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Abstract 
 
Immune protection wanes during aging. This is evidenced by increased 

morbidity and mortality from infectious disease in aged individuals. As the 

aging population continues to increase worldwide, it will become increasingly 

important to determine both causes and therapeutic strategies for defects in 

the aged immune response. In particular, CD8 T cells have been shown to be 

highly susceptible to age-related defects. Recently, metabolic pathways have 

been implicated as critical factors in T cell fate decisions during immune 

responses. Of note, metabolic pathways are also considered primary 

determinants of lifespan in mammals. Therefore, we hypothesized that 

metabolic manipulations to extend lifespan would have significant effects on 

the aging immune system and protection during infection. In particular, we 

investigated the impact of rapamycin (rapa), both acute and chronic treatment 

regimens, on adult and old mice. Specifically, we tested how T cell 

development, peripheral homeostasis, and effector immunity became altered 

during treatment. We made side-by-side comparisons in calorically restricted 

(CR) old mice as a gold standard model of longevity extension. Importantly, 

both of these interventions have been reported to benefit immune function 

and extend lifespan in mice. However, our data strongly indicate that both 

rapa and CR induce distinct but deleterious consequences to overall immunity 

in mice. We conclude that neither rapa nor CR may be ideal candidates for 

extending lifespan in humans.   
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Chapter 1 

 

INTRODUCTION 

 

1.1 The Basics of the Immune System 

1.1.1 Introduction to the Immune System 

The immune system is a complex network of many cells that 

coordinate a response to clear microbial pathogens from the host. It is divided 

into an innate and adaptive compartment. Both the innate and the adaptive 

compartments are comprised of many different cell types. Each cell has 

unique functions that allow it to collaborate with other cells to eliminate 

invading pathogens and protect the host. 

All immune cells are derived from hematopoietic stem cells (HSCs). 

HSCs differentiate into common myeloid progenitors to generate granulocyte, 

megakaryocyte, and erythrocyte lineages (1); or HSCs differentiate into 

common lymphoid progenitors to generate T cell, B cell, and NK cell lineages 

(2). Most immune cells of both myeloid and lymphoid lineage mature in the 

bone marrow. Myeloid cells comprise most of the innate immune system, 

including monocytes, macrophages, and dendritic cells, among many others. 

Lymphoid lineage cells primarily constitute adaptive immune cells, including T 

cells and B cells, which also originate in the bone marrow. B cells continue to 
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mature in the bone marrow (3), whereas T cells arise from progenitor cells 

that leave the bone marrow and mature in the thymus (4). Upon maturation, 

naïve B and T cells enter the blood stream and circulate through secondary 

lymphoid organs, namely spleen and lymph nodes. The functions of both the 

innate and adaptive immune compartments are summarized in more detail 

below. 

 

1.1.2 Innate Immunity 

The innate immune system is not pathogen-specific, but responds 

early to limit the spread of infection. Innate immune cells recognize molecular 

structure patterns on microorganisms that enable them to differentiate self 

from non-self and respond to a diverse variety of pathogens (5, 6). The 

primary function of the innate immune system early after infection is to limit 

pathogen spread. For example, many invading microbes get phagocytosed by 

tissue macrophages (7). Once engulfed, the phagosome fuses with a 

lysosome to produce a phagolysosome in which the pathogen gets destroyed. 

In addition to limiting pathogen spread, innate immune cells initiate 

inflammation by the secretion of cytokines to activate nearby cells and 

chemokines to attract adaptive immune cells (8). Professional antigen (Ag) 

presenting cells (APCs) process and present Ag for T cell recognition and 

activation (9). Early control of pathogen spread buys time for the adaptive 

immune system to be activated and expand to hopefully clear the infection. In 

depth discussion of innate immunity is beyond the scope of this dissertation. 
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Most importantly, the innate immune system determines the priming 

environment of the adaptive immune system and therefore plays a critical role 

initiating and developing the adaptive immune response (10-12).  

 

1.1.3 Adaptive Immunity 

The adaptive immune system is slower to respond to infection 

compared to the innate response. However, immune responses by the 

adaptive immune compartment are exquisitely specific to the invading 

pathogen. The adaptive immune system also has the unique characteristic of 

developing memory against the pathogen (13). Memory T and B cells have a 

lower threshold of activation and are ready to respond more rapidly and more 

robustly upon reencountering the pathogen. Their numbers are also at least 

1000x greater than the numbers of naïve T and B cells specific for the same 

Ag. Immunological memory is the basis of vaccination to prevent disease 

(14). The focus of this dissertation is on CD8 T cells. CD8 T cells are 

responsible for recognizing and clearing intracellular pathogens such as 

viruses and intracellular bacterial or parasites. How they do this will be 

discussed in more detail below. Importantly, many pathogens require CD8 T 

cells for clearance. 
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1.2 CD8 T cell Immune Response 

1.2.1 Naïve CD8 T cells 

Prior to a T cell encountering its cognate antigen, it is considered 

“naïve.” In mice, naïve CD8 T cells are identified by the combined phenotype 

of CD44lowCD62Lhi. These cells reside primarily in secondary lymphoid 

organs in a relatively quiescent state. Maintaining a large pool of naïve T cells 

is important for being able to clear newly-encountered pathogens (15). Naïve 

T cells of known Ag specificity are called precursors. The number of naïve 

CD8 T cell precursors in mice is very low, ranging from approximately 80-

1200 cells per mouse (16). This equates to a frequency of roughly 1 in 33,000 

– 1 in 164,000 CD8 T cells in the entire mouse. In humans CD4 T cell 

precursor frequencies are estimated to range between 1-10 cells in 106 total 

CD4 T cells (17). Using cell labeling and magnetic enrichment, it has recently 

become possible to study these rare CD8 T cell precursors in wild-type mice, 

prior to infection (18, 19).  

 

1.2.2 CD8 T cell Activation 

Upon infection, professional antigen presenting cells present peptide 

fragments from the pathogen bound to cell surface MHC molecules (20, 21). 

CD8 T cells require three signals to become fully activated. First, T cell 

receptors recognize their cognate antigen presented on MHC I molecules. 

Second, CD8 T cells must receive co-stimulatory signals through the surface 

co-stimulatory receptor CD28 (22-24). If only the TCR signal is received but 
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not the costimulatory signal, CD8 T cells undergo anergy in which they will 

become inert and are unresponsive to future activation signals (25). The 

priming cytokine millieu provides additional key signals that allow T cell 

effector differentiation, and tailor it to the specific class of pathogen (26, 27). 

This is evidenced by in vitro studies in which cytokine availability during 

activation is easily manipulated (28, 29). In vivo studies utilizing different 

pathogens that stimulate different inflammatory environments have also 

demonstrated the importance of the priming environment on CD8 T cell 

effector differentiation and fate decisions (30).  

After receiving activation signals CD8 T cells undergo massive 

expansion (31); an Ag-specific cell can proliferate as many as 19 times (32) 

during this “expansion phase,” with initial doubling times estimated to be as 

fast as 2 hours in vivo (33). These studies were done using TCR transgenic 

cells and may overstate the ability of an endogenous CD8 T cell response, 

which are estimated to have a doubling time of 6-8hr in vivo (34). Regardless, 

very fast naïve CD8 T cell proliferation is essential to catch up with, and 

control, a rapidly replicating microbe. In fact, enumeration of all Ag-specific 

cells in mice early after infection shows Ag-specific cells increase in 

magnitude by nearly 100-fold within 4 days after infection (16). This rapid 

proliferation is accompanied by massive metabolic demands (35), which will 

be discussed in greater detail below. During this time, cells acquire effector 

functions needed for clearing the pathogen (i.e ability to produce IFNγ, TNFα, 

cytotoxicity). CD8 T cells clear pathogens by lysing infected cells, thereby 
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killing intracellular microbes and preventing intracellular pathogens from 

evading recognition from most other immune cells (36). 

At the peak of the primary immune response the CD8 T cells enter the 

“contraction phase.” Many of the Ag-specific responding cells will die by 

apoptosis and a small percentage of the cells are selected to survive and 

become long-lived memory cells (37). It can be predicted which cells will 

undergo apoptosis and which cells will become memory cells based on their 

phenotype at the peak of the response (26, 27). The predictive phenotype of 

these two cell subsets is based on the combined expressions of the killer cell 

lectin-like receptor (KLRG1) and the IL-7 receptor (CD127). KLRG1 

traditionally marks natural killer (NK) cells and mediates cell lysis; although its 

function on CD8 T cells is not known, it is highly expressed on effector cells 

(38). IL-7 is critical for the generation and maintenance of memory CD8 T 

cells (39). Memory precursor effector cells (MPECs) are the pool of cells from 

which memory CD8 T cells arise; their phenotype is characterized as 

KLRG1lowCD127hi. Conversely, short-lived effector cells (SLECs) are cells 

believed to be terminally differentiated and expected to die during contraction; 

their phenotype is characterized as KLRG1hiCD127low. Transfer experiments 

of these two populations have demonstrated that MPECs, but not SLECs, 

have long-term survival capability (26, 27). Whether a CD8 T cell becomes an 

MPEC or SLEC after activation is programmed very early, within the first few 

days of infection (26, 27). Additionally, the cytokine environment plays a 

critical role in this programming (40), in which a more proinflammatory 
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environment enhances SLEC differentiation while decreasing MPEC 

differentiation (30, 41). MPECs and SLECs are regulated by early IL-2 

production (42) and both subsets can contribute to the functional immune 

response to clear the pathogen (27). However, it is generally believed that 

SLECs are the primary workhorses during an acute immune response that 

produce most of the cytokine production and mediate pathogen clearance. 

 

1.2.3 CD8 T cell Contraction and Memory Formation 

After the contraction phase is complete, a small number of Ag-specific 

CD8 T cells persist as long-lived memory cells (43). Memory CD8 T cells are 

characterized by their ability to respond more rapidly and generate more 

robust immune responses upon re-encountering their cognate antigen 

compared to naïve cells (44). Additionally, the activation threshold for memory 

cells is lower than that of naïve CD8 T cells (45). Memory cells are 

functionally distinct from naïve cells in their activation requirements. They do 

not require co-stimulation for activation; rather only engagement of their TCR 

with pMHC is needed for reactivation (46-49). Memory CD8 T cells can be 

divided into two subsets: effector memory and central memory (13). Effector 

memory cells are CD62Llow and reside primarily in peripheral tissue, ready to 

respond rapidly upon reinfection (50). Central memory cells are CD62Lhi and 

reside primarily in secondary lymphoid organs, ready to proliferate and 

generate a rapid secondary immune response upon reinfection (47).  
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Throughout all phases of the immune response, CD8 T cell transitions 

between resting, effector, and memory states require careful orchestration of 

cellular metabolism, which is described in detail below.  

 

1.3 T cell Metabolism 

During the course of an immune response, CD8 T cells undergo rapid 

proliferation and high production of cytokine and effector molecules to clear 

the infection. These processes require a massive metabolic investment. How 

cellular metabolism changes in CD8 T cells during different phases of the 

immune response is summarized in Figure 1 and described below. 

 

1.3.1 Naïve CD8 T cells 

Naïve CD8 T cells survive in the periphery using slow, efficient 

metabolic processes (51). This consists primarily of oxidative 

phosphorylation, using Acetyl Co-A derived from glycolysis and fatty acid 

oxidation (51). Despite being relatively quiescent cells, naïve T cells require 

careful regulation of the mTOR signaling pathway for survival in the periphery. 

This is evidenced by T cells containing deletions of TSC1/2 (52-54) or Pten 

(55). Both of these proteins normally function to down-regulate mTORC1 

signaling. T cells with either of these deletions exhibit rapid homeostatic 

proliferation and increased cell death in the periphery.  
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Figure 1. CD8 T cell metabolic changes throughout the course of an 
immune response during infection   
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1.3.2 Effector CD8 T cells 
 

When CD8 T cells become activated, as in the case of infection, they 

switch from oxidative phosphorylation to inefficient but rapid glycolytic 

metabolism to produce ATP (56-58). This sort of metabolic switch to  

glycolysis, in the presence of O2, was first identified in tumors in the 1920s 

and is known as the Warburg effect (59). The metabolic switch to glycolysis is 

believed to be required for effector differentiation (35). It seems paradoxical 

that cells would favor inefficient metabolism to support such heavy metabolic 

demands, especially considering nutrient availability is not lacking. However, 

this may be in part due to the cell’s need for amino acids and fatty acids for 

protein synthesis and membrane synthesis, respectively, during rapid 

proliferation. In order for the metabolic switch to occur the T cell must 

integrate three major activation signals as described above (25, 60): (1) the T 

cell must encounter its cognate pMHC to activate TCR signaling, (2) co-

stimulatory activation through CD28, and (3) IL-2 receptor activation. These 

three signaling pathways converge on the mTOR/AKT signaling axis to 

stimulate protein translation and cell proliferation (61). In particular, CD28 

signaling is critical for upregulation of the primary T cell glucose transporter, 

GLUT1, for glucose import to support glycolysis (58, 60). Of interest, a recent 

study demonstrated that GLUT1 overexpression in a macrophage cell line 

skewed them towards a proinflammatory phenotype (62).  

The importance of mTORC1 signaling in effector T cell development 

was demonstrated in multiple recent studies. CD4 T cell-specific genetic 
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deletion of mTORC1 signaling prevents proliferation and Th1 effector 

differentiation of CD4 T cells (63, 64). Interestingly, the same study also 

showed that mTORC2 signaling is required for CD4 Th2 differentiation (64). 

Recently, mTORC1 signaling has been shown to be required for CD8 T cell 

effector differentiation both during the effector and memory recall responses 

(65). mTORC1 regulation of effector differentiation is likely through regulation 

of the transcription factors Eomes and Tbet (66) and other molecular markers 

(67) known to be critical for CD8 T cell effector function. Human subjects with 

gain-of-function mutations in PI3K, resulting in increased mTORC1 activation, 

have increased effector CD4 and CD8 T cells, with severely diminished 

numbers of naïve T cells (68).  

These studies collectively demonstrate that mTORC1 plays a critical 

role in determining CD8 T cell fate and highlight the importance of CD8 T cell 

metabolism during infection (69-74). Interestingly, recent studies indicate that 

microRNAs play an important role in regulating these processes in activated 

CD8 T cells during infection (75). Additionally, the mTORC1/Akt signaling axis 

regulates CD8 T cell homing by regulating CD62L expression (76). This less 

emphasized aspect of mTORC1 action probably also contributes to altered in 

vivo immune responses, in addition to altered cell metabolism (77). 

 

1.3.3 Memory CD8 T cells 

During the T cell contraction phase, cells that will survive into the 

resting memory phase switch their metabolism from glycolysis back to 
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oxidative phosphorylation (51, 78). This switch back to slow, efficient 

metabolic programming is believed to be required for memory cell survival 

(35). Cells that have constitutively active Akt signaling, resulting in constitutive 

activation of mTOR signaling, do not survive to become long-lived memory 

cells (79). Along these lines, pharmaceutical blockade of mTORC1 signaling 

promotes CD8 T cell survival into the memory phase (80-82). Both of these 

observations are likely related to the cells’ ability to switch their metabolic 

program back to the more sustainable oxidative phosphorylation. Although 

memory cells are similar to naïve cells in that they both maintain relatively 

quiescent metabolic processes, memory cells are slightly more metabolically 

active than naïve CD8 T cells (51) and are able to upregulate metabolic 

processes faster upon restimulation (45).  

Change in cellular metabolism to support all subsets of CD8 T cells is 

highly regulated. At the heart of cellular metabolic regulation is the central 

signaling molecule and cell nutrient sensor, mechanistic target of rapamycin 

(mTOR). T cell-specific mTOR activation is summarized in Figure 2. mTOR 

signaling is detailed in a broader context below. 

 

1.4 mTOR Signaling 
 

1.4.1 Target of Rapamycin 

TOR is an evolutionarily conserved serine/threonine kinase 

ubiquitously expressed in all cell types. It was originally discovered in yeast 
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as the target molecule of the drug rapamycin (rapa) (83). The homologous 

mammalian TOR protein was later identified in the 1990s (84-86). 

 

1.4.2 Rapamycin 

Rapa is a macrolide produced by the bacterium Streptomyces hygroscopicus. 

It was originally discovered in a soil sample from Easter Island in the 1970s 

(87). Rapa specifically inhibits the signaling of mTORC1 by binding to and 

sequestering the protein FKBP12, an essential chaperone protein necessary 

for mTORC1 complex formation. Despite the exquisite specificity of rapa for 

inhibiting mTORC1, at prolonged high doses, rapa may also disrupt mTORC2 

signaling (88, 89). At high doses rapa is used clinically to prevent graft 

rejection in transplant patients due to its potent immunosuppressive 

properties. 

 

1.4.3 Clinical Use of Rapa in Humans 

Sirolimus (pharmaceutical trade name for rapa) is used clinically in 

humans to prevent graft rejection in transplant recipients (90). Rapa is also 

FDA approved for treatment of renal cell carcinoma due to its potent inhibitory 

effects on cell proliferation. Importantly, rapa is a potent immune suppressant. 

In a cohort of n=80 renal transplant recipients taking sirolimus, 34% of 

patients experienced viral infections and 16% reported fungal infections in the 

3 month study period (91). In addition to immunological complications, rapa 

use in renal transplant patients also increases the incidence of new-onset 
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diabetes (92). Patients taking sirolimus also have non-immune adverse 

reactions, including hypertension, hypercholesterolemia, hyperlipidemia, and 

diarrhea (93). While transplant patients accept these side effects, this will not 

likely be the case for healthy individuals interested in preventative medicine, 

as the consequences certainly outweigh the possible benefits. 

 

1.4.4 TOR Signaling and Regulation 

mTOR is a central protein in the PI3K/Akt/mTOR signaling cascade. 

This serionine/threonine kinase cascade controls cellular activation by 

sensing the cells’ energy status. mTOR signals through two distinct 

complexes: complex 1 (mTORC1) and complex 2 (mTORC2). These two 

complexes have distinct functions (94). The highly studied mTORC1 is 

considered the central cell nutrient sensor and is regulated by a variety of cell 

signals, including amino acids, glucose, O2, cAMP, insulin and insulin-like 

growth factor 1 (IGF1) (95). During times of low nutrient availability, mTORC1 

is inactive and the cell decreases energy expenditure and recycles proteins 

and organelles by autophagy to conserve energy (96). In the active state, 

mTORC1 inhibits autophagy. mTORC1 signaling is upregulated in the 

presence of excess cell nutrients (amino acids, ATP) and activates processes 

such as ribosome biogenesis and protein translation. The regulation of mTOR 

is complicated and many overlapping inhibition and activation mechanisms 

are used to coordinate tight control.  
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Figure 2. mTORC1 signaling diagram   
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The mTORC1 protein complex is made up of several proteins: mTOR, 

raptor (regulatory-associated protein of mTOR), mLST8, PRAS40, and deptor 

(reviewed in (97)). As already mentioned, FKBP12 is a critical chaperone 

protein and is the target of rapa inhibition. Interestingly, protein-protein 

interactions within the mTORC1 complex have regulatory effects on complex 

activation (98-101). There are also extensive regulatory checkpoints by 

proteins outside of the mTORC1 complex. In the resting state, mTORC1 is 

maintained in an inactive state by the TSC1/2 protein complex. AMP-

activated protein kinase (AMPK), which is active when ATP levels are low, 

can activate TSC1/2 to prevent mTORC1 activation in order to conserve 

energy (102, 103). This is a primary site of regulation of mTORC1 in the 

inactive state. AMPK can also phosphorylate raptor, which prevents mTORC1 

complex formation (104). Thus, there are multiple points of regulation to 

inhibit mTORC1 activation when cellular energy is low. 

In most cells, activation of the pathway begins when insulin/IGF binds 

to the insulin receptor/IGFR. Ligand binding at the insulin receptor activates 

the PI3K/AKT/mTOR signaling cascade. PI3K phosphorylates 

phosphatidylinositol (4,5)-bis phosphate (PIP2) to generate 

phosphatidylinositol (3,4,5)-triphosphate (PIP3). PIP3 is a lipid mediator that 

can activate PDK1 to phosphorylate and activate Akt. Akt phosphorylates 

TSC1/2, resulting in inhibition of TSC1/2 (105). TSC1 can also be 

phosphorylated by ERK (106). Under resting conditions, TSC1/2 functions to 
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inhibit mTORC1 activation. But when TSC1/2 is inhibited, mTORC1 can be 

activated by Rheb GTPase. Amino acids can also activate mTORC1 via the 

critical effectors Rag GTPases at the endosomal membrane compartment 

(107, 108). Upon activation, mTORC1 phosphorylates the kinase p70S6K and 

the translation-initiation inhibitor 4E-BP1. Phosphorylation of p70S6K 

activates the ribosomal protein S6 to enhance the translation of ribosomal 

proteins and elongation factors. Phosphorylation of 4E-BP1 results in its 

release from the translation-initiation factor eIF4E and promotes cap-

dependent translation. Therefore, mTORC1 plays a critical role in translation 

initiation (reviewed in (109)). 

Far less is known about mTORC2 because there is no known inhibitor 

specific to the mTORC2 signaling complex. The most notable difference from 

mTORC1 is the inclusion of the protein Rictor (rapamycin-insensitive 

companion of mTOR) instead of raptor. The canonical view is that mTORC2 

is not sensitive to the inhibitory effects of rapa (94), although recent studies 

suggest this may not be entirely correct (88, 89). The lesser-studied mTORC2 

regulates the cytoskeleton by stimulating actin organization (110). mTORC2 

also phosphorylates AKT to contribute to mTORC1 activation (111).   

The role of mTOR extends beyond cellular nutrient sensing. mTOR is 

also thought to play a critical role determining organismal lifespan (112). This 

makes mTOR a relevant therapeutic target in longevity extension. How 

mTOR is implicated in aging and lifespan determination is discussed in the 

sections below.  
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1.5 Aging 

1.5.1 Aging and Disease Susceptibility 

The aging population is increasing worldwide. This is due to an 

increased number of people reaching old age, as well as to an increase of lfie 

expectancy (113). In 2012 approximately 13% of the United States population 

was at least 65 years old or older (114). It is estimated that by 2030, 20% of 

the United States population will be over age 65, representing 72 million 

people (115). Despite advances in medicine and health care, infectious 

disease remains amongst the leading causes of death in the elderly (113). In 

fact, people over age 65 account for an estimated 90% of flu-related deaths 

(116). The elderly also have higher morbidity and mortality to infectious 

disease. The median age of people with reported illness from the Listeria 

monocytogenes outbreak in 2012 was 78 and the median age of those who 

died was 81 (117). A similar trend is seen during WNV infection, in which 

people over 70 years old are most likely to develop neuroinvasive WNV 

disease (118). The most efficacious method of preventing infectious disease 

is vaccination. Unfortunately, the elderly have poor protection from vaccines 

(119). 

 

1.5.2 Immune Senescence 

Increased infectious disease susceptibility in the elderly is primarily 

attributed to a decline in immune function. This can be caused by a variety of 
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immune defects, collectively referred to as “immune senescence (120).” 

There are several age-related immune defects that may compound each 

other in immune senescence. 

One of the most notable features of the aging immune system is 

thymic involution (121), in which thymic cellularity decreases as thymic space 

becomes replaced by adipose tissue. This is an interesting phenomenon, as it 

occurs even in metabolically healthy individuals (122). Recent studies in mice 

suggest this may be due to mesenchymal cells differentiating into adipocytes 

(123). Excess lipid may trigger innate immune sensors (124), further 

increasing inflammation and causing thymic demise. In addition to 

compromised thymic space, declining numbers of bone marrow-derived T cell 

progenitors during aging may result in decreased thymic seeding and thus 

decreased export of mature naïve T cells to the periphery. Similar to the 

thymus, the bone marrow also becomes filled with adipose tissue during 

aging (123). 

