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ABSTRACT 

 

Interleukin-12 family members are important links between innate and adaptive 

immunity.  IL-12 drives Th1 responses by augmenting IFN-γ production – key for 

clearance of intracellular pathogens.  IL-23 promotes the development of IL-17 

producing CD4+ T cells that participate in the control of extracellular pathogens and the 

induction of autoimmunity.  These cytokines modulate T cell activation during primary 

responses; however, it is still unclear if priming in the presence of these cytokines affects 

secondary T cells responses.  We sought to determine the individual roles of IL-12 and 

IL-23 in naïve CD8+ T cell activation by determining their ability to influence IFN-γ 

production and cellular interactions during priming by Listeria monocytogenes (Lm) 

infected dendritic cells (DC), and whether IL-12 or IL-23 enhanced secondary T cell 

responses against Lm. 

 

During the primary immune response, we found that IL-12, not IL-23, was the 

major cytokine that promoted CD8+ T cell IFN-γ production in vitro and had a 

significant impact during the first two days of priming.  We observed that IL-12 

promoted longer duration conjugation events between CD8+ T cells and DC, a result of 

the increased production of the chemokines CCL1 and CCL17 by WT, but not IL-12 

deficient DC.  Neutralization of both chemokines resulted in reduced IFN-γ production, 

 xii



demonstrating their importance in priming naïve CD8+ T cells.  These chemokines did 

not influence CD4+ T cell IFN-γ production. 

 

To address the role of these cytokines in eliciting anti-listerial secondary 

responses in vivo, we used a DC based vaccination strategy.  We found that IL-12 and IL-

23 augmented the number of memory cells that were generated from vaccination, which 

mediated faster clearance of Lm when mice were challenged with an intermediate dose of 

Lm and complete protection when mice were infected with high doses of Lm. 

 

Our study demonstrates that IL-12 augments naïve CD8+ T cell primary 

responses by facilitating chemokine production, promoting more stable cognate 

interactions during priming.  We determined that IL-12 and IL-23 enhances secondary 

responses by increasing the size of the memory CD8+ T cell pool.  This knowledge 

should be applied to the development of future vaccines and therapeutics against 

intracellular pathogens and tumors.  
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CHAPTER 1

                                         

                                             INTRODUCTION 

 

 Understanding immunological memory and the mechanisms that govern its 

development is critical for the continued improvement of therapeutics and vaccines.  

Memory CD4+ and CD8+ T cells develop after a productive encounter with a pathogen 

or immunogen and can persist for the lifetime of the host.  This immunological property 

is critical for host survival.  When a host reencounters a pathogen, memory cells respond 

swiftly and vigorously.  This robust response limits the potentially fatal effects of the 

pathogen. 

Recent studies have identified several factors that can alter CD8+ T cell memory.  

Of these, cytokines have the potential to alter memory cell development during the 

initiation of primary responses.  Since IL-12 and IL-23 play important roles in immune 

responses against intracellular and extracellular pathogens, a more thorough 

understanding of their impact on primary and subsequent memory responses will aid in 

improvements of vaccines and currently used therapeutics. 

Innate and adaptive immunity.  Innate immunity is a critical first line of defense 

against infectious pathogens (1-11).  Cells of the innate immune system are capable of 

mounting swift responses to infectious agents based on their surface and intracellular 

expression of multiple pathogen recognition receptors (1-7, 9, 11-15).  Receptors such as 

toll-like receptors (TLRs) and nucleotide oligomerization domain binding receptors 

(NODs) are triggered by structures common to a variety of pathogens including 
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peptidoglycan (TLR2), double or single stranded RNA (TLR3), lipopolysaccharide 

(TLR4), flagellin (TLR5), and hypo-methylated Cpg motifs expressed on DNA (TLR9) 

among others (1-4, 7, 10, 13, 16-19).  Triggering these receptors result in downstream 

effects that instruct the immune system on how to resolve the infection.  These 

downstream effects include the production of cytokines, the modulation of costimulatory 

molecules, and the production of chemokines (2-5, 8-12, 15, 17, 18, 20, 21).  These 

molecules work together to activate the specific immune cells that are most capable of 

eradicating the pathogen (22-32).  Alternatively, they can inhibit the activation of other 

immune cells that would hinder this process (33-35).  The efficient activation of innate 

immune cells is important to the host because of its subsequent impact on adaptive 

immunity (36-40).   

A potent adaptive immune response is critical in the development of protective 

immunity in the host (22, 26, 31, 32, 41-44).  Adaptive immune responses involve the 

antigen-specific activation of T and B cells by innate immune cells most notably DC (36, 

38, 45-55).  When T cells become activated they undergo an expansion phase which 

entails the massive proliferation of activated effector cells.  After expansion, greater than 

90% of the activated T cells die via apoptosis (56).  This phase is known as the 

contraction phase (56).  The remaining antigen-specific T cells transition to form memory 

cells which serve as the basis of protective immunity (56).   

