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ABSTRACT 

 

 Infectious diseases remain amongst leading causes of death in people 

aged 65 years and older; therefore, much research is focused on determining the 

immune components that contribute to age-dependent increased susceptibility to, 

and increased mortality from, infections. CD8+ T cells are critical for clearing 

intracellular pathogens through production of cytokines and direct killing of 

infected cells. Age-dependent CD8+ T cell alterations have been described, 

including decreased numbers of naïve CD8+ T cell precursors and decreased 

numbers and function during infection. This dissertation explores the 

mechanisms contributing to these changes. 

First, we demonstrated that multiple mechanisms contribute to changes in 

the CD8+ T cell pool with age. CD8+ T cells from unimmunized T cell receptor 

transgenic (TCRTg) old mice undergo massive virtual memory (VM) conversion 

with age; both homeostatic proliferation and cross-reactivity may contribute to the 

generation and accumulation of VM cells with age. These VM cells exhibit an 

age-dependent replicative impairment to cognate antigen, which points to 

possible detrimental functional consequences due to changes in the overall T cell 

pool.  

Second, we evaluated the cell intrinsic contribution to the decreased old 

CD8+ T cell response. With in vitro stimulation, old CD8+ T cells exhibit 

decreased ability to enter into late cell divisions and decreased production of 
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effector molecules. In addition, we found that old CD8+ T cells have decreased 

expression of the master transcription factor T-bet, which correlates to decreased 

effector function and terminal differentiation in vivo. Collectively, these results 

identify possible cell-intrinsic targets for improving CD8+ T cell immunity. 

Finally, we measured whether a Listera monocytogenes live vaccine 

model induces protective immune responses in old mice. We found that 

vaccination conferred little protection in old mice upon pathogen challenge. 

These results contrast with other vaccine models, which may allow for 

pinpointing both the vaccine and immune components required for generating 

strong protective immunity in the elderly. 

Collectively, this dissertation demonstrates that CD8+ T cell precursors, 

effector cells, and memory cells exhibit profound changes with, age and identifies 

both possible mechanisms contributing to these alterations as well as possible 

therapeutic/vaccine targets for improving immunity in the elderly. 
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CHAPTER 1 

 

 

INTRODUCTION 

 

1.1 Overview 

The elderly population (65 years and older) will exceed 2 billion by the 

year 2050 (1). Infectious diseases remain amongst the leading causes of death 

in people aged 65 years and older (2). In addition, vaccines, which constitute one 

of our most powerful tools against infectious diseases, are poorly efficacious in 

the elderly (3, 4). For this reason, our laboratory studies age-dependent changes 

in the immune system changes and the impact of these changes on responses to 

infection. Older people are particularly susceptible to intracellular bacteria 

infections (5), the clearance of which is usually dependent on CD8+ T cells (5). 

This dissertation presents the work addressing the old CD8+ T cell response, 

from naïve CD8+ T cell homeostasis to CD8+ T cell activation and memory. An 

introduction regarding CD8+ T cell immunity and the age-associated immune 

phenotype will be examined in this chapter. 
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1.2 CD8+ T cell generation and maturation  

 CD8+ T cell generation first begins in the bone marrow (BM). BM 

hematopoietic stem cells in the bone marrow differentiate into multipotent 

progenitors, which continue to differentiate into either common lymphoid 

progenitors (CLP) or common myeloid progenitors (MLP) (6). CLP’s mature into 

T cell and B cell progenitors, although other non-traditional pathways can 

produce lymphocytes (6). After leaving the BM, circulating lymphoid progenitors 

seed the thymus by still incompletely understood chemokine-mediated homing 

(7).  

 The thymus consists of the medulla, cortico-medullary junction, 

cortex, and subcapsular zone (7). CD4- CD8- (double negative, DN) T cell 

progenitors migrate through the cortex and undergo several distinct stages of 

maturation, guided by interactions with various thymic epithelial cells and 

dendritic cells (7). DN cells can be divided into 4 stages (DN1-DN4) based on the 

surface expression of CD44 and CD25. At the DN3 stage (CD44- CD25+), the T 

cell receptor (TCR)β chain is expressed along with the pre-TCRα chain. After 

rounds of proliferation in the DN4 stage, the thymocytes mature into CD4+ CD8+ 

(double positive, DP) cells. At the DP stage, the pre-TCRα is replaced with the 

TCRα chain to form the mature TCR.  

Thymocytes must survive two important TCR-mediated check-points in 

order to develop into single-positive (SP) CD4+ and CD8+ T cells: positive and 

negative selection (7). Thymocytes that recognize self peptides presented on 



 21 

major histocompatibility complexes (self-pMHC) with low avidity are positively 

selected to survive, as T cells must interact with pMHC in the periphery for both 

homeostasis and activation. Thymocytes that bind to self-pMHC with high avidity 

undergo activation-induced apoptosis, which is thought to prevent the release of 

potentially harmful T cells. By contrast, those cells that fail to bind self pMHC at 

all will die of “neglect”, by time-programmed apoptosis. 

The T cells that survive positive and negative selection will differentiate 

into either CD4+ or CD8+ SP T cells, exit the thymus and enter circulation. These 

recent thymic immigrants (RTE) further mature in the periphery and join the naïve 

T cell pool which dominantly resides in lymph nodes, and which is in charge of 

detecting and eliminating potential pathogen threats (8).  
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1.3 The T cell receptor 

The TCR is a heterodimer composed of an α and β chain linked by a 

disulfide bond. Each chain contains a variable (V) and a constant (C) region. 

Several minigenes , termed V, J (joining), and D (diversity) recombine in an 

intricate process to form the V region of the TCRβ, whereas TCRα V segment is 

encoded by V and J regions only. These V regions dictate the TCR’s antigen 

(Ag)-specificity by arranging three hypervariable complementarity determining 

(CDR) regions from TCRα and β each along the same surface of the molecule 

and by forming the pMHC binding site. During TCR rearrangement, the Rag 

recombinases 1 and 2 bind to the minigene segments that will be joined. The 

Rag recombinases cleaves the DNA, and recruits proteins that will open the DNA 

at random sites, add random nucleotides, and ligate the DNA strands together 

(7). Once the TCRβ rearranges and is expressed on the cell surface, the Rag 

recombinase machinery is rapidly repressed, resulting in allelic exclusion. After 

rounds of cellular proliferation, Rag recombinase is re-expressed for TCRα 

rearrangement (7). Interestingly, TCRα chains rearrange on both chromosome 

alleles simultaneously, and the Rag recombinase is not rapidly repressed once a 

TCRα successfully pairs to TCRβ on the cell surface (9, 10). Due to this “leaky” 

expression, 15-30% of T cells in both mice and humans express two TCRα 

chains, potentially paired with the same TCRβ chain (9, 10). The function of 

these dual TCRs has not been well characterized. 
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Due to the rearrangement potential of the different gene segments, as well 

as the random site breaks and nucleotide additions, the estimated potential TCR 

diversity is 1015-1018 different TCRs. However, the actual CD8+ T cell repertoire 

in the periphery is approximately 2x106 for mice and 2x107 for humans (rev. in 

(11). Several processes limit the number of CD8+ T cells in the periphery, 

including positive and negative selection (explained above), but even more so, 

the size of the total peripheral T cell pool is limited, with about 2-5 x 108 total T 

cells in a mouse and about 1-2 x1012 T cells in a human, placing stringent 

numerical upper limits upon the total T cell diversity. Peripheral CD8+ T cells 

compete for multiple survival and proliferation signals, including interleukin 7 (IL-

7) and self-pMHC (12, 13); due to limited resources, the CD8+ T cell pool is 

highly regulated. Finally, although one CD8+ T cell precursor can differentiate into 

both effector and memory cells (14), the absolute number of precursors has been 

shown to dictate the magnitude of the effector response (15). Further, decreased 

numbers of diverse clonotypes responding to particular antigen drastically 

impairs antigen-specific responses (16-19). Therefore, it is beneficial to have 

more than one Ag-specific precursor in order to efficiently find and respond to a 

particular antigen, which also limits the size of the CD8+ T cell pool. 
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1.4 CD8+ T cell response to pathogen 

The CD8+ T cell response can be divided into phases: activation, 

expansion, contraction, and memory (rev. in (20). These distinct stages in the 

CD8+ T cell response will be reviewed below. 

 

1.4.1 CD8+ T cell Activation 

Each CD8+ T cell TCR recognizes a specific, small (8-10 amino acids) 

peptide, or Ag, presented on MHC-I surface receptors, which are expressed on 

all nucleated cells (21, 22). MHC-I is composed of two chains: the heavy α chain 

and a non-covalently associated light chain, β2-microglobulin. The MHC-I α chain 

has three extracellular domains, two of which form the peptide-binding groove 

(23). Peptides are processed from intracellular proteins that are digested by 

cytoplasmic proteasomes (24). After proteasome digestion, peptides are 

transported to the endoplasmic reticulum and are loaded into MHC-I molecules 

with the help of several other proteins. pMHC are transported to the cell surface 

through the Golgi (rev. in (25). If the peptide tightly fits into the MHC molecule, 

the pMHC complex will stably persist at the cell surface and can be recognized 

by CD8+ T cells.  

An infected cell will process peptides from intracellular pathogens, such as 

viruses and some bacteria and parasites., although most peptides are derived 

from self-proteins. CD8+ T cells have the remarkable ability to differentiate 
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between pathogenic peptides and self-peptides due to the stringent selection 

process in the thymus as well as peripheral regulation.  

Although most cells express MHC-I (23), naive CD8+ T cells are initially 

primed by interaction with antigen-presenting cells (APC) like dendritic cells (DC) 

within the secondary lymphoid organs (26), via interaction with pMHC-I (27). 

These APC provide the signals needed for CD8+ T cell activation.  

CD8+ T cell activation is dependent on 3 signals (Fig. 1.1). Signal 1 is 

mediated by TCR binding to pMHC. The co-receptor CD8 interacts with the α2 

and α3 MHC-I subunits and is thought to stabilize the interaction. The TCR 

interacts with the MHC α1 and α2 subunits as well as the peptide (28, 29).  

Since the TCR α and β chain have no intracellular signaling capabilities on their 

own, the TCR is associated with the invariant chains CD3-γ, -δ, -ε, and -ζ. The 

CD3 chains contain intracellular immunoreceptor tyrosine-based activation motifs 

(ITAM’s) which are phosphorylated upon TCR/pMHC-I interaction (28). ITAM 

phosphorylation initiates a signaling cascade that leads to cytosolic calcium flux, 

cytoskeleton rearrangement, and translocation of proteins into the nucleus (29), 

which ultimately results in transcriptional programming supporting robust 

proliferation, survival, and effector function (29). The transcription factors T-bet, 

Runx3, and Eomesodermin, cooperate to induce effector molecule production 

(30, 31) (Table 1.1). (29).  
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KR Renkema, 2013 
 
 
Figure 1.1: Signals required for CD8+ T cell activation 
Naïve CD8+ T cells are primed by antigen presenting cells, namely dendritic 
cells. 3 signals are required for activation: TCR binding to peptide-MHC, 
costimulation like CD28 binding to CD80/86, and inflammatory cytokines 
receptors binding to cytokines. These signals combine to induce a transcriptional 
pathway promoting effector function, proliferation, and survival. 
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Table 1.1: Transcription factors impact CD8+ T cell effector function, 
terminal differentiation, and memory development  
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Signal 2 is provided via costimulatatory interactions between the CD8+ T 

cell and the APC. CD28 present on the T cell binds CD80/CD86 on the APC, 

which amplifies TCR signaling, including promoting cell cycle progression, 

survival, and IL-2 production (32). Other costimulatory interactions, including the 

tumor necrosis factor receptor (TNFR) family, also regulate T cell activation (33). 

Finally, the third signal is provided by inflammatory cytokines like IL-12 and IFN-

αβ (IFN-I). The receptors phosphorylate and activate various Jak/Stats, which 

translocate into the nucleus and promote effector molecule production, survival, 

and terminal differentiation. Importantly, these signal 3 cytokines also upregulate 

T-bet (30, 34) (Table 1.1).  

Priming of the CD8+ T cell requires a short amount of time; in Listeria 

monocytogenes (Lm) infection, priming takes place within 24 hours (35). Primed 

CD8+ T cells begin expanding and can migrate to the site of infection.  

 

1.4.2 Expansion and Homing  

CD8+ T cells possess an extensive ability to divide. In the week following 

activation, one naïve CD8+ T cell can go through as many as 19 divisions, 

resulting in a potential 500,000 fold expansion (36). Primed CD8+ T cells leave 

the secondary lymphoid organs, such as the lymph nodes, spleen, or gut-

associated Peyer’s patches, and travel to the sites of infection. Changes in 

homing receptors allow the CD8+ T cells to migrate; activated CD8+ T cells down-

regulate CD62L to leave the secondary lymphoid organs. A combination of 
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chemokine receptors and other receptors, such as α4β7 for the gut, direct the 

activated CD8+ T cells to enter infected site(s) (37); other tissue-specific homing 

mechanisms are still under investigation. 

 

1.4.3 Effector Function 

CD8+ T cells act to clear pathogens chiefly via two mechanisms: directly 

killing infected cells, and indirectly by secreting cytokines. Infected cells present 

pMHC-I, which is recognized by activated, Ag-specific CD8+ T cells (termed 

“effector” cells). Effector CD8+ T cells, in contrast to naïve cells, only need TCR 

stimulation for effector function (38).  

CD8+ T cells directly kill infected cells by inducing apoptosis via complex 

machinery, including perforin and granzymes (39). Granyzmes and perforin are 

stored in cytoplasmic granules. The granules migrate to the cell membrane via 

the cytoskeleton, and selectively home to where the CD8+ T cell is in contact with 

the target cell. After exocytosis from the CD8+ T cell membrane, perforin is 

thought to form pores in the target cell membrane, which allows the granzymes 

to be “dumped” into the target cell. Granzyme B, a caspase homolog, cleaves 

aspartate residues and activates the cellular caspase cascade. Granzymes can 

also initiate caspase-independent apoptosis by triggering the release of 

cytochrome c from the mitochondria and activating DNA damage pathways (40-

42). The pathways culminate in the death of the target cell. 
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In addition to initiating apoptosis, CD8+ T cells also produce the 

inflammatory cytokines interferon gamma (IFN-γ) and tumor necrosis factor alpha 

(TNF-α). IFN-γ signals through the IFN-γ receptor expressed by infected cells, 

inducing a signaling cascade that interferes with viral replication (43). TNF-α 

binds receptors on infected cells and triggers apoptosis (44). Not only do these 

cytokines impact infected cells, they also can activate and recruit other 

lymphocytes to the infected site. 

In summary, effector CD8+ T cells rapidly proliferate, home to infected 

sites, kill infected cells, and produce a variety of inflammatory cytokines in order 

to ultimately clear intracellular pathogens. 

 

1.4.4 Contraction and Cell fate 

The primary CD8+ T cell response peaks between 7-10 days, after which 

the majority of the cells die; only 5-10% of the cells survive. Apoptosis is thought 

to control the contraction of the CD8+ T cell pool; both intrinsic and extrinsic 

pathways of apoptosis seem to be involved (45) and the balance between pro- 

and anti-apoptotic molecules is important for contraction and memory 

development (46). The cells that survive contraction form the memory pool (20). 

CD8+ T cell fate is a highly debated topic in immunology, and recent work is 

beginning to characterize which cells die and which cells survive. Effector CD8+ T 

cells that highly express IL-7Rα (CD127) and have decreased KLRG1 

expression are much more likely to become memory cells (termed memory 
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precursor effect cells (MPECs)) than their CD127lo CD127hi counterparts (short-

lived effecter cells (SLECs)) (47) (Fig. 1.2).  

The driving force for effector CD8+ T cell fate seems to be a complex 

interplay of master regulator transcription factors, including T-bet, which impact 

the balance between terminal differentiation versus memory (48, 49). Increasing 

concentrations of inflammatory cytokines like IL-12 induce a T-bet gradient while 

repressing Eomesodermin; T-bet expression is required for SLEC formation. 

Conversely, low inflammatory cytokine concentration allows Eomesodermin to be 

expressed, which supports MPEC formation (50) (Fig. 1.2).  

Whether cell fate (SLEC vs. MPEC) is determined at priming or later in the 

response is still highly debated within the field. However, recent data shows that 

priming may dictate cell fate through a process called asymmetric cell division. 

After a naïve CD8+ T cell has been primed, it divides into two daughter cells. Dr. 

Steven Reiner’s group has shown that each daughter cell has unique 

characteristics, and one cell is more likely to give rise to SLECs while the other 

gives rise to MPECs (51). Therefore, a naïve precursor is capable of forming 

both a terminally differentiated population and a memory population. Extrinsic 

factors may also contribute to cell fate. Inflammatory cytokines at the time of 

priming have been shown to influence the transcriptional pathways in effector 

CD8+ T cells (Table 1.1, Figure 1.2), and therefore impact terminal differentiation 

versus survival (48, 52).  
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KR Renkema, 2013 
 
 
Figure 1.2: The development of short-lived effector cells (SLEC) and 
memory precursor cells (MPEC) 
Two distinct effector populations are defined by CD127 (IL-7 receptor) and 
KLRG1 expression. Increasing inflammatory cytokines result in increased T-bet 
expression in CD8+ T cells, which is required for terminal differentiation. In 
contrast, Eomesodermin (Eomes) is expressed at low inflammatory cytokine 
concentrations, resulting in MPEC formation. Did you adapt this figure from 
somewhere or is it an original artwork by you? Either way, this calls for proper 
credits.  
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Finally, other cells, particularly CD4+ T cells, can influence the 

development and maintenance of memory CD8+ T cells in a pathogen-specific 

manner (53). 

 

1.4.5 Memory development and Function 

 Long-lived memory cells gradually develop from the population that 

survives contraction (47). Memory cells are distinct from naïve cells in their ability 

to rapidly expand and differentiate into functional effector cells; this allows 

memory cells to respond to pathogen much faster than their naïve counterparts 

(54). Memory cells are broadly classified into two categories based on phenotype 

and function: central memory (CM) and effector memory (EM). CM CD8+ T cells 

are CD44hi CD62Lhi CCR7hi and reside in lymphoid tissues. They have little 

immediate effector function compared to EM cells, but are capable of rapidly 

dividing and differentiating into effector cells. EM cells are CD44hi CD62Llo 

CCR7lo and circulate through the periphery, including the original site of infection. 

These cells have limited proliferative ability, but are capable of rapid cytolytic 

activity (55-58).  