Decreased T cell development results in decreased output of naïve T 

cells. As we encounter numerous pathogens during our lifetime, decreased 

naïve T cell generation is accompanied by a relative accumulation of memory 

T cells. (125). Decreased naïve:memory T cell ratio probably contributes to 

decreased ability to deal with new and opportunistic pathogens encountered 

during older age (126). Furthermore, among the remaining naïve CD8 T cells, 

it’s been shown that they have intrinsic defects relative to adult naïve CD8 T 

cells (127). This has been highlighted in recent studies of aging CD8 T cell 
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antigen-specific precursors in both wildtype (127) and TCR transgenic mice 

(128). As previously stated, T cell precursors are naïve cells for which we 

know their cognate antigen. Consequently, we can know they have not been 

exposed to that particular antigen. During aging, both mouse and human 

precursors obtain a memory cell phenotype (CD44hi) with early rapid but 

unsustainable cytokine production (17, 129). Additionally, the repertoire of T 

cell receptors, that is the variety of different T cells available to respond to any 

possible infection, narrows with age (130). This is true for both the memory 

Ag-specific (131) and the naïve CD8 T cell pool (132). The narrowing 

repertoire likely compounds the deceased numbers of naïve T cells available 

to clear new infections. The attrition of certain T cell clones may also leave 

“holes” in the repertoire, leading to increased disease susceptibility and 

decreased immune protection during aging. Why certain clones are preserved 

during aging at the expense of others is not known. 

Defects in naïve CD8 T cells also translate into defects in antimicrobial 

immune responses during aging. These defects include decreased ability to 

proliferate, decreased ability to secrete cytokines, and decreased cytotoxic 

killing of target cells, all correlating with poor protection and increased 

susceptibility to acute infection (133, 134). Our lab and others have 

demonstrated these principles with many distinct infection models (133-137). 

Given that similar defects have been observed in multiple infection models, 

these are likely global defects that accumulate with age, and thus represent 

key intervention points to boost the aging CD8 T cell immune response. 
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Importantly, many of the defects that have been observed in mice have also 

been reported in monkeys (138-140), and humans (141-144). Although the 

focus here is on CD8 T cells, age-related defects have also been reported in 

aged CD4 T cells, B cells and antibody (145, 146), NK cells (147), and 

dendritic cells (148, 149), to name a few. This is an important point, as 

defects in multiple immune cell compartments probably compound each other 

and further exacerbate the age-related defects in immune responses.  

 

1.5.3 Aging and Immune Defects 

Why CD8 T cell defects accumulate with age is not entirely known. 

Most likely, both cell-intrinsic and cell-extrinsic defects contribute. The 

increasingly proinflammatory microenvironment during aging has the potential 

to change the programming and activation threshold of immune cells (150). 

This environment could also significantly alter the CD8 T cell priming signals, 

which dictate the development of the immune response during infection. The 

entire immune cell composition likely changes with age, although this has not 

been conclusively shown. What this means is that the entire composition of 

cells available to control an infection or prime a T cell response is likely 

different between adult and old individuals. For example, our lab has shown 

that old mice lack sufficient numbers of CD8α dendritic cells, resulting in poor 

CD8 T cell priming during Lm infection (148). More studies are required to 

determine how widespread this defect is. Altered immune cell composition or 

environment may alter microbial pathogenesis so that in fact, the aged 
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immune response to a given pathogen is completely different from the 

response to the same pathogen in adults. Although this has not been 

thoroughly studied, our lab has compelling data that aged dendritic cells 

poorly prime CD8 T cells (148, 151), which could lead to poor responses. Our 

lab also has compelling evidence that CD8 T cell-intrinsic defects contribute 

to their impaired responses during infection (152). In addition, humans can 

harbor many lifelong persistent infections that are likely to significantly impact 

the immune system during aging (24, 153, 154). While this has not been 

thoroughly studied in humans, mouse models suggest that lifelong 

cytomegalovirus (CMV) infection significantly alter the CD8 T cell repertoire 

and response to acute infection late in life (24, 132, 155).  

 

1.6 mTOR and Longevity 

1.6.1 mTOR as a Central Regulator of Lifespan 

The IGF/mTOR signaling axis has been considered a regulator of 

lifespan for two decades. In 1993, Kenyon and colleagues demonstrated that 

mutation of the C. elegans IGF receptor homolog, DAF-2, could double 

chronological lifespan in worms (156). At the time, this was the largest 

extension of lifespan reported. Subsequent studies confirmed the importance 

of the IGF/mTOR pathway for lifespan regulation in C. elegans (157), yeast 

(158), flies (159), and mice (160). Because mTOR knockout is embryonic 

lethal (161), many studies use genetic deletion models in which signaling 

partners of mTORC1 complexes, or downstream effector molecules are 
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knocked out. Interestingly, a recent study using mice that contain an 

engineered mTOR hypomorph are smaller and live longer than wildtype mice 

(162). While these findings all demonstrate the importance of mTOR signaling 

in regulating lifespan, they are genetic manipulations that cannot be readily 

extrapolated to human lifespan. 

 

 

1.6.2 Lifespan Extension 

In 2009 Harrison and colleagues showed that feeding rapamycin in the 

chow to mice, even when initiated during the last third of life, could 

significantly extend lifespan (163). Notably, the blood rapa concentrations in 

mice being fed the lowest efficacious dose of rapa for lifespan extension were 

approximately 3x higher than the therapeutic range for transplant patients 

taking rapa (91). This was the first report of mammalian lifespan extension 

using a pharmaceutical intervention. Although rapamycin is FDA approved for 

use in humans, it is used clinically as an immune suppressant drug and thus, 

the feasibility of its use to extend lifespan in humans will require careful and 

thorough evaluation. Interestingly, similar findings were recently reported for 

mice fed the AMPK activator, Metformin (164). Metformin is a first line drug 

commonly prescribed for type II diabetes and is generally well tolerated in 

millions of people (165). Whether prophylactic use of either of these 

medications will ever be implemented in humans to extend lifespan remains 

unknown. However, these results indicate that pharmaceutical intervention 
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may indeed be a viable option to increase longevity and there is strong 

agreement that metabolic and nutrient-sensing pathways are good targets to 

achieve this effect. 

Why decreased mTOR signaling leads to extended lifespan is not 

entirely clear. One hypothesis is that decreased mTOR activity results in 

slower cellular aging, which translates to a longer-lived organism. More in 

depth studies of the impact of long term, low-dose rapamycin on various 

organ systems in mice show mixed results regarding potential benefits for the 

extension of healthspan (166, 167). Healthspan reflects the length of time an 

individual can live healthfully and productively and is distinct from 

chronological lifespan.  In aged mice, long-term rapa feeding decreased liver 

degeneration and improved biomechanical properties of tendons. Long-term 

rapa feeding had no effect on age-related defects in activity, behavior, 

memory, or heart function, and did not change certain tumor incidences. 

Importantly, some physiological processes were worsened with long-term 

rapa feeding, including cataracts and testicular degeneration, with the latter 

being shown in both mice (167) and humans (50). Further complicating 

matters is the apparent differences in rapa metabolism in different mouse 

strains (168), resulting in different blood rapa concentrations and thus, 

different exposure. The length of rapa treatment might also influence the 

observed effects (169). This makes comparisons across different studies 

difficult to interpret, and the applicability to potential human benefit extremely 

ambiguous. So far the general consensus is that rapa simply slows the aging 
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process, similar to the explanation for the longevity-extending effects of CR 

(166, 167). That is, it does not change the cause of death in mice or even 

overtly impact major organ function either positively or negatively. Rather, 

rapa delays the onset of age-associated decline in select organ tissues. 

Whether or not this translates to extending Healthspan is a critical question in 

the field. Despite that many of the organ systems studied so far show no 

difference in function during rapa feeding, it is possible that the accumulation 

of many small but statistically insignificant changes can still have a major 

impact. Therefore, it remains important to thoroughly investigate all organ 

systems in the context of lifespan extension interventions.   

 

1.6.3 Caloric Restriction and Longevity 

Calorie restriction (CR) has been shown to extend lifespan in many 

model organisms, ranging from yeast (170-172) and worms (173), to mice 

(174), and monkeys (175). Human cohort studies in which people have self-

initiated a CR lifestyle suggest general health benefits to humans are also 

achievable with CR (176). The benefits of CR have been studied for several 

decades and are reported to delay, prevent, or decrease morbidity of many 

age-related diseases, insulin resistance, atherosclerosis, and cancer. 

Interestingly, a recent study on long-term CR in rhesus macaques reports no 

extension of lifespan (177) although the exact feeding regimens of control 

animals may have collapsed the observable differences. This highlights that 

source of calories likely also plays an important role in CR’s health benefits.  
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Despite the longstanding interest in CR and lifespan extension, there is no 

clear mechanism known. Several metabolic programs altered during CR are 

implicated in determining longevity. Among these are the IGF, mTOR, and 

AMPK pathways. Indeed, genetic manipulations of all of these pathways 

reveal their importance in determining lifespan as discussed above. However, 

the relative contribution of each in the effectiveness of CR-mediated lifespan 

extension is not known. The metabolic changes in CR mice versus rapa-fed 

mice highlight the unique alterations induced by CR that are not reproduced 

by a single pharmaceutical intervention (178). Additionally, lifespan is further 

extended in Ames dwarf mice when put onto a CR diet, indicating that CR 

and decreased growth hormone can act synergistically and therefore may 

operate at least in part via distinct mechanisms (179, 180). Surprisingly little 

data exists that actually demonstrates that CR induces mTORC1 

downregulation over the lifespan in major organ systems. On the other hand, 

it has been shown that CR and mTOR inhibition do not have additive effects, 

as CR does not further extend lifespan in yeast with TOR1 deletion (158). All 

of this supports the likelihood that CR induces several metabolic alterations to 

extend lifespan. A summary of different metabolic effects induced by rapa 

feeding and CR during aging are listed in  

Table 1. 
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Rapamycin Feeding 

 
Calorie Restriction 

Body weight Depends on duration of 
treatment (169) 

ê (181) 

Glucose Tolerance ê (178, 182) é (183) 
Insulin Sensitivity No effect (182) é (184) 

Serum IGF No effect (178) ê (178, 185) 
AMPK activity Unknown é (186) 

mTORC1 activity ê (163) ê (186) 
Autophagy é (168) é (187, 188) 

Tumor incidence at end of life No effect (166, 189) ê (190, 191) 
 
 
Table 1. Metabolic alterations induced by rapamycin feeding and calorie 
restriction during aging in rodents.   
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In most organ systems studied, CR has been shown to prevent age-

related decline in function. Importantly, the ability of CR to delay immune 

aging (192, 193) has been a longstanding area of interest. In the 1970s, early 

work by Roy Walford and colleagues reported that long-term CR preserved 

thymic weight in mice and increased spleenocyte proliferation in mixed 

lymphocyte reactions (181, 194). Later studies showed that CR preserves 

thymic cellularity and delays thymic involution (195), preserves naïve CD4 

and CD8 T cell abundance (195, 196), and improves in vitro T cell 

responsiveness to mitogen stimulation (197). Mouse models most often utilize 

life-long CR to extend lifespan, weaning mice onto the restricted feeding 

regimen during young adulthood. During this initial period of CR, acute 

negative consequences such as accelerated thymic involution occur but are 

overcome and reversed during the long-term treatment (198). Interestingly, 

monkey studies suggest there is a limited window of opportunity to initiate CR 

during aging to obtain immune benefits (199). Animal models of autoimmune 

disease, including systemic lupus erythematosis and autoimmune 

encephalomyelitis showed that CR prevents autoimmune disease onset in 

mice and rats (200, 201).  

Several clinical trials have investigated whether humans also benefit 

from maintaining a long-term CR diet. People who consumed an estimated 

30% fewer calories compared to normal Western diet were reported to have 

many beneficial effects: lower body fat (176, 202, 203); improved blood 
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pressure (204, 205); decreased blood lipids (204, 206), decreased 

inflammatory markers (202, 207), and reduced levels of growth factors (208). 

These are many of the same benefits reported in rodents. Importantly, 

besides decreased caloric intake, the diet of the CR individuals contained 

more nutrient-rich foods and was generally healthier than the Western diet. 

This again highlights the importance of simply decreased calorie consumption 

versus the impact of an altogether healthy diet for the beneficial effects of CR 

upon healthy aging and lifespan extension (177). The “Comprehensive 

assessment of long term effects of reducing intake of energy” (CALERIE) 

study is currently in progress to determine the long-term benefits of CR in 

humans (209). 

 

1.6.4 Caloric Restriction and Immunity 

Despite longstanding interest, few studies have investigated the impact 

of CR on immune protection against live pathogens. Of note, the few reports 

of this effect show that CR actually increases susceptibility to infection (210-

213), perhaps independent of age (214). Importantly, most of this work was 

performed using a influenza A virus (IAV) infection model in mice. This 

infection results in significant weight loss in mice. However, CR mice are 

extremely lean, with no spare fat mass. Although studies show NK cells to 

become defective during CR (210, 215), it is not clear whether the NK defect 

causes mortality independent of the severe weight loss and wasting that 

accompanies the IAV infection model (216). Similarly, CR mice died more 
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rapidly in a sepsis model induced by cecum ligation (211). However, in the 

sepsis model, all mice succumb within 2 days. The minimal data on this topic 

highlights a significant gap in the literature regarding immune function and 

protection from microbial challenge in CR mice. Importantly, in both of these 

models mice die early after infection, prior to complete expansion of CD8 T 

cells. Therefore it is not known how the adaptive immune compartment is 

altered during CR and whether it is able to protect the host against infection.  
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1.7 Significance 

Life expectancy increased massively in the 20th century, due in part to 

improved hygiene, health care, and the development of antibiotics. However, 

infectious diseases remain amongst leading causes of death in the elderly. 

Metabolic manipulations, both natural and pharmaceutical, are being tested to 

further increase lifespan in mammals. However, none of these manipulations 

have been thoroughly tested for their impact on immune function during 

aging. Here we use an aging mouse model to probe the impact of metabolic 

manipulations on the aging immune system. The implications for human 

health are clear; lifespan extension must be accompanied by extension of 

healthy lifespan, or “healthspan,” rather than simply extension of 

chronological age. Studies of the immune system are a critical aspect of 

aging and preserving healthspan. 
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1.8 Goals of this Dissertation 

The goals of this dissertation are to provide insight on the effect of life-

extending metabolic manipulaitons on the aging immune system. This 

includes T cell development in the thymus, peripheral maintenance of CD8 T 

cell subsets, and both primary and memory CD8 T cell immune responses 

against infection. Here we provide answers to several pertinent questions 

regarding immunity during metabolic manipulation. First, how is primary 

effector function altered during low-dose rapa treatment, used recently to 

boost immune memory formation? Second, can memory CD8 T cell 

responses in old mice be improved by rapa treatment? And third, how do 

chronic rapa or life-long CR, two current methods to extend lifespan in mice, 

alter the aging immune system?  

 

The following chapters provide answers to these questions. Each chapter 

features further relevant introduction, materials and methods, results, and in 

depth discussion. The final chapter provides a final overall summary and 

future directions of the entire dissertation.  
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Chapter 2 

 

Rapamycin significantly impairs immune protection and its inhibition of 

effector immunity is more pronounced in adult compared to old mice 

 

2.1 Introduction 

Rapa is a specific inhibitor of the mTORC1 signaling complex, the 

central regulator of cell nutrient sensing and energy metabolism (97). Applied 

in high doses (typical suppressive dose – 750 µg/kg), rapa is a well-known 

immune suppressant, used to prevent organ rejection (217). However, recent 

seminal studies highlighted the importance of nutrient sensing pathways 

during an immune response by showing that short-term mTORC1 inhibition 

using low-dose rapa (75µg/kg) enhanced the development of antigen-specific 

memory CD8 T cells during acute infection (80, 82). Subsequent studies 

suggested that the low-dose rapa used in the above studies did not adversely 

affect primary immune responses (218). Of note, these conclusions were 

based on limited data examining the presence, but not the function, of 

antigen-specific CD8 T cells. Recently, mTORC1 signaling has been shown 

to be required for Th1 differentiation (63, 64) likely by inducing Tbet 

expression (66). We therefore sought to reexamine whether mTORC1 
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inhibition by low-dose rapa treatment during CD8 T cell priming may have 

deleterious consequences to the functional CD8 T cell immune response 

during acute infection.  

Here we report that low-dose rapa treatment inhibits CD8 T cell 

effector function during infections with both viral (lymphocytic choriomeningitis 

virus - LCMV) and bacterial (Listeria monocytogenes expressing the 

ovalbumin protein - Lm-OVA) microbial pathogens in adult mice. This was 

likely due to a rapa-induced block in metabolic switch to glycolysis in 

stimulated CD8 T cells, which exhibited curtailed differentiation into SLECs; 

by contrast, MPECs were unaffected or increased in the course of rapa 

treatment. Moreover, the same dose of rapa led to poor control in the brain 

and higher mortality of the West Nile Virus (WNV)-infected mice.  Finally, the 

same dose of rapa inhibited human CD8 T cell cytokine secretion in vitro, and 

reduced intracellular acidification of vesicles following the uptake of Lm-OVA 

in both human and mouse macrophages. Our data show that acute low-dose 

rapa treatment is deleterious to both innate and adaptive acute immunity 

against primary infection.  

As rapa has also been used to extend lifespan in mice, we also tested 

its effect on immune responses in old mice (163, 189). When we examined 

the effect of low-dose rapa on old CD8 T cells, we surprisingly found no major 

significant impact. We found that old CD8 T cells do not upregulate mTORC1 

signaling after activation compared to adult cells, which may explain why they 

are less sensitive to the inhibitory effects of rapa. Because the favorable 
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effect on memory formation by rapa treatment likely comes at the expense of 

developing a robust primary effector response, rapa treatment/mTORC1 

modulation strategies to improve vaccine-mediated immune memory 

formation should consider the consequence of increasing susceptibility to 

acute infections, which could be of particular importance in 

immunosuppressed and vulnerable individuals.  
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2.2 Materials and Methods 

Mice 

Adult (8-12 weeks old) and old (18 months old) C57BL/6J were 

purchased from Jackson Labs (Bar Harbor, ME) or the National Institute on 

Aging Rodent Colony (Charles River) respectively. Mice were housed under 

specific pathogen-free conditions at the University of Arizona. All 

experimental procedures were conducted with approval from the University of 

Arizona Institutional Animal Care and Use Committee.  

 

Human subjects sample collection and PBMC isolation 

Written informed consent was obtained and whole blood was collected 

into heparinized tubes from healthy volunteers. Subject inclusion criteria were 

limited to males, aged 20-30 years old at time of blood draw, who tested sero-

negative for both cytomegalovirus and flaviviruses. Exclusion criteria included 

any immune-compromising disease, heart disease, organ transplant, cancer, 

or stroke. Study was approved by the University of Arizona Institutional 

Review Board. PBMCs were isolated using Histopaque (Sigma-Aldrich, St. 

Louis, MO) and cryopreserved in DMSO/FBS (10%/90%) until use. 

 

Rapamycin treatment 

Rapamycin (Calbiochem, Darmstadt, Germany) was administered by 

daily i.p. injection beginning 2 days prior to infection and lasting through day 7 

post-infection. Rapa was administered at a dose of 75µg/kg in 200µL of PBS. 
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Control groups were given PBS + 1%DMSO (vehicle) injections. For in vitro 

assays, rapa was added at indicated concentrations to the cells at the outset 

of the assay and kept present throughout.  

 

Infections 

LCMV-Armstrong strain (131) (simply referred to as LCMV) was 

generously provided by Dr Jeffrey Frelinger (University of Arizona). Mice were 

infected with 104 pfu LCMV i.p. Lm-OVA (219) was generously provided by Dr 

Hao Shen (University of Pennsylvania). Mice were infected with 1-5x105 cfu 

Lm-gp33, generously provided by Dr. Susan Kaech (Yale University) (220). 

Mice were infected systemically with 1-5x103 colony-forming units (cfu) of Lm-

OVA i.v. (133, 148). WNV strain 385-99, generously provided by Dr Robert 

Tesh (Univ. of Texas Medical Branch, Galveston), was used to infect mice at 

103 pfu s.c. (134).  

 

In vitro acidification assay 

Mouse bone marrow macrophages were derived as previously 

described (221). Human monocytes were enriched using a CD14 positive-

selection kit (Miltenyi Biotech, Auburn, CA). Culture media was replaced with 

antibiotic-free medium the night before the assay. Rapa groups were pre-

treated with rapamycin at the indicated concentrations for 2hr prior to 

infection. Chloroquine (Sigma) was used at 20µM as a positive control. Lm 

was stained with pH-insensitive e670 dye (eBioscience, San Diego, CA) to 
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identify infected cells. Cells were infected (MOI=5) for 5 min, treated with 

gentamycin, then washed twice before staining with lysotracker (Molecular 

Probes, Eugene, OR). Infected cells were identified as e670+ and then the 

ratio of the geometric mean fluorescence intensity of acidic to neutral was 

calculated to determine relative lysosomal acidification. 

 

In vivo CTL assay 

In vivo CTL assay was performed as described previously (222). 

Briefly, splenocytes from uninfected mice were stained with DiI Vybrant 

(Molecular Probes) and then stained with increasing CFSE concentrations 

(1nm, 1uM, 10uM) that corresponded with increasing SIINFEKL peptide 

pulsing concentrations (no peptide, 100nM, 10µM). Populations were pooled 

and 15x106 total target cells were injected i.v. into Lm-OVA-primed mice on 

day 8 post-infection. Uninfected recipient mice were included as controls. 

Recipient spleens were analyzed 4hr later for target cell clearance. Percent 

target cell clearance was calculated by: %killing = 100-((pulsed targets of 

infected recipient/unpulsed targets of infected recipient)/(pulsed targets of 

naïve recipient/unpulsed targets of naïve recipient))x100. 

 

Tetramer staining, in vitro stimulation, ICCS and flow cytometry  

Tetramer, ex vivo peptide stimulation for intracellular cytokine staining, 

and flow cytometry were performed as described previously (133, 223). PMA 

+ ionomycin (eBioscience) stimulation was performed in the presence of 
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rapamycin (concentrations as indicated) for 5hr at 37C. Brefeldin A was 

added for the last 3 hours of stimulation. Samples were fixed and 

permeabilized using the Foxp3 buffer kit (eBioscience) followed by 

intracellular staining. Polyfunctional analysis was performed by first gating on 

IFNγ+ CD8 T cells and then furtherer separating TNFα+ and Granzyme B+ 

subsets. Samples were collected on an LSR Fortessa flow cytometer (BD 

Biosciences San Jose, CA) and analyzed using FlowJo software (Tree Star, 

Ashland, OR). All antibodies were purchased from eBioscience, BD, and 

Invitrogen. Kb-OVA and Db-NS4b tetramer were provided by the NIH Tetramer 

Core Facility (Emory University of Georgia, Atlanta, Georgia). Db-gp33 was 

generously provided by Dr. Jeffrey Frelinger.  

 

Bacterial Burden and Viral Titer Measurements 

Bacterial burden in spleen and liver were determined by plating serial 

dilutions of tissue homogenate on BHI agar plates, as described previously 

(133). WNV viral titer was measured by plaque assay in the brain, harvested 

after mice were perfused with 30mL PBS (134).  