Several factors play a role in the activation of naïve T cells.  These factors are 

commonly referred to as antigenic stimulation (signal 1), costimulation (signal 2), and 

cytokines (signal 3) (15, 43, 49, 57-86).  Antigenic stimulation ensures that the immune 

response is pathogen-specific (64, 66, 73).  The strength of the signal through the T cell 
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receptor (TCR) can lead to proliferation of the T cell as well as to the production of 

cytokines such IL-2, IFN-γ, and TNF-α (15, 64, 66, 73, 87, 88).  Costimulatory signals 

delivered by molecules such as CD80, CD86, and CD40 expressed on antigen presenting 

cells (such as dendritic cells), augment effector T cell responses (36, 62, 85, 89-91).  

Cytokines such as IL-12 and IL-23 ensure that the responses are “tailored” to eradicate 

the pathogen by driving the production of Th1 or Th17 immune responses that are 

important for clearing intracellular or extracellular/ parasitic infections (22, 23, 41, 42, 

92-98).  Recent studies have demonstrated that if innate immune cells are not fully 

activated, protective immunity in the host may be compromised.  This observation was 

attributed to suboptimal primary T cell responses (numbers or function), which resulted 

in compromised secondary responses (37, 38, 40) 

Dendritic Cell and Naïve T cell Activation.  Dendritic cells (DC) are one of the 

most important cells of the innate immune system.  Their ability to potently stimulate 

naïve T cell activation serves as an important bridge between innate and adaptive 

immunity (37, 47, 50, 53, 54, 69, 99-101).  As a result of this property, these cells are 

commonly referred to as professional antigen presenting cells (APCs) (48, 102, 103).  

Their ability to efficiently prime naïve lymphocytes (Figure 1) is critically dependent on 

their activation state (36, 38, 45, 70).  A fully activated DC is considered “mature”, 

whereas a DC that has not received the appropriate stimulation is referred to as 

“immature” (104).  DC maturation is primarily initiated by stimulation via pattern 

recognition receptors (PRR) such as toll like receptors (TLRs), or through indirect 

stimulation of these cells via specific cytokine receptors (4, 9, 26, 105).  If these 
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pathways are efficiently triggered, DC are able stimulate other innate immune cells and to 

activate naïve CD4+ and CD8+ T cells. 
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Figure 1:  Dendritic Cell Maturation Controls CD8+ T cell Activation 

 

 
Figure 1.  DC maturation controls CD8+ T cell Activation.  In a resting or “immature” 

state DC present low levels of peptide-MHC complexes, costimulatory molecules, and 

will not produce cytokines.  CD8+ T cells engaging DC in this state will not become 

activated.  However, CD8+ T cells stimulated by activated or “mature” DC (expressing 

high levels of peptide-MHC complexes, costimulatory molecules, and cytokines), will 

proliferate, produce cytokines, and acquire the ability to lyse target cells. 
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The ability of DC to efficiently activate naïve T cells is one of the key hallmarks 

in the establishment of protective immunity (38).  These cells are required for the 

initiation of primary responses against a variety of pathogens (48).  DC also augment 

recall responses upon secondary infection (54).  Once maturation begins, DC begin to 

downregulate phagocytosis and endocytosis (104).  This downregulation decreases cell 

membrane turn-over and increases the cell-surface half-life of peptide-MHC complexes 

(104).  In addition, the cells begin to upregulate costimulatory molecules such as CD86 

and CD40 which can augment T cells responses when ligated by CD28 and CD40L 

expressed on naïve T cells respectively (36, 104).  Mature DC also secrete cytokines such 

as IL-12 and IL-23 which promote the immune response most suitable for the eradication 

of intracellular pathogens/ tumors (Th1) and parasitic/ chronic infections (Th17) 

respectively (36, 104).  The ability of mature DC to efficiently promote these specific 

types of immune responses also results from their ability to migrate from peripheral sites 

to secondary lymphoid organs where the initiate naïve T and B cells activation (45, 104).   

IL-12, IL-23, and T cell activation.  As mentioned above, cytokines play a very 

important role in the activation of naïve CD8+ T cells.  They possess the ability to 

activate or suppress T cell responses such as proliferation, cytokine production including 

IFN-γ and TNF-α, and cytolysis (33, 58, 106, 107).  Their ability to promote specific 

immune responses (Th1, Th2, and Th17) is a key feature of these molecules.   

Members of the Interleukin-12 family, including IL-12, IL-23, and IL-27, 

play particularly important roles in T cell activation (27, 92, 108-110).  