 

1.4.6 CD8+ T cell homeostasis in the periphery 

 Homeostatic signals maintain both naïve and memory CD8+ T cells in the 

periphery. Naïve CD8+ T cells depend on IL-7 and self-pMHC (59), while memory 

CD8+ T cells depend on IL-15 (however, these requirements are not absolute) 
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(60). Naïve CD8+ T cells have slow rates of proliferation and limited self-renewal, 

while memory CD8+ T cells turn-over more rapidly and have increased self-

renewal potential (rev. in (13).  

Interestingly, naïve CD8+ T cells can assume the characteristics of 

memory cells after numerous rounds of homeostatic proliferation, with no 

exposure to cognate antigen. Following transfer into a lymphopenic environment, 

naïve TCR transgenic CD8+ T cells proliferated, upregulated the activation 

markers CD44, CD122 (IL-2/15R), and Ly6C, and rapidly produced IFN-γ upon 

stimulation (61, 62) Not only do these cells have memory phenotypic 

characteristics, but also expand, produce effector molecules, and clear Listeria 

monocytogenes infection (63). Recently, these cells have been termed “virtual 

memory” (VM) and have been found in wild-type mice (64).  
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1.5 Immunosenescence 

 Immunosenscence describes age-related changes in both the innate and 

adaptive immune system, which contribute to a state of immune deficiency (65-

68). This immune deficiency results in poor vaccine efficacy and increased 

susceptibility to infection (66, 69).  

 The innate immune system is the first line of defense against foreign 

invaders. Age-dependent alterations in innate immune cells like neutrophils, 

DC’s, and macrophages result in overall decreased pathogen clearance and 

altered activation of the adaptive immune system (67, 70). Decreased cell 

numbers, activation, phagocytosis, and chemotaxis contribute to these innate 

immune cellular defects (67), but these remain poorly understood.  

 Aging profoundly impacts the adaptive immune system. Old B cells 

produce less neutralizing antibody (68), resulting in decreased clearance of 

extracellular pathogens. CD4+ T cells appear to have altered homeostasis and 

activation-induced proliferation and function with age (71). CD8+ T cells have 

been shown to have numerous defects with age. Since this dissertation focuses 

on CD8+ T cells, a more detailed summary of CD8+ T cell aging is outlined below.  

  

1.5.1 CD8+ T cell repertoire and homeostatic alterations with age 

 The involution of the thymus is one of the most recognized aspects of 

aging (72). Deteriorating BM and thymus microenvironments, increased adipocity 

in the thymus, as well as neurohormonal alterations contribute to the age-related 
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decreased thymus output (72, 73). Thymic Naïve T cell output is directly 

proportional to thymus mass (74), and therefore there is a loss of new peripheral 

naïve CD8+ T cells with aging (13). These naïve cells also show decreased 

clonotypic diversity, which causes “holes” in the repertoire. Decreased TCR 

diversity has been associated with poor responses to infection with age (75, 76).  

 The naïve CD8+ T cell pool is further reduced because of accumulation of 

memory cells; due to limited resources, “space” must be made for the increasing 

memory population. Further, certain populations are selectively maintained in the 

periphery with age; some T cell clones drastically expand, termed T cell clonal 

expansions (TCE), which further result in decreased naïve CD8+ T cells in the 

periphery (13).  

 Due to decreased naïve CD8+ T cell output from the thymus, the naïve 

CD8+ T cell pool relies heavily on homeostatic maintenance (13). Recently, den 

Braber et al. published that the naïve T cell pools are maintained differently for 

mice and men with age. Using deuterated water incorporation and thymectomies, 

the authors calculated the T cell output and peripheral life span for mouse T 

cells. The authors measure human recent thymic immigrants by T cell receptor 

excision circle (TREC) content. Using advanced mathematically modeling, the 

authors calculated that nearly 90% of naïve T cells are maintained by 

homeostatic mechanisms in aging humans, while thymic output accounted for the 

naïve T cell pool in aging mice (77). These results suggest different mechanisms 

for maintaining the naïve T cell pool in aging mice and humans, which may be 
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due to the drastically difference life-spans between the two organisms. However, 

there are several caveats of this study, including the lack of TREC 

measurements in human CD8+ T cells; rather, the authors used the mathematical 

model established with CD4+ T cells and applied it to CD8+ T cells. Second, 

TREC analysis is not very sensitive, and therefore may not be a reliable indicator 

of recent thymic immigrants. Regardless, this work sharply highlights potential 

species-specific differences in T cell maintenance between mice and humans, an 

issue requiring much more research. .  

Recently, our lab found that old CD8+ T cell precursors massively acquire 

a memory phenotype with no exposure to cognate antigen (78). Certain 

precursor clonotypes were selectively maintained with age and rapidly produced 

effector molecules. In a landmark human study, Su et al. found that 20-90% of 

CD4+ T cell precursors (i.e. HIV, CMV, HSV) from uninfected healthy adults 

expressed memory phenotype markers. In addition, these cells rapidly produced 

IFN-γ and were cross-reactive to altered peptide ligands (79). Therefore, both 

CD8+ and CD4+ T cells can convert to a memory phenotype without known 

cognate Ag exposure. However, the mechanisms contributing to and possible 

functional consequences of age-dependent memory conversion are unknown. 

 

1.5.2 Defective CD8+ T cell responses with age 

Our lab has utilized two main infection models to study the aging CD8+ T 

cell immune response in mice: West Nile Virus (WNV), as small enveloped RNA 
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virus, and Listeria monocytogenes Lm, a gram positive intracellular bacterium. 

The elderly have increased risk for WNV severe disease, including meningitis 

and encephalitis (80, 81) and increased susceptibility to Lm infection (82). Old 

mice infected with WNV had decreased absolute numbers of Ag-specific CD8+ T 

cells, production of effector molecules, and killing ability, which correlated with 

increased viral titers in the brain (83). Likewise, old mice infected with Lm had 

decreased numbers of Ag-specific CD8+ T cells due to both decreased 

proliferation and increased apoptosis (84). Lm-specific old CD8+ T cells also 

exhibited decreased function that correlated with increased bacterial burdens in 

the liver (84). A summary of observed age-dependent CD8+ T cell alterations can 

be found in Table 1.2. The extrinsic and intrinsic causes of these age-related 

CD8+ T cell defects remain under investigation. Transferred CD8+ T cells from 

unimmunized old mice show drastically reduced ability to protect adult Rag-KO 

mice (containing young DC and otherwise young environment) from WNV (83), 

suggesting that a CD8+ T cell intrinsic defect(s) contribute to decreased CD8+ T 

cell immunity. However, little is known about the cell-autonomous mechanisms 

resulting in the decreased old CD8+ T cell function and proliferation. Extrinsic 

mechanisms also contribute to decreased CD8+ T cell responses with age: 

altered DC priming in old mice results in inferior proliferation of adult TCR 

transgenic cells (70). The intrinsic and extrinsic contributions to old CD8+ T cell 

defects remain under investigation.  
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Memory responses in old mice have not been investigated thoroughly. 

Although some researchers report that memory responses are much less 

affected by age (85), we have observed decreased numbers of Lm antigen 

specific CD8+ T cells in the secondary response (84). Due to well-documented 

decreased vaccine efficiency in the elderly (3, 4), further investigation is 

warranted to determine possible defects in memory formation and function with 

age. Our lab is utilizing several vaccine models to determine which vaccine and 

immune components are important in improving vaccine efficacy in old mice, with 

the goal to translate these findings into human vaccines. One of the chapters of 

this thesis will address these issues. 
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Adapted from Smithey MJ, et. al. Semin. Immunol. Rev. 2012  
 
 
Table 1.2: Summary of CD8+ T cell alterations with age in both mice and 
humans 
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1.6 Significance 
 

Influenza combined with pneumonia rank as 6th leading cause of death in 

people aged 65 years and older (2). The economic cost of treatment of 

pneumonia in the U.S. reached about 14 billion per year in 2000 (86). Many the 

defects in mouse CD8+ T cells have also been shown in other species, including 

dogs, monkeys, and men (66) (defects in mice and men summarized in table 

1.2). Therefore, our mouse model is robust, with clear implications for human 

health. Determining universal defects in CD8+ T cells will provide key insights 

that can ultimately translate into improved immunity and overall quality of life for 

the rapidly growing aging population.  
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1.7 Goals of this Dissertation 

 The goals of this dissertation are to shed light on three remaining 

questions regarding age-related dysfunction in CD8+ T cell immunity. First, are 

there functional consequences due to alterations in the aged naïve CD8+ T cell 

pool? What mechanisms contribute to these alterations? Second, do cell-intrinsic 

CD8+ T cell defects contribute to the overall decrease in old CD8+ T cell 

immunity? Finally, does a live attenuated vaccine protect old mice from infectious 

challenge? What components of vaccination are required for protection?  

 The next three chapters are focused on each of these questions, as 

outlined in Fig. 1.3. Each chapter provides a relevant introduction, materials and 

methods, results, and discussion section. Chapter 5 provides a final summary of 

this dissertation. 
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Figure 1.3: Goals of this Dissertation 
This dissertation explores aging CD8+ T cells over the span of the CD8+ T cell 
response. Chapter 2 focuses on the homeostasis and maintenance of CD8+ T 
cells prior to antigen exposure. Chapter 3 focuses on stimulated old CD8+ T cell 
intrinsic defects that may contribute to the overall aging immune phenotype. 
Chapter 4 focuses on aging CD8+ T cell memory development and function after 
vaccination. 
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CHAPTER 2 

 

NAÏVE CD8+ T CELL REGULATION AND HOMEOSTASIS WITH AGE 

 

 

2.1 INTRODUCTION 

 

Infectious diseases remain among the leading causes of morbidity and 

mortality in older adults. T cells, critical for defense against intracellular 

pathogens, are profoundly affected by age. In addition to T cell-autonomous 

functional defects in response to infection (rev. in (66, 87), differences in the 

composition and maintenance of the T cell pool in mice are observed with aging 

in the absence of immunization (rev. in (13, 88). These changes result from an 

incompletely understood interplay of: (i) reduced naïve T cell production caused 

by thymic involution; (ii) using the existing naïve T cells to respond to infections 

during the lifespan, including persistent latent infections; and (iii) normally 

homeostatic mechanisms that often distort an already reduced and diminished 

naïve T cell pool (89, 90). Functional consequences of these changes for 

immune defense are not fully understood. 

A diverse T cell receptor (TCR) repertoire is important for optimal 

protective responses to a variety of pathogens; holes in the TCR repertoire can 

result in reduced, absent, or ineffective immune responses (75, 91); (rev in (17, 
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75). The TCR repertoire becomes constricted with aging, but the mechanisms of 

and the immune consequences due to this constriction remain unclear. Age-

dependent decreased thymic output of naïve T cells requires T cells to rely on 

homeostatic mechanisms for peripheral maintenance, which may be particularly 

important in humans (77). However, we understand relatively little about how the 

homeostatic mechanisms may change with aging.  

Recently, we reported that aging leads to >70% reduction in the numbers 

of antigen (Ag)-specific CD8+ T cell precursors in unimmunized 18-22 mo. old B6 

mice. Many of the remaining Ag-specific cells (up to 80% for some TCR 

specificities) acquire memory-like characteristics, including the 

CD44hiCD62LhiCD11ahiCD127hiCD122hi phenotype. These memory phenotype 

cells develop in the absence of cognate Ag and exhibit immediate 

responsiveness to TCR ligation (with cognate Ag) by IFN-γ secretion (78). 

Moreover, some precursors appeared to better compete for resources and 

preferentially proliferate and survive, and consequently dominate the response to 

infection in old mice (78). Cells of the corresponding phenotype in adult mice 

were named “virtual memory” cells (VM) by Kedl, Jameson and colleagues and 

were shown to respond to stimulation by superior proliferation and effector 

function compared to naive (64). Because these cells persisted in germ-free adult 

mice (64) and responded briskly to interleukin (IL)-7 and IL-15, the authors 

concluded that they likely are generated/maintained by homeostatic cytokines. 
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Here, we examined the rules guiding long-term maintenance of naïve 

CD8+ T cells and the emergence of VM cells in unimmunized old mice. Naive Ag-

specific precursors are very rare in unimmunized mice and are often further 

reduced with aging to as few as a few tens/animal, severely limiting experimental 

analysis. We therefore took advantage of TCR transgenic (Tg) mice, which 

provide abundant copies of a single clone of naïve T cells. Our results 

demonstrate that an age-related increase in frequency of VM CD8+ T cells occurs 

in TCRTg mice, and that these VM cells rapidly produce interferon (IFN)-γ, 

consistent with functional memory. Unexpectedly, we found that aging inversely 

impacts VM proliferation capacity to both homeostatic cytokines and cognate 

peptide. Our results suggest that at least two mechanisms contribute to VM 

conversion with age: increased sensitivity and turnover in response to 

homeostatic cytokines, and selection of CD8+ T cell clones with two TCR’s with 

possible cross-reactivity. Collectively, our results show the existence of several 

subsets of naïve (deemed naïve due to lack of exposure to cognate Ag) CD8+ T 

cells, which are differentially maintained with aging, and we discuss the potential 

consequences of these subsets on immune defense. 
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2.2 MATERIAL AND METHODS: 

 

Mice 

(B6.OT-I.Rag-KO x B6.Ly5-1) F1, (B6.P14.Rag-KO x B6.Thy-1.1)F1, and 

(B6.gBT-1.Rag-KO x B6.Thy-1.1)F1 mice were bred and aged in specific 

pathogen free conditions. B6.OT-I.Rag-KO, B6.Ly5-1, and B6.Thy1.1 mice were 

purchased from Taconic, NCI, and and Jackson respectively. P14 (92) and gBT-I 

(93) were generously provided to us by Drs H.P. Pircher via J.A. Frelinger and 

F.R. Carbone, respectively. Mice with large spleens or other obvious 

abnormalities were excluded from the study. For survival bleeds, mice were bled 

retro-orbitally. Mice were maintained in the animal facility at the University of 

Arizona and experiments conducted under guidelines and approval of the 

Institutional Animal Care and Use Committee of the University of Arizona. 

 

Flow cytometry 

Samples were prepared as previously described (84). Briefly, blood was 

collected into heparin-tubes and lysed hypotonically. Splenocytes passed 

through a 40 µm filter to prepare a single-cell suspension. Cells were 

resupspended in 100 µl PBS-2% FBS (FACS wash) and transferred to a 96-well 

round-bottom plate for surface and/or intracellular cytokine analysis. 

Fluorochrome-conjugated antibodies were used as follows: CD8α (53-6.7), CD4 

(RM4-5), CD44 (IM7), CD62L (MEL-14), Vβ5.1/5.2 (MR9-4), Vα2 (B20.1), IFN-γ 
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(XMG1.2), CD3 (17A2), TCRβ (H57-597), CD5 (53-7.3), PD-1 (29F.1A12), LAG3 

(C9B7W), CD122 (TM-β1), IL-4R (mIL4R-M1), phosho ser139 γH2AX (2F3) and 

CD49d (R1-2). These antibodies were purchased from eBioscience, Invitrogen, 

BD Biosciences, or Biolegend. Samples were analyzed on a 4-laser custom 

Fortessa cytometer (BDIS, Sunnyvale, CA), using the DiVA acquisition (BDIS) 

and Flow-Jo (Treestar, Ashland, OR) analysis software. 

 

Intracellular Cytokine Staining 

Samples were stimulated and prepared as previously described (84). 

Briefly, 106 cells were stimulated with 10-6 M SIINFEKL peptide in the presence 

of 1 ug/ml brefeldin A for 5 hours. Cells were stained with surface antibodies, and 

then fixed and permeabilized using either the FoxP3 Fix/Perm kit (eBioscience) 

or the Fix/Perm kit (BD Bioscience) followed by staining with intracellular 

antibodies. Protein expression was measured by flow cytometry mean 

fluorescence intensity (MFI). 

 

Cell Culture 

Prior to sorting, CD8+ T cells were enriched by magnetic separation 

(Miltenyi) using an AutoMACS pro. CD44hi (VM) and CD44lo CD8+ T cells were 

sorted based on CD44 and CD62L expression using a BD Aria. The sorted cells 

were stained with Carboxyfluorescein Diacetate Succinimidyl Ester (CFSE) by 

resuspending cells at 107 cells/ml and staining with 5 μM CFSE at 37° for 10 
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minutes, followed by washing 3x with cold RPMI-complete. The cells were 

cultured at 4.0x105 cells/ml in RPMI-complete plus 100 U/ml rmIL-2 

(eBioscience), with either 10-9 M SIINFEKL peptide or 10 ng/ml rmIL-12 (R&D 

Biosystems) and 10 ng/ml rmIL-18 (eBioscience) for 5 days. Alternatively cells 

were cultured at 4.0x105 cells/ml in RPMI-complete plus 10 ng/ml IL-7 

(eBioscience) and 100 ng/ml IL-15 (eBioscience). On each day of analysis, cells 

were LIVE/DEAD stained (Invitrogen) according to manufacturer’s instructions, 

stained with surface antibodies, fixed/permeabilized with the FoxP3 Fix/Perm and 

stained with intracellular antibodies. 

 

TCRα PCR 

5,000 CD44hi and CD44lo CD8+ T cells were sorted from OT-I mice as described 

above. RNA isolation was performed by standard chloroform/isoproponal 

purification. For cDNA synthesis, 15 μl containing 10 μl RNA (500 ng-5 μg), 1.5 

μl Oligo(dT)20, 1.5 μl 10mM dNTP, and 2 μl H2O was incubated at 65° C for 5 

minutes and then at 4° C for 2 minutes. 3 μl 10x PCR buffer, 6 μl 25 mM MgCl2, 

3 ul 0.1 M DTT, 1.5 μl RNase Out (Life Sciences), and 1.5 μl Superscript III 

reverse transcriptase (Life Sciences) were added and incubated at 50° C for 50 

minutes and then 85° C for 5 minutes. 1.5 μl RNaseH (Life Sciences) was added 

and mixture was incubated for 37° C for 20 minutes. TRAV primers and PCR 

reaction were performed as described in (94) using Platinum Taq (Life Sciences). 

Each primer was used separately at 5 μM final concentration. PCR conditions 
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were 95° C for 5 minutes followed by 40 cycles of 95° C for 20 seconds, 56° C for 

20 seconds, and 72° C for 45 seconds, followed by a final extension at 72° C for 

5 minutes. PCR products were visualized on a 1.8% agarose gel using Quantity 

One Software (Bio-Rad). 