 

Plaque-reducing Neutralization Titer Determination (PRNT) 

90% Antibody neutralization titer in the plasma was determined from 

mice during WNV infection. Mice were bled at day 10 of infection. Plasma 

was separated from the cellular fraction and stored at -80°C until assay. 

PRNT assay was performed as previously described (224). 
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Metabolism Assays 

Naïve CD8 T cells were enriched from spleen and superficial lymph 

nodes using a CD8 negative selection kit (Miltenyi) to which we added CD44-

biotin to further deplete CD44hi cells (95-99% purity). Cells were stimulated for 

96hr with beads coated with anti-CD3 and anti-CD28 (Miltenyi) in RPMI 

media supplemented with FCS (10%), L-glut, β-mercaptoethanol, and 

pen/strep, and ± rapa (17ng/ml) as indicated. On the day of the assay, cells 

were harvested and separated by percoll gradient (70/30) from dead cells and 

stimulation beads, washed, counted, and plated in equal numbers on 

Seahorse plates (Seahorse Bioscience, Massachusettes, USA) according to 

manufacturers protocols. Glycolysis stress test assay was run according to 

manufacturers protocol using glucose (10mM), oligomycin (1.5µM), and 2-DG 

(100mM). Rapa concentrations were chosen based on reported blood levels 

during different rapamycin treatment regimens, with 17ng/ml being an 

immunologically relevant dose for promoting CD8 T cell memory (80) and an 

achievable dose in human subjects taking current Sirolimus dose 

recommendations (225). For extracellular acidification rate (ECAR) 

measurements in naïve CD8 T cells, cells were plated at 500k/well. After anti-

CD3 and anti-CD28 injection, no subsequent compounds were injected, in 

order to measure glycolysis upregulation early after stimulation. Mitochondrial 

stress test was performed using oligomycin (1.5 µM), FCCP (0.75 µM), 
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rotenone (1 µM), and Antimycin A (1 µM) according to manufacturer’s 

protocol.  

 

Rapamycin Quantification 

Rapamycin concentration was measured in whole blood as described 

previously in depth (226). Whole blood was stored at -80°C and did not 

undergo any freeze/thaw cycles prior to analysis. 

 

Phospho-protein stimulation and detection 

Naïve CD8 T cells were sorted from splenocytes by CD44 and CD62L 

surface expression using a BD Aria. Adult and old cells were pooled, 

respectively, and stimulated with anti-CD3/CD28 beads (Miltenyi). Activation 

beads were added to samples over time so that all staining was performed 

simultaneously. Cells were stimulated in RPMI-1640 containing L-glut, pen 

strep, and IL-2 (100U/ml, eBioscience). Cells were fix/permed with the 

Phosflow buffer kit III (BD) according to manufacturers instructions. pS6 and 

pERK antibodies were from Cell Signaling (Massachusetts).  

 

Data Analysis 

Statistical analyses were performed using GraphPad Prism software 

(GraphPad, La Jolla, CA), as indicated in the text and legends. p<0.05 was 

considered significant for all analyses. * p<0.05; ** p<0.01; *** p<0.001; **** 

p<0.0001. 
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2.3 Results 

2.3.1 Rapamycin impairs CD8 T cell polyfunction during LCMV infection. 

Previous studies showed equal expansion of CD8 T cells in the course 

of an acute response to infection during low-dose rapa treatment (80). 

However, because there are no definitive data on whether that expansion is 

absolute, rather than simply relative, and because the presence of Ag-specific 

CD8 T cells does not necessarily equate to equal function of the responding 

cells, we tested the impact of low-dose rapa treatment on Ag-specific CD8 T 

cell function in vivo during LCMV infection, used in the seminal work by Araki 

and colleagues (80). Rapa treatment was performed beginning 2 days prior to 

infection (designated day 0; see Materials and Methods). On day 8 post-

infection, we found the number of splenic CD8 T cells that produced IFNγ in 

response to ex vivo gp33 peptide stimulation to be significantly decreased 

compared to vehicle-treated mice (Figure 3A). Furthermore, we found that 

these mice exhibited a specific decline in the most polyfunctional Ag-specific 

CD8 T cell subset, able to produce all three of the effector molecules we 

measured: IFNγ, TNFα, and Granzyme B (Figure 3B). Importantly, the 

decreased polyfunctional Ag-specific CD8 T cells was due to decreased 

proportion of these cells in rapa-treated mice compared to controls (Figure 

3C), indicating loss of the polyfunctional population is not solely due to 

decreased overall survival of these cells.  We conclude that even low-dose 

rapa has immunosuppressive properties that depress proliferation and 

function of Ag-specific effector CD8 T cells during LCMV infection.  
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Figure 3. Rapamycin decreases effector function of CD8 T cells during 
LCMV infection. 
 
Mice were infected with LCMV while receiving rapa or vehicle injections. On 
day 8 post-infection, spleens were harvested and stimulated with gp33 
peptide ex vivo to measure Ag-specific CD8 T cells. (A) The number of CD8 T 
cells able to produce IFNγ and (B) the IFNγ-producing CD8 T cells further 
divided by polyfunctional ability to also produce TNFα and Granzyme B. (C) 
The frequencies of the indicated polyfunctional cytokine producers. Data are 
shown as mean ± SEM and are representative of 2 independent experiments 
with n=6-8 mice/group. Statistical differences were calculated by (A & C) t-test 
or (B) 2-way ANOVA with Bonferroni’s post-test.  
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Because CD8 T cell defects were not reported in the original work by 

Araki et al. (80) we wanted to confirm that our system was comparable, by 

reproducing their original observations. To verify our experimental conditions 

were similar to theirs, we performed the same experiment described above, 

but allowed the mice to progress to the immune memory phase. Mice were 

bled periodically during the 45 day transition to memory. Exactly as reported 

in the original work (80), we observed a significant increase in the frequency 

(Figure 4A) and number (Figure 4B) of gp33-specific CD8 T cells that 

survived into the memory phase in mice treated with rapa compared to 

controls. Therefore our experimental conditions were comparable to theirs. 

This strongly indicated that skewing the immune response towards increased 

memory survival may decrease effector immunity during the primary infection.  

 

2.3.2 Rapamycin impairs both innate and adaptive effector function 

during Lm-OVA infection.  

To assess whether the functional effector defects were pathogen-

specific, we performed similar experiments using the bacterial pathogen Lm-

OVA. First we compared bacterial burden in the spleens and livers of mice in 

rapa or control groups at early time points after infection. Mice treated with 

rapa had significantly higher bacterial burden in both tissues compared to 

controls (Figure 5A).  
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Figure 4. Rapamycin increases memory CD8 T cell formation after LCMV 
infection in adult mice.  
 
Mice were infected with LCMV ± rapa treatment. Ag-specific CD8 T cells were 
tracked in the blood by tetramer staining. (A) The frequency of gp-33-specific 
CD8 T cells during infection. (B) The number of gp-33-specific CD8 T cells in 
the blood 45 days after infection. Statistical differences were calculated by (A) 
2-way ANOVA with Bonferroni post-test or (B) t-test. Data are shown as mean 
± SEM.   
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Because this was measured early after infection, prior to the expansion of 

CD8 T cells required for clearance, this suggested that rapa may be inhibiting 

the function of other cell types, presumably neutrophils, macrophages, and/or 

granulocytes, which are responsible for early control of Lm infection (227).  

We also found that there were significantly decreased numbers of 

OVA-specific CD8 T cells in the spleens of mice in the rapa group compared 

to controls on day 8 of infection (Figure 5B). To test other functional aspects 

of CD8 T cells primed during rapa treatment, we performed an in vivo killing 

assay. Target cells were pulsed with a high and a low concentration of 

SIINFEKL peptide to model an easy- or hard-to-find target cell, respectively. 

Mice treated with rapa during Lm-OVA infection had significantly reduced 

target cell killing regardless of the peptide concentration on target cells, 

compared to controls (Figure 5C). Therefore, in addition to decreased 

polyfunction (Figure 3B), we also show decreased target cell clearance in vivo 

as a consequence of fewer Ag-specific CD8 T cells at the peak of the immune 

response.  These results demonstrate that low-dose rapa treatment adversely 

affects multiple intracellular functions in both innate and adaptive immune 

cells. 
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Figure 5. Rapamycin decreases innate and adaptive immune responses 
to Lm-OVA.  
 
Mice were infected with 1-5x103 cfu Lm-OVA. (A) Liver and spleen were 
harvested at the indicated time points after infection and bacterial burdens 
were determined. Statistical differences were calculated by 2-way ANOVA 
with Sidak’s correction for multiple comparisons. (B) The number of OVA-
specific CD8 T cells were enumerated in the spleen on day 8 of infection. (C) 
Target cell clearance was measured by an in vivo killing assay. (B,C) 
Representative gating shown; statistical differences were calculated by t-
tests. All data are shown as mean ± SEM and are representative of at least 2 
independent experiments.  
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2.3.3 Rapamycin increases mortality during WNV infection 

As it is known that many cell types are required for protection against 

WNV infection (228), we tested the impact of low-dose rapa treatment on 

WNV survival. We found that mice treated with rapa exhibited higher viral titer 

in the brain compared to controls (Figure 6A), which we have shown to be a 

strong predictor of mortality in mice (134).  Indeed, these higher viral titers 

correlated with increased mortality in the treated group (Figure 6B). We 

wondered whether CD8 or CD4 T cell function was impaired by rapa in this 

infection but surprisingly measured no defect in IFNγ production by either cell 

type (Figure 7A,B). Next we tested if rapa altered Ab-mediated virus 

neutralization, as antibody is critical for WNV protection (229). Again, we 

found no defect in mice being treated with rapa (Figure 7C). Although we 

measured no specific defect in the cells we tested from mice being treated 

with rapa during WNV infection, our data overall still clearly show that low-

dose rapa treatment impaired responses to, and immune protection against, a 

broad range of pathogens by inhibiting the effector function of multiple cell 

types at several levels. 

 

2.3.4 Cell-intrinsic defects induced by rapamycin 

We next addressed the mechanistic nature of the observed defects in 

effector CD8 T cells and innate immunity. To test if rapa induces defects in 

innate cells, we measured lysosome acidification during Lm infection.  
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Figure 6. Rapamycin impairs viral control and increases susceptibility to 
WNV. 
 
Control and rapa-treated mice were infected with 1000 pfu WNV s.c. (A) On 
day 10 post-infection brains were harvested and analyzed for viral titer by 
plaque assay. Statistical differences were calculated by nonparametric Mann-
Whitney. Data are shown as mean ± SEM and are representative of 2 
independent experiments with n=6-12 mice/group. (B) Mice were tracked for 
survival after infection. Stastical difference was calculated by log-rank test. 
Data shown is the combination of 2 independent experiments, each 
containing 12-16 mice/group. 
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Figure 7. Increased mortality during WNV infection is not associated 
with altered T cell IFNγ production or Ab neutralization of virus. 
 
Mice were infected with WNV ± rapa treatment and sacrificed on day 8 of 
infection for analysis. (A) Ag-specific CD4 T cells that produced IFNγ were 
enumerated after ex vivo peptide stimulation with pooled CD4 
immunodominant epitopes, E641, 2066, 1616. (B) Ag-specific CD8 T cells 
able to produce IFNγ were enumerated by ex vivo peptide stimulation with the 
CD8 immunodominant epitope, NS4b. (C) 90% neutralizing titers from plasma 
was measured by plaque reduction neutralizing titer assay. (A and B) Data 
shown are mean ± SEM and represent at least 2 independent experiments. 
Statistical differences were calculated by student’s t-test. (C) Data are shown 
as median and statistical differences were calculated by nonparametric Mann-
Whitney test.   
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Macrophages are critical in the early control of Lm and their ability to properly 

dispose of ingested Listeria is key to that process (227). Mouse bone marrow-

derived macrophages were infected with dyed Lm (to identify infected cells) 

and then treated with gentamycin to kill all extracellular bacteria. Lysosome 

acidification was measured in infected cells by a dye that accumulates in the 

lysosome and changes fluorescence in the low pH environment. Of interest, 

we observed decreased acidification in both mouse (Figure 8A) and human 

(Figure 8B) macrophages treated with rapamycin during infection. Because 

macrophages are critical for early control of Lm, this provides a potential 

explanation for impaired early control of Lm in vivo in mice treated with rapa 

(Figure 5A). 

We also further examined the nature of a putative CD8 T cell-intrinsic 

rapa-induced defect by measuring cytokine production in response to 

PMA+ionomycin in the presence of decreasing doses of rapa. Rapa 

significantly decreased the ability of both mouse and human CD8 T cells to 

produce IFNγ and TNFα compared to paired samples stimulated in the 

absence of rapa (Figure 8C,D). Decreased polyfunction was due to 

decreased production of both IFNγ and TNFα for both mouse and human, as 

single cytokine-producing cells were also reduced during rapa treatment 

(Figure 8C,D). Representative flow cytometry data are shown in Figure 8E to 

further illustrate this point.  Our data show that rapa, even at these low doses, 

inhibits the cell-intrinsic ability of CD8 T cells to produce effector cytokines in 

response to a non-specific stimulus. Additionally, the lowest dose of rapa 
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being tested in vitro (17ng/ml) is physiologically achievable in both mouse 

(80) and humans (230) during rapa treatment. We conclude that deleterious 

effects of rapa are broad and impact multiple cell types across different 

species. 

In addition to the above cytokine secretion defect, we found other signs 

of incomplete CD8 T cell effector differentiation. Specifically, on day 8 post-

infection, tetramer+ CD8 T cells were analyzed for KLRG1 and CD127 

expression to identify short-lived effector cells (SLEC) and memory precursor 

cells (MPEC). Representative gating for each infection is shown in Figure 9A. 

Similar to previous reports, we measured increased MPEC and decreased 

SLEC frequencies within the tetramer+ populations to LCMV, Lm-OVA, and 

WNV (all infections shown in Figure 9B). In absolute terms, we found that 

LCMV-specific and Lm-OVA specific CD8 T cells in the blood showed 

significantly decreased SLEC and increased MPEC cell numbers (Figure 9C), 

whereas the WNV-specific responses showed similar trends but did not reach 

statistical significance (Figure 9C). We conclude that rapa treatment shifts the 

pool of Ag-specific CD8 T cells towards memory development, at the cost of 

effector differentiation. 
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Figure 8. Rapamycin induces cell-intrinsic defects in innate and 
adaptive immune cells. 
 
Cell intrinsic defects induced by rapa treatment were tested in vitro. (A) 
Mouse BMDM and (B) human CD14+ monocytes were infected with Lm in the 
presence of absence of rapa and phagosome acidification was measured. (C) 
Mouse splenocytes and (D) human PBMCs were stimulated with PMA + 
ionomycin for 5hrs in the presence of decreasing concentrations of rapa. (E) 
representative gating strategy for mouse and human samples. Data are 
shown as mean ± SEM. (A and C) data are representative of at least 2 
independent experiments. (B and D) Data shown are the combination of 2 
independent experiments. Each symbol represents a unique individual. (A) 
Statistical difference was calculated by t-test. (B-D) statistical differences 
were calculated by paired t-test (B) or paired 1-way ANOVA (C,D).   
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Figure 9. Rapamycin decreases SLECs and increases MPECs in nearly 
all tested infections.  
 
Mice were bled on day 8 of infection. (A) Representative gating strategy of 
MPECs and SLECs for each infection. (B) Frequencies of MPECs and SLECs 
within the tetramer-positive CD8 T cells for each infection. (C) Absolute 
number of tetramer-positive MPECs and SLECs for each infection. All data 
are representative of at least 2 independent experiments for each infection 
with n=8 mice/group. Data are shown as mean ± SEM. Statistical differences 
were calculated by unpaired student’s t-test. 
  

LCMV

Lm-OVA

WNV

Control Rapa

KLRG1

C
D

12
7

7.23

64.48

14.8

47.3
9.35

67.9

24.6

39.5
9.2

47.9

19.8

28.5

80

60
40

20
0%

 o
f K

b -O
VA

+ ****

80

60

40

20

0%
 o

f D
b -g

p3
3+

****

****

80

60

40

20

0%
 o

f  
D

b -N
S4

b+ **

**

SLEC  MPEC

SLEC  MPEC

SLEC   MPEC

****

**** Control
Rapa

Control
Rapa

MPECSLEC

# 
C

D
8+  D

b -g
p3

3+

(p
er

 !
L 

bl
oo

d)
# 

C
D

8+  K
b -O

VA
+

(p
er

 !
L 

bl
oo

d)
# 

C
D

8+  D
b -N

S4
b+

(p
er

 !
L 

bl
oo

d)

40
30
20
10

0

400

300

200

100
0

100
80
60
40
20

0

**

*

*

*

MPECSLEC

MPECSLEC

Control
Rapa

A B C

MPEC

SLEC

MPEC

SLEC

MPEC

SLEC

MPEC

SLEC

MPEC

SLEC

MPEC

SLEC



	   74	  

2.3.5 Rapamycin blocks upregulation of glycolysis in activated CD8 T 

cells 

The above decrease in SLEC numbers could be due to a cell-intrinsic 

effect of rapa on CD8 T cells. Alternatively, rapa might induce changes in 

innate cell types during CD8 T cell priming, thus altering the differentiation 

programming of the Ag-specific CD8 T cells (26). To distinguish these 

possibilities, we examined the ability of rapa to affect the CD8 T cell metabolic 

switch to glycolysis in the course of activation, a switch known to be mediated 

via mTORC1 and required for robust effector function (231). Naïve control 

and rapa-treated CD8 T cells were stimulated via TCR and subjected to a 

glycolysis stress test to determine their glycolytic capacity. Cells were plated 

at equal density and metabolic glycolysis rates were measured in real time. 

Extracellular acidification rate (ECAR) was measured as an indication of 

cellular glycolysis. Basal ECAR, measured in the absence of glucose, was 

already significantly reduced in cells stimulated in the presence of rapa 

(Figure 10A). When glucose was injected into the media to measure cell 

glycolysis in the presence of saturating substrate concentration, cells 

stimulated in the presence of rapa increased ECAR only marginally compared 

to control-stimulated cells, which showed robust increase in ECAR (Figure 

10B). This finding is consistent with previous reports that mTORC1 regulates 

the T cell glucose transporter GLUT1 (232). Moreover, oligomycin, an 

ATPase inhibitor that blocks oxidative phosphorylation and forces the cells to 
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switch any remaining metabolic capacity towards glycolysis, also failed to 

significantly increase glycolysis in rapa-treated cells. Therefore, under any 

conditions, control samples exhibited significantly higher maximum glycolytic 

capacity compared to rapa samples (Figure 10A). To verify that changes in 

ECAR were due to changes in cellular glycolysis, we injected 2-DG, a 

glycolysis inhibitor, at which point control samples (and, marginally, rapa-

treated samples) reverted to or below baseline glycolysis. To further test the 

metabolic alterations induced by rapa, we also measured oxygen 

consumption rates (OCR) in stimulated CD8 T cells as an indicator of 

oxidative phosphorylation (OXPHOS) (Figure 10C). We first observed that 

control samples had higher OCR than samples that had been stimulated in 

the presence of rapa. When we injected oligomycin to block oxidative 

phosphorylation, both groups lost all OCR ability, as expected. We next 

injected FCCP to uncouple OXPHOS from ATPase activity and observed that 

rapa samples reached a higher peak OCR than control samples (Figure 10C). 

Rotenone and antimycin A are electron transport chain inhibitors and were 

injected to confirm that OCR changes were due to OXPHOS metabolism. We 

also calculated the spare respiratory capacity (SRC) and found that CD8 T 

cells stimulated in the presence of rapa had significantly higher SRC than 

control-stimulated cells (Figure 10D). Importantly, increased SRC is a 

hallmark of memory CD8 T cell metabolic signature (51). We conclude that 

impaired glycolysis activation and diminished glycolysis capacity provide a 
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mechanism that likely explans the in vivo defects in CD8 T cell effector 

function during infection. 

 

2.3.6 Rapamycin has minimal effect on CD8 T cell responses in old mice 

Rapa has also been used to extend lifespan in mice. Therefore, we 

tested whether low-dose rapa injections also altered the immune response 

during acute infection in old mice. We infected old mice with LCMV, Lm-OVA, 

or WNV exactly as was performed above in adult mice. In old mice infected 

with LCMV (Figure 11A) or WNV (Figure 11C), we did not observe 

impairment of CD8 T cell Ag-specific expansion or IFNγ production during 

rapa treatment. In contrast, old mice treated with rapa had a slight but 

significant decrease in the number of IFNγ-producing CD8 T cells during Lm-

OVA infection (Figure 11B).  

To determine why adult and old cells had different responses to rapa 

treatment, we first verified that rapa exposure was similar in adult and old 

mice. The differences in effect of rapa in adult versus old cells was not due to 

different rapa exposure or metabolism, as both adult and old mice had similar 

rapa concentrations in the blood (Figure 12).  
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Figure 10. Rapamycin blocks glycolysis and increases spare respiratory 
capacity in stimulated CD8 T cells in vitro. 
 
Naïve CD8 T cells were enriched from spleen and superficial lymph nodes 
and stimulated in vitro with anti-CD3/anti-CD28 coated beads for 96hrs in the 
presence or absence of rapamycin. Cells were re-plated at equal density for 
analysis on the Seahorse. (A) ECAR was measured while cells were 
subjected to a glycolysis stress test. (B) Cells plated at eaqual density were 
analyzed for ECAR in the presence or absence of glucose. (C) Oxygen 
consumption rate was measured while cells were subjected to a mitochondrial 
stress test. (D) Spare respiratory capacity was calculated by subtracting the 
basal oxygen consumption rate from the maximum oxygen consumption rate 
after addition of FCCP. (A-C) Statistical differences were calculated by 2-way 
ANOVA with Bonferroni’s post-tests for multiple comparisons. (D) Statistical 
differences were calculated by unpaired student’s t-test. Data are shown as 
mean ± SEM.  
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Figure 11. Rapamycin treatment has minimal impact on immune 
responses in old mice. 
 
Old mice were infected with the indicated pathogens and spleens were 
harvested on day 8 of infection to measure Ag-specific CD8 T cell responses. 
(A) gp-33-specific CD8 T cells were enumerated by tetramer staining in the 
spleen after LCMV infection. Ex vivo gp33 peptide stimulation was used to 
enumerate IFNγ-producing Ag-specific CD8 T cells. Experiment has been 
performed once. (B) OVA tetramer staining and peptide stimulation were used 
to enumerate Ag-specific and function, respectively, of CD8 T cells after Lm-
OVA infection. (C) NS4b tetramer and peptide stimulation were used to 
determine number and function, respectively, of Ag-specific CD8 T cells after 
WNV infection. (B and C) data are representative of at least 2 independent 
experiments. All data are shown as mean ± SEM. Statistical differences were 
calculated by student’s t-tests.   
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Figure 12. Adult and old mice have similar blood rapamycin 
concentrations.  
 
Rapamycin concentration was measured in whole blood from uninfected adult 
and old mice by HPLC-MS. Data are shown as mean ± SEM. 
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2.3.7 Old CD8 T cells have diminished mTORC1 upregulation after 

activation 

Next, we considered the possibility that adult and old cells differentially 

use mTORC1 signaling after activation. To test this, we sorted naïve adult 

and old splenocytes and stimulated them in vitro with anti-CD3/CD28-coated 

beads for up to 8 hours. We found that fewer old CD8 T cells stain positive for 

pS6 early after activation compared to adult naïve CD8 T cells (Figure 13A), 

suggesting impaired activation of mTORC1. This was specific for pS6 

upregulation, as adult and old cells exhibited equal upregulation of pERK at 

these time points (Figure 13B). Old naïve CD8 T cells also had delayed 

upregulation of glycolysis immediately after stimulation (Figure 13C). To 

measure early glycolysis, we used the Seahorse metabolic flux analyzer to 

inject anti-CD3 and anti-CD28 onto plated naïve CD8 T cells and continuously 

measured ECAR after injection. We conclude that old naïve CD8 T cells do 

not upregulate mTORC1 signaling as much as adult cells. Therefore, old CD8 

T cells may be insensitive to the inhibitory effects of rapa observed in adult 

cells.  
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Figure 13. Old naïve CD8 T cells have decreased mTOR signaling and 
glycolytic metabolism early after activation. 
 