Interleukin-12 (IL-12) stimulation of CD8+ and CD4+ T cells results in the 

induction of IFN-γ (27, 92, 108-110).  In addition, IL-12 can increase the  
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cytolytic activity in CD8+ T cells (111-113). These features are hallmarks of Th1 

immune responses and aid in the resolution of intracellular pathogens and tumors.  

Interleukin-23 (IL-23) is most commonly associated with promoting the 

development of IL-17 producing CD4+ T cells (27, 92, 108-110).  These cells 

promote autoimmunity, the resolution of extracellular pathogens, and eradication 

of chronic infections (27, 92, 108-110).  

Interleukin 12 and 23 are produced rapidly in response to TLR or 

intracellular pathogenic infection (4, 9, 26, 105).  The biologically active form of 

IL-12 is a heterodimer consisting of p40 and p35 subunits which are joined by 

disulfide bonds (114-116).  Interleukin 23 shares the p40 subunit of IL-12; but is 

coupled with the p19 subunit.  The IL-12p40 subunit is produced by antigen 

presenting cells (macrophages and dendritic cells) and the IL-12p35 subunit is 

produced by numerous cell types. The synthesis of biologically active IL-12 and 

IL-23 requires the synthesis of both subunits in the same cell (114, 116).   

In addition to similarities between the cytokines themselves, homology is 

also found in the structure of their receptors.  The IL-12 receptor consists of the 

IL-12Rβ1 and IL-12Rβ2 chains (80-82, 117, 118).  The IL-12Rβ2 chain is 

upregulated on naïve T cells when its cognate antigen is recognized, and is 

increased on effector cells through the actions of IL-12 and IFN-γ (80-82).  The 

IL-12Rβ2 chain is thought to be critical for the production IFN-γ in T cells, and is 

down-regulated on CD4+ T cells in the presence of IL-4 (80).  The protein 

tyrosine kinases (PTKs) Tyk2 and JAK2 are associated with the IL-12Rβ1 and 

IL-12Rβ2 subunits respectively (80-82, 117, 118).  These molecules become 
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tyrosine phosphorylated upon binding of IL-12 to the receptor chains and they 

phosphorylate tyrosine residues located on the cytoplasmic domain of the IL-

12Rβ2 subunit.  This subunit then serves as a docking site for the transcription 

factor, Signal Transducer and Activator of Transcription 4 (STAT4) (80-82, 117, 

118).  STAT4 is then phosphorylated by these PTKs, homodimerizes, and 

translocates to stimulate to begin the transcription of the genes responsible for the 

synthesis of IFN-γ.   

The interleukin-23 receptor is composed of the IL-12Rβ1 subunit and an 

IL-23 receptor.  The IL-23 receptor serves as the signal transducing chain of this 

receptor.  Amino acid sequences in the cytoplasmic domain of the signal 

transducing chain results in docking of STAT3 and STAT4, which are the major 

STATs that are activated upon ligation of the IL-23 receptor.  Once 

phosphorylated these transcription factors heterodimerize and translocate to the 

nucleus to initiate the induction of IL-17 among other genes (Figure 2).  
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Figure 2:  IL-12 Family Members Modulate T cell Activation 

 

Figure 2.  IL-12 Family Members Modulate T cell Activation.  The IL-12 

family members bridge innate and adaptive immune responses.  Members of the 

IL-12 family can promote similar immune response, such as the induction of IFN-

γ production from T cells.  However, these cytokines are commonly distinguished 

by their ability to drive specific immune responses.  Th1 responses (IL-12 

mediated) are important in the control of intracellular pathogens and tumors, 

while Th17 responses (IL-23 mediated) are important in the resolution of 

extracellular pathogens and play an important role in the induction of 

autoimmunity. 
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L. monocytogenes and immunity.  L. monocytogenes (Lm) is a Gram 

positive, facultative intracellular pathogen that has been studied extensively, and 

as such immune responses elicited against this pathogen have been well 

characterized.  L. monocytogenes expresses a multitude of virulence factors that 

promotes its internalization in phagocytic and nonphagocytic cells, its escape 

from phagocytic vesicles before phagolysome fusion, and an actin-based motility 

mechanism which can be used for cell to cell spread.  These factors include 

internalins (InlA and InlB) which induce cellular uptake, a pore-forming 

cholesterol-dependent cytolysin Listeriolysin O (LLO), phospholipases PLCA and 

B which disrupt phagosomal membranes, and ActA which it uses to hijack the 

host cell’s actin machinery.  The ability to escape from phagosomes before 

phagolysosome fusion and avoid extracellular immune surveillance via cell to cell 

spread is critical features of Lm pathogenesis (Figure 3).   
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Figure 3:  The Listeria monocytogenes Life Cycle 

 

 