 

Data Analysis 

Following the analysis of FCM data using Flow-Jo software, Graph Pad 

Prism was used for statistical analysis (unpaired Student’s t test, paired Student’s 

t test, linear regression and best fit line, and one-way ANOVA with Bonferroni 

post test).  
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2.3 RESULTS 

 

2.3.1 Age-related conversion into VM cells in TCRTg CD8+ T cells from 

unimmunized mice 

To examine phenotypic changes with aging in a single, large clone of 

unimmunized T cells, we analyzed CD8+ T cells from OT-I mice, specific for a 

chicken ovalbumin peptide (OVA257-264:H-2Kb) (95). Blood from 10, 12, 18 and 22 

month (mo) unimmunized naïve OT-I mice contained progressively increased 

CD44hi T cell fraction, compared to 2-4 mo. mice (Fig. 2.1A). CD44 is 

upregulated upon activation and is continually expressed on memory cells. As 

these OT-I mice have never been exposed to ovalbumin, this CD44 expression 

suggests a virtual memory (VM) phenotype. Therefore, we will refer to these 

CD44hi CD8+ T cells as VM throughout this chapter. Large variability was 

observed in VM conversion in individual 10-12 mo. old mice (blood VM CD8+ T 

cells = 10-100%; Fig. 2.1A). However, with advanced age (in those rare OT-I 

mice surviving to 18-22 mo.), we found uniform and high representation of VM 

cells (~75%; Fig. 2.1A). Due to an observed ~50% mortality in these mice 

between 10-14 mo. old, we used mice younger than the NIA accepted cutoff of 

18 mo. in order have sufficient N to measure statistical significance. However, 

these phenotypes only become more pronounced with age, so observations 

made in 10-14 mo. old mice are valid. 
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Figure 2.1: TCRTg cells exhibit VM conversion with age.  
Unimmunized OT-I Rag+ mice accumulate (A) CD44hi and (B) IFN-γ-producing 
CD8+ T cells in the blood as they age. Blood lymphocytes were stimulated for 5 
hours with peptide. (C) Linear regression with best-fit line from 10 mo samples in 
A-B. ***p<0.001 by 1-way ANOVA with Bonferonni post-test. Data combined from 
3 experiments shows mean ± SEM; n=10-31 for 2, 4, 10 and 12 mo; n=3-4 for 18 
and 22 mo.  
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Figure 2.2: CD44hi accumulation observed in other TCR Tg models. 
(A) %CD44hi CD4+ from 2 mo. and 7-10 mo. OT-II Rag+/- mice. %CD44hi CD8+ 
from (B) 4 mo. gBT-1 and (C) P14 Rag-/- and Rag+/-  mice. *p<0.05 by Student’s t 
test. Data shows mean ± SEM; n=2-6 for each group, representative of 2 
experiments. 
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VM cells in both adult (64) and old (78) mice have been shown to exhibit 

strong immediate effector function, unlike their CD44lo counterparts. Indeed, we 

found that the age of OT-I CD8+ T cells and the CD44hi phenotype correlated 

tightly with the acquisition of immediate IFN-γ production in these Ag-

inexperienced VM cells upon brief peptide stimulation in vitro (Fig. 2.1B,C). VM 

conversion was not an artifact of the OT-I model. We also found signs of VM 

conversion in OT-II mice by 7-10 mo. of age (Fig. 2.2A) and in gBT-I and P14 

(Fig. 2.2B,C) mice as early as 4-7 mo. of age, as well as in CD8+ precursors in 

wild type (WT) B6 mice (not shown). These results show that old TCRTg T cells 

exhibit increased phenotypic and functional conversion into VM cells, similar to T 

cell precursors in aging WT mice (78, 96).  

VM cells are traditionally of the central memory (CM) phenotype (CD44hi, 

CD62Lhi) (78). CD44hi cells in TCRTg mice were overwhelmingly CD62Lhi (Fig. 

2.3A); CD44hiCD62lo effector memory (EM) cells did not accumulate with age 

(Fig. 2.3B). Further, only VM frequency tightly correlated with %IFN-γ+ CD8+ T 

cells (Fig. 2.3C) while EM frequency did not correlate with IFN-γ production (Fig. 

2.3D). Collectively, these data show that VM cells, which show a traditional CM 

phenotype, increase with age. This increase was absolute, occurring at the 

expense of the true naïve CD44lo cells.  
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Figure 2.3: Old OT-I CD44hi CD8+ T cells are predominately CD44hi CD62Lhi 
(A) % of virtual memory (VM; CD44hi CD62Lhi), and (B) effector memory (EM; 
CD44hi CD62Llo) phenotype CD8+ T cells in the blood of unimmunized 10 mo OT-
I Rag+ mice. (C,D) Linear regression with best fit line; %VM and EM correlation 
with %IFN-γ+. (E) CD49d (α4 integrin) expression for splenic VM, EM, and 
CD44lo CD8+ T cells. ***p<0.001 by (A-B) unpaired Student t test or (D) 1-way 
ANOVA and Bonferonni post-test. Data shows mean ± SEM; n=5-26; 
representative of 2 experiments. 
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To further characterize the phenotype of these old VM cells, we measured 

CD49d expression. CD49d, also known as α4-integrin, associates with either β7 

(α4β7 or lymphocyte peyer patch adhesion molecule, LPAM) or β1, (α4β1 or very  

late antigen-4, VLA-4). Β7 binds to vascular cell adhesion molecule-1 (VCAM-1) 

and fibronectin and mediates lymphocyte rolling, which allows T cells to enter 

inflamed tissue (97). CD49d is highly expressed on antigen-stimulated effector 

and memory T cells (98). Recently, it was shown that high expression of CD49d 

marked “true” memory T cells arising from antigen stimulation, while memory 

cells formed by homeostatic proliferation (VM) expressed low levels of CD49d 

(64). Old OT-I Rag+ VM (CD44hi CD62Lhi) CD8+ T cells were CD49dlo (Fig. 2.2E), 

suggesting that they are not “true” memory, arising instead from Ag-independent 

mechanisms. Interestingly, EM CD8+ T cells (CD44hi CD62Llo) were CD49dhi, 

which suggests this population may have reacted to an antigen, which we 

explored further in Fig. 2.5-2.6. Since the vast majority of CD44hi cells have a VM 

phenotype, we wanted to determine whether these cells were more sensitive to 

homeostatic cytokines, which could explain their conversion to memory.  

  

 2.3.2 Cytokine receptor expression in VM cells of TCRTg mice with aging 

Even in unimmunized WT or germ-free adult mice, 10-20% CD8+ T cells 

convert into the VM phenotype, likely due to the separate actions of homeostatic 

cytokines during the neonatal period in the periphery (64, 99), and the action of 

natural killer T cell-derived IL-4 upon single-positive T cells in the thymus (100). 
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We were particularly interested in IL-7 and IL-15 because these cytokines are 

necessary for homeostatic turnover of naïve and memory CD8+ T cells, 

respectively (59, 60). Cytokine-driven homeostatic proliferation can convert naïve 

CD8+ T cells to VM cells (101). To assess whether TCRTg VM cells show signs 

of differential cytokine maintenance, we examined expression of CD122 (IL-2/IL-

15Rβ) and CD127 (IL-7Rα) on TCRTg VM cells. 14 mo. OT-I mice showed a 

significantly increased frequency of splenic CD122hi CD8+ T cells compared to 5 

mo. old animals (40-50% vs. 10-20%, Fig. 2.4A), and the intensity of CD122 

expression was also higher (Fig. 2.4B; measured by mean fluorescence intensity, 

MFI). VM cells from both adult and old OT-I mice had the highest expression of 

CD122 and this expression was higher with advancing age (Fig. 2.4C). However, 

even the CD44lo cells of a 14 mo. old animal expressed low levels of CD122 (Fig. 

2.4D; 8-10x lower than in 14 mo. old VM cells, but still higher than their 5 mo. old 

counterparts). This indicates that level of expression of CD122 correlates tightly 

to the extent of VM conversion with age. Finally, although we did not find 

significant differences in CD127 expression between adult and old OT-I mice (not 

shown), we did observe an increased frequency of CD127hi cells within the VM 

population in 14 mo. OT-I mice (Fig. 2.4E). These findings are consistent with 

two possible explanations. First, homeostatic cytokines could be playing a key 

role in VM conversion in TCRTg CD8+ T cells, driving naïve CD8+ T cells to 

convert to memory by themselves.  
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Figure 2.4: Old OT-I CD44hi CD8+ T cells highly express homeostatic 
cytokine receptors.  
(A) Splenic CD8+ T cells are increasingly CD122hi with (B) upregulated CD122 
expression (MFI) in unimmunized OT-I Rag+ mice as they age. (C) CD44hi and 
(D) CD44lo cells from 12 mo OT-I Rag+ mice express increased CD122 
(geometric MFI) compared cells from 5 mo OT-I Rag+ mice. (D)% of CD127hi is 
increased on 11-14 mo. *p<0.05, **p<0.01, ***p<0.001 by (A-D) unpaired or (E) 
paired student’s t test. Data shows mean ± SEM, representative of at least two 
experiments. 
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Second, VM conversion could be mandated by other signals, chiefly via the TCR, 

in which case the activation of homeostatic cytokine receptors could be part of a 

memory cell differentiation program. 

 

2.3.3 Loss of the original TCRTg specificity in aged TCRTg CD8+ T cells is 

critical for age-related VM conversion 

Naïve CD8+ T cell precursors in young mice rely upon trophic signals from 

both TCR (recognition of self pMHC ligands) and homeostatic cytokines for 

maintenance and survival (101). These parameters may change with time: the 

peptide/major histocompatibility complex (p/MHC) environment (e.g. self Ag, food 

Ag, normal flora-derived Ag) could evolve with aging; likewise, homeostatic 

cytokine availability, T cell abundance (particularly loss of naïve T cells – (89, 

90)) and cellular responsiveness to the key homeostatic cytokines (78) could all 

be altered by the aging process.  

We evaluated the expression of transgenic TCR chains relative to the 

acquisition of the VM phenotype. The OT-I TCRβ chain contains a variable (V) 

region 5 family member (Vβ5) and the TCRα chain contains a V region 2 family 

member (Vα2) (95). Transgenic TCRVβ5 was stably expressed between 4-18 

mo. (not shown). Young (4 mo., Fig. 2.5A) OT-I CD8+ T cells were almost 

exclusively (>99.8%) Vα2hi and exhibited a relatively low (<20%) and stable 

fraction of CD44hi cells (Fig. 2.1). However, older OT-I mice contained a 

significant fraction of Vα2int and Vα2lo populations (Fig 2.5A, B). Loss of Vα2 was 



 60 

accompanied by retention of overall TCR expression (pan-TCRβ staining, Fig. 

2.5A), suggesting that these CD8+ T cells expressed another TCRα chain and 

another potential TCR specificity, a scenario that occurs physiologically on as 

many as ~30% of human and 15% murine T cells (9, 10, 102). Importantly, the 

Vα2lo/int phenotype correlated significantly with the CD44hi phenotype in 12 mo. 

OT-I mice (Fig. 2.5C).  

If indeed TCRα replacement was key to production of a large pool of VM 

cells ion TCRTg mice, then VM conversion in TCRTg mice must be 

Recombination Activating Gene (Rag) recombinase-dependent at least in part. 

Rag recombinase is required for TCR recombination through somatic 

hypermutation (11). To examine this possibility, we tested sorted CD44lo (true 

naïve) and VM cells from OT-I mice of different ages and performed PCR 

amplification of different T cell Receptor Alpha Variable (TRAV) gene 

rearrangements. As expected, OT-I Rag-Knock Out (KO) mice exhibited 

dominant TRAV14 band (corresponding to the TCRVα2 protein, lane highlighted 

by arrow) and very few other bands (Fig. 2.6A, B); importantly, there was no 

difference in the number of bands in Rag-KO mice regardless of the age or the 

CD44 phenotype (Fig. 2.6A, B), indicating that these mice, as expected, cannot 

rearrange endogenous TRAV genes. Similarly to Rag-KO counterparts, Rag-

sufficient young OT-I mice did not exhibit strong rearrangements in either the true 

naïve CD44lo or the VM (CD44hi) fraction (Fig. 2.6C), in accordance with the flow 

cytometry analysis of protein expression, shown in Fig. 2.4.  
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Figure 2.5: OT-I Rag+ mice accumulate non-transgenic TCRVα with age.  
(A) Representative flow cytometry analysis of Va2 staining of blood CD8+ T cells 
in 4 and 12 mo unimmunized OT-I Rag+ mice, with % shown in respective gates. 
(B) The % of Va2hi CD8+ T cells, as gated in (A). (C) %CD44hi cells in each 
Vα2hi/int/lo population from 12 mo mice. (B) ***p<0.001 by unpaired Student’s t test 
and (C) **p<0.01 by 1-way ANOVA and Bonferonni post-test. (B-C) Bars denote 
mean ± SEM (n=15 and 26 for 4 and 12 mo, respectively), representative of two 
experiments. 
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Figure 2.6: CD44hi CD8+ T cells from old OT-I Rag+ mice exhibit Va 
rearrangements 
PCR amplification of 19 TRAV (Vα) families was performed on sorted VM 
(CD44hi) and CD44lo CD8+ T cells from adult and old OT-I Rag+ and Rag- mice. 
Representative DNA gels from 8 adult and 8 old OT-I Rag+ and OT-I Rag- mice 

GAPDH was used as a control. Arrow highlights TRAV 14 (Vα2). 
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The bands in Fig. 2.6A-C, as well as the apparent multiple bands per primer can 

be attributed to non-specific background, as these results match the published 

primer characterization in (94). CD44lo cells from 14 mo. old OT-I Rag+ mice also 

did not appear to carry an increased number of rearrangements compared to 

their younger counterparts (Fig. 2.6D, top row). By contrast, VM cells from 14 

mo. OT-I Rag+ mice contained a plethora of additional rearrangements across 

different TRAV genes (Fig. 2.6D, bottom panel). These results show that the 

presence of Rag recombinase is necessary for expression of alternate Vα 

families.  

To examine whether the potential to express other TCRα chains 

correlated to VM conversion, we aged different TCRTg strains on Rag-KO 

background. By middle age, the three different TCRTg Rag-KO mouse strains 

examined (Fig. 2.7A-OT-I, Fig. 2.7B-P14 (92) and gBT-I (93)– not shown) did not 

downregulate Vα2, and also maintained a small (<5%) VM population that did not 

increase with age (Fig. 2.7C, filled bars), consistent with previously published 

results (64). This sharply contrasted with 50% VM conversion in aging Rag+ OT-I 

mice (Fig. 2.7C, open bars). We conclude that secondary TCR rearrangements 

play a key role in the conversion of naïve CD8+ T cells to VM with age, but that 

they are not necessary for the generation of a small pool of neonatal VM cells. 

However, only a small frequency of CD8+ T cells have decreased Vα2 

expression measured by flow cytometry (Fig. 2.5)-so why is Rag recombinase 

necessary for the majority of memory conversion (Fig. 2.7C)?  
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Figure 2.7: Age-associated accumulation of VM CD8+ T cells is Rag 
dependent.  
Representative expression of Vα2 and CD44 by blood CD8+ T cells from (A) 2 
mo and 10 mo OT-I Rag-KO and (B) P14 Rag-KO mice, relative to young B6 
control mice. (C) The % of CD44hi CD8+ T cells from OT-I Rag+ or TCRTg Rag-
KO (pooled OT-I, P14, gBT-I data) at various ages is shown. Data are shown as 
mean ± SEM. (A-C) n=1-31 for OT-I Rag+/- and (B) n=1-18 for TCRTg Rag-KO 
depending on age.  
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Flow cytometry may not be sensitive enough to detect expression of alternative 

TCRα chains in the Vα2hi population (Fig. 2.5A); single-cell TCR sequencing 

analysis would answer this question. Also, Rag recombinase is required for 

generation of other cell populations, including CD4+ T cells, B cells and NKT 

cells, the presence of which could contribute to memory conversion in Rag-

sufficient mice. Transferring OT-I Rag-KO CD8+ T cells into a Rag-sufficient host 

would explore whether the environment contributes to VM conversion.  

 

2.3.4 Proliferative potential of VM cells: Selective proliferative senescence 

The altered phenotype and expansion of VM CD8+ T cells with age could 

lead to functional consequences, such as altered cytokine production and/or 

proliferation. Since VM cells have increased expression of homeostatic cytokine 

receptors (Fig. 2.4), we hypothesized that these cells would be more sensitive to 

IL-7/IL-15 in vitro. VM (CD44hi) and CD44lo CD8+ T cells were sorted from adult 

and old OT-I Rag+ mice to a high purity (>98%), stained with CFSE, which 

dilutes by 50% with each cell division, and cultured with IL-7/IL-15 for up to 7 

days. VM (CD44hi) CD8+ T cells from adult mice proliferated greater than their 

CD44lo counterparts, based on CFSE dilution, (Fig. 2.8A) and cell counts (not 

shown). Old VM CD8+ T cells also proliferated more than CD44lo, as shown by 

division (Fig. 2.8B) and cell counts (not shown). Therefore, VM OT-I cells do 

indeed have increased sensitivity to homeostatic cytokines, which could 

contribute to their accumulation with age. 
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Figure 2.8: VM CD8+ T cells from adult and old OT-I Rag+ mice proliferate 
when exposed to homeostatic cytokines. 
Sorted splenic VM (CD44hi) and CD44lo CD8+ T cells from 3 mo. and 14 mo. OT-I 
Rag+ mice were cultured with IL7/IL-15 for up to 7 days. % cells divided for (A) 3 
mo. and (B) 14 mo. on day 5 and 7 was determined by CFSE dilution. *p<0.05, 
**p<0.01, ***p<0.001 by Two-way ANOVA and Bonferonni post test; p values 
compare CD44hi to CD44lo. Data shows mean ± SEM; n=4-5, representative of 2 
experiments. 
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Figure 2.7 suggested that VM cells in old mice are also driven/maintained 

by TCR signals. Given that, over long periods of time, even low-level of TCR-

driven proliferation/ turnover could have cumulative effects on old T cells (103), 

we were interested to determine functional consequences of this interaction. We 

therefore sorted VM (CD44hi) and CD44lo CD8+ T cells from adult and old OT-I 

Rag+ mice as in Fig. 2.8 and stimulated them in vitro with IL-12/IL-18 or the 

cognate SIINFEKL peptide to elicit functional responses (IFN-γ secretion& 

proliferation). An increased proportion of VM OT-I T cells rapidly produced IFN-γ 

in response to both types of stimulation, compared to CD44lo counterparts (Fig. 