Naïve CD8 T cells were sorted from adult and old mice based on cell surface 
phenotype CD44hiCD62Llow. (A and B) Cells were stimulated for the indicated 
amount of time with beads coated with anti-CD3 and anti-CD28. (A) The 
percent of cells that were pS6-positive. (B) The percent of cells that were 
pERK-positive. (C) ECAR was measured in naïve adult and old CD8 T cells 
before and immediately after injection of anti-CD3 and anti-CD28 antibodies. 
(A) Data are representative of 2 independent experiments. Data shown are 
pooled samples from n=3-4 mice. (B) Experiment has been performed once; 
samples are pooled sorted naïve CD8 T cells from adult and old mice, 
respectively. (C) Experiment has been performed once. Samples are sorted 
naïve CD8 T cells from n=4 adult and n=4 old mice. Data were analyzed by 2-
way ANOVA with Sidak’s multiple comparison test. 
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2.4 Discussion 

The importance of nutrient sensing pathways in T cell function and 

survival is clearly borne by several studies [(71, 72, 77, 233) and the 

references therein] and the possibility of improving vaccine efficacy by 

manipulating these pathways is particularly attractive (81, 234, 235). 

However, our data clearly indicate that mTORC1 inhibition, even with low-

dose rapa, has detrimental consequences to immune function during the 

primary immune response, even increasing disease susceptibility. 

Furthermore, our data suggests that the function of more than one cell type is 

negatively impacted by low-dose rapa in a diverse range of infection models.  

mTORC1 inhibition using rapa likely impacts immune cells via several 

distinct mechanisms during infection. First, the obvious possibility is inhibition 

of protein translation that is activated by mTORC1 under normal infection 

conditions. Rapid upregulation of protein synthesis is critical during an active 

immune response to support proliferation and production of effector 

molecules used to control early spread of pathogen (236, 237). Second, 

mTORC1 is a critical gatekeeper of overall cellular metabolic activation. 

During activation in infection, innate and adaptive immune cells require a 

metabolic switch to glycolysis to support rapid responses to control and clear 

the pathogen (78). Decreasing this ability may delay or completely alter the 

immune response. This possibility has been extensively studied in CD8 T 

cells, showing that a metabolic switch is critical for effector function (78, 231). 

Whether glycolytic metabolism is important for innate immune cell function is 
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not well known. Our data support both of these possibilities, as we show 

decreased expansion and decreased function of effector responses. While we 

have focused on CD8 T cells, our data also show that rapa dampens innate 

immune cell function. Therefore, it stands to reason that CD8 T cell-intrinsic 

defects may even be compounded by innate cell defects, leading to an overall 

diminished immune response.  

Our data support both cell-intrinsic and cell-extrinsic defects on CD8 T 

cell responses. First, we show a clear cell-intrinisic defect to upregulate 

glycolytic metabolism necessary for robust effector responses. Second, we 

show that multiple cell types become negatively impacted by rapa. As multiple 

defects accumulate, the immune status of the animal likely becomes severely 

compromised, resulting in death in some infections. This is likely the case for 

WNV, but we predict it would hold true for any infection that requires many 

cell types for control and clearance. Additionally, mTOR is known to be a 

critical regulator of Treg differentiation, with mTOR inhibition resulting in 

increased Treg expansion (63). Although we did not test this possibility, 

increased Tregs during rapa treatment could also limit the expansion of 

robust effector CD8 T cells in vivo. 

This becomes especially important in the context of aging. Rapa has 

recently been used to extend lifespan in mice (163). However, those studies 

were performed in specific pathogen-free facilities and did not include 

infectious exposure of treated mice to study immune function. It has long 

been known that immune responses to infection drastically decline with age 
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[reviewed in (119, 145, 238, 239)] and that this correlates with increased 

disease susceptibility. Given these results and the findings of this study, it is 

essential to evaluate the impact of rapa on immune function during aging. By 

extension, any intervention that decreases mTORC1 signaling to extend 

lifespan and/or manipulate immunity should be evaluated for its impact on 

immune function during aging, to prevent possible adverse effects upon 

infectious disease susceptibility.  

The differences in rapa effects in adult and old mice was surprising 

because we expected the less robust old cells to be more susceptible to 

rapa’s inhibitory effects. We considered the possibility that adult and old mice 

have different drug metabolism, resulting in different exposures. When we 

measured the rapa concentration in whole blood in mice given this dosing 

regimen we discovered adult and old mice had the same blood 

concentrations. However, blood rapa concentrations were measured in 

uninfected animals and it’s unknown whether infection alters drug metabolism 

differently in adult versus old mice.  

It’s also possible that adult and old cells have different metabolic 

programming and possibly different requirements for mTOR signaling (240). 

Our preliminary data suggests that adult and old navie CD8 T cells have 

different mTORC1 signaling kinetics during activation. Having a different 

reliance on mTORC1 during activation would make cells differently 

susceptible to the effects of rapa. Specifically, old cells that don’t upregulate 

mTORC1 during activation would not be affected by rapa to the same degree 



	   85	  

as cells with a high dependence on mTORC1 activation. Delayed mTORC1 

activation was complemented by delayed upregulation of glycolysis 

immediately after stimulation in sorted old naïve CD8 T cells compared to 

adults. While the differences in glycolysis are not tremendous, this experiment 

needs to be repeated with increased numbers of old mouse samples. 

Additionally, soluble anti-CD3 and anti-CD28 antibodies were used for 

injection in this assay. However, T cells require crosslinking signals for 

optimal activation, which is not achieved with soluble antibodies. This 

experiment should include beads coated with anti-CD3/CD28 to provide 

better activation signal when repeated. Although old CD8 T cells have 

decreased mTORC1 upregulation, they have equal pERK upregulation 

compared to adult cells. This indicates other signaling pathways might 

overcompensate in old cells. Future experiments are needed to identify what 

signaling pathways become activated in old cells. Our data suggests adult 

and old naïve CD8 T cells coordinate different signaling pathways for 

activation. We are currently investigating what signaling programs dominate 

in old CD8 T cells during proliferation and how this correlates with cellular 

metabolism during activation. This will have serious implications for vaccine 

strategies, as most new therapies are tested only in adult mice, which may 

not be a good model for old CD8 T cells.  
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Chapter 3 

 

Enhanced CD8 T cell memory by rapamycin is pathogen-specific and 

independent of age 

 

3.1 Introduction 

Despite the well-known role of rapa as an immune suppressant in 

transplant recipients (217), recent studies have made the surprising 

observation that at low doses, rapa actually enhances CD8 T cell memory 

(80, 82). This was found to be true in two viral infection models using acute 

low-dose rapa treatment (80, 81). “Enhanced” memory in these studies was 

defined as increased absolute number of Ag-specific CD8 T cells surviving 

into the memory phase, along with some subsequent measure of improved 

function upon challenge. Typically, improved function was measured as 

improved clearance of a second virus or tumor containing the same epitope. 

Since this rapa regimen has only been tested in a limited number of 

pathogens for memory responses (80, 81, 234), it is not known how 

ubiquitous this beneficial effect is. Also, given the deleterious effects of rapa 

on acute effector immunity (Chapter 2), whether the benefits of rapa 

treatment outweigh the risks remains unclear. 
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Immune-compromised individuals would benefit most from improved 

vaccination strategies. Among these groups, the aging population is of 

particular importance, as this group is rapidly growing worldwide (241). As the 

aging population increases, it will become progressively important to 

understand age-related immune defects and tailor treatments to specifically 

target them (238, 242). Aged individuals have poor vaccine protection (119, 

243). Similarly, we have shown diminished CD8 T cell memory responses in 

old mice (133). Whether acute low-dose rapa treatment can improve CD8 T 

cell memory during aging has not been studied. Therefore, we tested whether 

old mice had improved CD8 T cell memory formation by low-dose rapa after 

LCMV infection, as has been shown for adult mice. To determine if the effects 

of rapa were pathogen specific, we also tested whether enhanced CD8 T cell 

memory formation was improved by low-dose rapa after infection with the 

entirely different bacterial pathogen, Lm-OVA, which requires CD8 T cells for 

clearance. 

We report that rapa treatment increased CD8 T cell memory formation 

in both adult and old mice after LCMV infection, similar to previous studies in 

adult mice. However, this was only true for the absolute number of Ag-specific 

CD8 T cells surviving into memory phase; we observed no clear benefit to Ag-

specific memory function upon challenge. Conversely, we found no benefit to 

CD8 T cell memory in adult or old mice after Lm-OVA infection. We conclude 

that beneficial effects on CD8 T cell memory by low-dose rapa may be 
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pathogen-specific. Additionally, increased absolute number of memory cells 

may not translate to improved function upon challenge. 
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3.2 Materials and Methods 

Mice 

Male adult (8-12 weeks old) and old (18 months old) C57BL/6J were 

purchased from Jackson Labs (Bar Harbor, ME) or the National Institute on 

Aging Rodent Colony (Charles River), respectively. Mice were housed under 

specific pathogen-free conditions at the University of Arizona. All 

experimental procedures were conducted with approval from the University of 

Arizona Institutional Animal Care and Use Committee.  

 

Rapamycin treatment 

Rapamycin (Calbiochem, Darmstadt, Germany) was administered by 

daily i.p. injection beginning 2 days prior to infection and lasting through day 7 

post-infection. Rapa was administered at the indicated doses in 200µL of 

PBS. Control groups were given PBS + 1%DMSO (vehicle) injections. 

 

Infections 

Mice were infected with 104 pfu (i.p) LCMV-Armstrong strain (131) 

(simply referred to as LCMV), generously provided by Dr. Jeffrey Frelinger 

(University of Arizona), 1-5x103 colony-forming units (cfu) of Lm-OVA, 

generously provided by Dr. Hao Shen (University of Pennsylvania) (219), 1-

5x105 cfu (i.v) Lm-gp33, generously provided by Dr. Susan Kaech (Yale 

University) (220), or 1-5x106 cfu Act A-/- Lm-OVA (i.v), generously provided by 

Dr. Daniel Portnoy (University of California Berkeley).  
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Tetramer staining, in vitro stimulation, and flow cytometry reagents 

Tetramer staining, ex vivo peptide stimulation for intracellular cytokine 

staining, and flow cytometry were performed as described previously (133, 

223). Samples were fixed and permeabilized using the Foxp3 buffer kit 

(eBioscience) followed by intracellular staining. Polyfunctional analysis was 

performed by first gating on IFNγ+ CD8 T cells and then furtherer separating 

TNFα+ and Granzyme B+ subsets. Samples were collected on an LSR 

Fortessa flow cytometer (BD Biosciences San Jose, CA) and analyzed using 

FlowJo software (Tree Star, Ashland, OR). All antibodies were purchased 

from eBioscience, BD Biosciences, and Invitrogen. Kb-OVA and Db-NS4b 

tetramer were provided by the NIH Tetramer Core Facility (Emory University, 

Atlanta, Georgia). Db-gp33 was generously provided by Dr. Jeffrey Frelinger.  

 

Bacterial Burden and Viral Titer Measurements 

Bacterial burdens in spleen and liver were determined by plating serial 

dilutions of tissue homogenate on BHI agar plates, as described previously 

(133).  

 

Data Analysis 

Statistical analyses were performed using GraphPad Prism software 

(GraphPad, La Jolla, CA), as indicated in the text and legends. p<0.05 was 

considered significant for all analyses. Data were analyzed by student’s t-test 
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within each age group, unless specified otherwise. * p<0.05; ** p<0.01; *** 

p<0.001; **** p<0.0001. 
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3.3 Results 
 
3.3.1 Rapamycin increases CD8 T cell memory during LCMV 
 

The recent increased interest in rapa is due to its reported role in 

improving immunological memory (80, 82) and vaccine-mediated protection 

(81, 234). This could be particularly exciting for aged individuals, who are 

known to have poor immune protection after vaccination. Therefore, we 

tested whether rapa could alter CD8 T cell memory formation in old mice. To 

examine this, we infected old mice with LCMV ± rapa (75µg/kg) during the T 

cell priming phase, and then tracked CD8 T cell survival into the memory 

phase. Similar to what has been shown in adult mice, old mice also exhibited 

an increased numbers of gp33-specific CD8 T cells survive to become 

memory cells (Figure 14). This was an encouraging finding, suggesting that 

CD8 T cell memory formation can be increased in old mice. 

In addition to increased numbers of memory CD8 T cells, it is critical to 

determine the function of these cells. Notably, rapa was only administered 

acutely during the primary infection and mice were no longer being treated 

during the memory challenge experiments. To test memory cell function, we 

challenged adult and old LCMV-immune mice (at least 60 days after primary 

infection) with a recombinant Lm expressing the LCMV immunodominant 

epitope gp33 (Lm-gp33). Three days post challenge we harvested spleen and 

liver, the primary target organs of Lm, and measured bacterial burdens. In this 

assay, the memory gp33-specific CD8 T cells respond quickly to control the 

infection.  
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Figure 14. Rapamycin increases CD8 T cell memory in old mice infected 
with LCMV. 
 
Old mice were infected with LCMV and treated ± rapa. 45 days after infection, 
gp33-specific cells were identified by tetramer staining and enumerated in the 
blood. Data shown as mean ± SEM. Statistical differences were calculated by 
unpaired 2-tailed student’s t-test.  
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Thus, decreased bacterial burden indicates better memory CD8 T cell-

mediated clearance, although innate immune cells also participate in the early 

Lm control. In the liver, only old mice that had been treated with rapa 

displayed improved bacterial clearance (Figure 15A). The opposite was 

observed in the spleen; only adult mice had improved bacterial clearance if 

they had been treated with rapa during the primary infection (Figure 15B). 

Surprisingly, control old mice had significantly lower burdens in the spleen 

compared to control adult mice. This finding is in opposition to previous 

studies from our lab using Lm-OVA (133). However, this experiment has not 

been repeated to verify the results. Also, it is not known how different primary 

infections differently dictate Ag-specific memory CD8 T cell behavior and 

function in adult versus old mice.  

 

3.3.2 Low-dose rapamycin has no effect on CD8 T cell memory after Lm-

OVA infection 

  Next we tested whether effects of rapa were pathogen specific or might 

broadly apply to many infection models. We infected adult and old mice ± 

rapa (75µg/kg) with Lm-OVA and tracked OVA-specific CD8 T cell survival 

into the memory phase. Unlike LCMV, we observed no improvement in Ag-

specific CD8 T cell survival to become long-lived memory cells in adult or old 

mice being treated with rapa during Lm-OVA infection (Figure 16).  
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Figure 15. Memory function is not improved after rapamycin treatment 
during LCMV infection. 
 
At least 60 days after primary infection, mice were challenged with Lm-gp33. 
Bacterial burden was determined 3 days post-challenge in the (A) liver and 
(B) spleen. Each symbol represents a different mouse. N/A denotes non-
immune old mice were not analyzed. Lines indicate geometric mean. 
Statistical differences were calculated on log-transformed data followed yb 
age-specific t-tests. Adult non-immune was not included in the statistical 
analysis and was used solely for illustrative purposes. 
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Figure 16. Rapamycin does not increase memory CD8 formation after 
Lm-OVA infection.  
 
Adult and old mice were infected with Lm-OVA in the presence or absence of 
rapa. At least 45 days after infection, OVA-specific cells were enumerated in 
the blood by tetramer staining. Data are represented by mean ± SEM and are 
representative of 3 independent experiments. 
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This suggests that the beneficial effects of rapa on immune memory 

enhancement may be pathogen specific. Alternatively, the differences could 

be as simple as viral versus bacterial infection models. 

In addition to memory cell survival, we wanted to determine if rapa 

altered memory CD8 T cell function. We performed a similar memory 

challenge experiment, this time using Lm-OVA challenge 60 days after 

primary Lm-OVA infection. Spleens were harvested 5 days post-challenge to 

assay CD8 T cell cytokine production by ex vivo OVA peptide stimulation. We 

observed no differences in the magnitude of the Ag-specific CD8 T cell recall 

response in adult or old mice regardless of whether they had been treated 

with rapa during the primary infection (Figure 17A). There were obvious age-

related differences in responses, but neither adult nor old OVA-specific CD8 T 

cells had showed improved responses when exposed to rapa during the 

primary infection. This was true for the number of OVA-specific CD8 T cells 

(Figure 17A), as well as the polyfunctional cytokine production after ex-vivo 

stimulation with the OVA peptide (Figure 17B). We conclude that rapa’s 

beneficial effects on memory function may not apply to all infection models. 
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Figure 17. Lm-OVA memory responses are unaltered by rapamycin 
treatment. 
 
At least 45 days after primary Lm-OVA infection, mice were challenged with a 
higher dose of Lm-OVA. 5 days after challenge, spleens were harvested and 
Ag-specific cells were enumerated (A) but OVA-tetramer staining and IFNγ 
production after SIINFEKL peptide stimulation ex vivo. (B) IFNγ-producing 
CD8 T cells were further divided by polyfunctional cytokine production of 
TNFα and Granzyme B. Data are shown as mean ± SEM and are 
representative of 2 independent experiments.  
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3.3.3 High doses of rapamycin can increase CD8 T cell memory 

formation after Lm-OVA in adult mice 

A previous study had used a higher rapa treatment dose to improve 

CD8 T cell memory formation during Lm-OVA infection (82) so we decided to 

test whether we could alter our rapa dose to achieve similar effects. We 

treated adult mice with increasing doses of rapa ranging from 75µg/kg to 

2.5mg/kg, starting 2 days prior to infection and through day 7 after infection. 

Importantly, 2.5mg/kg is an immunosuppressive dose in mice and was used 

essentially as a control dose that should block expansion of the CD8 T cell 

response. Taking into consideration that severely immune suppressed 

animals were likely to die from infection, we infected mice with a very low 

dose of Lm-OVA. In the blood on day 8 post-infection, control and low-dose 

rapa (75µg/kg) groups had comparable numbers of OVA-specific CD8 T cells 

(Figure 18A). As expected, mice receiving higher doses of rapa had 

significant reductions in expansion of Ag-specific CD8 T cells (Figure 18A). 

Surprisingly, when mice were bled at least 2 months after infection, mice that 

had received the highest, immunosuppressive dose of rapa (2.5mg/kg) – that 

had nearly no measurable primary responses to Lm-OVA - now had 

significantly increased numbers of Ag-specific memory CD8 T cells in the 

blood (Figure 18B). This suggests that rapa may be able to increase survival 

of Ag-specific memory CD8 T cells to many infections, but that the dose must 

be optimized to accomplish this. 
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Figure 18. Increasing doses of rapamycin can improve CD8 T cell 
memory survival but not function.  
 
Adult mice were infected with Lm-OVA while being treated with increasing 
doses of rapa as indicated. (A) Ag-specific CD8 T cells were enumerated in 
the blood 8 days post infection. (B) Memory Ag-specific CD8 T cells were 
enumerated at least 45 days after infection. (C) Spleens were analyzed 5 
days after Lm-OVA challenge for IFNγ production after ex vivo SIINFEKL 
stimulation and (D) further divided by their ability to additionally secrete TNFα 
and Granzyme B. Each symbol represents an individual mouse. Data are 
shown as mean ± SEM and are representative of 1 experiment. Statistical 
differences were calculated by 1-way ANOVA with Bonferroni post tests to 
compare all groups.  
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To test if the increased number of memory cells had enhanced function 

upon reinfection, we challenged the mice with a higher dose of Lm-OVA and 

analyzed the spleens 5 days later to assay Ag-specific CD8 T cell function. 

Surprisingly, despite increased number of OVA-specific memory CD8 T cells 

in the rapa-high group, all mice had exactly the same magnitude of recall 

response, regardless of rapa dose during the primary infection (Figure 18C).  

Importantly, when we tested the polyfunctional capability of these cells to 

secrete multiple cytokines, we discovered that the rapa-high group had 

significant impairment in the proportion of cells able to secrete all three 

effector molecules we measured: IFNγ, TNFα, and Granzyme B (Figure 18D). 

This suggests that despite increasing the number of Ag-specific CD8 T cells 

that survived into memory, the function of those memory cells might still be 

compromised. 

 

3.3.4 High-dose rapamycin blocks control of Lm-OVA 

We stated previously that the high dose of rapa used in this 

experiment, 2.5mg/kg, is immunosuppressive. Therefore, to do these 

experiments, we used an extremely low dose of Lm-OVA. However, it was 

important to determine if this high rapa dose would be compatible with a 

higher Lm infectious dose. To test this, we infected mice with ~106 cfu of an 

attenuated Lm strain (Act A-/- Lm-OVA) and measured bacterial burdens in 

the liver three days post-infection. Of note, mice being treated with the 

highest doses of rapa exhibited severe signs of sickness (dehydration, 
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lethargy) and began to die early after infection (data not shown). When we 

measured the liver bacterial burden, we observed a 3-log increase in bacterial 

burden in the group receiving the highest rapa dose (450µg/kg, still 5x lower 

than the 2.5mg/kg used above to improve CD8 T cell memory formation 

shown in Figure 18B) (Figure 19). Importantly, even in this severely 

underpowered experiment, we still measured statistical differences in the 

mice treated with 450µg/kg rapa compared to controls. We conclude that 

higher doses of rapa may result in increased Ag-specific CD8 T cell survival, 

but that this may have severe consequences if the pathogen dose exposure 

is high.  
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Figure 19. Increasing doses of rapamycin decreases Lm clearance. 
 
Mice were infected with ActA-/- Lm-OVA during treatment with the indicated 
doses of rapa. 3 days post infection bacterial burdens were determined in the 
liver. Data are shown as mean ± SEM and represent 1 experiment. Statistical 
differences were calculated from log-transformed data using a nonparametric 
Kruskal-Wallis test with Dunn’s correction for multiple comparisons.  
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3.4 Discussion 
 

It is well documented that the elderly have inferior protection from 

vaccines. As the aging population increases, it will become increasingly 

important to improve vaccine protection strategies for these individuals. Low-

dose rapa injections during infection have recently been reported to improve 

CD8 T cell and antibody memory function in adult mice (80, 234). Therefore, 

we tested whether this treatment could also improve CD8 T cell memory in 

old mice. Importantly, we found that the beneficial effects of rapa appear to be 

rapa dose- and pathogen-specific. At the lowest dose tested, CD8 T cell 

memory was improved in adult and old mice after LCMV infection, but not 

after Lm-OVA infection. We were somewhat surprised that the effects of rapa 

on memory cell survival was independent of age. This suggests that despite 

differences in magnitude and quality of function, adult and old CD8 T cells 

likely have similar programming requirements for effector versus memory cell 

differentiation. While the function of adult and old memory CD8 T cell 

responses still exhibit clear age-dependent differences, the effect of rapa 

treatment seems to impart the same effect on CD8 T cell memory survival. It 

will be important to verify this finding with more pathogens to determine if it is 

broadly true, or if it is limited to select infection models. 