Figure 3.  The Listeria monocytogenes Life Cycle.  Listeria monocytogenes 

(Lm) is a gram +, facultative intracellular bacteria that can be fatal to 

immunocompromised individuals as well as pregnant women.  Lm attempts to 

evade killing by the immune system by escaping from endocytic vesicles into the 

host cell’s cytoplasm and spreading from cell to cell without exposure to the 

extracellular environment.  The ability of Lm to evade immune surveillance 

depends on its expression of several virulence factors including internalins which 

stimulates phagocytosis, listeriolysin O (LLO) and phospholipases which 

compromise cellular membranes so Lm can escape into the cell’s cytoplasm, and 

ActA that Lm uses to polymerize host cell actin for movement around the 

cytoplasm of the infected cell. 
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Based on these characteristics of the Lm life cycle, CD8+ T cells and IFN-

γ are important in the resolution of this pathogen (83, 119-124).  IFN-γ is 

produced by a variety of cells including CD8+ T cells during Lm-infection.  This 

cytokine is important in activating macrophages and neutrophils which are the 

principal killers of Lm in vivo (9, 124-133).  In addition, Lm escape from 

phagosomes is reduced in IFN-γ treated cells (124).  As mentioned above, CD8+ 

T cell are a major source of IFN-γ during listerial infection (121, 134-137).  In 

addition to producing this cytokine in large amounts, these cells lyse Lm-infected 

cells thus increasing Lm exposure to activated macrophages and neutrophils (138-

141).  

Dendritic Cells, CD8+ T cells, and CD4+ T cells role in L. 

monoctyogenes Immunity.  Dendritic cells are the principal activators of Lm-

specific naïve CD8+ T cells and also augment recall responses upon secondary 

exposure to this pathogen (38, 48).  DC are so potent at eliciting anti-listerial 

immune responses, vaccination with these APC coated with Lm antigens is 

sufficient in eliciting protective immunity (52, 135).  In addition to being critical 

for the initiation of Lm-specific adaptive immune responses, these cells are 

required for Lm entry into the spleen in the intravenous model of murine infection 

(55).   

T helper cells (CD4+ T cells) augment CD8+ T cell responses during primary 

infection with Lm (120, 142, 143).  Without these cells (MHCII-/- mice) CD8+ T cell 

expansion is reduced; however, their function on a per cell basis is not compromised 

(120, 142, 143).  Importantly, the reduced expansion of CD8+ T cells in mice lacking 
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CD4+ T cell help resulted in slower clearance of Lm (120, 142, 143).  Reduced expansion 

of CD8+ T cells during the primary response results in a smaller memory pool in the 

absence of CD4+ T cells (120, 142, 143).  However unlike the primary effectors, the 

secondary effector CD8+ T cell responses (IFN-γ production/ cytolysis) are diminished 

(120, 142, 143). Secondary challenge of mice lacking CD4+ T cells results in higher 

bacterial burden in lymphoid and nonlymphoid organs compared to the response elicited 

in wild-type mice and ultimately a lack of protection in this background (120, 142, 143).   

CD8+ T cells are required for sterilizing immunity against L. monocytogenes.  

This finding was determined using MHC class I and class II knockout mice (48, 144).  It 

was observed that mice deficient in MHC class I were more sensitive to low dose listerial 

infection compared to infection in class II knockout mice (145).  Other studies have 

shown that adoptively transferring memory CD4+ T cells into naïve recipient mice only 

confers minimal protection to this the host when infected with Lm, whereas transferring 

equivalent numbers of memory CD8+ T cells completely protects the host (120, 121, 

130, 146, 147).  

Interleukin-12 in Lm Immunity.  Cytokines play a major role in the eradication 

of Listeria (9, 75, 148-151).  Most notably the cytokines IL-12 and IFN-γ work in concert 

to eradicate the infection by stimulating both the innate and adaptive arms of the immune 

system (9, 58, 75, 124, 147-156). Studies have found that neutralizing IL-12 during Lm 

infection results in increased bacterial burden in both wild-type and SCID mice (mice 

deficient in both T and B lymphocytes) (148).  This most likely was the result of reduced 

IFN-γ production in both backgrounds and the resulting lack of macrophage activation in 

the Lm-infected mice.   
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The adjuvant activity of IL-12 in stimulating protective immunity to Lm was 

demonstrated in a study in which IL-12 was administered in combination with soluble 

listerial antigens (150, 151).  This vaccine elicited protective immunity in mice (150, 

151).  The protective effect was hypothesized to be partially mediated by CD8+ T cells 

(150, 151).  CD8+ T cells primed in the presence of IL-12 make more IFN-γ and are 

more cytolytic (112, 147, 148, 152); both of these processes have been demonstrated to 

play important roles in the resolution of Lm (122-124, 138-140, 147, 148, 157).  

