data discussed in this 

dissertation indicates that a number of parameters including CD5 levels, precursor 

frequencies, and affinity of an antigenic peptide for a specific MHC must be carefully 

considered, evaluated and targeted in the design of therapeutic strategies, such as 

vaccines, aimed to improve immunity in the elderly population (62, 79, 223).  
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6.2 Future Directions 

Studying the impact of time on the CD4+ T cell compartment’s pre-immune composition 

and effector function has revealed unexpected differences in age-associated changes in 

the CD8+ and CD4+ T cell repertoire. The generation of WNV-specific class II pMHC 

tetramers enabled us to characterize the binding capacity of CD4+ T cells for WNV and 

track the WNV-specific CD4+ T cell responses upon antigenic challenge. This 

dissertation lays the foundation for future studies aimed at integrative analysis of effector 

functions from a variety of adaptive immune cell populations in response to this virus. 

Therefore, although several long-term studies can be proposed, this part of the 

dissertation only focuses on the experiments that can be carried out in immediate future.  

 One of the key observations here is that the CD4+ T cell compartment becomes 

poly-specific with age. Based on this observation, there are multiple avenues that we are 

interested in exploring. First, although we studied the proliferative capacity of the dual 

tetramer specific populations upon antigenic challenge, we are yet to characterize their 

functional capacity in terms of effector molecule production. We can FACS sort the dual 

tetramer specific populations and amplify them as described previously (78, 225). 

Proliferating clones can be validated for antigen-specificity by re-staining with the same 

tetramers. Clones of known specificities can then be tested for their ability to produce 

effector molecules by in vitro stimulating them with respective peptides. Another way to 

approach this question is by sequencing and amplifying the TCRα and TCRβ gene 

segments from an individual T cell (226). TCR’s of interest can be expressed in TCR 

negative T cell hybridomas (58α−β−) and for use in functional studies. Second, intensive 

cross-reactivity has been reported between highly homologous peptides (78). Our E641 
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peptide (WNV envelope protein), PVGRLVTVNPFVSVA, is homologous to the peptide 

from Japanese encephalitis virus (JEV) envelope protein, PVGRLVTVNPFVATS. We 

are interested to test the cross-reactivity between these two viruses by immunizing mice 

with the JEV peptide and analyzing the immune response employing our E641:I-Ab 

tetramer. This experiment will inform us if T cell cross-reactivity exists between these 

two closely related viruses. Finally, CD4+ T cells developing under limiting negative 

selection have been reported to be not only peptide and MHC-allele degenerate but some 

are also capable of recognizing both MHC class I and class II molecules (168). Owing to 

thymic involution over time and our observation of increased poly-specificity of old 

CD4+ T cells, we hypothesize that the number of CD4+ T cells capable of binding to 

pMHC I increases with age. To test this hypothesis we will carry out tetramer enrichment 

experiment using a cocktail of His tagged pMHC I tetramers to enumerate CD4+ T cells 

with a property to bind both pMHC class I and class II molecules.  

 A disconnect between precursor frequency and response magnitude upon 

immunization and infection was observed over time. Additionally, fewer WNV-specific 

CD4+ T cells were undergoing proliferation in old mice compared to adults. Thus, we are 

interested in elucidating the mechanism underlying the disconnect between precursor 

frequency and response magnitude. Higher affinity to self-pMHC has been shown to pre-

condition the naïve T cells prior to its encounter with cognate pMHC (62, 64). However, 

cells experiencing stronger TCR signals are more susceptible to cell death (227). We 

reported that peptide specific CD4+ T cells with higher affinity to self-pMHC accumulate 

over time. Thus, we want to test if WNV-specific CD4+ T cells are dying (Anti-caspase 3 

staining) upon immunization/infection as a possible explanation to inability of the larger 
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precursor population in old mice to translate to a larger response magnitude with age. We 

are also interested in exploring if the inability of the old WNV-specific CD4+ T cells in 

an antigenic response is cell intrinsic or extrinsic (owing to old microenvironment). We 

plan on conducting adoptive transfer experiments to answer this question. Congenically 

marked old or adult CD4+ T cells will be transferred into immune-deficient adult Rag 

knock out (Rag KO) mice. Response magnitude to WNV will be measured upon 

immunization/ infection. This question can also be addressed employing the parabiotic 

mouse model (Old/adult mouse –sown to- adult Rag KO mice) established in the 

Nikolich lab.  

 We have collaborated with the Frelinger lab (The University of Arizona, Tucson, 

AZ) to analyze human class II influenza-specific responses. Protection in many 

infections, including influenza, depends on antibody and therefore CD4+ T cell helper 

responses (27, 28, 228). As elderly population is less responsive (lower antibody 

response) to influenza vaccination (228), it is important to examine the influenza-specific 

CD4+ T cell responses. In this regard, we are engineering human influenza-specific class 

II (DR4) pMHC tetramers (229). Influenza specific DR4 monomers will be generated 

with baculovirus expression vectors (similar to our mouse I-Ab monomers). We have 

confirmed the stable cell surface expression of full length Flu-specific:DR4 molecules by 

generating mammalian cell lines. The baculovirus stocks were made in SF9 insect cells 

and the amplified virus was titerd by Flow-based Fluorescence Linked Immunosorbant 

Assay (FFLISA). These results have allowed us to narrow down to the influenza peptides 

that successfully fold in the DR4 molecules and allow for maximal protein expression. 

We are currently gearing up for a large scale protein (Flu-specific:DR4 molecule) 
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purification. Influenza-specific class II (DR4) pMHC tetramers will be an invaluable tool 

to examine flu-specific CD4+ T cell responses in humans. 

 Finally, we are interested in exploring the role of Tregs in controlling immune 

responses to WNV infection. We plan to analyze the quantitative and qualitative 

differences in the early and late responses to WNV in the presence or absence of Tregs 

during initial priming. We have planned experiments with adult and old Foxp3 DTR mice 

and their non-Foxp3 DTR titer-mates. Post DT treatment, we plan on vaccinating mice 

with single cycle flavivirus, RepliVAX-WN (191, 230). We are interested in quantifying 

the WNV specific CD8+ and CD4+ T cell numbers in spleen, dLN and non-draining LN 

(ndLN) during primary and memory phase. We will also collect blood (plasma) to 

measure the neutralizing antibody titre. We have reported an accumulation of high self-

affinity T cells over time. We will include CD5 antibody in our panel to test if CD5hi T 

cells preferentially participate in immune response. Results from these preliminary 

experiments will help us to design future experiments aimed at examining the role of 

Tregs (other than immune suppression) in controlling/clearing WNV infection. 
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