Although we did not further investigate why rapa’s effects might be 

pathogen-specific, we propose this may be due to differences in pathogenesis 

and how the immune response is initiated in each of these infections. In the 

case of LCMV, type 1 interferons (IFN-α/β) are induced early at high levels 
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and activate NK cells for early control of virus spread, ultimately generating a 

robust CD8 T cell response (244). This differs from the immune response to 

Lm, which primarily requires macrophages for early control and IL-12 

production from dendritic cells to help shape the CD8 T cell response for 

clearance (227). We showed in Chapter 2 that rapa treatment can alter the 

innate immune response. This likely alters the host’s ability to control early 

pathogen spread and ultimately changes the CD8 T cell priming environment. 

mTORC1 is important for macrophage lysosome acidification (Chapter 2) and 

polarization (245), possibly leading to altered Ag processing, and perhaps 

even altered Ag presentation. These effects would also significantly impact 

the quality of the adaptive immune response that gets activated during 

infection. Additionally, cell-intrinsic mTOR signaling in T cells is critical for 

effector differentiation (63, 64, 70). Therefore, certain immune scenarios may 

benefit more (or less) from rapa treatment. It will be important for future 

studies to determine how different pathogen-induced environments either 

favor or diminish the potential beneficial effects of rapa.  

In addition to memory CD8 T cell survival, we also investigated 

whether the function of Ag-specific memory cells was altered by rapa in old 

mice. Importantly, we found no clear evidence that memory responses were 

improved by rapa, even in the case of increased Ag-specific memory cells 

present prior to challenge. We tested the potential benefit of increased Ag-

specific memory CD8 T cells by measuring bacterial burden in Lm target 

tissues after challenge. While this is a common technique, it only provides 
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information about the bulk Ag-specific population and, in our case of 

underpowered group sizes, requires large differences in order to demonstrate 

statistical differences. Furthermore, our assumption of increased number of 

memory CD8 T cells is based solely on increased numbers in the blood. This 

may not represent the total number of memory Ag-specific cells within the 

relevant tissues that get recruited upon challenge. Instead, it would be better 

to perform cell transfer experiments into naïve animals, to control for the 

absolute number of Ag-specific CD8 T cells at the time of challenge. These 

experiments could also include co-transfer experiments in which memory 

cells from rapa or control mice, distinguishable by congenic markers, are 

transferred into the same host. This way we could directly compare the 

function of each population within the same environment. Additionally, to 

more stringently test the Ag-specific memory protection after rapa treatment, 

we should actually perform lethal challenges in mice. We could do this by 

using a recombinant WNV expressing OVA after Lm-OVA priming, or we 

could use intracranial LCMV challenges after LCMV primary infection.  

We were surprised to find that immune suppressive doses of rapa, 

which blocked expansion of Ag-specific CD8 T cells, actually promoted 

significant increases in memory cell survival. This could be because high 

doses of rapa delay bacterial clearance and extend the presence of Ag, thus 

delaying CD8 T cell response kinetics. We could test this possibility by 

transferring CFSE-stained OT-I CD8 T cells into infected mice and measure 

proliferation. While we did not confirm our high-dose rapa observations in old 
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mice, this is likely to be detrimental, as we next showed that when adult mice 

are given higher infection doses during this high-dose rapa treatment, they 

lose the ability to control the bacterial infection, leading to high bacterial 

burdens and eventual death. As we have shown that old mice exhibit 

impaired early control of Lm and have higher susceptibility to infection, using 

high doses of rapa to promote memory cell formation becomes even less 

appealing. Ultimately, these results strongly suggest that using rapa may 

improve CD8 T cell memory formation after infection, but that severe 

consequences may ensue under certain circumstances. For aged individuals, 

who already struggle to control and clear acute infections, these potential 

negative side effects deserve significant consideration.  

Clearly, the mTOR signaling pathway represents an important 

determinant of CD8 T cell effector function and memory survival. While our 

data suggests that rapa may not be an ideal choice for manipulating this 

pathway during infection, alternative targets in the pathway or different 

pharmaceutical agents targeting this pathway may offer a more promising 

direction. For instance, the well-tolerated diabetes drug Metformin has 

recently been used to extend lifespan (164), and was also shown to promote 

CD8 T cell memory survival (82). More studies involving Metformin or other 

AMPK activators may identify better mechanisms for improving vaccine 

protection while minimizing cost to effector function during the primary 

immune response.  
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Chapter 4 

 

Caloric restriction and rapamycin feeding induce distinct immunological 

alterations during aging 

 

4.1 Introduction 

As the world’s elderly population continues to grow, it is increasingly 

important to understand co-morbidities of aging and identify potential points of 

intervention to improve quality of life in these individuals. Despite vast 

improvements in health care, the aged population exhibits proficient morbidity 

and morality from infectious disease (117, 118). In fact, infectious disease 

remains amongst the leading causes of death in the elderly. This is believed 

to be the result of declining immune function late in life, evidenced also by 

poor protection from vaccination in people over age 65 (119).  

Aging is associated with several immune defects, collectively referred 

to as immune senescence (120). Thymic involution is a well-known 

phenomenon that occurs during aging in which thymus cellularity decreases 

and is accompanied by an increased abundance of adipocytes in the thymic 

space (124, 195). This results in decreased export of naïve T cells to the 

periphery and places a stress upon the peripheral maintenance of the T cell 

pools. As memory cells accumulate during the lifetime due to continuous 
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exposure to pathogen, the naïve:memory T cell ratio declines during aging. 

Maintaining a balanced T cell pool containing adequate naïve and memory 

cells is critical for protection against new and previously encountered 

pathogens, respectively (120). In addition to population changes, T cells 

themselves have been shown to be different with age. In particular, CD8 T 

cells have been identified as particularly susceptible to the accumulation of 

defects during aging (238). In mouse models, CD8 T cell defects are 

associated with mortality from acute infection. This has been shown with 

multiple pathogens, including Listeria monocytogenes (Lm) (133), West Nile 

Virus (WNV) (134), and Streptococcus pneumonia (246). This has been 

attributed (in part) to decreased proliferation of Ag-specific CD8 T cells (133, 

135), which compounds their defective ability to produce effector cytokines 

upon infection in vivo (134). Importantly, the mouse studies reflect similar 

findings also reported in human CD8 T cells (141-144).  

Calorie restriction (CR) is the only natural intervention known to extend 

lifespan. CR is typically defined as a 20-40% reduction in caloric intake 

compared to ad libitum feeding. Importantly, CR is specifically a decrease in 

excess calories, in the absence of malnutrition. That is, all essential 

micronutrients are provided in sufficient quantity to support overall organism 

wellbeing.  

The benefits of CR in aging lab animals are vast, ranging from 

improved cardiac function, to improved memory and activity, to prolonged 

bone health. Of interest, the benefits of CR on immune cell function have 
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been studied for decades (247, 248). Thymic involution is a hallmark of 

immune senescence (122). It is well known that CR preserves thymic 

cellularity during aging (195, 249), which is believed to contribute to an 

increased proportion of naïve CD8 T cells later in life (193, 195, 196, 198). 

Additionally, CR is reported to improve T cell mitogen responses, both by 

increased cytokine production and proliferation upon stimulation (193, 197). 

However, whether these benefits translate to improved immune protection 

during infection is not known. Only a limited number of studies have 

investigated this question using in vivo microbial challenges. Within these few 

studies, CR actually increases susceptibility to infectious disease (210-212). 

However, this is inconsistent with the improved T cell responsiveness 

observed in vitro. Importantly, the infection models used previously resulted in 

early death of CR mice after infection, prior to activation of the adaptive 

immune system, which only reveals defects in the innate immune system. 

Additionally, the primary infection model that has been tested in CR mice is 

IAV (210, 213). This infection induces wasting and significant weight loss in 

mice. This may confound the decreased survival in CR mice, which have no 

spare fat mass to lose (216, 250). Overall, it remains unknown whether CR 

alters the ability of the adaptive immune system to protect mice from infection 

in vivo. 

Rapa was recently used to extend lifespan in genetically 

heterogeneous mice, even when initiated late in life (163, 168). This landmark 

discovery highlighted the possibility of using pharmaceutical interventions to 
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extend lifespan in mammals. Only a single study has investigated the effect of 

rapa feeding on immune protection after infection in old mice (251). Although 

this study showed that old mice on rapa chow had improved survival after 

pneumococcal infection, they did not perform any cell-specific or Ag-specific 

analyses to know what cell types become altered during treatment. Similar to 

the CR infection studies, mice die from pneumococcal pneumonia infection 

within 4 days. Thus, how adaptive immunity in old mice is altered by lifespan-

extending rapa treatment has not been tested. Additionally, studies 

investigating organ-specific alterations induced by rapa have yielded 

surprisingly little insight as to why rapa extends lifespan lifespan in mice (166, 

167).  

This highlights a critical question: do lifespan-extending interventions 

also extend “healthspan,” or do they simply extend chronological lifespan? 

Healthspan reflects the length of time someone lives as healthy and with a 

high quality of life, rather than simply living longer. Here, we approached this 

question by interrogating the impact of CR and rapa feeding on the aging 

immune system. Because infectious disease remains a leading cause of 

death in the elderly, studies on immune function during these interventions 

represents an important aspect of preserving healthspan and quality of life 

during aging. 

We tested the impact of CR and rapa on the major aspects of T cell 

biology during aging. We report that the treatments have opposite effects on 

thymic cellularity: CR preserves thymic cellularity while rapa (even at low 
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doses) accelerates thymic involution during aging. The different treatments 

also alter peripheral CD8 T cell maintenance, as evidenced by altered CD8 T 

cell naïve and memory subset distribution and absolute numbers. To 

precisely determine the effect of treatment on Ag-specific populations, we 

evaluated the impact of CR and rapa on Ag-specific CD8 T cell precursor 

number and phenotype, prior to infection. Surprisingly, we found that the 

“young” phenotype induced by CR during aging did not translate to improved 

protection against West Nile Virus infection. Perhaps most importantly, CR 

mice had significantly increased mortality to infection.  
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4.2 Materials and Methods 

Mice 

Male adult (12-16 weeks old) and old (16-18 months old) C57BL/6 

mice were purchased from Jackson Labs (Bar Harbor, ME) and the National 

Institute on Aging (Charles River), respectively. All mice were housed in 

sterile caging under specific pathogen-free conditions. All experimental 

procedures were conducted with approval from the University of Arizona 

Institutional Animal Care and Use Committee. 

 

Calorie Restriction 

Old CR male mice were purchased from the NIA aged rodent colony. 

CR is initiated at 14 weeks old, restricting 10% of food intake compared to ad 

libitum controls. At 15 weeks old, restriction is increased to 25% of ad libitum 

intake. At 16 weeks old, restriction is increased to 40% of ad libitum intake. 

Mice are maintained at this food intake (3g daily, NIH31 Fortified formula) for 

the remainder of life. CR mice were purchased at the oldest available age and 

then housed at the University of Arizona until reaching 18 months old. 

 

Rapamycin Treatment 

High-dose rapa (LC Labs, Woburn, MA; 2.5mg/kg) was administered to 

adult and old mice by daily i.p. injection (200µl). Low dose rapa (LC Labs) 

was administered in the chow (144ppm) using rapa chow (Southwest 

Research Institute, San Antonio, TX) formulated as described previously 
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(163). For all rapa treatments, rapa was initiated 2 months prior to analysis or 

manipulation. All immunological analyses and manipulations were performed 

in mice that were at least 18 months old. Blood rapa concentrations were 

measured by HPLC mass spectrometry exactly as described previously (226). 

Rapa concentrations were verified by sending paired samples to Dr. Martin 

Javors (University of Texas Health Science Center) for independent analysis 

(163). 

 

Immunohistochemistry 

Thymi were snap frozen in a dry ice+ethanol bath and stored at -80°C. 

Cryo sectioning and Oil Red O staining were performed by the Histology 

Service Laboratory in the Department of Cellular and Molecular Medicine at 

the University of Arizona. 

 

Serum hormone measurements 

Serum was collected from retro-orbital bleed. Blood was allowed to clot 

on ice for 30 minutes prior to centrifugation. Serum samples were stored at -

80C until analysis and were not permitted to undergo any freeze/thaw cycles 

prior to analysis. Mouse testosterone and cortisol levels were quantified by 

ELISA (Enzo Life Sciences, Farmingdale, NY) according to manufacturers 

instructions. 
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Flow cytometry 

Longitudinal blood samples were collected by retro-orbital bleed. 

Tissues were harvested after isofluorane overdose followed by cardiac 

puncture. Tetramer, ex vivo peptide stimulation for intracellular cytokine 

staining, and flow cytometry were performed as described previously (133, 

223, 252). For thymocyte gating, non-αβ T cell precursors were excluded with 

a dump gate that included the following cell surface markers: γδ TCR, NK1.1, 

CD19, and B220. Samples were fixed and permeabilized using the Foxp3 

buffer kit (eBioscience, San Diego, CA) followed by intracellular staining. 

Samples were collected on a custom LSR Fortessa flow cytometer (BD 

Biosciences San Jose, CA) and analyzed using FlowJo software (Tree Star, 

Ashland, OR). All antibodies were purchased from eBioscience, BD, and 

Invitrogen. Db-NS4b tetramer was provided by the NIH Tetramer Core Facility 

(Emory University of Georgia, Atlanta, Georgia).  

 

Quantification of T cell receptor excision circles 

Total CD8 T cells were enriched from spleen and superficial lymph 

nodes using a negative selection kit (Miltenyi). Accurate cell counts were 

obtained and cells were pelleted, snap frozen, and stored at -80°C until 

analysis. T cell receptor excision circle (TREC) quantification was performed 

by Dr. Gregory Sempowski (Duke University) as described previously (253). 
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CD8 T cell precursor enrichment 

CD8 T cell precursors were enriched from spleen and superficial lymph 

nodes as described previously (127). Briefly, tissues were mashed over 40um 

nylon filters to obtain single cell suspensions. Cells were stained with surface 

staining cocktail, including CD8α (53-6.7), Db-NS4b tetramer conjugated to 

two independent fluorochromes, CD44 (IM7), and a dump channel including 

CD4 (GK1.5), CD19 (1D3), F4/80 (BM8), MHC II (M5/114.15.2). Samples 

were enriched on an AutoMACS Pro (Miltenyi, Auburn, CA) by running over 

magnetic columns containing beads labeled with antibodies against both 

tetramer fluorochromes (Miltenyi) for positive selection of tetramer+ cells. 

Cells were eluted, washed, and analyzed by flow cytometry. A representative 

gating strategy for precursor analysis is shown in Figure 20. 

 

Infection and Vaccination 

Mice were infected with 1000 pfu s.c. WNV, designated day 0. WNV 

strain 385-99 was generously provided by Dr. Robert Tesh (Univ. of Texas 

Medical Branch, Galveston). Mice were vaccinated with 105 pfu RepliVAX ip 

(224). CD8 T cell Ag-specific responses studied were restricted to the CD8 

immunodomonant epitope, NS4b. CD4 T cell responses were measured as 

the pooled response to 4 CD4 immunodominant epitopes: E347, 2066, E641, 

and 1616. Ex vivo stimulation was performed in the presence of Brefeldin A, 

for 5hr at 37°C. 
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Figure 20. Precursor gating strategy. 
 
Spleen and superficial lymph nodes were harvested and enriched for NS4b 
precursors from uninfected mice. Cells were stained with NS4b tetramer in 2 
colors and then enriched using magnetic beads coated with antibodies 
against both tetramer fluorochromes. Arrows denote gating hierarchy.  
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Data analysis 

Statistical analyses were performed using GraphPad Prism software 

(GraphPad, La Jolla, CA), as indicated in the text and legends. p<0.05 was 

considered significant for all analyses. Data were first evaluated for normal 

distribution and then parametric or nonparametric tests were used, as 

appropriate.   
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4.3 Results 

4.3.1 Calorie restriction and rapamycin feeding alter overall metabolism 

in old mice. 

The goal of this study was to determine how lifespan-extending 

interventions impact the aging immune system. To do this, we compared the 

effects of life-long CR or long-term rapa feeding to age-matched control male 

C57BL/6 mice that were at least 18 months old at the time of analysis. 

Initial gross observations of overall mouse health in either regimen 

compared to controls revealed that no obvious physical detriments were 

induced by either treatment. Mice on rapa had slightly reduced bodyweight 

compared to age-matched controls (Figure 21A) yet, food intake was 

unaltered (Figure 21B). This is probably due to increased lipolysis, as rapa 

has potent effects on visceral adipose tissue (163). It should be noted that the 

effect of rapa on body weight depends on the duration of treatment (169). Not 

surprisingly, CR mice had significantly decreased body weights and food 

intake compared to both control and rapa old mice. This suggests that both 

CR and rapa have significant effects on overall metabolism. 

 

4.3.2 Calorie restriction and rapamycin differently alter the thymus 

Next we were interested in the effects of each treatment on T cells. We 

started by evaluating how treatment impacted T cell development in the 

thymus. Thymic involution is a well-documented age-associated phenomenon 

and is represented in Figure 22A.  
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Figure 21. Rapamycin and calorie restriction alter mouse body weight 
and food consumption. 
 
Mice were fed rapa chow for 2 months and age-matched to lifelong CR or 
control mice. (A) Mouse bodyweights and (B) food intake was measured after 
2 months of feeding. Data are shown as mean ± SEM and is representative of 
3 independent experiments. Statistical differences were calculated by (A) 1-
way ANOVA with Bonferroni post tests or (B) nonparametric Kruskal-Wallis 
test with Dunn’s multiple comparison test.  
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In agreement with previous reports, we observed a robust preservation of 

thymocyte cellularity in old CR mice (Figure 22B). Importantly, we observed 

the opposite effect in mice treated with rapa. In mice treated with a high dose 

of rapa (2.5mg/kg/day i.p.) both adult and old mice exhibited severe loss of 

thymic cellularity. However, in mice fed rapa-containing chow, blood drug 

levels were substantially lower (Figure 22C). At this rapa exposure level, only 

the old mice showed significant reduction of thymic cellularity (Figure 22B). 

This observation highlights a unique sensitivity to the negative effect of rapa 

on the thymus specifically in old mice. Because the high-dose rapa proved to 

be extremely deleterious and did not match the lifespan extension dosing 

strategy, we continued our studies with only the rapa chow. It’s important to 

point out that the rapa blood levels achieved through feeding in our study are 

similar to rapa levels in transplant patients taking sirolimus (91), although in 

genetically heterogeneous mice, rapa feeding results in blood levels 3x that of 

patients (163). When we further interrogated thymocyte maturation, we found 

that it appeared unaltered, based on equal distribution of DN, DP, CD4 and 

CD8 single positive subsets between groups (Figure 23). This suggests that 

during each treatment, all subsets were equally affected.  

As thymic cellularity declines during aging, the thymic space becomes 

filled with adipose tissue. To determine if the accelerated thymic involution 

during rapa treatment was accompanied by increased lipid accumulation, we 

stained thymus cryosections with Oil Red O and counterstained with 

hematoxylin. Oil Red O is a lipid soluble dye that stains lipids in tissues.  
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Figure 22. Rapamycin and calorie restriction have different effects on 
thymic cellularity. 
 
Mice were treated with rapa for 2 months or CR for life. (A) Total thymocyte 
cellularity in control adult and old mice. (B) Thymi were harvested from adult 
and old mice from the indicated treatment groups (C) Whole blood rapa 
concentration was measured in old mice being treated with the indicated 
doses and routes. Statistical differences were calculated by 1-way ANOVA 
with Bonferroni’s post test. (B) Thymic cellularity is represented as % of age-
matched controls that were harvested at the same time, to control for different 
dosing routes. Statistical differences were calculated by student’s t-tests 
compared to the cellularity of vehicle-treated mice. Data represent the 
combination of 3 independent experiments. All data show mean ± SEM. N/A 
not applicable; no adult CR mice were tested.  
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Figure 23. Rapamycin and calorie restriction do not affect T cell 
development in the thymus.  
 
Thymus single-cell suspensions were analyzed for thymocyte development 
based on CD4 and CD8 expression. Data represent the combination of 2 
independent experiments. Data show mean ± SEM.  
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As expected, the old thymus had increased Oil Red O staining compared to 

adults (Figure 24A,B). Similar to a previous report, CR old mice had less fat in 

the thymus compared to old controls (195) (Figure 24C). Rapa-treated old 

mice did not have an obvious increase in lipid content compared to old 

controls (Figure 24D). We conclude that although thymic cellularity was 

significant decreased in old mice treated with rapa, this was not due to 

increased lipid accumulation. 

We also considered the possibility that CR or rapa treatments may 

have altered hormones known to impact the thymus. Both androgens (254, 

255) and glucocorticoids (256, 257) are known to significantly impact 

thymocyte survival. Specifically, we measured serum testosterone and 

cortisol levels in control, rapa, and CR age-matched old mice. Mice being 

treated with rapa had significantly increased serum testosterone levels 

(Figure 25A). This may explain the decreased thymic cellularity, as increasing 

testosterone levels during puberty are associated with thymus involution 

(121), and castration early in life preserves thymic cellularity (255). 

Thymocytes are also sensitive to stress hormones. However, serum cortisol 

levels were similar between groups (Figure 25B). We conclude that excess 

testosterone may contribute to accelerated thymic involution observed in 

rapa-fed old mice, although additional experiments would be needed to 

formally demonstrate this effect. 
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Figure 24. Decreased thymic cellularity in rapamycin mice is not 
associated with increased lipid content. 
 
 (A) Adult, (B) old, (C) CR, and (D) rapa thymi were harvested and snap 
frozen for cryo-sectioning and Oil Red O staining. Slides were stained with Oil 
Red O and then counterstained with hematoxylin and eosin. Images are 
representative of n=4-6 mice/group harvested from 3 independent cohorts. 
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Figure 25. Testosterone but not cortisol levels are altered by rapamycin 
treatment. 
 
(A) Testosterone (LOD=39pg/ml, indicated by dotted line) and (B) cortisol 
levels (LOD=1.5ng/ml) in old control, old rapa, and old CR mice were 
measured by quantitative ELISA. Each data point is an individual mouse. 
Data are shown an mean ± SEM and are each from a single experiment. 
Nonparametric Kruskall-Wallis test with Dunn’s correction was used to 
calculate statistical differences. 
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4.3.3 Calorie restriction and rapa differently alter peripheral CD8 T cell 

subsets 

Significantly altered thymocyte cellularity suggested that peripheral T 

cells might subsequently be altered by these treatments. To address this, we 

first enumerated naïve and memory CD8 T cell subsets in the blood from 

these mice (Figure 26 A&B). Despite an increased relative frequency of naïve 

CD8 T cells in CR mice, all three groups of old mice (control, rapa, CR) had 

similar absolute numbers of naïve (CD44lowCD62Lhi) CD8 T cells in the blood. 

CR mice had lower cell counts of central memory (CD44hiCD62Lhi) and 

effector memory (CD44hiCD62Llow) CD8 T cells, but rapa mice were not 

different from age-matched controls. Some of these differences appear small, 

although statistically significant. Overall, our data indicate both rapa and CR 

induce distinct differences in peripheral CD8 T cell subset maintenance.  

Because the altered thymic cellularity did not correspond to changes in 

peripheral naïve CD8 T cells, we examined how treatments altered behavior 

of peripheral CD8 T cells. We examined the steady state proliferation of these 

cells by measuring Ki-67 expression within each subset (Figure 27). Ki-67 is a 

nuclear protein expressed in actively proliferating cells. In all three groups, 

naïve CD8 T cells had minimal number of cells expressing Ki-67. Surprisingly, 

we observed a substantial increase in the abundance of Ki-67+ effector 

memory CD8 T cells in CR mice compared to both control and rapa groups, 

despite having fewer absolute number of cells in this subset.  
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Figure 26. Rapamycin and calorie restriction differently alter peripheral 
CD8 T cell subsets. 
 