As mentioned above, IFN-γ plays a critical role in the resolution of Lm (130, 147, 

148).  This cytokine activates macrophages and neutrophils, which are capable of taking 

up and killing bacteria upon activation.  Specifically, IFN-γ stimulates the production of 

phagocyte oxidase and nitric oxide synthase in these cells, increasing their bactericidal 

capacity (122, 124).  Macrophages stimulated by IFN-γ are able to inhibit listerial entry 

into the cytoplasm, effectively terminating the infection (122, 124).  In addition, IFN-γ 

induces the upregulation of MHC molecules on macrophages and dendritic cells, 

increases costimulatory molecule expression on dendritic cells, and stimulates cytokine 

production from various APCs (58).  All of these effects contribute to enhanced antigen 

presenting activity and induction of protective T cell responses.   

The initial cellular source of IFN-γ during a listerial infection is thought to be 

natural killer cells (NK) and γδ T cells (123, 130, 148, 150, 158).  These lymphocytes are 

important in controlling Lm at the onset of infection (123, 130, 148, 150, 158).  Studies 

using mice deficient in these populations have demonstrated accelerated growth of Lm in 

both lymphoid and nonlymphoid organs during the initial days of the infection (123, 130, 

148, 150, 158).  In fact, the initial production of IFN-γ by these lymphocytes is enough to 
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control low dose infection by Lm without the aid of the adaptive arm of the immune 

system (123, 130, 148, 150, 158).  However, if IFN-γ is neutralized during a low dose 

infection, the organism will grow exponentially in organs not normally colonized during 

the normal course of an infection (123, 130, 148, 150, 158).  Studies performed in SCID 

mice have further validated the importance of IFN-γ in resolving Lm (148).  If exogenous 

IFN-γ is administered to SCID mice, they retain the ability to eradicate high doses of this 

pathogen (148).  During secondary infection, memory CD8+ T cells also augment the 

initial production of IFN-γ along with NK and γδ T cells (159). Unlike NK cells which 

are found near B cell zones during Lm infection, memory CD8+ T cells are located within 

the T cell zone of the spleen in infected mice (159, 160).  The ability to enhance IFN-γ 

production at this critical location may be another important function of memory CD8+ T 

cells during listerial infections (160).   

Chemokines and Lm Immunity.  The role of chemokines in Lm immunity is 

only beginning to be understood (127, 161-163).  Direct infection of DC with Lm results 

in a strong induction of chemokines.  These include MIP-1α, MIP-1β, RANTES, CCL1, 

and CCL17 among others (Figure 9).  The chemokines MIP-1α, MIP-1β, and RANTES 

all bind to the CCR5 receptor (76, 164-167).  In vivo, it has been demonstrated that CCR5 

deficient mice mount a normal immune response to Lm (168).  These mice clear Lm from 

their livers and spleens at the same rate as wild-type mice, and protective immunity is not 

compromised in CCR5 deficient mice (168).  Unlike CCR5-/- mice, CCR2-/- mice are 

highly susceptible to Lm infection exhibiting markedly increased bacterial burden in the 

liver and spleen compared to wild-type mice (169, 170).  In addition, these mice succumb 

to infection at much lower doses (169, 170).  This increased susceptibility correlates with 
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fewer activated macrophages and TNF-iNOS-producing DC (Tip-DC) upon infection.  

This results from the deficient recruitment of inflammatory monocytes from the bone-

marrow to sites of microbial infection.  Macrophage chemoattractant proteins 1 and 3 

(MCP-1 and MCP-3), the ligands for CCR2, play an important role in this process (169, 

170).  Other studies have found that MCP-1 -/- mice and MCP-3 -/- mice are also more 

susceptible to Lm infection as a result of decreased activate macrophages found at 

infectious foci (169-171).  In addition to MCP-1 and MCP-3, CCL17 is induced in vivo in 

response to Lm infection (172).  The expression of this chemokine was observed in 

nonlymphoid and lymphoid organs (172).  Dendritic cells were a major producer of this 

chemokine (172).  CCL17 expressing DC expressed higher levels of IL-12 and CD86 

compared to DC not expressing this chemokine (172).  More importantly, CCL17 

producing DC were more potent activators of naïve CD4+ T cell proliferation and IFN-γ 

production (172).  However, the role of CCL17 in these processes was not directly 

addressed.  In addition to playing a role in primary responses, chemokines augment recall 

responses upon secondary exposure to Lm.  Memory CD8+ T cells that produce CCL3 

induced increased TNF-α production from mononuclear phagocytes and neutrophils 

which increased their bactericidal capacity and ability to resolve the infection (127).  