2.9A, B). The ability to rapidly produce cytokines is a hallmark of memory cells in 

wild-type mice (64, 78). Similarly, like the adult VM CD8+ T cells from wild-type 

mice (64), VM CD8+ T cells from adult OT-I mice exhibited significantly enhanced 

proliferation when compared to CD44lo cells (Fig. 2.9C) . A different picture 

emerged when we examined VM and CD44lo cells from older mice – aging was 

marked by delayed entry into advanced cell divisions in VM cells, and these cells 

were clearly outperformed by old CD44lo cells in proliferation on both days 3 and 

5 post stimulation, measured by both cell divisions (Fig. 2.9D) and cell numbers 

(not shown). These results indicate that although CD44hi VM T cells in adult mice 

appear central memory-like, with age the cells progressively assume functional 

characteristics of effector memory cells (despite being CD62Lhi, Fig. 2.3A), 

hallmarked by immediate cytokine function and reduced proliferative potential to 

TCR stimulation.  
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Figure 2.9: Function of old OT-I VM CD8+ T cells in response to peptide. 
Sorted splenic VM (CD44hi) and CD44lo CD8+ T cells from 3 mo. and 14 mo. OT-I 
Rag+ mice were cultured with IL-12/IL-18 (14 mo.) or SIINFEKL peptide (3 mo. 
and 14 mo.) for up to 5 days. (A-B) % IFN-γ+ cells on day 1, and the % cells 
divided for (C) 3 mo. and (D) 14 mo. on day 3 and day 5 was determined by ICS 
and CFSE dilution, respectively. *p<0.05, **p<0.01, ***p<0.001 by (A-B) 
Student’s t test and (C-D) Two-way ANOVA and Bonferonni post test; p values 
compare CD44hi to CD44lo. Data shows mean ± SEM; n=2-6 for each condition, 
representative of 2 experiments. 
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Collectively, these results suggest a selective proliferative senescence; 

old OT-I VM cells proliferate more than their CD44lo counterparts in response to 

homeostatic cytokines, while the inverse is true for cognate peptide (TCR) 

stimulation. To our knowledge, this is the first account of age-dependent TCR-

induced proliferative senescence uncoupled with cytokine production as well as 

capability to proliferate in response to alternative signals (i.e. homeostatic 

cytokines). We next explored potential mechanisms to explain age-dependent 

VM proliferative senescence in response to cognate Ag. 

  

2.3.5 Expression of inhibitory receptors on TCRTg CD8+ VM cells with 

aging 

An age-dependent increase in inhibitory and exhaustion receptors on 

CD8+ T cells has been reported (rev. in (104). Programmed cell death protein-1 

(PD-1) inhibits costimulatory signaling and is expressed on exhausted CD8+ T 

cells in a model of chronic infection (105). Lymphocyte activation gene-3 (LAG-3) 

can regulate TCR-induced signaling (106) and has also shown to be upregulated 

on exhausted CD8+ T cells (105, 106). Old OT-I mice exhibit a significant 

increase in the frequency of both PD-1+ and LAG3+ CD8+ T cells compared to 

adults (Fig. 2.10A, B), the representation of cells expressing these markers 

remained modest (on average <20% in 14 mo. mice).  
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Figure 2.10: Old OT-I CD8+ T cells exhibit increased exhaustion markers.  
The expression of (A) PD-1 and (B) LAG-3 by total splenic CD8+ T cells in 
unimmunized 5 and 14 mo OT-I Rag+ mice. (C) At 14 mo, both PD-1 and LAG-3 
expression were restricted to the EM (CD44hi CD62Llo) subset. (A) *p<0.05 by 
student’s t test and (B) ***p<0.001 by 1-way ANOVA and Bonferonni post-test. 
Data presented as mean ± SEM; n=4 for 5 mo and n=5 for 14 mo; representative 
of 2 experiments.  
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We conclude that these inhibitory markers are unlikely to solely explain the 

proliferation defects in aging VM precursors, particularly because they are 

expressed exclusively on the small population of EM (CD44hi62Llo) CD8+ T cells, 

and not the much larger population of VM (CD44hi62Lhi) CD8+ T cells (Fig. 

2.10C).  

 

2.3.6 Increased DNA damage response in old CD44hi OT-I CD8+ T cells 

  Limited data has shown that old progenitor and immune cells have 

increased DNA damage (107). Double-stranded DNA breaks (DSB) can occur 

due to a variety of causes, including replication errors, metabolic interference, 

and infection (rev. in (108). Within 30 minutes of a DSB, the histone protein 

H2AX is phosphorylated to become γH2AX (108). γH2AX recruits repair proteins 

to the site of damage and can initiate check point, and therefore cell replication, 

arrest (109). We can infer the amount of DSB’s by using an antibody against the 

phosphorylated γH2AX. We observed increased phosphorylated γH2AX 

expression in VM (CD44hi) CD8+ T cells from both adult (Fig. 2.11A) and old. 

(Fig. 2.11B) compared to their CD44lo counterparts. Interestingly, old VM and 

CD44lo CD8+ T cells exhibited increased phosphorylated γH2AX expression 

compared to adult VM and CD44lo cells, respectively (Fig. 2.11C). This could in 

part explain the select proliferative senescence we observed in response to 

peptide stimulation (Fig. 2.9D), since the DNA damage response can inhibit cell 

replication (108) and contribute to senescence (110).  
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Figure 2.11: Increased DNA damage response in old OT-I VM CD8+ T cells 
Expression of phosphorylated γH2AX in VM (CD44hi) and CD44lo CD8+ T cells 
from (A) 3 mo. and (B) 14 mo. OT-I Rag+ mice. Both (C) VM and (D) CD44lo cells 
from old mice have increased phosphorylated γH2AX expression compared to 
corresponding adult populations. *p<0.05, ***p<0.001 by (A-B) paired or (C-D) 
unpaired Student’s t test. Data shows mean ± SEM; n=5; representative of 2 
experiments. 
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These results suggest that increased DNA damage in old VM OT-I CD8+ T cells 

could play a role in the proliferative defects observed in response to peptide 

stimulation. However, how cytokine stimulation could potentially bypass the 

impact of DNA damage is unclear and will have to be further explored.  
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2.4 DISCUSSION 

 

2.4.1 Expansion of virtual memory CD8+ T cells with age 

Our present results, in the context of data from the literature (64, 78, 96, 

99, 100) shed new light on the issue of long-term maintenance of T cell 

precursors with aging. The true naïve CD44lo CD8+ precursors are severely 

depleted by the process of aging (78, 96), suggesting that either the key 

maintenance factors for these cells are insufficient in old animals, or that age-

related lymphopenia drives these cells to convert to VM cells, or both. VM 

conversion appears to drive at least two phenotypically different type of CD44hi 

memory CD8+ T cells. The majority of the CD44hi cells are CD44hi CD62Lhi 

CD49dlo, indicative of VM, and this population expands with age. A small portion 

of memory cells appear to have an EM phenotype: CD44hi CD62Llo CD49dhi, and 

do not seem to expand with age. The differences between these two populations 

in the context of aging are unclear; further experiments will have to be performed 

to determine any homeostatic and functional differences between the two 

populations.  

 

2.4.2 Differential function of CD8+ T cells in old unimmunized mice 

Initial publications suggested that aging may not adversely affect TCRTg T 

cells; old TCRTg T cells were found to be functionally comparable to adult T cells 

in a variety of strains (111-113) using bulk T cell functional assays. This stood in 
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contrast to old T cells from WT mice, which have long been known to exhibit 

defects in proliferation and differentiation (114-116) rev. in (104). These results 

can be now explained by the likely confounding effect of massive contamination 

with functionally mature VM T cells, which have not been separately tested in 

these studies and would account for robust immediate effector function.  

Perhaps most importantly, our results show that VM conversion is not 

innocuous for an aging precursor. Whereas in youth VM cells exhibit functionally 

robust proliferation (64), by middle age their proliferative ability declines (Fig. 2.9) 

and is even worse in old WT mice (unpublished observations). So are VM cells 

better or worse than true naïve precursors for the immune defense? VM cells in 

young mice exhibit immediate cytokine secretion and faster/more robust 

proliferation compared to their CD44lo counterparts (64), potentially providing 

enhanced immune protection. However, with aging, old WT VM precursors may 

behave like effector memory cells, with low proliferation but strong immediate 

effector function, consistent with recent data on old LCMV-specific precursors 

(96). An explanation to reconcile all these results likely lies in the extent of 

homeostatic replication that T cells undergo from the time they are generated in 

the thymus all the way to the old age. In young mice, VM cells reap the benefits 

of relatively recent activation during homeostatic conversion, having acquired 

immediate effector function but also being able to promptly expand without losing 

the proliferative potential (64). In older mice, immediate effector function remains, 

but the proliferative capacity is gradually reduced, likely by additional rounds of 
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cycling/ homeostatic proliferation. Replicative senescence occurs due to a finite 

number of cell divisions (25-30) and eventual cell cycle arrest (103), and is 

usually hallmarked by a loss of costimulatory signaling which leads to anergy, 

which includes inability to produce effector molecules (117, 118). In this chapter, 

we have reported a “selective” replicative senescence: old VM CD8+ T cells 

exhibit robust proliferation in response to homeostatic cytokines and can rapidly 

produce cytokines upon cognate peptide activation. However, these VM cells do 

not proliferate nearly to the same extent as their CD44lo counterparts when 

activated with cognate peptide. In order to test whether old VM cells have defects 

in vivo, we plan to adoptively transfer adult and old VM and CD44lo CD8+ T cells 

into WT B6 mice and infect with recombinant pathogens expressing ovalbumin to 

measure proliferation and function in vivo. We will compare downstream 

signaling of TCR compared to homeostatic cytokine receptors to determine the 

differential outcomes of weak proliferation versus strong proliferation, 

respectively. Our preliminary data suggests that DNA damage may contribute to 

old VM replicative senescence, but how IL-7/IL-15 signaling can bypass this 

potential roadblock will need to be determined. In some cases, senescence can 

be reversed by restoring costimulatory signaling, increasing IL-2 

production/responsiveness, or targeting exhaustion receptors (105, 119), which 

can be tested both in vitro and in vivo using our OT-I model.  
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2.4.3 Mechanisms contributing to age-dependent CD8+ T cell memory 

conversion 

Old OT-I VM cells highly express homeostatic cytokine receptors, which 

most likely contribute to the age-related increase in VM cells. By adoptively 

transferring CD44lo and VM CD8+ T cells from adult and old OT-I mice into IL-7R-

KO and/or IL-15R-KO mice, we can determine the importance of homeostatic 

cytokines in memory conversion, expansion, and maintenance. TCRTg Rag-KO 

mice in our study had a small (<5%), age-insensitive population of VM cells that 

are most analogous to the cells that expand during the neonatal period in the 

periphery (99). These cells are most likely expanded by IL-7 immediately upon 

egress into an empty periphery of a neonate (64, 99). Of interest, while the 

overall percentage and number of VM cells in TCRTg Rag+ mice increased with 

aging, this was not the case with the CD44hi CD8+ T cells in Rag-KO mice. That 

led us to conclude that the original specificities of the TCRTg receptors analyzed 

in this study were not conducive to age-related VM accumulation on their own, 

and that a significant cohort of VM cells, at least in TCRTg mice, depends on the 

secondary rearrangements that produce other TCR specificities. T cells 

expressing dual TCRs could be reactive to alternate antigens (120, 121). These 

cells, perhaps due to self-reactivity, food Ag-reactivity, or microbiota Ag reactivity, 

exhibit VM phenotype. Recently, it was shown that in young adult B6 mice 

deficient in secondary rearrangements (the TCRα+/- genotype), VM cells persist 

at the same frequency as in WT mice (about 16% of the total naïve Ag-specific 
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precursors (99). We would predict that upon aging such mice may exhibit 

reduced VM accumulation, but again sequencing of TRAV in a polyclonal 

TCRα+/- and TCRα-/- setting will be needed to establish whether dual TCRα 

rearrangements are necessary for VM accumulation in the polyclonal TCR 

repertoire.  

If self-Ag is important in VM conversion with age, we would predict that 

adoptively transferring adult OT-I CD8+ T cells into OVAkbSCT Tg mice, which 

express a transgenic MHC-I bound to the SIINFEKL peptide (122), and then 

aging the mice would result decreased OT-I VM conversion, as only cognate 

peptide could be presented. Reduced repertoire diversity due to CD8+ T cell 

clonal expansions is hypothesized to contribute to the organ-specific autoimmune 

diseases that increase with age in both humans (123) and mice (124), and we 

propose that an increase in cross-reactive VM cells also contributes. To 

determine whether food Ag contributes to VM conversion with age, we can age 

germ-free mice fed an Ag-free diet, which consists of ultra-filtered low-molecular 

weight chemically defined compounds (125-127). 

 Finally, we are interested in defining the role of gut microbiota in both age-

dependent VM conversion as well as shaping the aging immune system in 

general. In humans, age-dependent differences in microbiota species in the gut 

have been described (128-130). In the elderly, place of residence (community vs. 

residential care), diet, frailty, and inflammation influence the microbiome (131). 

However, whether these microbiota differences are detrimental to human health, 
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or whether the gut immune system is even perturbed with age is unclear (129, 

132). Very few published studies explored the gut microbiome in old mice; one 

hallmark study found that diet greatly influenced microbiota species in old mice, 

and that certain diets could make old microbiota resemble adult microbiota (133).  

 Recently, studies have shown that certain microbiota species can 

influence the immune system. SFB (segmented filamentous bacteria) is a non-

pathogenic, native bacteria in the distal small intestine of certain mammals, 

including mice (134). In the past 10 years, the role of SFB in shaping the immune 

system has been extensively studied. SFB have a critical role in inducing IgA 

responses in the gut (135, 136). The presence of T cells in the gut is partially 

dependent on the presence of SFB (137, 138) due to SFB’s ability to coordinate 

mucosal T cell responses (139). Mice colonized with SFB have shown increased 

anti-microbial defenses and resistance to pathogens in the intestine (140). SFB 

has also been implicated in the development of autoimmune disease, such as 

arthritis (141) and experimental autoimmune encephalitis (EAE) (142), but has 

been shown to protect against a mouse model of diabetes (143). Collectively, 

these results show that SFB has a profound ability to shape the mucosal immune 

system.   

Since communication between the microbiota and host is needed for 

immune homeostasis, protection against pathogens, and decreased reactions to 

commensals (144), our lab is particularly interested in whether alterations in the 

microbiota influence the aging immune response.  
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2.4.4 Increased expression of a gut homing receptor expressed on VM CD8+ 

T cells from old OT-I mice 

α4β7 integrin, also known as lymphocyte peyer patch adhesion molecule 

(LPAM) facilitates lymphocyte entry into the peyer’s patch (145). α4β7 is 

upregulated upon activation by mucosal DC’s, and can stay upregulated on 

memory T cells (146). Interestingly, Williams et. al. found an increase in α4β7+ 

CD44hi CD8+ T cells in 10 mo. old mice compared to 4-5 week old mice (146). 

Our preliminary data suggests that a population of CD44hi CD8+ T cells in 14 mo. 

OT-I Rag+ mice have increased frequencies of α4β7+ cells (Fig. 2.12A), 

indicating an ability to home to the gut. This data suggests that these memory 

cells may have been primed in the gut, and therefore may be reacting to 

microbiota species. This population is phenotypically EM (CD44hi, CD62Llo; Fig. 

12A) and Vα2int/lo (Fig. 2.12B), suggesting that these cells may be activated 

through cross-reactive TCR signals. 

 Overall, our data suggests that TCR-mediate signals are crucial for VM 

conversion and maintenance with age, and that cross-reactivity, including anti-

microbial triggered T cell activation, contribute to the expansion of a previously 

undefined population of CD8+ T cells. 
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Figure 2.12: Increased surface expression of the gut homing molecule, 
α4β7, on 14 mo. OT-I EM CD44hi CD8+ T cells. 
Increased expression of α4β7 on splenic (A) CD44hi CD62Llo (EM) and (B) 
Vα2int/lo CD8+ T cells from unimmunized 14 mo. OT-I Rag+ mice. . *p<0.05 by (A) 
paired Student’s t test. Data shows mean ± SEM; n=5; representative of 2 
experiments. 
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CHAPTER 3 

 

DYSREGULATED TRANSCRIPTIONAL PATHWAYS CONTRIBUTE TO 

INTRINSIC CD8+ T CELL DEFECTS IN OLD MICE 

 

 

3.1 INTRODUCTION 

 

CD8+ T cells are critical for clearing viruses and intracellular bacteria 

intracellular pathogens (38). Upon activation, CD8+ T cells proliferate extensively, 

produce effector cytokines, and develop cytolytic activity (becoming effector 

CD8+ T cells). After this period of expansion, the CD8+ T cell population 

contracts, with only 5-10% of the cells surviving to become long-lived memory 

cells (147).  

In a variety of infectious models in old mice, the old effector CD8+ T cell 

population is decreased in magnitude and the responding CD8+ T cells have 

decreased effector function (rev. in (66). Our lab has used West Nile Virus 

(WNV) and Listeria monocytogenes (Lm) infections to study the in vivo 

responses of old CD8+ T cells. In old mice infected with either WNV (83) or Lm 

(84), we observed decreased numbers of antigen (Ag)-specific CD8+ T cells, 

decreased expression of effector molecules, including granzyme B (GzB) and 

IFN-γ, decreased polyfunctionality (ability to produce multiple effector molecules), 
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and decreased cytolytic activity. However, the cell-intrinsic contribution to, and 

mechanisms behind, these defects remained unclear.  

Some T cell receptor (TCR) signaling defects have been described in old 

CD4+ T cells, including decreased calcium signaling (148, 149), altered actin 

polymerization (150), and defects in protein tyrosine kinases (PTK) (151). Old 

CD8+ T cells are more susceptible to apoptosis in vivo (84), and have shown  

increased TNF-α induced apoptosis in vitro (152). Finally, differences in surface 

protein modifications (153) and decreased Jak/STAT signaling downstream of 

cytokine receptors (154) have also been described. However, very little data 

exists regarding whether the activation-induced signaling cascades and 

transcriptional pathways are dysregulated in old naïve CD8+ T cells, and whether 

targeting these pathways can improve old CD8+ T cell expansion and function. 

To further understand the aging CD8+ T cell response, we employed both 

in vitro stimulation and in vivo Lm infection to dissect potential intrinsic defects 

and mechanisms contributing to the dysregulated old CD8+ T cell response. 