Mice were bled after 2 months of rapa feeding, when all old mice were 18 
months old. (A) Frequencies within CD8 T cells of naïve, effector memory, 
and central memory, based on CD44 and CD62L staining. (B) Absolute 
counts of naïve, effector memory, and central memory CD8 T cells in the 
blood. Data are shown as mean ± SEM and are representative of 3 
independent cohorts. Statistical differences between old groups were 
calculated by 1-way ANOVA with Bonferroni post-tests. Adults are shown only 
to provide a young reference point and were not included in statistical 
analyses.  
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Figure 27. Rapamycin and calorie restriction differently alter CD8 T cell 
subset proliferation.  
 
Steady state proliferation in CD8 T cell subsets was evaluated by Ki-67 
staining. Data are represented as the percent of cells within the indicated 
subset that were Ki-67-positive. Data are shown as mean ± SEM and are 
representative of 3 independent cohorts. Statistical differences between old 
groups were calculated by 1-way ANOVA with Bonferroni post-tests. Adults 
are shown only to provide a young reference point and were not included in 
statistical analyses.  
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The rapa group had decreased Ki-67 in the central memory subset compared 

to both control and CR. These differences are nearly opposite of what was 

expected based on cell counts and suggest that perhaps cell survival may 

also be altered by rapa and CR. So far, our data clearly show that both rapa 

and CR impose significant and distinct alterations to CD8 T cell homeostasis 

during aging. 

4.3.4 Neither rapamycin nor calorie restriction alter CD8 T cell export 

from the thymus 

We were surprised that CR mice had higher cell counts in the thymus 

but equal numbers of naïve CD8 T cells in the periphery. To determine 

whether the altered thymic cellularity in each treatment group also changed 

thymic output of CD8 T cells, we quantified T cell receptor excision circles 

(TRECs) from enriched CD8 T cells in the spleen and superficial lymph 

nodes. TRECs are circular DNA fragments that are excised during TCR gene 

rearrangement and remain in the cell. Quantifying TRECs is used to estimate 

thymic output of cells (253). In contrast to previous reports on CD4 T cells in 

CR (195), we found no difference in CD8 T cell TRECs in rapa or CR old mice 

compared to age-matched controls (Figure 28). We conclude that the 

alterations we measured in thymic cellularity did not result in altered CD8 T 

cell export to the periphery. 
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Figure 28. Rapamycin and calorie restriction do not alter thymic output. 
 
CD8 T cell output from the thymus was evaluated by TREC analysis. Spleen 
and superficial lymph nodes were harvested and enriched for CD8 T cells. 
Data are shown as mean ± SEM and are representative of 2 independent 
harvests. Statistical differences between old groups were calculated by 
nonparametric Kruskal-Wallis test with Dunn’s multiple comparison test. 
Adults are shown only to provide a young reference point and were not 
included in statistical analyses.  
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4.3.5 Calorie restriction and rapamycin have no effect on CD8 T cell 

precursor frequency or phenotype 

Our data thus far indicated that both treatments had significant effects 

on both thymic cellularity and peripheral behavior of CD8 T cells, although 

neither altered CD8 T cell export from the thymus. However, we wanted to 

more narrowly define the impact of each treatment on a naïve Ag-specific 

CD8 T cell population. To do this, we performed a tetramer enrichment assay 

in which Ag-specific precursor CD8 T cells were enriched from the spleen and 

superficial lymph nodes from uninfected mice. We enumerated the total CD8 

T cell precursors from old control, rapa, and CR mice specific to the West Nile 

Virus CD8 immunodominant epitope, NS4b (223). To our surprise, CR and 

rapa mice both had the same number of CD8 NS4b-specific precursors as 

control old mice (Figure 29A), despite dramatic differences in thymic 

cellularity. We also examined CD44 expression on these cells. CD44 marks 

memory cells and we have recently shown that old mice accumulate CD44hi 

CD8 T cell precursors despite never encountering that Ag, and that these 

cells have less functional response compared to CD44low precursors (127, 

128). Both CR and rapa mice had similar CD44 expression within the NS4b 

precursors compared to controls (Figure 29B). The equal numbers of 

precursors in all groups complements the equal numbers of TRECs in each 

old treatment group compared to controls. Our data also show that neither 

treatment alters the “aged” phenotype on a known Ag-specific but uninfected 

CD8 T cell population. 
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Figure 29. Rapamycin and calorie restriction have no impact on Ag-
specific precursors prior to infection.  
 
Spleen and superficial lymph nodes were harvested and analyzed for NS4b-
specific CD8 T cell precursors. (A) The total number of precursors in each 
mouse was enumerated. (B) The percent of precursors that were CD44hi. 
Data are shown as mean ± SEM. Each symbol represents an individual 
mouse. Data are pooled from 4 independent harvests using 2 independent 
cohorts.  
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4.3.6 Calorie restriction, but not rapamycin feeding, increases 

susceptibility to WNV infection 

Next we determined whether the altered immune phenotypes of rapa 

or CR mice would alter immune protection against infection. To test this, we 

infected old, old rapa, and old CR mice with 1000pfu WNV s.c. Despite a 

phenotypically younger CD8 T cell compartment, CR mice were significantly 

less protected from infection compared to controls (Figure 30A). Rapa mice 

had slightly lower, although not significant, survival compared to controls. We 

measured WNV viral titer in the brains of mice at day 10 post-infection, which 

is the peak of brain viral load. We found that all mice had similar viral titers in 

their brains (Figure 30B). We did not detect any virus by plaque assay in 

spleen, kidney, or liver on day 10 of WNV infection (data not shown), 

suggesting that widespread viral dissemination does not explain increased 

mortality in CR mice. 

In addition to tissue viral titers, we wanted to determine whether rapa 

or CR altered Ag-specific T cell responses. First, we tested whether either 

treatment altered the infiltration of NS4b-specific CD8 T cells into the brain at 

this time. Although CR mice tended to have fewer Ag-specific CD8 T cells in 

the brains, there were no statistical differences between groups (Figure 31A). 

Additionally, all of the Ag-specific CD8 T cells that were in the brains were all 

producing Granzyme B (Figure 31B). When we examined CD4 T cells, we 

found that all groups also had equal numbers of CD4 T cells in the brain. 
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Figure 30. Calorie restriction, but not rapamycin, increases WNV 
mortality in old mice. 
 
Mice were infected with 103 pfu WNV s.c. (A) Survival was tracked for 30 
days after infection. (B) Brains were harvested on day 10 of infection and viral 
titer was measured. (A) Data shown is the combination of 3 independent 
experiments (group sizes indicated). Statistical differences were calculated by 
log-rank test. (B) Data are shown as mean ± SEM and are representative of 2 
independent experiments. Statistical differences were calculated by 
nonparametric Kruskal-Wallis test.  
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Figure 31. Rapamycin and calorie restriction mice have similar T cell 
responses in the brain after WNV infection compared to controls. 
 
Mice were infected with WNV. On day 10, T cell responses during WNV were 
measured in the brain, a local site of infection. (A) Total numbers of NS4b 
tetramer-positive CD8 T cells in the brain. (B) Total numbers of NS4b-specific 
CD8 T cells that were also Granzyme B-positive. (C) Total numbers of CD4 T 
cells in the brain that were producing Granzyme B. Data are shown as mean 
± SEM and represent an experiment that has been performed once.   
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We also observed that all of the brain-infiltrating CD4 T cells were producing 

Granzyme B on day 10 of WNV infection, even though this was not defined 

through an Ag-specific population (Figure 31C). We conclude that rapa and 

CR mice have similar Ag-specific T cell responses, compared to control old 

mice, at a local site of infection. 

Another important site for immune responses are the lymph nodes. In 

the brain’s draining lymph nodes (cervical lymph nodes, cLN) rapa mice had a 

significantly increased number of NS4b-specific CD8 T cells remaining in the 

lymph node (Figure 32A). However, after ex vivo peptide stimulation, CR mice 

had significantly fewer functional CD8 T cells in the cLN and rapa mice no 

longer had more Ag-specific CD8 T cells compared to controls (Figure 32B). 

In addition to CD8 T cells, CD4 T cells are also important for WNV survival 

(258). CR mice also had fewer Ag-specific CD4 T cells producing IFNγ in the 

cLN (Figure 32C). Overall, despite no differences in brain viral titer, CR mice 

had significantly impaired T cell function. While this does not clearly explain 

the increased mortality in CR mice, our data provides strong evidence that old 

CR mice have impaired T cell responses compared to age-matched controls. 
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Figure 32. Calorie restriction mice have less T cells that produce IFNγ in 
the cLN after WNV infection.  
 
On day 10 of WNV infection, cLN were harvested to measure Ag-specific T 
cell responses. (A) Total number of NS4b tetramer-positive CD8 T cells in the 
cLN. (B) Total number of NS4b-specific CD8 T cells that produce IFNγ upon 
ex vivo peptide stimulation. (C) Total number of CD4 T cells that produce 
IFNγ after ex vivo peptide stimulation with a pool of CD4 epitopes as 
indicated in the materials and methods. Data are shown as mean ± SEM and 
are the combination of 2 independent experiments, each containing 
n=12/group at the time of infection. Statistical differences were calculated by 
nonparametric Kruskal-Wallis with Dunn’s multiple comparison test.  
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4.3.7 Both calorie-restricted and rapa-fed mice are protected from WNV 

after vaccination 

A critical aspect of a competent immune system is improved protection 

after vaccination. Because rapa and CR mice both had poor WNV survival 

and altered T cell responses, we tested whether either group was protected 

from WNV after they had been vaccinated. To test this, we vaccinated all 

three groups with RepliVAX WN, which we have shown protects old mice 

from lethal WNV challenge (224). We found that both rapa and CR old mice 

had improved survival after WNV challenge when they had previously been 

vaccinated (Figure 33). This is important because it shows that although the 

CR mouse immune system fails to protect against WNV infection, it is 

competent to be improved with vaccination.   



	   140	  

 
 
Figure 33. Calorie restriction and rapamycin mice are protected from 
vaccination. 
 
Old CR and rapa-treated mice were vaccinated with RWN. At least 45 days 
after vaccination, mice were challenged with 1000 pfu WNV s.c. and survival 
was tracked for 30 days. Data shown are combined from 2 independent 
experiments, with total group sizes are indicated on graph.  
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4.4 Discussion 

We have previously shown that age-related defects in CD8 T cells are 

associated with increased disease mortality in mice (134). Therefore, when 

an immunosuppressive drug was used to extend lifespan in mice, we 

predicted this would have deleterious consequences to the already 

dysfunctional CD8 T cells. This hypothesis was further supported by our 

previous findings that low-dose rapa treatment results in increased mortality 

in adult mice infected with WNV (Chapter 2). How rapa treatment would 

compare to the long-standing natural lifespan-extending intervention, CR, was 

not clear. CR has been hypothesized to work, in part, by decreasing mTOR 

signaling. However, increasing evidence suggests it is much more 

complicated and that multiple pathways are likely altered by CR to increase 

longevity. 

The contrasting effects of each treatment on thymic cellularity were 

surprising. What was especially intriguing was the specific sensitivity of the 

old thymus to very low doses of rapa. This may be mediated by hormonal 

changes induced by rapa, as we measured increased serum testosterone 

levels in the old rapa group. This is supported in the literature by studies 

showing that castration early in life preserves thymic cellularity (255). 

However, this observation was somewhat unexpected given a previous report 

that rapa increases testicular degeneration in old mice (167). However, in that 

study, testicular degeneration was defined based on effects on 

spermatogenesis, which is independent of testosterone production (259). 
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More studies investigating mTOR’s role in endocrine signaling and hormonal 

regulation will be needed to further untangle this effect.  

Strangely, thymocyte development did not appear altered by treatment. 

Rather, it seems that each treatment ubiquitously affected cells at all stages 

of development. One caveat to this interpretation is that we were harvesting 

tissue in the steady state, after a sustained length of treatment time. Early 

effects of treatment probably had different effects on different cell types (169). 

This hypothesis is supported in the CR literature, in which rapid thymic 

cellularity loss has been observed early after CR initiation but was later 

regained and increased cellularity was ultimately sustained during aging 

(198). Analogous studies have not been performed using rapa. Early kinetic 

studies of thymocyte development during rapa treatment would be needed to 

determine this. Additionally, the decreased thymic cellularity in rapa mice may 

be due to impaired emigration from the bone marrow, or decreased thymic 

entry of thymocyte progenitors. Our data does not exclude either of these 

possibilities.  

Among the most surprising findings in this study was that the “younger” 

phenotype immune system of CR mice did not translate to increased immune 

responses or better protection during infection. CR has long been thought to 

preserve a “young” or naïve phenotype in the aging immune system. Notably, 

this was true in the thymus but not in the periphery. While the peripheral CD8 

T cell pool had an increased proportion of naïve cells, the absolute number of 

naïve CD8 T cells was not increased in old CR mice compared to controls. 
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We validated this finding by quantifying TRECs from spleen and lymph nodes. 

 During T cell development and TCR rearrangement, a common gene 

segment is excised and remains in the T cells. We quantified CD8 T cell 

TRECs and found that neither rapa or CR altered TRECs in the periphery, 

meaning that thymic export was unaltered by rapa or CR treatment despite 

significant differences in thymic cellularity. Because both rapa and CR are 

long-term treatments for lifespan extension, it is reasonable to predict that 

rapa’s deleterious effect on the thymus would eventually impose significant 

strain on the peripheral CD8 T cell repertoire. We did not test this possibility 

at all, but simple determination of TCR Vβ usage and CDR3 lengths could 

give clues to whether the CD8 T cell repertoire becomes restricted during 

rapa or CR. Ultimately, single cell sorting and TCR sequencing would be 

required to measure the CD8 T cell repertoire diversity, although this would 

be much more laborious than Vβ distribution and CDR3 length 

measurements. 

We also wanted to determine whether rapa or CR altered naïve CD8 T 

cells of a known Ag specificity. Therefore, we measured the total number and 

memory phenotype of NS4b-specific CD8 T cell precursors in the steady 

state, prior to infection. Precursors are cells of a known Ag specificity, but 

have not yet been exposed to that Ag. CR and rapa mice had the same 

number of precursors isolated from their spleens and lymph nodes. Although 

the differences in thymic cellularity would have predicted increased numbers 

of precursors, both the TREC and precursor data show that the differences in 
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thymic cellularity would not predict differences in peripheral naïve CD8 T 

cells. Indeed, absolute numbers of naïve CD8 T cells were unaltered in the 

blood of CR mice. 

Previous studies have shown that CR cells are more responsive to 

mitogen stimulation. Whether this would translate to (a) increased responses 

during infection, and (b) the impact on immune protection was not known. 

Importantly, we found the opposite to be true during in vivo infection: CR mice 

had significantly fewer CD8 T cells able to produce IFNγ, and this was 

associated with increased susceptibility to disease. This was similar to 

previous reports on CR mice infected with IAV. However, unlike flu, mortality 

from WNV infection is typically observed ~days 9-15 post-infection. This 

suggests failures in adaptive immunity may ultimately cause increased 

susceptibility. Therefore, our data strongly suggest that in addition to innate 

defects (215), old CR mice also have adaptive immune system defects that 

can lead to increased mortality after acute infection. We are currently testing 

whether this is an age-specific effect in CR mice by tracking survival after 

WNV infection in adult CR vs adult control mice. It will also be important to 

test whether the immune defects in old CR mice are permanently 

programmed, or whether they can be reversed by carefully re-feeding prior to 

infection (260). 

Among the most notable and important aspects of the immune system 

is the ability to form memory. This is the basis of vaccination and protection 

from disease. Because rapa and CR mice both had poor survival after WNV 
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infection, we sought to determine whether the immune system was still 

competent enough to sustain vaccine-mediated protection. Interestingly, both 

rapa and CR mice were protected from WNV challenge after vaccination. We 

are currently testing whether memory T cells, or memory B cells and 

antibody, or both, are improved by vaccination. Future experiments will 

include memory T cell or serum transfers into naïve mice that get challenged 

with WNV to determine which adaptive immune aspects are most protective 

from rapa and CR mice. 

CR is thought to work, at least in part, by decreasing mTORC1 

signaling. However, it is increasingly clear that other pathways affected by CR 

also contribute to the overall health benefits typically observed in CR animals. 

The mechanism of rapa inhibition of mTORC1 signaling has been well 

described. However, the possibility that rapa also inhibited mTORC2 in our 

model is certainly possible (89), although we did not investigate this 

possibility. The likelihood that rapa feeding and CR operate via different 

mechanisms is further supported by a recent publication showing that the two 

interventions have different metabolic outcomes in aged mice (178). In the 

immune system, we believe CR may function through an entirely different 

mechanism from rapa, as CR and rapa have contrasting effects in almost 

every analysis we performed. This may be because the unstimulated immune 

system is rather quiescent and relies on tight regulation of mTOR inhibition for 

survival. Therefore, these cells are probably using other signaling pathways 

for regulating energy utilization that may be more impacted by CR. This also 
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supports our observation that rapa feeding induced little change to immune 

responses compared to control old mice. Of course, a critical caveat here was 

that our CR model was a life-long intervention, whereas the rapa feeding 

began late in life. 

Despite the different effects of rapa and CR on the aging immune 

system, they each impart deleterious consequences. The negative effect of 

CR on infection susceptibility is clear. Although rapa has no significant effect 

on disease outcome compared to controls, this is a relatively short term 

treatment compared to the life-long CR intervention. Given the effect of this 

rapa regimen on the aging thymus, it is possible to speculate that life-long 

rapa feeding would have a substantial impact on the aged immune system. 

We presume life-long rapa feeding would result in a significant drop in naïve T 

cell output, which would greatly decrease the available T cell repertoire to 

respond during infection. We conclude that long-term treatment with either 

CR or rapa can induce profound immune defects with potentially lethal 

outcomes in the case of infection. Therefore, neither CR nor rapa may be 

ideal interventions for promoting longevity. 
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Chapter 5  
 
 

5.1 Summary 
 

5.1.1 Potential immunological benefits of acute rapa do not 

outweigh risks. 

Low-dose rapa has been used recently to improve immune memory 

after vaccination to enhance protection (80, 81, 234). Of note, none of these 

studies used a potentially lethal pathogen exposure during the rapa treatment 

nor did they include careful study of the primary immune response. 

Importantly, we measured significant impairment to effector function in 

multiple cell types during rapa treatment. Ultimately, low-dose rapa increased 

mortality in adult mice infected with WNV. Although old mice did not exhibit 

the same degree of defects during rapa treatment, we believe this may be do 

to inefficient mTORC1 upregulation after activation in old CD8 T cells. We 

tested effector function during several drastically different infection models 

(LCMV, Lm-OVA, WNV) and made similar observations in each case, 

suggesting  rapa’s deleterious impact is broad and relevant to most 

pathogens. 

We also tested whether low-dose rapa during LCMV or Lm-OVA 

infection improved CD8 T cell memory in adult and old mice. While both adult 

and old mice had improved survival of Ag-specific memory CD8 T cells after 

LCMV, this was not true after Lm-OVA. In the case of LCMV, we did not 
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observe consistent evidence that increased numbers of Ag-specific memory 

CD8 T cells in the blood lead to improved bacterial clearance in all target 

tissues. Along these lines, Ag-specific memory CD8 T cells after primary Lm-

OVA infection were not increased in absolute numbers nor did they exhibit 

enhanced responsiveness upon challenge. Although we were able to 

increase Ag-specific memory CD8 T cell survival after Lm-OVA infection by 

increasing the dose of rapa, this ultimately was shown to have lethal 

consequences, as mice succumbed to uncontrolled bacterial infection using 

this dosing regimen. We conclude that although it is possible to manipulate 

mTORC1 signaling increase CD8 T cell memory, currently available methods 

to do so have severe consequences on effector immunity and survival during 

the primary infection.  

 

5.1.2 Lifespan-extending manipulations alter the aged immune 

system. 

In addition to acute rapa treatment, we were interested in long-term 

effects of metabolic manipulations on the aging immune system. We tested 

this in CR and mice fed rapa-containing chow, both of which have been 

demonstrated to extend lifespan in mice. We compared each of these 

treatments to age-matched control mice through all major aspects of T cell 

biology: development in the thymus, maintenance in the periphery, and 

response against infection. Interestingly, we noted clear differences between 

treatment groups and controls during each of these analyses. While rapa and 
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CR each had different effects on thymocyte cellularity within the thymus, this 

did not translate to altered T cell export, nor did it ultimately change absolute 

counts of naïve CD8 T cells, measured both at the total CD8 T cell population 

level as well as naive Ag-specific precursor population. Both treatments had 

significant effects on peripheral CD8 T cell subset basal proliferation, the 

significance of which is not yet clear. And finally, in the face of lethal infection 

(WNV), neither treatment benefited survival. In fact, CR mice exhibited 

significantly increased mortality compared to controls. We are still 

investigating which cell types become most affected during CR. We conclude 

that although rapa and CR may extend lifespan in specific pathogen-free 

facilities, these interventions impart significant immunological consequences 

and therefore do not appear promising for extending lifespan of humans 

naturally exposed to pathogens.  

 
5.1.3 A collaborative effort to define impact of rapamycin 

treatment on multiple organs during aging. 

 
 During our work studying the impact of rapa treatment on the aging 

immune system we became interested in how rapa might impact the entire 

organism. To address this question, we developed a collaborative project 

involving several research groups to study a variety of organ system functions 

during rapa treatment. Together, we began assembling data on aging renal 

function, cardiac function, adult neurogenesis, salivary gland function, and 

immune function. The first manuscript from this collaboration was recently 



	   150	  

published and is attached in Appendix A. Such multidisciplinary studies will 

critically inform our understanding of the impact of metabolic interventions 

upon healthspan. Additionally, comprehensive studies of all physiological 

processes will be required prior to implementation of life-extending 

interventions in humans.   
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5.2 Future Directions 

5.2.1 What signaling cascades become activated in old CD8 T 

cells and how does this impact the overall development of the immune 

response during acute infection? 

 Historical data from our lab have shown that old CD8 T cells do not 

proliferate or expand well to mount a robust immune response during 

infection (133, 134). Here, our data suggests that old CD8 T cells do not 

upregulate the mTORC1 signaling axis as quickly or robustly as adult CD8 T 

cells (Figure 13A). However, this appears to be a specific defect in mTORC1 

upregulation, as pERK increased equally in adult and old CD8 T cells upon 

TCR stimulation (Figure 13B). As many signaling pathways feed into ERK 

phosphorylation, it’s possible that old CD8 T cells may utilize alternative 

signaling mechanisms upon stimulation compared to adult cells. It will be 

important to explore this both upon immediate stimulation, as well as after 

sustained activation, as in the case of immune responses during infection.  

 To begin testing this question, we will stimulate adult and old naïve 

CD8 T cells in vitro with αCD3/αCD28-coated beads (to simulate APCs). 

Initially we will perform short time courses (8 hours) and measure 

phosphorylation of common target molecules for distinct signaling pathways. 

To estimate mTORC1 signaling we will measure the phosphorylation on S6K 

and 4EBP1. To estimate mTORC2 activity we will measure phospho-AKT 

(S473). We will also measure phospho-LAT as an indicator of immediate 

TCR/CD3 complex signaling, and p38 MAPK for further downstream signaling 
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kinetics. All of these markers will be interrogated by flow cytometry so that we 

can quantify both the proportion of cells with activation signals over time, as 

well as the relative amount of phospho-proteins within each cell. Using the 

same assay we will also measure calcium flux in the cells early after 

activation. Combining all of these measurements should give us some clues 

as to what pathways are becoming differently activated early after stimulation 

in adult and old CD8 T cells.  