Cellular Dynamics during Priming and T cell Outcomes .  As mentioned 

above, naïve CD8+ T cell must receive multiple signals to become fully activated, 

proliferate, and acquire effector function.   Signal 1, or the recognition of antigenic 

peptide-MHC presented by activated APCs, signals the lymphocyte to “stop” on the APC 

and remain in a cognate interaction for a given interval (66, 173).  When the naïve CD8+ 
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T cell arrests on an activated DC, the chances of these cells efficiently receiving and 

responding to signal 2 (costimulation) and signal 3 (cytokines) increases (173).   

The ability of a conjugated naïve CD8+ T cell to efficiently receive signals 

2 and 3 provided by activated DC is enhanced by the formation of a structure 

called the immunological synapse (57, 63, 74, 78, 174-180).  Although the exact 

function of this structure is still under investigation, it is known that this structure 

forms at the contact site of antigen presenting cells and T cells (73, 174, 175, 177, 

179, 180).  This structure is composed of two main regions.  The central 

supramolecular activation cluster (cSMAC) is a region that contains molecules 

mostly involved with signaling, while the peripheral supramolecular activation 

cluster (pSMAC) contains molecules mostly involved in cell to cell adhesion 

(175, 180).  It has been observed that cytokine and chemokine receptors (such as 

the IFNγR and CCR5 respectively) polarize to the contact site of naïve CD8+ T 

cells and a dendritic cells during priming, and the ability of these receptors to 

relocate to the cSMAC is believed to be important in the proper activation of 

these cells; however, this still remains to be proven (78, 176).   

Physical interactions between naïve CD8+ T cells and dendritic cells in 

inflammatory conditions are very different than the interactions occurring under 

tolerogenic conditions (antigen without inflammation) (51, 181).  In vivo and in 

vitro studies revealed that DC and naïve CD8+ T cells experience long duration 

interactions (greater than 30 minutes) only during inflammation.  If the 

interactions between these immune cells are mainly transient (7 minutes in the 
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presence of antigen only) T cells will not gain cytokine-producing or cytolytic 

functions.   

 The duration of conjugation is likely enhanced by chemokines that are 

present as a consequence of inflammation.  Evidence supporting this hypothesis 

was shown in a study in which the chemokine receptor CXCR4 and CCR5 were 

recruited to the immunological synapse between antigen presenting cells and 

human CD4+ T cells (78, 182, 183).  This chemokine receptor “trapping” was 

hypothesized to stabilize the interactions between the T cell and DC during 

priming (78).  In addition, it was shown that this recruitment resulted in increased 

T cell proliferation and IFN-γ production (78).  In addition to the long duration 

interactions observed during optimal priming conditions, the frequency of 

interactions between DC and naïve CD8+ T cells also increases under 

inflammatory conditions (51).  All of these factors work together during 

inflammation to increase the probability that naïve CD8+ T cells will receive the 

appropriate stimulation for activation to eradicate the invading pathogen.  

IL-12 and Cellular Dynamics during Priming.  Although IL-12 is not 

thought to possess chemotactic properties, studies have shown that this cytokine 

plays a role in directing cellular interactions during inflammation.  Interleukin-12 

stimulation of CD8+ T cells increases the expression of chemokine receptors such 

as CCR5 (82, 184, 185).  In addition, IL-12 may increase the expression of 

adhesion molecules such as LFA-1 and ICAM-1 under certain conditions.  These 

molecules have a high affinity for each other, thus their ligation leads to a 

substantial increase in the stability of cognate interactions between T cells and 
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DC.  These molecules also localize to immunological synapses during priming, 

which suggests that they play an important role during T cell activation.  Further 

evidence supporting the importance of IL-12 in T cell migration shows that the 

expression of P-selectin ligands, which increase organ specific properties of 

memory T cells, is more stable on cells primed in the presence of IL-12 thus 

making them more primed to handle secondary exposure to pathogens (157).   

Summary statement.  Members of the Interleukin-12 family, such as IL-

12 and IL-23, serve as important cytokines that bridge innate and adaptive 

immunity during infections.  These cytokines induce IFN-γ and IL-17 production 

from activated T cells which play vital roles in the clearance of intracellular and 

extracellular pathogens, respectively.  Studies have shown that members of the 

IL-12 family can play redundant roles in T cell activation.  In addition, it has been 

shown that IL-12 can modulate the development of memory cells very early 

during priming.  Therefore, we have focused on two major issues with this study.  