Collectively these results show that old CD8+ T cells do indeed exhibit intrinsic 

defects in proliferation and effector molecule production. We also found evidence 

supporting age-dependent altered transcriptional activation pathways, which 

correlate with the CD8+ T cell defects observed both in vitro and in vivo. Finally, 

we identified promising pathways to improve aging CD8+ T cell immunity, 

including targeting the transcription factor T-bet (T-box expressed in T cells) and 

pro-inflammatory cytokine signaling in old CD8+ T cells. 
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3.2 MATERIAL AND METHODS 

 

Mice 

Adult mice (12 weeks old) and old mice (18 months old) C57Bl/6 mice 

were purchased from Jackson Laboratories and NIA, respectively. Mice with 

large spleens or other obvious abnormalities were excluded from the study. For 

survival bleeds, mice were bled retro-orbitally. Mice were maintained in specific 

pathogen free conditions in the animal facility at the University of Arizona and 

experiments conducted under guidelines and approval of the Institutional Animal 

Care and Use Committee of the University of Arizona. 

Lm-OVA (Lm strain 10403 engineered to express chicken ovalbumin) was 

generously provided by Hao Shen (155). Infections were performed as previously 

described (84). Briefly, Lm-OVA bacteria was grown overnight in BHI. Mice were 

systematically infected with 1-3x103 colony forming units (CFU) intravenously in 

the lateral tail vein in a volume of 100 μl sterile PBS. The number of inoculated 

bacteria was determined by plating serial dilutions of the injected bacteria 

solution on BHI agar.  

 

Flow cytometry 

Samples were prepared as previously described (84). Briefly, blood was 

collected into heparin-tubes and lysed hypotonically. Splenocytes were passed 

through a 40 μm filter to prepare a single-cell suspension. Cells were 
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resuspended in 100 μl PBS-2% FBS (FACS wash) and transferred to a 96-well 

round-bottom plate for intracellular cytokine staining or Kb-OVA tetramer (Tet+) 

staining analysis. Fluorochrome-conjugated antibodies were used as follows: 

CD8α (53-6.7), CD4 (RM4-5), CD44 (IM7), CD62L (MEL-14), IFN-γ (XMG1.2), 

Granzyme B (GB11), T-bet (eBio4B10), Eomesodermin (Dan11mag). These 

antibodies were purchased from eBioscience, Invitrogen, BD Biosciences, or 

Biolegend. Kb/OVA tetramer conjugated to either APC or PE was provided by the 

NIH Tetramer Core Facility using NIH/NIAID HHSN27220110017C. Samples 

were analyzed on a 4-laser custom Fortessa cytometer (BDIS, Sunnyvale, CA), 

using the DiVA acquisition (BDIS) and Flow-Jo (Treestar, Ashland, OR) analysis 

software. 

 

Intracellular Cytokine Staining 

Samples were stimulated and prepared as previously described (84). 

Briefly, 106 cells were stimulated with 10-6 M SIINFEKL peptide in the presence 

of 1 g/ml brefeldin A for 5 hours. Cells were stained with surface antibodies, and 

then fixed and permeabilized using either the FoxP3 Fix/Perm kit (eBioscience) 

or the Fix/Perm kit (BD Bioscience) followed by staining with intracellular 

antibodies. Protein expression was measured by calculating the mean 

fluorescence intensity (MFI). Relative MFI (rMFI) was calculated by subtracting 

the MFI of the naïve CD8+ T cell population from the MFI of the effector CD8+ T 

cell population. 
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Cell Culture 

Splenic CD8+ T cells were magnetically enriched (Miltenyi Biotec) using an 

AutoMACS pro (Miltenyi Biotec). From the enriched population, CD62Lhi CD44lo 

(naïve) CD8+ T cells were sorted with >98% purity using a BD FACS Aria. The 

cells were CFSE stained by resuspending cells at 107 cells/ml and staining with 5 

μM Carboxyfluorescein succinimidyl ester (CFSE) at 37° for 10 minutes, followed 

by washing 3x with cold RPMI-complete. The cells were cultured at 2x105 

cells/ml in RPMI-complete 1:1 with α-CD3/α-CD28 immobilized on beads 

(Miltenyi), 100 U/ml rmIL-2 (eBioscience), and 10 ng/ml IL-12 R&D Biosystems) 

or 10 ng/ml IL-27 (Biolegend) (unless otherwise noted) for up to 5 days. On each 

day of analysis, cells were stained for viability (LIVE/DEAD reagent, Invitrogen), 

stained with surface antibodies, fixed/permeabilized with the FoxP3 Fix/Perm and 

stained with intracellular antibodies. 

 

Retrovirus Transduction 

Sorted naïve CD8+ T cells were CFSE-stained as described above. Cells 

were cultured at 2x105 cells/ml 1:1 with α-CD3/α-CD28 immobilized on beads 

(Miltenyi), 100 U/ml rmIL-2 (eBioscience) for 24 hours. Then the cultured CD8+ T 

cells were transduced with either T-bet retrovirus expressing GFP (T-bet GFP) or 

empty retrovirus expressing GFP (MigR1-GFP) plus 4 μg/ml polybrene. Briefly, 

retrovirus constructs were transfected using TurboFect (ThermoScientific) into 

Phoenix cells (generously provided by Dr. Michael Kuhns, University of Arizona, 
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Tucson AZ). Supernatant containing virus was collected over 3 days and used to 

transduce CD8+ T cells by “spinfection” with 4ug/ml polybrene (American 

Bioanalytical). Cells/retrovirus were spun at 2600 rpm for 2 hours in a flat-bottom 

12- or 24-well plate. Retrovirus constructs were generously provided by Dr. 

Susan Kaech, Yale School of Medicine, New Haven CT (156). Transduction 

efficiency was measured by GFP staining. 

 

Data Analysis 

Following the analysis of flow cytometry data using Flow-Jo software, 

Graph Pad Prism was used for statistical analysis (unpaired Student’s t test, 

paired Student’s t test, one-way ANOVA or two-way ANOVA with Bonferroni post 

test). *p<0.05, **p<0.01, ***p<0.001.  
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3.3 RESULTS 

 

3.3.1 Decreased number and function of Ag-specific CD8+ T cells in old 

mice responding to Lm-OVA. 

 Listeria monocytogenes (Lm) is an intracellular gram+ bacterium that is a 

natural human pathogen. The elderly show greater susceptibility to Lm infection 

and Lm has been a model intracellular pathogen for over 40 years (157, 158). 

Cytotoxic effector CD8+ T cells are critical for ultimately clearing Lm-infected 

cells, both by direct cytolytic killing as well as producing the pro-inflammatory 

cytokine interferon-γ (IFN- γ) (82, 159). Systemic Lm infection in mice results in 

90% bacterium dissemination to the liver and 5-10% to spleen; in the first six 

hours, the majority of Lm is killed by neutrophils. Lm rapidly multiples in 

macrophages and hepatocytes and hijacks the host cytoskeleton to propel itself 

into neighboring cells. Lm proteins are processed and presented on MHC-I (160, 

161). Recombinant Lm expressing chicken ovalbumin protein (OVA) (155) was 

used to study Ag-specific CD8+ T cells. Antigen (Ag)-specific cells were 

measured using a Kb/OVA tetramer (Tet) (gating scheme shown in Fig. 3.1A). 

On day 8 post Lm-OVA infection, old mice had both decreased frequencies (Fig. 

3.1A) and decreased absolute numbers of the Tet+ CD8+ T cells in the spleen 

(Fig. 3.1B) and blood (data not shown) compared to adult mice.  
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Figure 3.1: Decreased number of Ag-specific CD8+ T cells in old mice 
infected with Lm-OVA. 
Spleoncytes were stained with surface antibodies and Kb/OVA tetramer (Tet) on  
day 8 post infection (peak of infection) with Lm-OVA. (A) Gating of Tet+ CD8+ T 
cells in adult and old mice. (B) Decreased absolute numbers of Tet+ CD8+ T cells 
in old mice, as gated in (A). ***p<0.001 by student t-test. Data representative of 
at least 3 experiments, mean ± SEM is shown. N=8 adult, 8 old. 
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Effector molecule production was measured ex vivo by stimulating splenocytes 

for 5 hours with peptide in the presence of brefeldin A (BFA) to block effector 

molecule export. CD8+ T cells from old mice exhibited reduced absolute numbers 

of IFN-γ+ (Fig. 3.2A) and the cytolytic protein granzyme B+ (GzB; 3.2B) CD8+ T 

cells. 

 Not only was there a reduction in responder CD8+ T cell numbers, also 

decreased expression of IFN-γ (Fig. 3.2C) and GzB (Fig. 3.2D) within the 

corresponding effector molecule positive populations (measured by relative mean 

fluorescence intensity (rMFI)). These results, recently published in (84), show 

both quantitative (magnitude) and qualitative (function) CD8+ T cell defects in old 

mice responding to Lm-OVA infection. However, it was unclear whether and to 

what extent cell intrinsic defects and defects in the old environment, including 

those in old dendritic cell priming of CD8+ T cells (70) accounted for these age-

dependent differences. Therefore, we used an in vitro stimulation approach to 

stimulate adult and old CD8+ T cells while excluding the impact of their respective 

environments. 

 

3.3.2 Old naïve CD8+ T cells exhibit intrinsic activation defects. 

Sorted naïve (CD62Lhi, CD44lo) CD8+ T cells from adult (12 wk.) and old 

(18 mo.) mice cells were cultured with α-CD3 (TCR stimulation), α-CD28 

(costimulation) plus interleukin-2 (IL-2; needed for cell survival and proliferation).  
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Figure 3.2: Decreased number of CD8+ T cells expressing effector 
molecules IFN-γ  and granzyme B as well as decreased production per cell 
in old mice infected with Lm-OVA. 
On day 8 post infection with Lm-OVA, splenocytes were stimulated for 5 hours 
with SIINFEKL peptide + brefeldin A. Old mice had decreased absolute numbers 
of (A) IFN-γ+ and (B) granzyme B (GzB)+ CD8+ T cells. Within those populations, 
old CD8+ T cells expressed less (C) IFN-γ and (D) GzB protein, as measured by 
rMFI. *p<0.05, **p<0.01, ***p<0.001 by student t-test. Data representative of at 
least 4 experiments, mean ± SEM is shown. N=8 adult, 8 old. 
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By removing the CD8+ T cells from their respective environments and subjecting 

them to the same stimulation, we could measure intrinsic differences in old CD8+ 

T cells upon activation. Cell division was measured by CFSE, which dilutes by 

50% with each division (shown in Fig. 3.3A). An increased frequency of old naïve 

cells did not divide (division 0) on day 4 (Fig. 3.3A, second panel). We also 

analyzed cytotoxic activity by measuring GzB production by mean fluorescence 

intensity (MFI) (Fig. 3.3B).  

Activated old CD8+ T cells expressed less GzB in vitro, which is consistent with 

our in vivo observations with WNV (83) and Lm (84). Collectively, these data 

show that old CD8+ T cells have intrinsic functional and proliferation defects that 

contribute to their overall decreased responses in vivo.  

 

3.3.3 Addition of pro-inflammatory cytokines increases activation 

phenotype in old CD8+ T cells, but to a lesser degree than in adult T cells. 

 In vivo, pro-inflammatory cytokines play a critical role in regulating immune 

responses. In particular, pro-inflammatory cytokines influence CD8+ T cell 

activation (162). While brief exposure to peptide/MHC-I (signal 1) and 

costimulation (signal 2) is enough to induce several rounds of division in naïve 

CD8+ T cells (163), pro-inflammatory cytokines (signal 3) are needed for clonal 

expansion and effector function (163). IL-12 (162), IFN-α/β (164) and IL-27 (165, 

166) can provide this third signal to naive CD8+ T cells (Reviewed in (34).  
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Figure 3.3: Old naïve CD8+ T cells exhibit intrinsic activation defects 
Sorted naïve old CD8+ T cells have (A) greater frequency of undivided cells 
based on CFSE staining and (B) decreased production of GzB on day 4 post in 
vitro stimulation with α-CD3/α-CD28, and IL-2, compared with naïve adult CD8+ T 
cells. *p<0.05, ***p<0.001 by (A) 1-way ANOVA with Bonferonni post-test and (B) 
student t-test. Data representative of 7 experiments, mean ± SEM is shown. N=8 
adult, 10 old.  
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We chose to analyze the impact of IL-12 and IL-27 on adult and old CD8+ T cell 

proliferation and effector molecule production in vitro, because individually IL-12 

and IL-27 enhance adult CD8+ T cell proliferation and effector molecule 

production, and together they have a synergistic effect (165). IL-12 and IL-27 

improved cell division in adult CD8+ T cells as expected (Fig. 3.4A). Interestingly, 

pro-inflammatory cytokines also increased the frequency of old CD8+ T cells in 

late cell divisions (Fig. 3.4B), possibly due to increased cell survival (167). Pro-

inflammatory cytokines also increased GzB production in adult (Fig. 3.4C) and 

old CD8+ T cells (Fig. 3.4D). However, old CD8+ T cells had decreased GzB 

production compared to adults (Fig. 3.4E; trending in IL-12 condition, p=0.068; 

significant in IL-12+IL-27 condition). Collectively, these results show that old 

CD8+ T cell proliferation and GzB production can be enhanced by pro-

inflammatory cytokines, although perhaps not to the same extent as adult CD8+ T 

cells. Since old CD8+ T cells exhibit intrinsic proliferation and effector molecule 

production defects, we were interested in the mechanisms contributing to these 

defects.  
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Figure 3.4: Addition of pro-inflammatory cytokines increases activation 
phenotype in old CD8+ T cells to a lesser degree than adult cells 
Sorted naïve adult and old CD8+ T cells have (A-B) increased frequency of cells 
in later cell divisions and (C-D) increased GzB production on day 4 post in vitro 
stimulation with α-CD3/α-CD28, and IL-2 + indicated inflammatory cytokines. 
However, (E) old CD8+ T cell production of GzB is impaired compared to adult. 
*p<0.05, **p<0.01, ***p<0.001 by (A-B) 2-way ANOVA with Bonferonni post-test; 
analysis compares α-CD3/α-CD28 stimulation + cytokine conditions to α-CD3, α-
CD28 stimulation + IL-2 only (C-D) 1-way ANOVA with Bonferonni post-test (E) 
2-way ANOVA with Bonferonni post-test. Data representative of at least 5 
experiments, mean ± SEM is shown. N=8 adult, 10 old. 
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3.3.4 T-bet is differentially expressed in old CD8+ T cells in response to in 

vitro stimulation. 

T-bet (T-box expressed in T cells) is a transcription factor encoded by the 

Tbx21 gene, and is necessary for T-helper 1 (Th1) CD4+ T cell lineage 

commitment (156), as well as the generation of functional effector CD8+ T cells 

(168). T-bet expression is dependent on TCR stimulation, and transactivates 

IFN-γ and GzB (156, 169, 170). Pro-inflammatory cytokines increase T-bet 

expression (52). Since we observed decreased GzB production in old CD8+ T 

cells (3.3B) and pro-inflammatory cytokines enhanced GzB production (3.4D), we 

next determined whether T-bet expression was altered in old CD8+ T cells. 

Sorted naïve CD8+ T cells from adult and old mice were cultured as in Fig. 

3.4. The addition of pro-inflammatory cytokines during in vitro stimulation 

increased T-bet protein expression in both adult (Fig. 3.5A) and old CD8+ T cells 

(Fig. 3.5B), which correlates with increased GzB production (Fig. 3.4). However, 

T-bet is differentially expressed in old CD8+ T cells compared to adult (Fig. 3.5C). 

Old CD8+ T cells had decreased T-bet expression in response to stimulation plus 

IL-12 and increased T-bet expression in response to stimulation plus IL-12 and 

IL-27, compared to their adult counterparts (Fig. 3.5C). To our knowledge, this 

age-related difference in T-bet expression is the first example of a dysregulated 

master transcription factor in old CD8+ T cells. 
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Figure 3.5: T-bet is differentially expressed in old CD8+ T cells in response 
to in vitro stimulation. 
Sorted naïve adult and old CD8+ T cells have (A-B) increased T-bet MFI when 
inflammatory cytokines are present during in vitro stimulation, compared to α-
CD3, α-CD28 stimulation +IL-2 only. (C) T-bet is differentially expressed in old 
CD8+ T cells compared to adult. *p<0.05, **p<0.01, ***p<0.001 by (A-B) 1-way 
ANOVA with Bonferonni post-test and (D) 2-way ANOVA with Bonferonni post-
test. Data representative of at least 6 experiments, mean ± SEM is shown. N=8 
adult, 10 old. 
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In Figure 3.5, the CD8+ T cells were cultured in a fixed concentration of IL-

12 (10 ng/ml), so we could not discount the possibility that old CD8+ T cells might 

be less sensitive to pro-inflammatory cytokines and simply needed increased 

concentrations to achieve equal GzB production compared to adult CD8+ T cells. 

Adult and old naïve CD8+ T cells were cultured as in Figures 3.4 and 3.5, but with 

increasing concentrations of IL-12 (shown in Fig. 3.6). Increased concentrations 

of IL-12 did not increase GzB production (Fig. 3.6A) or T-bet expression (Fig. 

3.6B) in old CD8+ T cells to the same extent as adult CD8+ T cells. This suggests 

that old CD8+ T cells are not simply less sensitive to pro-inflammatory cytokines 

but may have a decreased threshold of GzB production. 

The results in Figures 3.3-3.6 show that old CD8+ T cells have intrinsic 

proliferative and effector molecule production defects. Decreased GzB 

expression correlated with decreased expression of T-bet when IL-12 was added 

with stimulation. However, decreased GzB expression did not correlate with 

decreased T-bet expression when both IL-12 and IL-27 were present during 

stimulation (compare Fig. 3.4E to Fig. 3.5C), suggesting that other pathways are 

involved with CD8+ T cell defects. Due to the ability of IL-12 and IL-27 to 

augment old CD8+ T cell proliferation and effector molecule production, our lab is 

interested in further exploring the potential of targeting pro-inflammatory cytokine 

signaling to increase old CD8+ T cell function in vivo (discussed further in future 

directions).  
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Figure 3.6: IL-12 dose response of adult and old CD8+ T cells. 
Sorted naïve adult and old CD8+ T cells were cultured with α-CD3/α-CD28 for 4 
days with increasing doses of IL-12. Similar kinetics but decreased expression 
threshold of (A) GzB and (B) T-bet in old CD8+ T cells compared to adult. N=8 
pooled adult samples and 8 pooled old samples.  
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Since T-bet expression is altered in old CD8+ T cells in vitro, we next analyzed T-

bet expression in old CD8+ T cells in vivo. 