We will also make similar measurements after cells have received 

sustained stimulation in vitro. In these experiments we will CFSE stain the 

cells prior to stimulation. This way, as the cells proliferate, the CFSE will dilute 

exactly in half with each division and this is easily tracked by flow cytometry. 

Using this technique, we will be able to track how each of these signaling 

pathways changes during cell proliferation. We expect to find that adult and 

old CD8 T cells will use different signaling pathways to drive TCR-induced 

proliferation.  

 Perhaps more importantly than signaling pathways, we will also 

measure cellular metabolic processes used by adult and old cells during 

activation. Our preliminary data suggests that old cells do not immediately 

upregulate glycolysis upon CD3/CD28 stimulation as observed in adult CD8 T 

cells (Figure 13C). When repeating this experiment, we will include studies to 

identify what other metabolic pathways the cells might be using instead of 

glycolysis. To do this, we will sort naïve CD8 T cells and run them on the 

Seahorse Metabolic Flux Analyzer to measure cell metabolism in real time. 
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We will have the Seahorse inject αCD3/αCD28-coated beads first to provide 

the required stimulation signals for naïve T cells. After this, we can simply 

measure media acidification and oxygen consumption as indicators of 

glycolysis and oxidative phosphorylation, respectively. However, we will also 

want to further interrogate what metabolic programs the old cells might be 

using. To test if the cells are using fatty acid oxidation to supply acetyl-CoA 

for oxidative phosphorylation, we can have the Seahorse inject etomoxir. 

Etomoxir is an inhibitor of fatty acid oxidation; it works by blocking fatty acid 

transport into the mitochondria. If the cells are relying on fatty acid oxidation 

for their primary source of energy, injection of etomoxir should decrease 

oxygen consumption. Although we suspect that the old CD8 T cells fail to 

efficiently upregulate glycolysis, we will inject 2-DG, a glucose analog, to 

inhibit glycolysis. If cells are primarily using glycolysis for energy, we should 

observe a significant drop in extracellular acidification upon addition of 2-DG. 

To test if cells are relying on oxidative phosphorylation to support metabolic 

demands during activation, we will inject oligomycin. Oligomycin is an 

ATPase inhibitor that blocks oxidative phosphorylation by blocking proton flow 

back across the mitochondrial membrane. If cells are relying on oxidative 

phosphorylation for energy supply during activation then oxygen consumption 

will decrease upon addition of oligomycin. We could also inject increasing 

amounts of αCD3/αCD28-coated beads to see if old cells simply need more 

activation signals/more ligand binding to become stimulated.  
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 Ultimately, we would like to test these observations in cells that are 

actually responding to infection. For the early signaling kinetics, we will infect 

adult and old mice, and at early time points after infection (days 1-4) we will 

perform precursor enrichments to analyze signaling phenotypes on Ag-

specific CD8 T cells. Analysis of tetramer-positive CD8 T cells was not 

previously possibly at these early time points because the cells had not 

expanded enough to be able to detect them above background. However, 

now we can use the same methods used to enrich naïve Ag-specifc CD8 T 

cell precursors (Figure 29) to enrich Ag-specific cells early after infection. We 

can also sort these cells early after infection and run them on the Seahorse to 

measure direct ex vivo metabolic activity in Ag-specific CD8 T cells that were 

primed in vivo. 

 Keeping in mind that both innate and adaptive immune cells become 

defective during aging, we will also want to test whether the observed defects 

we measure in Ag-specific CD8 T cells ex vivo are the result of cell-intrinsic or 

cell-extrinsic defects. To test this, we will perform cell transfer experiments in 

which adult cells will be transferred into old hosts and vice versa, old cells will 

be transferred into adult hosts. The donor cells will be identifiable in the hosts 

by congenic markers. The hosts will then be infected and the donor CD8 T 

cell responses will be analyzed for expansion and function. If the old CD8 T 

cells have cell-intrinsic defects in signaling and metabolism, these defects will 

still be evident even when they are activated in the adult host. However, if 

something in the old environment is causing old the CD8 T cell defects 
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(innate cells for priming CD8 T cells, cytokine milieu, etc.), then this will be 

evident in the adult cells that were activated in the old host during infection.  

Ultimately, these experiments will identify novel signaling and 

metabolic defects in old CD8 T cells during activation. Additionally, they will 

provide us with both molecular targets and also metabolic process that can be 

targeted therapeutically to enhance CD8 T cell responses during infection in 

the elderly.  

 

5.2.2. What cell types become most altered during rapa or CR 

interventions that contribute to (a) increased susceptibility to WNV 

infection and (b) confer protection after vaccination? 

 Our data clearly show that old CR mice have significantly increased 

susceptibility to WNV infection compared to controls. However, we measured 

no clear defect in CD4 or CD8 T cells that could provide an explanation for 

the increased mortality. Specifically, although CR mice had decreased IFNγ-

producing T cells in the brain draining lymph nodes, all groups had equal T 

cell infiltration in the brain and equal viral titers at day 10 of infection. It will be 

important to look at earlier time points to see if WNV disseminates to the brain 

faster in CR mice. As antibody neutralization plays a critical role in WNV 

control (228), we will also test early antibody neutralization titers to see if this 

correlates with mortality in the CR mice. Testing antibody titers and 

neutralization will be critical, as it was recently shown that B cells also require 

specialized metabolism during activation to produce antibodies (261) and 
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rapamycin treatment alters the antibody repertoire during infection (234). We 

will also consider the possibility that the mortality in the CR group is a 

physiological effect due to lack of calories rather than simply an immune 

failure. To test this possibility, we will re-feed CR mice and compare their 

WNV mortality to both control old mice and CR old mice. We are also testing 

whether increased mortality in CR mice is age-specific by infecting adult CR 

mice with WNV and measuring mortality. This experiment will help us 

determine whether life-long CR is a problem, or whether the physiological 

effect of reduced caloric intake is the bigger contributing factor to increased 

mortality. We also plan to repeat similar experiments with additional 

pathogens. Challenging CR mice with other pathogens will help elucidate 

whether CR mice have complete ubiquitous immune defects that decrease 

their resistance to infection, or whether something unique about WNV 

infection makes them more susceptible.  

 Despite these clearly negative consequences of CR during WNV 

infection, we were somewhat surprised that the CR mice were protected by 

vaccination. This suggests that their adaptive immune system is not 

completely compromised; rather, it just can’t compete with the physiological 

insult from the acute WNV infection. It will be important to determine whether 

memory T cell, or antibody, or both, contribute most to vaccine-mediated 

protection. To distinguish these two possibilities, we will perform memory T 

cell or serum transfers into naïve hosts that will subsequently be challenged 

with WNV and tracked for survival. Memory serum will also be used to 
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measure serum antibody titers and viral neutralization capacity ex vivo. 

Additionally, we will perform killing assays with the Ag-specific memory CD8 T 

cells to measure direct cytotoxic capability. Importantly, in our experiments we 

challenged vaccinated mice with our typical WNV dose and route after they 

had been vaccinated. However, to truly test the protective capacity of the 

memory response after vaccination, we should use a more lethal challenge. 

To do this, we will challenge vaccinated mice with WNV by intracranial 

injection. This would be considered the gold standard for protection if mice 

can survive an intracranial WNV challenge after vaccination. All of these 

experiments should provide good evidence for what cells become most 

impacted by CR and what components of the adaptive immune system are 

still competent to provide protection to lethal WNV infection after vaccination.  

 

5.2.3. During negative energy balance, how do CD8 T cells 

prioritize energy utilization to mount an immune response?  

 In both of our experimental models we are creating an environment in 

which the cells sense a negative energy balance. In the case of rapa feeding, 

this is created by inhibition of metabolic sensing pathways. During CR, cells 

truly have a limited energy/nutrient supply. However, in both cases, CD8 T 

cells respond efficiently during infection. While the CR mice still die abruptly 

during infection, it is not yet clear if that is due to a true immune failure. 

Therefore the question remains: how do cells prioritize energy utilization 

during negative energy balance. Furthermore, what becomes more important 
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to the responding CD8 T cell: proliferation to outnumber the pathogen, robust 

effector function to clear the pathogen, or reserving cells for long-lived 

memory protection? All of these are critical features of the immune response 

and all of them take place in our interventions despite presumed cellular 

negative energy balance. 

 To begin answering this question we will start by investigating whether 

CD8 T cells from rapa-fed or CR mice utilize more efficient metabolism during 

activation rather than relying on rapid glycolytic metabolism as is reported for 

adult CD8 T cells. To test this, we will sort Ag-specific CD8 T cells during 

infection and analyze their metabolic signature on the Seahorse by estimating 

glycolysis and oxidative phosphorylation. We hypothesize that both of these 

treatments should prevent rapid upregulation of inefficient metabolic 

processes and therefore the cells from rapa or CR mice will use more 

oxidative phosphorylation for energy supply even during acute effector 

responses against infection. However, we expect that fatty acid oxidation 

would probably not be providing substrates in the case of negative energy 

balance, as lipids would need to be conserved for rapid cell division. Instead, 

we would predict that cells would still be importing glucose to support 

glycolytic production of pyruvate to drive the citric acid cycle and ultimately 

oxidative phosphorylation through the electron transport chain. We could test 

both of these hypotheses by applying etomoxir or 2-DG, inhibitors of β-

oxidation or glycolysis respectively, and measuring effects on cell metabolic 

activity.  
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 While the above experiments would be informative, they would still 

have the caveat that the manipulations and measurements were performed 

ex vivo and may not recapitulate the in vivo immune response. To be able to 

test the importance of various metabolic pathways during immune responses, 

we would generate several new mouse strains, each with a floxed allele of a 

different key metabolic enzyme driving a different metabolic pathway. 

Specifically, we would generate strains containing loxP-flanked alleles of the 

following genes regulating the indicated enzymes and relevant metabolic 

processes: (a) carnitine palmitoyltransferase (CPT1a) to ultimately target fatty 

acid transport into the mitochondria for β-oxidation; (b) pyruvate 

dehydrogenase (PDH) to target conversion of pyruvate to acetyl-CoA after 

glycolysis which would then feed into the citric acid cycle (c) citrate synthase 

(CS) to block acetyl-CoA incorporation into the citric acid cycle to ultimately 

block TCA. Our target molecules and what metabolic processes they interact 

with are illustrated in Figure 34. These mice will be crossed to mice with a 

tamoxifen-inducible Lck-Cre to enable deletion of these enzymes specifically 

in activated T cells at desired times. These mice will be aged on control, rapa, 

or CR diets and then infected with Lm-OVA. We will be able to track the 

kinetics, proliferation, trafficking, cytokine production, and memory survival of 

Ag-specific cells during the course of the immune response.  

Based on the literature, we assume that effector CD8 T cells should rely on 

glycolysis (262), whereas naïve and memory CD8 T cells use oxidative 

phosphorylation (51), driven by both the citric acid cycle and fatty acid 
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oxidation. In our first model, CPT1a will be deleted and cells will no longer be 

able to import fatty acids to the mitochondria for β-oxidation. We expect that 

cells unable to undergo fatty acid oxidation will have reduced ability to form 

memory in the control and rapa groups. We don’t expect this to be an issue in 

the CR group, as CR mice have very little excess lipid and therefore probably 

rely on other energy sources to support oxidative phosphorylation. 

Regardless of diet, we expect the loss of β-oxidation to have minimal impact 

on effector function on CD8 T cells during the acute infection.  

Conversely, we do not expect this to be the case for the cells unable to 

convert pyruvate to acetyl-CoA. Conversion of pyruvate to acetyl-CoA is 

essential for continuation through the citric acid cycle. Despite glycolysis 

traditionally being most critical for effector T cells, we hypothesize that old 

rapa and CR mice would actually not be able to efficiently upregulate 

glycolysis and consequently still rely on oxidative phosphorylation for energy 

as effector cells. Therefore, we expect cells in this model to have severe 

impairment in effector function and proliferation during either intervention. 

Additionally, because these cells won’t be able to utilize to oxidative 

phosphorylation, we also suspect they will not be able to form long-lived 

memory cells.  
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Figure 34. Disruption of metabolic pathways by targeted deletion of key 
transition enzymes.  
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In our third model citrate synthase will be deleted. This enzyme is 

critical for acetyl-CoA incorporation into the citric acid cycle. We expect cells 

lacking citrate synthase to have a different phenotype from the previous two 

models. We expect these cells to have impaired effector function during rapa 

and CR diets because we expect these cells to rely on TCA cycle and 

oxidative phosphorylation as their primary energy source. However, this 

deletion in control cells should have no effect on effector function, as these 

cells will not have the nutrient sensing limitation to upregulate glycolysis to 

compensate. However, we hypothesize that in cells with this deletion, 

memory cell survival will be unhindered, as acetyl-CoA can still be converted 

to malonyl-CoA and fuel fatty acid oxidation. In fact, this deletion might even 

enhance memory formation in CR mice, whose cells are hypothesized to 

normally have very limited spare fatty acids. This β-oxidation will then be able 

to support TCA cycle to maintain memory cell survival. The combination of 

these three models should prove to be critical tools for teasing apart essential 

metabolic signaling networks in CD8 T cells during infection responses. They 

will also be able to inform which metabolic processes favor effector function 

versus memory survival in negative energy balance environments, which 

should allow us to rationally manipulate these pathways to enhance vaccine 

efficacy without compromising effector immunity. Results from these 

experiments will provide critical insight for future development of therapeutic 

interventions to improve vaccine protection in immunologically vulnerable 

individuals, including the elderly. 
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Abstract  

The chronic and systemic administration of rapamycin extends lifespan 

in mammals. Rapamycin is a pharmacological inhibitor of mTOR. Metformin 

also inhibits mTOR signaling, but by activating the upstream kinase AMPK. 

Here we report the effects of chronic and systemic administration of the two 

mTOR inhibitors, rapamycin and metformin, on adult neural stem cells of the 

subventricular region and the dentate gyrus of the mouse hippocampus. 

While rapamycin decreased the number of neural progenitors, metformin-

mediated inhibition of mTOR had no such effect. Adult-born neurons are 

considered important for cognitive and behavioral health, and may contribute 

to improved healthspan. Our results demonstrate that distinct approaches of 

inhibiting mTOR signaling can have significantly different effects on organ 

function. These results underscore the importance of screening individual 

mTOR inhibitors on different organs and physiological processes for potential 

adverse effects that may compromise healthspan.  
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Introduction  

The mTOR signaling pathway has a conserved role in the regulation of 

replicative and chronological lifespan in yeast and organismal lifespan in C. 

elegans, Drosophila and mammals  (263). The inhibition of mTOR signaling 

with chronic, systemic 2.24 mg/kg (14 ppm) administration of rapamycin, a 

product of the soil bacteria Streptomyces hygroscopicus, extends lifespan in 

mice, even when introduced late in life (163). 4.7, 14 and 42 ppm rapamycin 

in food also slows age-dependent pathology of liver, heart and tendons (167). 

A recent study demonstrated that chronic 2.24 mg/kg rapamycin inhibits age-

associated cognitive decline (264). Furthermore, rapamycin treatment was 

associated with anxiolytic and anti-depressive effects (264).  

While neurogenesis occurs primarily during embryonic and early 

postnatal mammalian development, the adult mammalian brain does retain 

the ability to produce new neurons. Cognitive functions, learning and memory, 

and behavioral health can be improved by increased adult neurogenesis 

(265-268). Additionally, anti-depressants function by stimulating adult 

neurogenesis (269-273). Neurogenesis in an adult mammal occurs in 

specialized regions of the brain such as the subventricular zone (SVZ) and 

subgranular zone of the dentate gyrus (DG) (274). In these regions, slowing 

cycling B-cells (GFAP+), the self-renewing adult neural stem cell population, 

give rise to transient amplifying C-cells (EGFR+), which in turn produce 

neuroblasts marked by the expression of doublecortin (DCX+). Adult-born 

neurons integrate into functional circuits (275, 276). Adult neurogenesis 

decreases with aging and the loss of neurogenesis can be correlated with 

cognitive and behavioral decline (277-279). Conversely, caloric restriction, 

which extends lifespan, increases adult neurogenesis (278, 280).  
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From Drosophila to mice, multiple steps during neurogenesis - neural 

progenitor proliferation, survival and differentiation into neurons - have been 

reported to engage the mTOR signaling pathway (281-288). For example, the 

loss of activators of mTOR signaling, IgfR1, in neural precursors, results in 

reduced proliferation in the SVZ and microcephaly (289-291). Conversely, 

increased Igf activity resulted in increased proliferation in the SVZ and 

macrocephaly (291, 292). Two independent mTOR complexes – mTORC1 

and mTORC2 are found in mammalian cells (95). Rapamycin is a well-

characterized mTORC1 inhibitor (293). This macrolide first binds to the 

cyclophilin FKBP12 in mammalian cells and the complex subsequently 

interacts with mTOR and inhibits its function. Paliouras et al demonstrated 

that rapamycin infusion (0.5 mM) into the left ventricle of mice for 7 days 

results in a 48% reduction of proliferating neural stem cell numbers (284). 

Furthermore, rapamycin reduces neural stem cell proliferation in vitro – both 

the size and number of neural stem cells grown as neurospheres were 

reduced following rapamycin treatment (284). Additionally, neural stem cells 

fail to differentiate normally in the presence of this drug (284). 4-weeks of 

rapamycin treatment (10 mg/kg) significantly decreased social interaction time 

in mice (294). In contrast, 1 and 4 weeks of rapamycin treatment (20 mg/kg 

and 10 mg/kg respectively) have been reported not to affect gross 

morphology of the important neurogenic niche, DG, or normal, newborn 

neurons and the performance of mice in open-field behavioral tests (287, 

294). 

Metformin represents an additional pharmacological approach to inhibit 

mTORC1 signaling (295). This anti-diabetic biguanide acts by increasing 

AMP activated protein kinase (AMPK) activity (296). When activated, AMPK 

negatively regulates mTOR activation (295). AMPK activation slows aging in 
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C. elegans (297, 298) and is being considered as a calorie-restriction mimetic 

(299). Therefore, metformin has been used for life-extension in mammals 

and, in some studies although not all, has demonstrated gerosuppressive 

effects (300-302). Interestingly, 12 days treatment with metformin has been 

shown to increase adult neurogenesis and spatial memory (303). However, 

the effect of longer-term treatment remains unknown.  

We directly investigated the effects of a chronic, systemic rapamycin or 

metformin treatment on proliferating neural progenitor cells of the SVZ and 

DG in mice. Here we report that a 9-week chronic administration of 

rapamycin, but not metformin, reduces the number of proliferating neural 

progenitors in the mammalian neurogenic niches in adult mice. Additionally, a 

similar decrease in proliferation and in neuronal differentiation was observed 

in murine adult neural stem cells cultured in vitro upon rapamycin treatment. 

In contrast, metformin treatment did not significantly reduce neural stem cells 

proliferation or differentiation. Our studies indicate that two distinct methods of 

inhibiting mTOR activity differentially affect mammalian adult neural stem 

cells. 
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Methods 

Mice 

Adult male (12 weeks) C57BL/6J mice were purchased from the 

Jackson Laboratory (Bar Harbor, ME). All mice were housed under specific 

pathogen-free conditions at the University of Arizona, maintained under a 

strict 12 hr light cycle and given a regular chow diet. Upon arrival, mice were 

rested for one week prior to manipulation. Mice were kept in individual 

metabolic cages for an initial 24 hr adaptation period followed by a 24 hr 

period during which food intake was measured.  Baseline, 4 week and 8 

weeks measurements were performed. Mice were given free access to food 

and water for the entire study period.  Mice were weighed before and after 

being placed into the metabolic cages. All experimental procedures were 

conducted with approval from the University of Arizona Institutional Animal 

Care and Use Committee. Rapamycin (LC Labs) and metformin (Sigma) were 

administered by daily i.p. injection during the treatment period. Rapamycin 

was administered in a high (2.5 mg/kg) or low (75 µg/kg) dose. Metformin was 

administered at a dose of 200 mg/kg. Control mice received daily PBS i.p. 

injections. BrdU (50 mg/kg, Sigma) was given by i.p. injection every 12 hr, 

beginning 48 hr prior to harvest.  

 

Antibodies 

For immunoblotting, rabbit phospho-S6 ribosomal protein (Ser240/244, 

#5364) and mouse S6 ribosomal protein (#2317) antibodies were purchased 

from Cell Signaling and were used at a concentration of 1:1000. For 

immunocytochemistry, mouse Tuj1 (MAB1637) and rabbit Nestin (MAB5922) 

antibodies were purchased from Millipore and used at a concentration of 

1:250 and 1:500, respectively.  For immunohistochemistry, rabbit DCX 
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(ab18723), rat BrdU (ab6326) and rabbit Ki67 (ab16667) antibodies were 

purchased from Abcam and used at a concentration of 1:100.  Rabbit 

Phospho-S6 ribosomal protein (Ser235/236) conjugated to Alexa Fluor 647 

was purchased from Cell Signaling (4851) and used at 1:100.  

Species-specific Alexa Fluor conjugated secondary antibodies were 

purchased from Invitrogen and used at 1:500. HRP-conjugated species-

specific secondary antibodies were purchased from Promega and used at 

1:2000. 

 

Measurement of rapamycin and metformin 

Measurement of rapamycin and metformin in mouse blood were 

performed using a TSQ Quantum liquid HPLC-electrospray ionization-tandem 

mass spectrometry system (ThermoFinnigan, San Jose). Serial dilutions of a 

known amount of rapamycin or metformin spiked into blank EDTA mouse 

blood were used as internal standards for quantitation of the drugs in blood. 

The scan for rapamycin was performed at 931.5 (M+NH4)+ à 864.7 at a 

collision energy of 20eV. Metformin was detected by selective reaction 

monitoring (SRM); parent mass/charge ratio for metformin is 130.1 and the 

fragment monitored is 71.1. The collision energy was 33eV. Additional details 

are provided in Supplementary Experimental Procedures. 

 

Immunohistochemistry  

Mice were euthanized and perfused with 30 mL PBS before brains 

were quickly removed and flash frozen in isopentane. Specimens were then 

stored at -80°C. Brains were mounted using OCT and sectioned at 14 mm. 

For BrdU staining, slides were first fixed in 4% PFA for 15 min and 

subsequently washed 3x in PBS for 10 min each. Slides were denatured in 2 
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N HCl for 15 min at 37°C, and then for another 15 min in 2 N HCl at room 

temperature (RT). Slides were rinsed in boric acid buffer (0.2 M orthoboric 

acid, pH 8.4) and incubated for further 10 min at RT. They were then washed 

3x in PBS, blocked in 5% donkey serum with 0.1% Triton X-100 for 2 hr at 

RT. Sections were incubated in primary antibody in blocking buffer at 1:100 

overnight at 4°C. Slides were washed 3x in PBS with 0.1% Triton X-100 

(PBST) for 10 min each and subsequently incubated with secondary 

antibodies for 2 hr at RT. Slides were washed in 3x in PBS for 10 min, and 

fixed again in 4% PFA. Slides were subsequently washed and denatured 

again prior to blocking & incubation in the second primary antibody (DCX) 

overnight at 4°C. After overnight incubation, slides were washed 3x in PBS 

and incubated for 10 min in 100 ng/mL DAPI before being mounted in Prolong 

Gold Antifade Reagent (Invitrogen), cover-slipped and imaged using a Leica 

SP5 confocal microscope. For immunohistochemistry using p-S6 ribosomal 

protein antibodies, sections were fixed in 4% PFA, washed 3x in PBS and 

then blocked in 10% donkey serum in PBST for 2 hr at RT. Sections were 

incubated with primary antibody at 1:100 in blocking buffer overnight at 4°C. 