First, we sought to determine the specific roles of IL-12 and IL-23 on CD8+ T 

cell activation focusing mainly on IFN-γ production and proliferation in vitro.  In 

addition, we sought to identify potential roles that these cytokines play on 

memory CD8+ T cell generation and subsequent secondary T cell response in 

vivo.  We hypothesized that IL-12 would play a more important role than IL-23 in 

promoting proliferation and IFN-γ production during primary responses, and that 

only IL-12 would augment memory CTL generation and responses.  In this work 

we present evidence that in vitro IL-12 (not IL-23) is critical for inducing IFN-γ 

production during priming, and this is mediated in part by increased chemokine 
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production that occurs when IL-12 is present during inflammation.  However, in 

vivo neither cytokine is critical for the generation of IFN-γ producing CD8+ T 

cells during primary responses.  While not playing an apparent role in IFN-γ 

production or proliferation in vitro and in vivo during primary T cell responses, 

our data suggests that IL-23 exposure during priming increases the number and 

function of memory CD8+ T cells which in turn is important in establishing 

protective immunity.  
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CHAPTER 2 

MATERIALS AND METHODS 

 

 

Mice 

C57BL/6, IL-12p35-/-BL/6-IL12atm/Jm, IL-12p40-/-BL/6-IL12btm/Jm, B6.129S1  

Il12rb2tm1Jm/J, OT-1 and OT-2 TCR transgenic mice specific for OVA (257-264) presented 

by H-2Kb and OVA(329–337) presented by I-Ab were purchased from The Jackson 

Laboratory (Bar Harbor, ME).  P14 TCR transgenic mice specific for the LCMV 

glycoprotein (GP) peptide 33–41 were kindly provided by Dr. Jason M. Grayson (Wake  

Forest University School of Medicine, Winston-Salem, NC).  All mice were maintained  

and bred in the animal facility at Wake Forest University School of Medicine. 

 

Antibodies 

Neutralizing Antibodies.  To neutralize the activity of IL-12 and IL-23, anti-p40 (clone 

C15.6; Biosource International, Camarillo CA) or just IL-23, anti-p19 (clone G23-8, 

eBioscience, San Diego CA) neutralizing antibodies (10 μg/mL) were added prior to T 

cell addition and maintained throughout the assay unless otherwise indicated.  

Neutralizing antibodies against the chemokines TARC/CCL17 (clone 110904; R & D 

Systems, Jamul CA) and TCA-3/CCL1 (Cat. No. AF845; R & D Systems, Jamul CA) 

were added at 10μg/ mL prior to T cell addition and maintained throughout the assay.   
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Surface and Intracellular Cytokine Staining Antibodies.  Fluorescent antibodies 

measuring the expression of the mouse DC costimulatory molecules CD40 (Clone 3/23), 

CD80 (clone 16-10A1), and CD86 (GL1) and the phenotypic marker, CD11c were 

purchased from BD Biosciences (San Diego, CA). Interferon gamma production by 

CD8+ OT-1 T cells was measured using fluorescent antibodies to CD8 (clone 53-6.7; BD 

Pharmingen, San Diego CA) and IFN-γ APC (clone XMG1.2; BD Pharmingen, San 

Diego CA).   

 

Dendritic Cell Propagation 

Bone marrow-derived DC were generated as previously described (36).  Briefly, bone 

marrow was removed from the tibias and femurs of 8- to 10-week-old C57BL/6 (or strain 

indicated) mice.  Red blood cells were lysed, and the progenitor cells (5 x 105/ mL) were 

resuspended and plated in RPMI 1640 containing 10% FCS supplemented with 10 ng/ 

mL GM-CSF (generated from a recombinant baculovirus expression system).  Dendritic 

cells were cultured for 6 days at 37° C in 5% CO2 and given fresh medium and cytokine 

on days 2 and 4.  DC used for the described experiments were between 90-95% CD11c+ 

and expressed low levels of CD40, CD80, and CD86 which are characteristic of 

immature DC (data not shown). 
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In vitro Infection of DC 

For T cell priming assays, DC were seeded at 2 x 104 per well and infected with wild-

type Listeria (strain 10403S) at a multiplicity of infection (MOI) of 1.  Four hours post 

infection, OVA peptide257-264 was added at a concentration of 0.1 ng/mL (or as indicated) 

with chloramphenicol (10μg/mL) and gentamicin (10μg/mL).  Twenty-four hours post 

infection OT-1 were added at 10:1 T to DC.  For some experiments OT-1 T cells were 

stained with CFSE prior to culture with DC. 

 

In vivo Infection of Mice 

C57BL/6 (Wild type) or IL-12 deficient (p35-/-) DC were mock treated (PBS only) or 

infected with 1 LD50 of Lm strain 10403S delivered intravenously (5x105 CFU).  At 18 

hours post infection, mice were sacrificed and inguinal, lumbar, and mesenteric lymph 

nodes as well as spleens were harvested.  RNA was isolated for chemokine analysis from 

DC following enrichment for CD11c+ cells.  