 

3.3.5 Decreased T-bet expression in antigen-specific old CD8+ T cells 

correlates with decreased effector function and terminal differentiation. 

First, we determined whether T-bet is differentially expressed in Lm-OVA 

Ag-specific CD8+ T cells in adult and old mice. On day 8 post infection, T-bet 

expression was decreased in old Tet+ CD8+ T cells compared to adult (Fig. 3.7A), 

which correlated with decreased cytolytic function in old Tet+ CD8+ T cells, 

measured by the frequency of Tet+ cells that also express GzB (Fig. 3.7B).  

T-bet is also required for terminal differentiation, which programs the 

majority of effector CD8+ T cells to die after infection is cleared (48, 52, 171, 

172). Recently, surface markers were identified that differentiate two different 

effector CD8+ T cell populations. Short-lived effector cells (SLECs) express low 

levels of IL-7 receptor alpha chain (IL-7Rα; CD127) and high levels of KLRG1, an 

activating natural killer (NK) cell receptor. SLEC’s are more likely to terminally 

differentiate into effector CD8+ T cells and ultimately die, although some cells 

may survive to generate effector memory (EM) cells. Memory precursor effector 

cells (MPECs) are IL-7Rα (CD127)hi and KLRG1lo, and are more likely to survive 

contraction and develop into long-lived memory cells (47).  
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Figure 3.7: Decreased terminal differentiation and T-bet expression in old 
CD8+ T cells responding to Listeria monocytogenes infection. 
Spleen day 8 post infection with Lm-OVA. (A) In old Tet+ CD8+ T cells, decreased 
T-bet MFI correlates with (B) decreased frequency of GzB+ cells. (C) Gating 
strategy of MPEC (CD127hi, KLRG1lo) and SLEC (CD127lo, KLRG1hi) adult and 
old Tet+ CD8+ T cells.  Decreased T-bet also correlates with (D) decreased 
terminal differentiation (SLECs). (E) No change in Eomesodermin (Eomes) 
expression. T-bet and Eomes expression measured by MFI. *p<0.05, ***p<0.001 
by student t-test. Data representative of at least 3 experiments, mean ± SEM is 
shown. N=8 adult, 8 old. 
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The driving force for effector CD8+ T cell fate appears to be a complex 

interplay of master regulator transcription factors, including T-bet, which impact 

the balance between terminal differentiation and memory development (48, 49). 

Pro-inflammatory cytokines, including IL-12, induce a cytokine-dependent T-bet 

gradient in CD8+ T cells and are required for terminal differentiation (48). 

Specifically in Lm infection, IL-12 signaling upregulates T-bet and represses 

eomesodermin (Eomes) in CD8+ T cells (52). When infection resolves, IL-12 

concentration decreases and CD8+ T cell expression of Eomes increases (52). 

Therefore, Eomes is thought to be important for memory development while T-

bet is critical for terminal differentiation.  

Since T-bet is necessary for terminally differentiated effector CD8+ T cells, 

we measured SLEC (CD127lo, KLRG1hi) and MPEC (CD127hi, KLRG1lo) 

development of adult and old Tet+ CD8+ T cells on day 8 post Lm infection 

(gating scheme shown in Fig. 3.7C). Old mice had decreased frequencies of 

SLEC Tet+ CD8+ T cells compared to adult (Fig. 3.7D; first panel), which 

correlated with decreased T-bet expression (Fig. 3.7A). Reciprocally, we found 

increased MPEC Tet+ CD8+ T cells (Fig. 3.7D; second panel) in old mice. 

However, we did not observe increased expression of Eomes, which is important 

for memory development (52), in old Ag-specific CD8+ T cells compared to adult, 

at this time point. As Eomes expression has been shown to increase later during 

infection (52), so measuring Eomes at later time points is warranted.  
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T-bet expression also regulates CD8+ T cell effector function during Lm 

infection (173). As expected, we found decreased T-bet expression in IFN-γ+ and 

GzB+ CD8+ T cells from old mice (Fig. 3.8), which correlated with the decrease in 

IFN-γ (Fig. 3.2C) and GzB (Fig. 3.2D) production in old CD8+ T cells. Reduced 

effector molecule production and terminal differentiation correlated with 

decreased T-bet expression in old CD8+ T cells post WNV infection (not shown); 

therefore, these observations are not Lm pathogen-specific. Collectively, this 

data suggests that decreased T-bet expression contributes to decreased old 

CD8+ T cell effector development and terminal differentiation.  

 

3.3.6 T-bet retrovirus therapy: limitations in old CD8+ T cells 

Next, we wanted to determine whether ectopically expressing T-bet in old 

CD8+ T cells to increase its levels may improve their function. The preceding 

results suggest that T-bet is a promising target for improving aging T cell 

immunity. In order to directly increase T-bet expression in old CD8+ T cells, we 

retrovirally transduced either an empty retrovirus that also expresses GFP 

(MigR1-GFP) or a retrovirus that expresses both T-bet and GFP (T-bet-GFP) 

(156). Control CD8+ T cells were exposed to the transduction protocol in the 

absence of retrovirus. The control CD8+ T cells were also cultured with IL-12 to 

induce GzB production. Control old CD8+ T cells expressed decreased GzB 

compared to adult (Fig. 3.9; left panel), as expected (see Fig. 3.4).  
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Figure 3.8: Decreased T-bet expression in old CD8+ T cells correlates with 
decreased effector molecule production. 
Decreased T-bet expression (MFI) correlates with decreased (A) IFN-γ and (B) 
GzB production (see Fig. 3.2) in old splenic CD8+ T cells day 8 post Lm-OVA 
infection. *p<0.05, **p<0.01, ***p<0.001 by student t-test. Data representative of 
at least 4 experiments, mean ± SEM is shown. N=8 adult, 8 old. 
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Figure 3.9: Retrovirus activates old CD8+ T cells. 
Sorted splenic naïve CD8+ T cells from adult and old mice were transduced with 
no virus (control), MigR1-GFP (empty retrovirus) or T-bet-GFP (T-bet retrovirus) 
24 hours post in vitro stimulation with α-CD3, α-CD28, and IL-2. 48 hours post 
transduction, GFP (x axis) and granzyme B (y axis) were analyzed as measures 
of transduction efficiency and cytolytic activity, respectively. Arrow indicates that 
empty retrovirus induces granzyme B production in old CD8+ T cells.. Data 
representative of 2 experiments. N=8 pooled adult samples, 10 pooled old 
samples. 
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Adult and old CD8+ T cells had similar retroviral transduction efficiencies, as 

measured by GFP expression (Fig. 3.9, y-axis, middle and right panels). 

Unexpectedly, we found that retrovirus induced expression of GzB in old but not 

adult CD8+ T cells, regardless of T-bet (see arrow). Due to these unforeseen 

results, we are interested in the mechanisms contributing to this phenomenon 

(further discussed in discussion/future directions). Unfortunately, for the purpose 

of this dissertation, these results revealed an inability to determine whether 

directly increasing T-bet expression could improve old CD8+ T cell function; 

alternate methods of directly inducing T-bet expression will have to be explored. 
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3.4 DISCUSSION 

 

3.4.1 Intrinsic CD8+ T cell defects contribute to age-related loss of CD8+ T 

cell immunity 

 Naïve CD8+ T cells are maintained differently with aging, which has 

profound phenotypic and functional implications for these cells prior to exposure 

to infection (Chapter 2). Old mice infected with either WNV or Lm exhibit 

decreased survival, which is due at least in part to decreased absolute numbers 

of Ag-specific CD8+ T cells responding to infection, as well as decreased CD8+ T 

cell production of cytokines and cytotoxic killing (83, 84). The mechanisms 

contributing to decreased CD8+ T cell immunity with age have remained unclear. 

To determine whether old CD8+ T cells exhibit intrinsic defects, we employed an 

in vitro culture that provides adult and old CD8+ T cells with the same stimulation 

conditions, removed from their respective environments. 

 Our results clearly show that old CD8+ T cells are less capable of entering 

into late cell divisions, and produce less of the cytotoxic granule, GzB, which is 

necessary for cell-mediated killing, compared to adult CD8+ T cells. The 

mechanisms contributing to these defects are unclear. Function is linked to cell 

division: cells in later cell divisions exhibit increased abilities to produce effector 

molecules (174). Therefore, the defects in expansion with age could contribute to 

decreased function. In vitro stimulated old CD8+ T cells in early and late cell 

division (measured by CFSE dilution) could be transferred into infected adult and 
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old mice to determine whether old CD8+ T cells in later divisions are indeed more 

capable of controlling infection. Increased apoptosis of old CD8+ T cells, which 

has been observed in vitro (152) and in vivo (84), most likely contributes to 

decreased expansion of old CD8+ T cells. By exploring which pathways (intrinsic 

and/or extrinsic) are involved (45), possible candidates for decreasing apoptosis 

in old CD8+ T cells could be identified, which could benefit both expansion and 

function of old CD8+ T cells in vivo. Finally, activation-induced signaling pathways 

may be dysregulated in old T cells, including downstream TCR signaling (148, 

149, 151), which led us to investigate other possible activation-induced pathways 

that could be altered with age. 

  

3.4.2 Mechanisms contributing to intrinsic old CD8+ T cell defects 

T-bet is a master transcription factor that regulates CD8+ T cell function and 

cell fate (48, 52, 168). We found that T-bet expression is reduced in old CD8+ T 

cells, which correlates with decreased effector molecule production and terminal 

differentiation in vitro and in vivo. This leads us to the next question: why is T-bet 

expression dysregulated in old CD8+ T cells? Different signals can upregulate T-

bet expression, including TCR (156) and inflammatory cytokine receptors (48, 

52). Pathway analysis of upstream and downstream signaling, either by targeted 

quantitative polymerase chain reaction (qPCR) array or microarray, would aid in 

targeting potential proteins involved with an impacted by altered T-bet 

expression. T-bet is a highly regulated transcription factor, and can be in inhibited 
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by other molecules , such as IL-2 inducible T cell kinase (ITK) and Bcl-6 (175, 

176). In addition, other transcription factors such as Eomes (177), Runx3 (178), 

and Blimp-1 (171) share some redundant role with T-bet in promoting CD8+ T cell 

effector function and terminal differentiation; why these transcription factors do 

not compensate for the loss of T-bet is intriguing. Although the complicated 

pathways involving these activating and inhibitory transcription factors are 

unclear, pathway analysis in adult and old CD8+ T cells should be performed to 

shed light on overall pathway perturbations. mTOR (mammalian target of 

rapamycin) regulates a range of metabolic-induced processes in the cell. 

Recently, the role of mTOR signaling in CD8+ T cells was explored. Sustained 

mTOR signaling is required for T-bet dependent effector T cell development 

(179, 180). Our preliminary results suggest that the mTOR pathway is impacted 

with age, and we are interested in further exploring the role of age-dependent 

altered cellular metabolism in defective CD8+ T cell responses. Lastly, T-bet was 

recently implicated in preventing CD8+ T cell exhaustion (181), and therefore 

could be a target for preventing age dependent CD8+ T cell exhaustion.  

 

3.4.3 T-bet expression is decreased in old CD4+ T cells and NK cells on day 

8 of post infection. 

T-bet is critical for Th1 differentiation and function (156, 169). Although we 

did not focus on CD4+ T cells in the Lm experiments, and therefore do not have 

Ag-specific data, T-bet expression is decreased in CD44hi (activated) CD4+ T 
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cells in old mice compared to adult CD44hi CD4+ T cells on day 8 post infection 

(Fig. 3.10A). T-bet is also important for the development of cytolytic activity in NK 

cells (169, 182). NK cells are vital for clearing Cowpox Virus (183), and old NK 

cells display decreased GzB expression (Fig. 3.10B), which correlated with 

decreased T-bet expression (Fig. 3.10C). Therefore, T-bet and other master 

transcription factors should be analyzed in other aged immune cells to determine 

whether dysregulated transcription factors broadly contribute to decreased 

immunity. 

 

3.4.4 Targeting old CD8+ T cell signaling pathways to improve immunity 

 Our in vitro results show that inflammatory cytokines such as IL-12 and IL-

27 increase the expansion and effector molecule production of old CD8+ T cells. 

In vivo, recombinant IL-12 (rIL-12) injection has potent adjuvant activity in both 

peptide vaccination (162, 184) and anti-tumor CD8+ T cell mediated immunity 

(185). In our hands, injecting rIL-12 into old mice had no effect on CD8+ T cell 

responses, perhaps due to the instability and rapid break down of the cytokine. 

Recently, cytokine complexed with an anti-cytokine antibody (termed 

cytokine/antibody complex) has been used successfully for injecting and studying 

IL-2 (186, 187) and IL-7 (188) by increasing the stability and binding avidity of the 

cytokine. Our preliminary results with IL-12 cytokine/antibody complex injection in 

old mice is promising, with old CD8+ T cells showing increased T-bet expression 

correlating with increased effector molecule production post Lm infection.  
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Figure 3.10: Decreased T-bet expression in old CD4+ T cells and NK cells. 
Spleen, day 8 post infection with (A) Lm-OVA or (B-C) Cow Pox Virus. (A) Old 
CD44hi CD4+ T cells have decreased T-bet compared to adult. (B) Decreased 
GzB expression correlates with (C) decreased T-bet expression in old NK cells. 
**p<0.01, ***p<0.001 by student t-test. Data representative of at least 2 
experiments, mean ± SEM is shown. N=8 adult, 8 old. 
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We are further exploring the adjuvant potential of cytokine/antibody complexes in 

augmenting the old CD8+ T cell response, which could have substantial 

implications for designing efficacious vaccines in the elderly.  

 While we are actively seeking alternative ways to transfect or transduce T-

bet into old CD8+ T cells (i.e. lentivirus, lipofection, etc.), we were surprised and 

intrigued that retroviral transduction appears to activate old CD8+ T cells. 

Retroviruses can activate Toll-like Receptors (TLR) and other innate immune 

sensing pathways, which could explain the observed CD8+ T cell activation. 

Possibly even more interesting is the ability of the retrovirus to selectively 

activate old CD8+ T cells and not adult CD8+ T cells. We are currently designing 

experiments to determine whether innate immune pathogen-sensing pathways 

are altered in old CD8+ T cells, and whether triggering these pathways can 

improve CD8+ T cell effector function in old mice.  
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CHAPTER 4 

 

ATTENUATED LIVE VACCINE CD8+ T CELL RESPONSE AND PROTECTION 

IN OLD MICE 

 

 

4.1 INTRODUCTION 

 

 Vaccination is the best preventative treatment against acute infections 

(189). Older people are highly susceptible to infections (5), and unfortunately, 

vaccines are not particularly effective in elderly people. The most well-studied 

vaccine response in the elderly is the influenza vaccine. 

Every year, 36,000 people in the U.S. die each year of influenza (Flu). 

People aged 65 years and older account for 90% of those deaths, due to 

cardiovascular complications and pneumonia (190). Frailty, immunosenscence, 

cytomegalovirus (CMV) infection, and decreased CD8+ T cell responses are 

associated with increased Flu mortality in the elderly (rev. in (191). 

The seasonal Flu vaccine is the most effective way to protect against Flu 

infection and complications. The vaccine is up to 90% effective in young adults 

(World Health Organization). However, the Flu vaccine is only 17-51% effective 

in older adults (191). T cell responses are important for anti-Flu immunity (192); 

However, elderly people exhibit poor anti-Flu T cell responses, both prior to 
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vaccination as well as post-vaccination (192). Therefore, designing more 

effective vaccines that produce protective adaptive immune memory, and 

particularly T cell memory, for the aged population is of crucial importance. While 

the Flu vaccination is well studied in the elderly population, little is known about 

the key components necessary to make vaccines efficacious in the old. To better 

understand vaccine responses with aging, our lab employed two infectious 

models: West Nile Virus and Listeria monocytogenes. 

West Nile Virus (WNV) is a small, enveloped single-stranded positive 

sense RNA virus that infects mosquitoes and birds, its two natural hosts (193). 

WNV can also infect the central nervous system (CNS) of its dead-end hosts: 

horses and humans (194). Incidence of WNV infection is independent of age 

(195); however, severe disease, including meningitis and encephalitis, is more 

common in the elderly (43x more frequent than in 20-40 year old people), with a 

lethality of ~10% in people 65 years and older (80, 81). CD8+ T cells (196), CD4+ 

T cells (197), and antibody converge to clear WNV (rev. in (194).  

Listeria monocytogenes (Lm) is an intracellular gram+ bacterium that is 

normally contracted orally in humans. This bacterium has been used extensively 

to study the immune response to intracellular pathogens (157, 158). In mice, 

intravenous (i.v.) injection of Lm leads to systemic infection; Lm rapidly localizes 

to the spleen and liver, where most (60-90%) bacteria are cleared by 

macrophages (198). Neutrophils, macrophages, natural killer (NK) cells, and 

gamma delta T cells contribute to Lm clearance early in infection (199-202). 
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However, CD8+ T cells are necessary for ultimately clearing Lm-infected host 

cells (82, 159).  

Aged CD8+ T cell primary responses to WNV (83) and Lm (84) are very 

similar. In both models of infection, old mice have increased mortality and 

decreased pathogen clearance. In agreement with this, we found decreased 

magnitude, production of effector molecules, and cytolytic function of old effector 

CD8+ T cells. Since we measured poor primary WNV CD8+ T cell responses to 

acute infection in old mice, we wanted to test whether vaccination could protect 

old mice from lethal WNV challenge. 

Single-cycle flavivirus (SCFV) is a promising vaccine candidate for 

protecting against WNV. Replivax-WN (RWN) contains the same surface 

components of WNV but has a large deletion of C-protein, which is critical for 

viral packaging and generation of new virions (203). RWN infects cells similarly 

to WNV and its genome is replicated and translated; however, no viral progeny 

are produced (203, 204). 

In adult mice, RWN vaccination produced similar primary CD8+ T cell 

responses compared to WNV. Old mice had decreased frequencies of Ag-

specific and IFN-γ+ CD8+ T cells compared to adults post RWN vaccination (205), 

similar to primary WNV infection (83). However, RWN vaccination protected 

100% of adult and old mice from lethal WNV challenge. In fact, RWN vaccinated 

old mice had equal or increased IFN-γ+ CD8+ T cell frequencies compared to 
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RWN vaccinated adult mice post WNV challenge (205). Collectively, these data 

show that RWN is a very promising vaccine candidate, especially for the elderly. 