Sections were washed 3x with PBS and incubated for 10 min in 100 ng/mL 

DAPI before being cover-slipped and imaged on a Leica SP5 confocal 

microscope. 

 

Stereology and Quantification of BrdU+ cells 

14 mm sections were collected beginning at the olfactory bulbs and 

ending at the cerebellum. Series of every 15th section through each sample 

were processed for BrdU immunohistochemistry as described above and 

every adjacent section was stained with H&E. The SVZ was defined as 

beginning at Bregma 1.41 mm until -0.11 mm. Only cells existing within 0.1 
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mm lateral to the ependymal lining were counted. No cells on the medial SVZ 

were considered. The total number of sections in which the SVZ appeared 

were ~85-100 (roughly 1.2 mm rostral-caudal). The DG was defined as 

beginning at Bregma -1.077 mm until Bregma -3.39 mm.  The total number of 

sections in which the DG appeared were ~130-170 (roughly 2 mm rostral-

caudal). The areas of the SVZ and DG were measured using ImageJ (NIH). 

For cell counting, the investigator was blinded to the experimental condition. 

BrdU-labeled cells were exhaustively counted on every 15th section through 

the entire DG or SVZ.   

 

Neural stem cell isolation  

For both neurosphere and adherent neural stem cell culture, postnatal 

day 30 (p30) C57BL/6 mice were used. Briefly, brains were removed and 

placed in ice-cold Leibovitz’s L15 media (Invitrogen) for dissection. Using a 

microsurgery knife, a 1 mm coronal section was obtained corresponding to 

the region of the SVZ. Cuts were made vertically following the ventricle 

ventrally, and horizontally following the ventricle dorsally. A small piece of 

SVZ was then dissected and placed into a 1.5 mL microcentrifuge tube 

containing 300 mL of 0.25% Trypsin-EDTA in PBS and incubated at 37°C for 

20 min. 700 mL Complete Media (see Supplementary Information) was added 

and the tissue was gently triturated until single cell suspension was obtained. 

Cells were then plated either in Complete Media (for neurospheres) or N5 

media (for adherent neural stem cell culture). The composition of N5 media is 

provided in Supplementary Information. Overnight treatment with different 

concentrations of rapamycin and metformin were tested on neural stem cells 

and the concentrations showing maximal inhibition of mTOR (assayed by 
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inhibition of rS6 phosphorylation) without significant cell death were used in 

the study (200 nM rapamycin and 500 mM metformin). 

 

Immunoblotting 

For immunoblotting, neurospheres were grown in the presence or 

absence of rapamycin or metformin for 3 hr prior to lysing. For lysis, ice-cold 

1% NP-40 buffer (20 mM Tris-HCl at pH 8, 137 mM NaCl, 10% glycerol, 1% 

NP-40) supplemented with phosphatase and protease inhibitors (Halt 

Protease and Phosphatase Inhibitor Cocktail, Thermo Scientific) was used. 

Briefly, cells were washed 3x with ice-cold PBS and then resuspended in cold 

NP-40 buffer. Lysates were kept cold and sonicated 10 times, 1 second each, 

and then centrifuged at 12,000 x g for 5 min at 4°C. LDS Sample loading 

buffer (Invitrogen) with DTT was added, and the immunoprecipitates were 

boiled for 5 min prior to loading onto precast SDS-PAGE gels (Invitrogen). 

Gels were transferred onto methanol pre-soaked PVDF membranes and 

subsequently blocked with 5% BSA in TBS for 2 h. The blot was incubated in 

phospho-S6 ribosomal protein antibody (Cell Signaling, #5364, 1:1000) 

overnight at 4°C, after which blots were washed 3x with TBST (TBS + 0.1% 

Tween) for 15 min each, followed by incubation with secondary antibodies 

(1:2000) for 1 h at RT. Blots were then washed 3x for 30 min each in TBST, 

with a final wash in TBS alone. Blots were stripped and reprobed using total 

S6 ribosomal protein antibody (Cell Signaling, #2317, 1:1000) overnight at 

4°C prior to secondary incubation and developing. All blots were developed 

using Super Signal West Dura (Thermo Scientific) on the UVP Imager. 
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Neural Stem Cell Proliferation and Apoptosis 

Neurospheres and adherent neural stem cell cultures were treated 

overnight with with 200nM rapamycin and 500 mM metformin. For 

proliferation assays, cells were grown overnight in the presence of 10 mM 

BrdU. BrdU was detected using a BrdU-APC (BD Pharmingen #552598) kit 

according to manufacturer’s instructions.  For cell cycle analysis, cells were 

washed 3x with PBS and resuspended in 1 mL of ice-cold PBS in 

polypropylene tubes. For fixation, cells were gently vortexed while adding 3 

mL of ice-cold absolute ethanol dropwise and then fixed overnight at 4°C. For 

staining, cells were washed with ice-cold PBS and resuspended in 300 mL of 

propidium iodide solution (200 ng/mL RNAse A, 20 mg/mL propidium iodide, 

0.1% Triton X-100 in PBS) for 15 min at 37°C. Data was collected using an 

Accuri C6 (BD Biosciences) and was analyzed using FlowJo (Tree star). In 

vitro apoptosis experiments were performed on dissociated adherent neural 

stem cells using the ApoDetect Annexin V-FITC kit (Invitrogen #33-1200) 

according to the manufacturers’ instruction.  

 

Neural stem cell culture and differentiation  

Neurospheres were maintained in Complete Media. For differentiation, 

neurospheres were dissociated using TrypLE (Invitrogen) following 

manufacturer’s instructions and seeded onto acid-etched coverslips (70% 

EtOH, 1% HCL in PBS, 5 min followed by extensive PBS wash) in 

Differentiation Media #1 or without rapamycin or metformin for 2 days. Media 

was then changed to Differentiation Media #2 for 5 days with or without drug. 

The composition of Differentiation Media #1 and #2 is provided in 

Supplementary Information.   
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All media was filter sterilized using a 0.2 mm filter. Adherent neural stem cells 

were maintained in N5 media. For in vitro proliferation and differentiation 

experiments rapamycin was used at 200 nM, metformin was used at 500 mM. 

 

Immunocytochemistry 

Following differentiation, coverslips were fixed with 4% PFA for 15 min 

at RT, then washed 3x with PBS and permeabilized with PBST for 15 min at 

RT. Cells were blocked for 2 h with 2 % normal horse serum (Invitrogen) in 

PBS at RT. Primary antibodies were diluted in 2 % normal horse serum and 

cells were incubated overnight at 4°C. Subsequently, coverslips were washed 

3x with PBS and secondary antibodies (Alexa-Fluor-488 and 594) diluted in 2 

% normal horse serum were added for 2 h at RT. Following the secondary 

antibody incubation, cells were stained with 100 ng/mL DAPI for 10 min at 

RT. Finally, coverslips were washed 3x with PBS and mounted onto slides 

using Prolong Gold Antifade Reagent (Invitrogen) and sealed with nail polish. 

Images were obtained using a Leica SP5 confocal microscope.  

 

Statistical Analysis 

Differences between the means of experimental groups were analyzed 

with a two-tailed, T Test (Prism GraphPad software, Inc.). p values ≤ 0.05 

were considered significant. A minimum of 5 mice per category (control, 

rapamycin 75 µg/kg, rapamycin 2.5 mg/kg and metformin-treated groups) 

were tested for all in vivo experiments described. In vitro experiments were 

performed in triplicates.  
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Results 

Chronic and systemic administration of rapamycin, but not metformin, 

decreases BrdU incorporation in SVZ and DG neurogenic niches  

We used a ~9-week regimen of daily intraperitoneal (i.p.) injection of 

rapamycin at 75 mg/kg (low dose) or 2.5 mg/kg (high dose), or metformin at 

200 mg/kg daily in adult C57BL/6J mice (Fig. 35A). The low dose rapamycin 

was selected to match previously reported dosage that enhanced CD8 

memory T cell generation (80). The high rapamycin dosage was selected to 

match the concentration reported to extend lifespan (189). The animals were 

3 months old at the beginning of the treatment. Age-matched controls 

received daily PBS injections. The mice did not show any increase in food 

intake or body weight during this study; mice on high dose rapamycin showed 

weight loss (Table 2A and B). 16 h following the last injection, mice were 

harvested and rapamycin concentration in the blood, and metformin 

concentration in the plasma was quantitated (Fig. 35B). The inhibition of 

mTOR activity in the brain following the pharmacological treatments was 

confirmed by fluorescent immunohistochemical analyses of phospho-

ribosomal S6 (rS6~P) on brain sections. Our results demonstrate that both 

concentrations of rapa used in this study, as well as metformin, effectively 

reduced rS6~P-specific immunostaining, indicating that mTOR signaling is 

inhibited in the brain following rapa and metformin treatment (Fig. 35C).  

To quantitate adult neural stem cell numbers, mice were injected with 

BrdU 2 days prior to sacrifice (Fig. 35A). BrdU is incorporated in the DNA 

during S-phase and has been utilized to detect slowly cycling B cells and the 

proliferating C cells in adult neurogenic niches (304, 305). First, BrdU 

incorporation in SVZ (Fig. 36A) was measured by analyses of serial sections 

encompassing the entire SVZ of adult mice.  
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Figure 35. Chronic, systemic rapamycin and metformin administration in 
mice inhibits mTOR activity in the brain. 
 
(A) Schematic representation of chronic rapamycin and metformin treatment 
regimens and BrdU administration prior to tissue collection. i.p.: 
intraperitoneal. (B) Rapamycin and metformin concentration in blood and 
plasma respectively collected from mice before tissue collection. The last 
dose of rapamycin and metformin were given 16 hr before sacrificing the 
mice. (C) Ribosomal S6 phosphorylation (rS6~P), as detected by 
immunofluorescence, in sections from the cortex of control mice or mice 
treated with the indicated doses of rapamycin or metformin. Scale bar = 100 
mm. Data are presented as representative of ≥ 5 mice per group.  
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Table 2. Neither Rapamycin nor metformin significantly increase food 
intake or body weight.  
 
Average food intake (per mouse per gram) during the study (A) and average 
body weight (per mouse) at end of study (B) with standard error of the mean 
(SEM). 
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This experiment revealed that the number of BrdU+ cells was significantly 

decreased in both low and high dose rapamycin treated mice (Fig. 36B and 

C). Interestingly, metformin treatment did not significantly alter the number of 

BrdU+ cells (Fig. 36B and C). Next, the number of BrdU+ cells were quantified 

as described in the Experimental Procedures and statistical analyses 

revealed a significant difference in BrdU incorporation between control and 

rapamycin-treated, but not in metformin-treated mice (Fig. 36D). To 

independently confirm the reduction in neural progenitor numbers, SVZ 

sections were stained with Ki67. While BrdU can be incorporated in apoptotic 

cells, Ki67 is a cell cycle marker. Consistent with the effect of the drug 

treatment on BrdU incorporation, a decreased number of Ki67+ cells were 

detected following rapamycin, but not metformin treatment (Fig 37).  

We also measured BrdU incorporation in the DG, an additional 

neurogenic niche (Fig. 38A). Sections corresponding to DG were stained with 

anti-BrdU antibody and the number of BrdU+ cells were counted and 

compared between control, rapamycin-treated and metformin-treated mice. 

We observed fewer BrdU+ cells in the DG of the rapamycin-treated mice, in 

comparison to control or metformin-treated mice (Fig. 38B and C). Taken 

together, our results demonstrate that chronic, systemic rapamycin, but not 

metformin, significantly reduced the number of cycling mammalian adult 

neural stem cells. 
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Figure 36. Chronic rapamycin treatment, but not metformin, inhibits the 
proliferation of neural progenitors in the SVZ region of the adult 
mammalian brain.  
 
(A) Schematic indicating the region of interest (boxed area) for quantitating 
BrdU incorporation in the SVZ. (B) BrdU (red) incorporation as detected by 
immunofluorescence in the SVZ of control and treated mice. DAPI stained 
nuclei are shown in blue. Scale bar = 100 mm. Arrows point to BrdU+ cells. 
(C) BrdU (green) and DAPI (blue) in the SVZ of control and treated mice. 
Scale bar = 25 mm. (D) Quantification of BrdU+ cells/mm2 in the SVZ in 
control and treated mice. Data are presented as representative individual 
images or as mean ± SEM from ≥ 5 mice per group. ** p < 0.01, ns is non 
significant. 
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Figure 37. Chronic rapamycin, but not metformin, treatment reduces 
neural progenitor numbers in the SVZ region of the adult mammalian 
brain. 
 
Ki67 staining in the SVZ of control and treated mice. Scale bar = 100 mm. 
Arrow points to Ki67+ cells. Data are presented as representative images. ≥ 5 
mice were included per group.  
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Figure 38. Chronic rapamycin treatment, but not metformin, inhibits the 
proliferation of neural progenitors in DG.  
 
(A) Schematic outlining DG. (B) BrdU incorporation (red) and DAPI (blue), as 
detected by immunofluorescence, in DG of control and treated mice. Scale 
bar = 100 mm. Arrow points to BrdU+ cells. (C) Quantification of BrdU+ 
cells/mm2 in the DG in control and treated mice. Data are presented as 
representative individual images or as mean ± SEM from ≥ 5 mice per group. 
** p < 0.01, ns is non significant. 
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Neural progenitor proliferation in vitro is reduced by rapamycin, but 

remains unaffected by metformin 

To directly test the effects of rapamycin and metformin on neural 

progenitor proliferation, apoptosis and/or differentiation, we measured the 

effects of these drugs on primary, adult neural stem cells isolated from the 

SVZ of postnatal day 30 (p30) C57BL/6 mice and cultured in vitro. Neural 

stem cells were grown under two independent culture conditions, either as 

neurospheres or as an adherent monolayer. In vitro cultures were treated with 

200 nM rapamycin or 500 mM metformin overnight and the inhibition of 

mTOR was confirmed by rS6~P immunoblotting. Under these conditions, both 

rapamycin and metformin treatment inhibited mTOR activity in these neural 

stem cells (Fig. 39A). Next, proliferation of the neural stem cells was 

measured by BrdU incorporation. Cells were incubated overnight with BrdU in 

the presence of rapamycin or metformin. Rapamycin treatment significantly 

inhibited the rate of proliferation as indicated by decreased proportion of 

BrdU+ cells (Fig. 39B and Table 3). Unlike rapamycin, metformin treatment did 

not reduce the proliferation of neural stem cells in vitro. Finally, we performed 

cell cycle analyses of control, rapamycin and metformin-treated adult neural 

stem cells. Neural stem cells were grown under adherent conditions in the 

presence of rapamycin or metformin and cell cycle analyses were performed 

by propidium iodide (PI) labeling and FACS. Similar to previous reports (306, 

307), we found that under control conditions 78.73±1.59% neural stem cells 

were in G1-phase, 9.0±0.85% in S-phase and 11.40±0.35% in G2/M-phase 

(Table 4). Metformin treatment did not significantly alter this profile (Fig. 39C 

and Table 4). In contrast, rapamycin treatment increased the percentage of 

cells in G1 phase, and resulted in a consequent decrease in S and G2/M 

phases (Fig. 39C and Table 4).  



	   182	  

 
 
Figure 39. Rapamycin, but not metformin, inhibits proliferation of neural 
stem cells in vitro.  
 
(A) Ribosomal S6 phosphorylation (rS6~P) and total ribosomal S6 in neural 
stem cells cultured in vitro, as detected by immunoblotting after overnight 
rapamycin or metformin treatment. (B) Representative FACS plots of BrdU 
incorporation in adult neural stem cells after rapamycin or metformin 
treatment. (C) Representative FACS cell cycle analysis of neural stem cells 
after rapamycin or metformin treatment. (D) Representative FACS analysis of 
annexinV/PI staining in neural stem cells after rapamycin or metformin 
treatment. Data are presented as representative of 3 independent 
experiments. 
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Table 3. Rapamycin, but not metformin, inhibits the proliferation of 
neural progenitors in vitro.  
 
Percentage inhibition of BrdU incorporation in neural stem cells isolated from 
p30 SVZ and grown in vitro as neurospheres or as an adherent monolayer. 
Data are presented as mean ± SEM of ≥ 3 independent experimental repeats. 
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Table 4. Rapamycin, but not metformin, causes G1 phase arrest in vitro.  
 
Percentage of neural stem cells at different stages of the cell cycle following 
in vitro rapamycin and metformin treatment, as determined by PI staining and 
FACS analyses. Data are presented as mean ± SEM of ≥ 3 independent 
experimental repeats. 
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Rapamycin is known to cause G1-arrest in differentiated cells (308) and 

reduced S-phase in the presence of rapamycin may account for reduced 

BrdU-incorporation observed in vivo. Neither rapamycin, nor metformin 

induced significant apoptosis (Fig. 39D).  Taken together, these results are 

consistent with our in vivo BrdU incorporation studies and suggest that 

rapamycin inhibits the proliferation of neural progenitors.  

 

Rapamycin, but not metformin, reduces neuronal differentiation 

We directly tested the effects of rapamycin and metformin on neuronal 

differentiation in vitro by using isolated neural stem cells. Following 

neurosphere cultures, differentiation was induced as described in 

Experimental procedures. Undifferentiated neural progenitors were identified 

as Nestin+, while differentiated neurons in culture were identified by Tuj1+ 

staining. Both control, as well as metformin-treated cells lost their Nestin-

expression and some cells became Tuj1+ upon neuronal differentiation (Fig. 

40). Treatment with rapamycin inhibited this differentiation in vitro. 

Rapamycin-treated cells failed to express Tuj1 and retained Nestin 

expression (Fig. 40). These results are also consistent with the longer G1 

observed in rapamycin-treated neural stem cells in vitro. Alterations in the 

precise length of G1-phase in stem cells have been correlated with defects in 

differentiation (309, 310). In summary, our in vitro results indicate that 

rapamycin inhibits neural progenitor proliferation and differentiation. Since the 

SVZ and DG neural progenitors are the source of adult born neurons, we 

hypothesized that neuronal differentiation may decrease following chronic, 

systemic rapamycin treatment. Consistent with this hypothesis, we observed 

that the number of DCX+ cells in the SVZ, was reduced upon chronic, 

systemic rapamycin treatment in comparison to control brain (Fig. 41). DCX is 
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a widely used marker for identifying neuroblasts and immature neurons in 

vivo (311). However, metformin treatment did not alter the number of DCX+ 

cells (Fig. 41). Therefore, the reduced proliferation of neural progenitors 

observed in vivo and in vitro in this study, along with the inhibition of in vitro 

differentiation, indicate that chronic, systemic rapamycin treatment results in 

reduced adult-born neurons. 
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Figure 40. Rapamycin, but not metformin, inhibits differentiation of 
neural stem cells in vitro.  
 
Representative images of undifferentiated or differentiated p30 neural stem 
cells after rapamycin or metformin treatment. Scale bar = 50 mm. Data are 
presented as representative of 3 independent experiments. 
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Figure 41. Chronic rapamycin treatment, but not metformin, reduces 
neuroblasts and/or immature neuron numbers.  
 
DCX (green) and DAPI (blue), as detected by immunofluorescence, in the 
SVZ of control, rapamycin and metformin-treated mice. Scale bar = 50 mm. 
Data are presented as representative images. ≥ 5 mice were included per 
group.  
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Discussion  

Our experiments demonstrate that ~9-week systemic administration of 

the mTOR inhibitor rapamycin reduced the number of neural progenitor cells 

in the adult mammalian brain. In contrast, a different pharmacological strategy 

of inhibiting mTOR indirectly through AMPK activation, did not significantly 

affect proliferation in the neurogenic niche. The molecular mechanisms 

accounting for the observed differences between the mTOR inhibitor 

rapamycin and metformin remain unclear at this point and will be the subject 

of future analyses. Differential effects of rapamycin and metformin could be 

ascribed to the unique effects of these drugs on mTORC1 versus mTORC2 

complex, differential inhibition of downstream signaling components or 

alternative engagement of feedback regulatory pathways. The first possibility 

is the reported effect of rapamycin on the mTORC2 complex. Prolonged 

rapamycin treatment has been reported to inhibit mTORC2 (88). Similarly, 

rapamycin-induced insulin resistance results from the disruption of the 

mTORC2 complex (89). It is possible that the inhibition of adult neurogenesis 

by rapamycin may result from similar undesirable effects on mTORC2. 

Metformin-dependent AMPK signaling is likely to be restricted to the 

regulation of the mTORC1 complex. Secondly, differential effects on 

mTORC1 substrates can also account for the observed differences. For 

example, 4E-BP1 is the major effector for the cell cycle effects of rapamycin 

(312). Additionally, unique targets of AMPK such as Acetyl CoA Carboxylase 

(295), may offset the negative effects of rapamycin through unknown 

mechanisms. It will be interesting to perform an unbiased, comparative 

assessment of differential downstream target engagement in neural stem 

cells following chronic rapamycin and metformin treatment. Finally, 

differences in the response of the IRS/Akt or Grb10 feedback loops (313-316) 
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following rapamycin versus metformin treatment in neural progenitors may 

account for the observed effects. Metformin and rapamycin have been 

reported to have opposing effects on Akt activation (317). Additionally, AMPK 

activation in sensory neurons inhibits incision-induced acute and chronic pain 

and neuropathic pain by the simultaneous attenuation of both mTOR and 

ERK signaling (318, 319). In contrast, we observe that both pharmacological 

and genetic inhibition of mTORC1 evokes spontaneous pain, mechanical 

hypersensitivity and increased sensory neuron excitability (320). Rapamycin 

releases the feedback inhibition of Grb10, which is an upstream regulator of 

MAPK pathway (315, 316, 321) and has previously been shown to increase 

ERK activation in TSC2-/- murine embryonic fibroblasts (322).  

Adult neural progenitor cells and adult neurogenesis are generally 

considered a positive characteristic that may improve or preserve cognitive 

function and behavioral health in aging. In our study, rapamycin reduces 

neural progenitor numbers. Additionally, rapamycin, or the inhibition of the 

mTORC1 and mTORC2 complexes, have been reported to inhibit dendritic 

arborization of hippocampal neurons (323). Therefore, chronic rapamycin 

treatment may have a paradoxical, negative effect on healthspan. It remains 

to be seen if metformin treatment, which lacked the adverse effects 

associated with rapamycin in our studies, would be suitable for extending 

both lifespan and healthspan across mammalian species. However, we 

cannot formally rule out the possibility that abnormal integration of adult-born 

neurons into pre-existing circuits contributes to aging and the inhibition of 

adult neurogenesis may be beneficial to healthspan. It is interesting to note 

that at least in the nematode C. elegans, the loss of certain neurons has been 

correlated with extended lifespan (324). Careful assessment of a causal link 

between rapamycin-effects on adult neurogenesis and learning, memory and 
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behavior in mammalian models of aging will be required for a comprehensive 

understanding of the impact of long-term rapamycin treatment in cognitive 

healthspan.  

In summary, our study reveals that distinct approaches of inhibiting the 

mTOR pathway, especially in the context of long-term, systemic treatment 

consistent with lifespan extension, can have significantly different outcomes in 

terms of physiological or pathological responses. The effects of mTOR 

inhibitors on cellular correlates of healthspan must therefore be carefully and 

comprehensively analyzed in individual organs and systems. While here we 

examine the effects of two distinct pharmacological approaches for mTOR 

inhibition only on adult neural progenitor cells, immune function, for example, 

will constitute another important physiological parameter for the assessment 

of improved healthspan. Rapamycin being an immunosuppressant, a 

thorough assessment of its effect on innate and adaptive immune function in 

old mice is merited.  
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