Since RWN is an attenuated live vaccine, we were interested in whether 

another live vaccine model would prove to be as effective in protecting old mice.  

We chose to study attenuated Lm (ActA- Lm), because the aging CD8+ T cell 

responses are very similar between our lab’s established models of Lm and WNV 

(83, 84). ActA- Lm was created by deleting ~50% of the ActA coding sequence in 

strain 10403. ActA is necessary for allowing the bacterium to hijack the host 

cytoskeleton and infect neighboring cells (206). ActA- Lm is 1000x less virulent 

than wild type Lm (206). ActA- still elicits a robust CD8+ T cell response (207) 

because, like wild-type (WT) Lm, ActA- Lm can escape the phagasome and 

replicate in the cytosol; thus its proteins are still broken down and presented on 

MHC-I. In our experiments, a recombinant ActA- Lm strain expressing chicken 

ovalbumin (ActA- Lm-OVA; (207)) was used to analyze antigen (Ag)-specific 

responses. Adult and old mice were infected with ActA- Lm-OVA and measured 

primary, memory, and challenge CD8+ T cell responses. While these results are 

preliminary, the data collectively reveal key differences in CD8+ T cell responses 

and protection in ActA- Lm-OVA vaccinated old mice compared to our published 

RWN results. Upon WNV challenge, RWN vaccinatation completely protects both 

adult and old mice from lethal WNV challenge (205). Interestingly, old mice have 

robust CD8+ T cell recall response (equal to or greater than vaccinated adults) 

(205); however, the contribution of the CD8+ T cell response versus other 
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immune components in RWN protection are unclear. In this chapter, we 

determined that ActA- Lm-OVA vaccination does not protect old mice to the 

same extent as adults from lethal WT Lm challenge. Further, vaccinated old mice 

exhibit decreased recall CD8+ T cell responses than vaccinated adult mice. 

These different vaccine models will allow us to explore the key components that 

make vaccines efficacious, which is imperative for protecting the aging 

population from infections. 
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4.2 MATERIAL AND METHODS 

 

Mice 

Adult (12 week) and old (18 month) C57Bl/6 mice were purchased from 

Jackson Laboratories and NIA respectively. Mice with large spleens or other 

obvious abnormalities were excluded from the study. For survival bleeds, mice 

were bled retro-orbitally. Mice were maintained in specific pathogen free 

conditions in the animal facility at the University of Arizona and experiments 

conducted under guidelines and approval of the Institutional Animal Care and 

Use Committee of the University of Arizona. 

 

Vaccinations and Infections: 

Lm-OVA (155) and ActA- Lm-OVA (207) were generously provided by 

Hao Shen and Dan Portnoy, respectively. Bacteria were grown overnight in BHI. 

For primary infections, mice were systemically infected with either 1-3x103 colony 

forming units (CFU) of Lm-OVA or 1-3x107 CFU of ActA- Lm-OVA intravenously 

(i.v.) in the lateral tail vein in a volume of 100 ul sterile PBS. The number of 

inoculated bacteria was determined by plating serial dilutions of the injected 

bacteria solution on BHI agar. TiterMax Gold (CytRx Corporation) and solubilized 

OVA protein were emulsified 1:1 using an emulsifying needle according to the 

manufacturer’s directions.  Mice were vaccinated with 25 ug or 100 ug OVA s.c. 

at the base of the neck. Mice were challenged with 1-4x105 CFU Lm-OVA i.v. for 
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measuring CD8+ T cell recall response or 4.5x106 CFU Lm-OVA i.v. for 

measuring mortality.  

 

Bacterial Clearance Assay 

 Clearance assays were performed as previously described (84). Briefly, 

livers were harvested into sterile PBS at days 3 or 5 post infection/vaccination. 

Livers were homogenized mechanically and plated on BHI agar in serial dilutions. 

Bacterial colonies were counted and CFU/g determined using the calculation 

log10([CFU/dilution factor] x [organ weight + homogenate volume]/[organ weight]).  

 

Sample Preparation and Flow cytometry 

Samples were prepared as previously described (84). Briefly, blood was 

collected into heparin-tubes and lysed hypotonically. Splenocytes were passed 

through a 40 um filter to prepare a single-cell suspension. Cells were 

resuspended in 100 ul PBS-2% FBS (FACS wash) and transferred to a 96-well 

round-bottom plate for intracellular cytokine staining or tetramer staining analysis. 

Fluorochrome-conjugated antibodies were used as follows: CD8α (53-6.7), CD4 

(RM4-5), CD44 (IM7), CD62L (MEL-14), IFN-γ (XMG1.2) These antibodies were 

purchased from eBioscience, Invitrogen, BD Biosciences, or BioLegend. Kb/OVA 

tetramer conjugated to either APC or PE was provided by the NIH Tetramer Core 

Facility (Emory University) using NIH/NIAID HHSN27220110017C. Samples 

were analyzed on a 4-laser custom Fortessa cytometer (BDIS, Sunnyvale, CA), 
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using the DiVA acquisition (BDIS) and Flow-Jo (Treestar, Ashland, OR) analysis 

software. 

 

Intracellular Cytokine Staining 

Samples were stimulated and prepared as previously described (84). 

Briefly, 106 cells were stimulated with 10-6 M SIINFEKL peptide in the presence 

of 1 ug/ml brefeldin A for 5 hours. Cells were stained with surface antibodies, and 

then fixed and permeabilized using either the FoxP3 Fix/Perm kit (eBioscience) 

or the Fix/Perm kit (BD Bioscience) followed by staining with intracellular 

antibodies. Relative amounts of protein per cell were calculated by relative 

geometric mean fluorescence intensity (rMFI). rMFI was calculated by 

subtracting IFN-γ MFI within the gated naïve T cell population from the IFN-γ MFI 

within the gated IFN-γ+ population. 

 

Data Analysis 

Following the analysis of FCM data using Flow-Jo software, Graph Pad 

Prism was used for statistical analysis (unpaired Student’s t test, one-way 

ANOVA with Bonferroni post test, and log rank test. 
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4.3 RESULTS 

 

4.3.1 Adult and old primary CD8+ T cell responses to ActA- Lm-OVA 

vaccination. 

Adult and old mice were infected with either Lm-OVA or ActA- Lm-OVA, 

and CD8+ T cell responses were measured in the spleen on day 8 post infection 

by using an antigen-specific tetramer (Kb/OVA, “Tet”). Adult mice infected with 

Lm-OVA generated the most robust Ag-specific CD8+ T cell response. Both 

ActA- Lm-OVA vaccinated adult and old mice had significantly decreased 

numbers of Tet+ (Fig. 4.1) compared to adult mice infected with Lm-OVA.  

CD8+ T cells capable of producing IFN-γ were measured by ex vivo 

peptide stimulation of splenocytes harvested 8 days post infection. Similar to Tet+ 

numbers (Fig. 4.1), adult mice infected with Lm-OVA had significantly more 

absolute numbers of IFN-γ+ CD8+ T cells compared to the other groups of mice 

(Fig. 4.2A). Interestingly, the IFN-γ+ CD8+ T cells in ActA- Lm-OVA mice had 

increased overall IFN-γ protein expression (calculated by rMFI) compared to old 

mice (Fig. 4.2B). Similar results were observed with the cytolytic protein 

granzyme B (not shown). We also measured bacterial clearance in the liver 3 

days post ActA- Lm-OVA vaccination (Fig. 4.3). Although adult and old mice 

infected with ActA- Lm-OVA exhibited similar absolute numbers of Ag-specific 

CD8+ T cells on day 8 post infection, old mice had delayed clearance of the 

bacteria on day 3 post infection (Fig. 4.3).  
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Figure 4.1: Adult and old magnitude of Ag-specific CD8+ T cell response to 
wild type and attenuated Listeria monocytogenes-OVA. 
Splenocytes from adult and old mice were stained with Kb/OVA+ tetramer (Tet+) 
day 8 post infection with WT Lm-OVA (Lm) or attenuated Lm-OVA (ActA-) 
***p<0.001 by one-way ANOVA and Bonferroni post-test. Data representative of 
2 experiments; mean ± SEM is shown. N=4 in each group. 
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Figure 4.2: Adult and old CD8+ T cell functional response to wild type and 
attenuated Lm-OVA. 
Splenocytes from adult and old mice were stimulated ex vivo with peptide in the 
presence of Brefeldin A (BFA) on day 8 post infection with Lm-OVA or ActA- Lm-
OVA. (A) Number of IFN-γ+ CD8+ T cells and (B) protein expression of IFN-γ 
(rMFI). *p<0.05, ***p<0.001 by one-way ANOVA and Bonferroni post-test. Data 
representative of 1-2 experiments; mean ± SEM is shown. N=5-6 in each group. 
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Figure 4.3: Delayed clearance of attenuated Lm-OVA by old mice. 
Colony forming units (CFU) determined in liver day 3 post infection with ActA- 
Lm-OVA. Log normalized, ***p<0.001 by student’s t test. Data representative of 2 
experiments; mean ± SEM is shown. N=3-4 in each group. Dotted line represents 
limit of detection. 
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This difference was substantial, as adult mice had very few detectable bacteria in 

the liver 3 days post infection (103 CFU/g) and old mice had a much higher 

bacterial burden (106 CFU/g). This suggests that old mice may have a defective 

or delayed innate immune response to Lm, as macrophages in the spleen and 

liver account for 60-90% of bacterial clearance in adult mice (198). 

Collectively, these results suggest that ActA- Lm-OVA vaccination in adult 

and old mice does not lead to as robust of a CD8+ T cell response as adult mice 

infected with wild type Lm-OVA. Vaccinated old mice do not have significantly 

decreased absolute numbers of Ag-specific CD8+ T cells compared to vaccinated 

adult mice. However, old mice do exhibit a striking delayed clearance of ActA- 

Lm-OVA bacteria compared with adult mice.  

 

4.3.2 Magnitude of adult and old resting memory CD8+ 45 days post 

vaccination. 

Resting memory Tet+ CD8+ T cells in the spleen 45 days post infection. 

There were no significant differences in the number of resting memory Tet+ CD8+ 

T cells between adult and old mice infected with Lm-OVA or vaccinated with 

ActA- Lm-OVA (Fig. 4.4). These results are consistent with our published Lm 

results (84).  
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Figure 4.4: Number of resting memory CD8+ T cells in adult and old mice 
post infection with WT or attenuated Lm-OVA. 
Kb/OVA tetramer (Tet) staining of the spleen on day 45 post infection with Lm-
OVA or ActA- Lm-OVA. Not significant by one-way ANOVA and Bonferroni post-
test. Data representative of 2 experiments; mean ± SEM is shown. N=5-7 in each 
group.  
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Although the effector CD8+ T cell response magnitude is different between ActA- 

Lm-OVA and Lm-OVA infected mice, these data show that all groups of mice, 

regardless of age, are capable of producing similar numbers of memory CD8+ T 

cells. However, similar numbers of Ag-specific memory CD8+ T cells does not 

necessarily mean similar function in response to challenge.  

 

4.3.3 CD8+ recall response and protection of vaccinated adult and old mice 

post Lm-OVA challenge. 

To analyze secondary CD8+ T cell responses after vaccination, adult and 

old mice originally infected with either Lm-OVA or ActA- Lm-OVA were 

challenged with 4.0x105 CFU Lm-OVA 45 days post primary infection. Old mice 

primed with Lm-OVA (open circles) had decreased absolute numbers of Tet+ 

(Fig. 3.5A) and IFN-γ+ (Fig. 4.5B) CD8+ T cells in the spleen compared to adult 

(filled circles), as expected (84). We also observed decreased absolute numbers 

of Tet+ (Fig. 4.5A) and IFN-γ+ (Fig. 4.5B) in ActA- Lm-OVA vaccinated old mice 

(open squares) compared to ActA- Lm-OVA vaccinated adult mice (filled 

squares), post WT Lm-OVA challenge. This is not consistent with the RWN 

vaccination model (205), in which RWN vaccinated old and old mice had 

equivalent CD8+ T cell recall responses. No significant differences were 

observed between groups of old mice. These results suggest that the attenuated 

Lm vaccine is not similar to RWN in generating strong secondary CD8+ T cell 

responses post wild type pathogen challenge in old mice. 
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Figure 4.5: Decreased CD8+ T cell recall response in old mice infected with 
either WT Lm-OVA or attenuated Lm-OVA. 
(A) # of Kb/OVA tetramer (Tet)+ and (B) IFN-γ+ CD8+ T cells in the spleen 5 days 
post WT Lm-OVA challenge. *p<0.05, **p<0.01, ***p<0.001 by one-way ANOVA 
and Bonferroni post-test. Data representative of 1-2 experiments; mean ± SEM is 
shown. N=6-8 in each group. 
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Although overall recall numbers of Ag-specific CD8+ T cells are decreased 

in vaccinated old mice compared to vaccinated adult mice, we wanted to 

determine whether ActA- Lm-OVA vaccination could protect old mice from lethal 

Lm-OVA challenge. Vaccinated and naïve adult and old mice were infected with 

a lethal dose of 4.5x106 CFU Lm-OVA. Most naive mice died by day 5, consistent 

with our published results (84).  

Vaccinated adult mice had increased survival (>75%) compared to naïve 

adult (25%) (Fig. 4.6A). Vaccinated old mice had slightly increased survival 

compared to naïve old (Fig. 4.6B), although this experiment was not powered to 

detect statistical significance. Vaccinated old mice had decreased survival 

compared to vaccinated adult animals post Lm-OVA challenge (Fig. 4.6C). These 

results indicate that ActA- Lm-OVA vaccination may protect adult and old mice 

upon lethal Lm-OVA infection compared to naïve mice. However, vaccinated old 

mice are protected less than vaccinated adult mice, which is not consistent with 

RWN vaccination and WNV challenge (205).  

All surviving mice were analyzed for liver bacterial clearance on day 5. 

Vaccinated old mice had higher bacterial burdens in the liver on day 5 post Lm-

OVA challenge (Fig. 4.6D). This is also not consistent with RWN vaccination, in 

which we observed similar WNV PFU in the brains of vaccinated adult and old 

mice post WNV challenge (205). These results may explain why ActA- Lm-OVA 

vaccinated mice had increased mortality compared to vaccinated adults.   
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Figure 4.6: Vaccinated old mice have decreased bacterial clearance and 
decreased survival post WT Lm-OVA challenge compared to vaccinated 
adult mice. 
Survival curves post lethal WT Lm-OVA challenge in (A) ActA- vaccinated and 
naïve adult, (B) ActA- vaccinated and naïve old, and (C) ActA- vaccinated adult 
and old. (D) CFU of Lm-OVA in the liver 5 days post Lm-OVA challenge, log 
normalized. Dotted line represents limit of detection. *p<0.05, ***p<0.001 by (A-
C) log rank test and (D) student’s t test Mean ± SEM is shown. N=15-19 per 
group for mortality (A-C) and 6-8 adult and old for bacterial clearance (D).  
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In summary, these results suggest that a live attenuated Lm vaccine does 

not produce robust CD8+ T cell responses 8 days after infection in both adult and 

old mice (Fig. 4.1, 4.2); however, old mice have delayed clearance of the 

bacteria (Fig. 4.3). Upon WT Lm challenge, vaccination appears to protect both 

adult and old mice compared to unvaccinated mice (Fig. 4.6), but vaccinated old 

mice have decreased survival compared to adult. These data suggest that not all 

live vaccinations are equal in protecting and eliciting CD8+ T cell responses in old 

mice, which will be further explored in the discussion. 

 Due to the differences between RWN and ActA- Lm-OVA, we became 

interested in the immune components that make vaccines efficacious in old mice, 

as WNV and Lm clearance require different components and combinations of the 

immune system. Therefore, we decided to examine another completely different 

vaccine model: peptide vaccination).  

 

4.3.4 TiterMax Gold/OVA induces a recall CD8+ T cell response in old mice. 

TiterMax Gold (TMG) is an oil-based adjuvant that contains squalene, a 

metabolizable oil, and a polyethylene oxide-polypropylene oxide block copolymer 

(CytRx Corporation, (208). TM vaccination can directly activate macrophages 

and has been shown to produce both Ag-specific antibody and CD8+ T cell 

responses when vaccination is combined with antigen (reviewed in (209). 

Previously, we published that TMG emulsified with WNV peptide could protect 

adult mice (75% survival) from lethal WNV challenge (compared to <25% survival 
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of unvaccinated), although CD8+ T cell responses were not measured (197). Our 

past work also showed that TMG was quite efficient in generating CD8+ T cell 

responses (210). We wanted to determine whether TMG/OVA could illicit CD8+ T 

cell responses in old mice. Mice received a single vaccination of TMG/OVA 

emulsion subcutaneously. Old mice had 3x less Tet+ CD8+ T cells compared to 

adult 8 days post vaccination (Fig. 4.7A), although this was not significant due to 

the insufficient number of mice. Note that the number of Tet+ CD8+ T cells is far 

less than primary Lm-OVA response (Fig. 4.1). TMG/OVA vaccinated adult and 

old mice had 1.8% and 3.0% Tet+ CD8+ T cells compared to Lm-OVA infected 

adult and old mice, respectively (see Fig. 4.1). However, the absolute numbers of 

Tet+ (Fig. 4.7B) and IFN-γ+ (Fig. 4.7C) CD8+ T cells were consistent with a recall 

response in vaccinated mice post challenge with 1-3x105 CFU Lm-OVA. 

TMG/OVA vaccinated adult and old mice had 4x and 8x the amount of Tet+ CD8+ 

T cells post Lm-OVA challenge, respectively, compared to adult and old mice day 

8 post primary Lm-OVA infection (compare Fig. 4.7B to Fig. 4.1). We found that 

Lm challenge of mice originally infected with Lm produced greater recall Ag-

specific CD8+ T cell numbers (Adult: 4x, Old: 3x) compared to TMG/OVA mice 

infected with Lm-OVA (compare Fig. 4.7B to Fig. 4.5A).  
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Figure 4.7: Titermax Gold/OVA vaccine model in adult and old mice. 
(A) Absolute number of Kb/OVA tetramer (Tet)+ CD8+ T cells in the spleen 8 days 
post TMG/OVA vaccination. Absolute number of (B) Tet+ and (C) IFN-γ+ CD8+ T 
cells in the spleens of TMG/OVA vaccinated adult and old mice 5 days post WT 
Lm-OVA challenge. Not statistically significant by student’s t test. Mean ± SEM is 
shown. N=3-6 in each group. 
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While these preliminary results suggest that TMG may be an interesting 

vaccine model to study the necessary components of successful vaccination of 

old mice, many questions remain unanswered, including which components of 

the immune system are activated by TMG, and whether TMG vaccination can 

protect mice from lethal pathogen challenge.  
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4.4 DISCUSSION 

 

4.4.1 Vaccine design for the aging immune system 

These preliminary data suggest that all attenuated live vaccines are not 

created equal. While RWN protected old mice from lethal WNV challenge, ActA- 

Lm-OVA did not protect old mice from lethal Lm-OVA challenge. Further, RWN-

vaccinated old mice had equal or increased numbers of Ag-specific CD8+ T cells 

compared to vaccinated adults post WNV challenge, while ActA- Lm-OVA 

vaccinated old mice had decreased numbers of Ag-specific CD8+ T cells 

compared to vaccinated adult mice post Lm-OVA challenge.  

These results implicate the context of infection and vaccination as critical 

for shaping the immune response in general, but in particular in generating 

sufficient immune protection for older adults. To make vaccines efficacious, more 

effort in determining which basic components are necessary for protective 

immune responses needs to be made; ideally, these components could be 

incorporated into a “super adjuvant” and used in multiple vaccines. Vaccine 

development is lengthy and very costly. Phase 3 trials alone can cost $50-300 

million dollars and typically take 3 years or longer to complete (211).  Therefore, 

vaccines must be designed with better understanding of the optimal immune 

responses required for protection or treatment.  

Our results suggest that different vaccine models should be further 

explored to determine the key component(s) that make a vaccine successful in 
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generating protective adaptive immunity in aging mice, for application in aging 

humans. An important component of vaccine design is to discern which immune 

components are required for protection against pathogen. For example, WNV 

virus activates different arms of the immune system to generate effector and 

memory immune responses and requires including B cells/antibodies, CD4+ T 

cells and CD8+ T cells for viral clearance (rev. in (194). Protection against Lm 

requires bacterial clearance by innate cells like macrophages, as well as robust 

CD8+ T cell responses. The most important aspect of vaccination is to generate 

long-lived protective memory B and T cells (49), which are “ready-to-respond”, 

meaning they can differentiate into effector cells and clear pathogen challenge 

much faster than their naïve counterparts (54). The live attenuated vaccine RWN 

is more successful than ActA- Lm in protecting old mice from WT pathogen. 

What are the differences between these two vaccine models? And how do these 

differences give us clues for what to consider when designing vaccines for the 

elderly? 

Our preliminary results are incomplete, yet promising. Incorporating 

different vaccine models will help to answer those questions. For instance, 

whether RWN can protect old mice from Lm infection, and vice versa, would 

allow us to determine whether RWN can broadly generate protective immunity 

against other pathogens. Establishing other vaccine models, including other live 

vaccinations, killed vaccines, and adjuvants in old mice will also be critical in 

answering these questions. Once several vaccine models are generated, 
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comparing the cytokine milieus, activated cell types, routes of vaccinations, 

boosts vaccinations, and other variables will shed light on the key components 

necessary to make vaccines efficacious in the aging human population. 
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CHAPTER 5 

 

 

5.1 SUMMARY 

 

5.1.1 Altered CD8+ T cell homeostasis with age has functional implications 

 With age, memory CD8+ T cells increase at the expense of truly naïve 

CD8+ T cells. These cells assume a “virtual memory” (VM) phenotype, and their 

accumulation appears to be independent of cognate antigen. Homeostatic 

mechanisms, including IL-7 and IL-15, can induce naïve CD8+ T cells to become 

VM cells through rounds of proliferation (61). Homeostatic cytokines likely 

contribute to VM conversion with age, as old VM cells highly express 

homeostatic cytokine receptors, and proliferate when exposed to IL-7 and IL-15 

in vitro. We found evidence for age-dependent expansion of potentially cross-

reactive CD8+ T cells expressing dual TCR’s. CD8+ T cells expressing dual 

TCR’s have been shown to cause autoimmunity in mice (120, 121). The 

microbiome influences the mucosal immune system (144), and we have 

preliminary evidence that anti-microbial CD8+ T cells may increase with age, 

which could contribute to VM expansion.  
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Figure 5.1: Overall Summary of this Dissertation 
This dissertation explores aging CD8+ T cells over the span of the CD8+ T cell 
response. Chapter 2 showed that the naïve CD8+ T cell pool is differentially 
maintained with age. Chapter 3 finds that stimulated old CD8+ T cell exhibit 
intrinsic defects that may contribute to the overall aging immune phenotype. 
Finally, Chapter 4 focuses on aging CD8+ T cell memory development and 
function after live attenuated vaccination. 
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Finally, we report a state of “replicative senescence” that is dependent on 

TCR-mediated signals in old VM CD8+ T cells. While retaining the ability to 

rapidly produce effector molecules, old VM CD8+ T cells do not  

proliferate to the same extent as their naïve counterparts and adult VM CD8+ T 

cells. A finite number of cell divisions (212), anergy (117), and increased DNA 

damage (108) may contribute to this observed replicative senescence. 

Collectively, these results identify a new subset of Ag-specific CD8+ precursors in 

unimmunized mice, with distinct age-related maintenance requirements and 

functional capabilities. 

 

5.1.2 Old CD8+ T cells exhibit intrinsic functional defects that contribute to 

decreased immunity 

 Upon infection, old mice have decreased absolute numbers of Ag-specific 

CD8+ T cells with decreased effector molecule production and killing ability (83, 

84). Cell-intrinsic defects contributing to decreased age-dependent CD8+ T cell 

immunity has been unclear. Here, we demonstrate that old CD8+ T cells clearly 

exhibit intrinsic proliferation and functional defects. In addition, old mice have 

decreased frequencies of terminally differentiated Ag-specific CD8+ T cells post 

Lm and WNV infections. We have correlated these defects with altered T-bet 

expression in vitro and in vivo. T-bet is required for the development of CD8+ T 

cell effector function and terminal differentiation (48, 168), and is therefore a 

promising target for improving old CD8+ T cell immunity.  
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5.1.3 Improving CD8+ T cell immunity in the aging population 

 This dissertation identifies several promising ways to improve immunity in 

the elderly. First, increasing the frequency and diversity of naïve CD8+ T cells 

may prevent the expansion of VM cells with age, which could allow for improved 

responses to new pathogens. Altering the cytokine environment and/or targeting 

potentially cross-reactive VM cells could potentially decrease the frequencies of 

VM cells. Also, it is well know that the thymus involutes with age which causes a 

much decreased naïve CD8+ T cell output (13). Thymic rejuvination is currently 

being explored by our lab and others. Keratinocyte growth factor (KGF), IL-7, and 

ghrelin treatment have shown promising results in rejuvenating the aging thymus 

and increasing naïve CD8+ T cell output (213); however, more research is 

needed.  

 Our in vitro results clearly show that inflammatory cytokines like IL-12 and 

IL-27 can increase the frequency of old CD8+ T cells entering late cell divisions 

and the production of effector molecules. We are currently testing whether 

supplementing inflammatory cytokines in vivo can improve the CD8+ T cell 

immune response in old mice. We have also shown that transcriptional pathways 

are impacted by age, and that targeting these pathways by increasing/decreasing 

signals in the CD8+ T cell may also improve CD8+ T cell immunity. 

 Finally, we have demonstrated that not all live attenuated vaccines are 

created equally. While RWN vaccination completely protects old mice from WNV 

challenge (205), attenuated Lm does not efficiently induce CD8+ T cell responses 
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or protect old mice from WT Lm challenge. As vaccines are not efficacious in the 

elderly (191), identifying the key components of protective vaccines will allow for 

rational vaccine design for the elderly.  

 Collectively, this dissertation shows that CD8+ T cells exhibit profound 

defects with age, and identifies promising targets for improving immunity in the 

elderly. 
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5.2 FUTURE DIRECTIONS 

 

5.2.1 What signals contribute to the generation and maintenance of virtual 

memory CD8+ T cells with age? 

 Our data suggests that at least two mechanisms contribute to the 

generation and/or maintenance of virtual memory with age: homeostatic 

cytokine-induced proliferation and secondary TCR activation. This is further 

supported by the identification of two phenotypically different populations. CD44hi 

CD62Lhi (phenotypically central memory (CM) or virtual memory (VM)) OT-I CD8+ 

T cells dominate the CD44hi pool with age (Fig. 2.2A). These cells are CD49dlo 

(Fig.2.2BE), express high levels of CD122 and are Vα2hi (not shown). CD44hi 

CD62Lhi (phenotypically effector or effector memory (EM)) cells constitute a small 

population of CD44hi cells (Fig.2.2B), are CD49dhi (Fig.2.2E), and express low 

levels of CD122 (not shown). Interestingly, the Vα2int/lo cells are exclusively 

CD44hi CD62Llo (not shown). In the future, we intend to tease out the multiple 

signals that may contribute to the accumulation of CD44hi CD8+ T cells with age.  

To determine the importance of homeostatic cytokines for memory 

conversion with age, we will transfer naïve OT-I CD8+ T cells from adult mice into 

unimmunized IL-7-Knock out (KO), IL-15-KO, IL-7/IL-15 double-KO, and wild-

type C57Bl/6 (WT) mice and measure the inflation of the CD44hi OT-I CD8+ T cell 

population over time. To establish whether homeostatic cytokines are necessary 

for old CD44hi CD8+ T cell maintenance, we will transfer pre-formed CD44hi CD8+ 
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VM T cells from old OT-I mice and transfer into the KO mice described above. If 

homeostatic cytokines are required for the development and/or maintenance of 

CD44hi CD8+ VM T cells, we would expect decreased accumulation and loss of 

the population, respectively.  However, these experiments will require transfers of 

congenically marked and Ag-specific (pMHC+) CD8+ T cells from unimmunized 

wild-type mice using pMHC tetramer enrichment, an issue wrought with technical 

difficulty due to small cell numbers. 

 Alternatively, we can test whether increased homeostatic cytokines can 

enhance the rate of memory conversion by using IL-7 and/or IL-15 

cytokine/antibody complexes. Cytokine/antibody complexes can be injected in 

vivo to increase systemic cytokine concentrations (186-188).  We will determine 

whether increased IL-7/IL-15 concentrations impact the CD8+ T cell pool in adult 

and old OT-I mice.   

 Recently, Dr. Mark Davis’ group showed that human VM CD4+ T cells are 

cross-reactive to altered peptide ligands (APL), and that these peptides could be 

expressed by gut microflora (79). We have shown that certain populations with 

increased TCR binding avidity are selectively maintained with age (78). We will 

test whether the transgenic TCR is more sensitive to SIINFEKL APL of various 

affinities (214). Increased TCR sensitivity could contribute to CD44hi VM CD8+ T 

cell accumulation with age.  

 TCR/pMHC interactions may also be important for CD44hi CD8+ T cell 

generation and maintenance. To determine whether non-cognate peptides are 
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required for memory conversion, we will transfer adult OT-I cells into OVAKb-

SCT mice (122), which can only express a single chain trimer consisting of H-

2Kb bound to the SIINFEKL peptide, and measure memory conversion over time. 

We can also establish whether an array of peptides are necessary for CD44hi 

CD8+ T cell maintenance by transferring pre-formed OT-I VM cells into OVAKb-

SCT mice.  

A population of CD8+ T cells expressing dual TCRα chains appears to 

accumulate in old OT-I mice (Fig 2.4), and Rag recombinase is absolutely 

required (Fig. 2.6). To determine whether the ability to rearrange and express a 

second TCRα chain impacts VM conversion, we will age unimmunized TCRα+/- 

mice (99), which can only express one TCRα chain. If dual TCR expression is 

important for VM development/maintenance, we would expect decreased CD44hi 

cells in old TCRα+/- compared to WT mice.  

Determining the Ag-specificity of these secondary TCR’s will prove 

challenging. We are particularly interested in the role of microbiota; the gut flora, 

and in particular segmented filamentous bacteria (SFB), have been shown to 

impact the mucosal T cell response (137-139), resulting in increased resistance 

to pathogens (140). The microbiota is heavily influenced by age, place of 

residence, diet, etc (131, 133). We will alter the microbiota of adult and old OT-I 

mice by either fecal gavage or antibiotics and measure CD44hi and Vα2int/lo CD8+ 

T cell accumulation. We are also in the process of elucidating at the S16 
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sequence level the age-related changes in microbiota in collaboration with Dr. 

Eric Pamer (MSKCC, New York, NY). 

     

5.2.2 What are the consequences of altered CD8+ T cell maintenance with 

age? 

 Our results suggest that old OT-I (Fig 2.8D) and WT (78) CD8+ T cells 

may be more sensitive to homeostatic proliferation cytokines compared to adult 

To establish whether old cells actually have increased turn-over rates, we will 

place adult and old OT-I mice on BrdU water and measure proliferation based on 

BrdU incorporation. We will also transfer adult and old OT-I CD44hi VM and 

CD44lo true naïve CD8+ T cells into Rag-KO mice (lymphopenic host) and 

determine turn-over and memory conversion.  

We show that old OT-I CD44hi cells exhibit impaired proliferation in 

response to cognate Ag; T cell senescence and/or exhaustion could be involved.  

T cell senescence, or anergy, is thought to arise from multiple mechanisms. 

Anergy has been best studied in CD4+ T cells, and is induced by TCR stimulation 

with no costimulation via CD28 and IL-2 (117, 118, 215). Anergic T cells are no 

longer responsive to Ag stimulation. 

Proliferative senescence may result from reaching a finite number of cell 

divisions, which leads to cell cycle arrest (103). While senescence/anergy has 

not been well characterized in CD8+ T cells, lack of costimulatory signaling may 

explain why old VM cells exhibit poor proliferation to cognate Ag (Fig 2.8D). IL-2 
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reverses anergy in murine and human CD4+ T cells (216, 217). CD28 mediated 

Ras signaling also reverses anergy in CD4+ T cells (119, 218). We can perform 

the simple experiment of culturing OT-I CD44hi CD8+ T cells with increasing 

concentrations of IL-2 and/or anti-CD28 to determine whether these signals 

improve proliferation. 

Exhausted CD8+ T cells arise from repeated Ag encounters, most 

commonly due to chronic infections like HIV or HCV . Surface expression of the 

inhibitory receptor PD-1 is upregulated on exhausted CD8+ T cells, and antibody 

blockade of PD-1 mediated signaling reduces the exhausted phenotype (219). 

We observed increased PD-1 expression on old CD44hi OT-I CD8+ T cells (Fig. 

2.9A,C). We will determine whether blocking PD-1 signaling improves old CD44hi 

proliferation in vitro. Recently, Dr. John Wherry’s group has shown that T-bet 

directly represses PD-1 transcription, which sustains exhausted CD8+ T cells in 

the context of chronic LCMV infection (181). Once we develop a way to 

transduce/transfect T-bet (see below), we can explore whether increased T-bet 

expression improved old OT-I CD44hi VM CD8+ T cell proliferation. 

 To ascertain whether old CD44hi VM CD8+ T cells have altered function in 

vivo, we will transfer sorted CD44hi VM and CD44lo true naïve CD8+ T cells from 

adult and old OT-I mice into either WT or Rag-KO mice and infect with Lm-OVA. 

We will measure proliferation, effector molecule production, and killing ability.  
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Finally, we can repeat the above experiments with the distinct CD44hi 

populations from old OT-I mice, i.e. EM, CM, Vα2hi, Vα2int/lo, to determine 

differing maintenance/generation requirements and function.  

We also want to extend our findings into WT mice. We have observed 

increased memory conversion in unimmunized old WT mice (unpublished). 

However, we do not know if dual-TCR CD8+ T cells accumulate with age in WT 

animals, or if CD44hi cells have altered proliferative abilities. We are in the 

process of designing experiments to answer these questions. We plan on 

analyzing dual TCR expression by single-cell sequencing, and ascertaining 

function differences by cell culture and adoptive transfers.  

 

5.2.3 What cellular pathways can be targeted to improve old CD8+ T cell 

immunity? 

We found that retrovirus transduction may not be suitable for transduction 

of old CD8+ T cells (Fig 3.9). We remain interested in whether increasing T-bet 

expression can improve effector function. Lentivirus and adenovirus transduction, 

as well as direct transfection (lipofection or electroporation), are viable options to 

directly increase T-bet expression, and we plan on testing these methods.  

In addition, we will begin determining whether innate signaling pathways 

are altered in old CD8+ T cells, as retrovirus infection yielded drastically different 

results between adult and old CD8+ T cell (Fig 3.9). The Toll-like Receptors 

(TLR) recognize pathogen-specific patterns and can activate inflammatory and 
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immune gene transcription. The intracellular TLR 3 and 7 recognize double-

stranded RNA and single-stranded RNA, respectively, which are produced with 

retroviral infection (220). We will determine whether activating these TLR in old 

CD8+ T cells can recapitulate our retroviral results. Conversely, we can block 

TLR signaling in retrovirally transduced old CD8+ T cells to determine whether 

these pathways are responsible for the T-bet-hi phenotype upon transduction 

with an empty retrovirus, not encoding T-bet. 

 Other transcription factors impact CD8+ T cell effector and memory 

development (Table 1.1). Eomesodermin and Runx3 share certain functions with 

T-bet. Blimp-1 is required for terminal differentiation, while its agonist Bcl-6 is 

required for memory development (30, 31). Measuring the expression of these 

transcription factors both in vitro and in vivo, at different time points, will be 

important to establish if and how the highly complex CD8+ T cell activation 

transcriptional pathways are altered with age. 

 Finally, our in vitro results (Fig. 3.4D) and preliminary in vivo results (not 

shown) suggest that inflammatory cytokines like IL-12 and IL-27 can improve old 

CD8+ T cell effector function. Inflammatory cytokines provide a critical signal for 

CD8+ T cell effector function, proliferation, and survival (34). We are actively 

testing whether IL-12 and IL-27 cytokine/antibody complexes improve old CD8+ T 

cell responses in vivo. These complexes are systemic, and therefore may impact  

all CD8+ T cells. We can also determine whether local cytokine production by DC 
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impacts old CD8+ T cell responses by transducing DC to produce IL-12 to directly 

provide IL-12 as the CD8+ T cell is being primed.   

In conclusion, these future directions will shed light on the mechanisms 

contributing to age-dependent altered CD8+ T cell homeostasis and function, and 

will identify possible therapeutic and vaccine strategies for improving overall 

health and quality of life in the elderly. 
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