 

Time-Lapse Video Microscopy 

DC were prepared and infected as in T cell priming assays with the following 

modifications.  Day 6 wild-type, IL-12p35-/-, or IL-12p40-/- dendritic cells (106) were 

seeded in T25 flask and infected with L. monocytogenes at an MOI of 1.  After four hours 

antibiotics were added (chloramphenicol and gentamicin, 10 μg/mL), and ovalbumin 

peptide was added at a concentration of 0.1 ng/mL.  At 24 hours post infection, OT-1 T 

cells were added to the flask at a ratio of 10:1 T cells to DC.  For neutralization 

experiments, isotype control protein or neutralizing antibodies to CCL1, CCL17, or IL-
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12/23 p40 were added to the flask at a concentration of 10 μg/mL.  The total time of 

conjugation between individual CD8+ T cells and DC was determined by measuring the 

ligation (on) and detachment (off) times of a T cell with DC conjugate.  At least 50 

interactions per experiment were monitored.  Interaction times are expressed as 

dissociation curves between T cell and DC with the percent of T cells in conjugate versus 

total time of conjugation with DC (in minutes).  A more gradual slope indicates longer 

duration interactions between a population of T cells and DC.  Time-lapse phase contrast 

images were recorded with an exposure time of 5 second frame intervals using an 

Olympus 1X70 (Olympus America, Inc., Melville, NY) enclosed with an incubation 

chamber set at 37°C.  Video recordings were captured over a 48 hour period. 

 

ELISAs 

Culture supernatants from either DC infection/maturation assays or T cell priming assays 

were collected at the indicated times.  These supernatants were then probed for the 

presence of the following cytokines using ELISA kits according to the manufacturer’s 

instructions: TCA3 (CCL1) and TARC (CCL17) (DuoSet® ELISA, R & D System, 

Minneapolis MN), IL-12p40 (OptEIA kit, BD Biosciences), IL-23 (eBioscience),  

IFN-γ (OptEIA kit, BD Biosciences).   
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Cytokine/Chemokine Protein Array 

Wild-type, IL-12p35-/-, and IL-12p40-/- were infected with L. monocytogenes at an MOI 

1.  Twenty-four hours post-infection, supernatants were harvested and probed for various 

cytokines and chemokines according to the manufacturer’s instructions (Raybiotech 

Mouse Cytokine Antibody Array 3). 

 

Real-Time Reverse Transcriptase PCR 

Real-Time PCR was performed according to the manufacture’s instructions (Applied 

Biosystems; Forster City, CA).  Briefly, RNA was isolated from bone-marrow derived 

DC or DC enriched from the spleens and lymph nodes of Lm-infected mice using the 

RNAqueous Kit (Ambion, Austin TX).  Once isolated, 20 ng of RNA of each sample was 

used in each reaction.  Primer and probe sets used to detect CCL1, CCL17, and ActB 

messages were purchased from Applied Biosystems (Forster City, CA).  Taqman 

Universal PCR Master Mix was purchased from Applied Biosystems (Forster City, CA), 

and nuclease free water was purchased from Ambion (Austin, TX).  The reverse 

transcriptase used in these studies was MMLV-RT which was purchased from Invitrogen 

(Carlsbad, CA).  The reactions were performed and analyzed using the ABI Prism 7000 

Sequence Detection System (Applied Biosystems; Forster City, CA). 
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Column Enrichment of ex vivo DC 

Dendritic cells were enriched (CD11c positive selection) from the spleens and lymph 

nodes of Lm-infected mice according to the manufacturer’s instructions (Miltenyi Biotec, 

Auburn, CA).  LS columns were used for the spleen and MS columns were used for the 

lymph nodes (pooled mesenteric, inguinal, and lumbar).  

 

OT-1 T cell Isolation from the Spleen 

CD8+ T cells were isolated from the spleens of OT-1 TCR transgenic mice.  Mice were 

euthanized by CO2 asphyxiation followed by cervical dislocation.  The spleen was 

removed and placed in a filter located in 25 mm Petri dish containing 15 mL of RPMI 

1640 containing 10% FCS.  The spleen was mechanically digested using the rubber end 

of a plunger from an 18-G needle.  The cell suspension was place in a 50 mL conical tube 

and spun for 8 minutes at 1200 RPM.  After spinning, the supernatant was aspirated and 

the remaining pellet was resuspended by gentle agitation.  The red blood cells were lysed 

by adding 1 ml of ACK lysing buffer for 1 minute.  After this 1 minute incubation period, 

15 mL of 10% RPMI was added to the tube.  The tube was agitated several times, and the 

solution was the filtered into a new 50 mL concial tube.  The tube was spun for 8 minutes 

at 1200 RPM.  After spinning, the supernatant was aspirated and the remaining pellet was 

resuspended by gentle agitation followed by the addition of 20 mL of 10% RPMI.  Total 

cellular yield was determined by counting the cells using a hemacytometer after trypan 

blue staining.  Once counted, splenocytes were stained to determine the percentage and 

activation state of OVA-specific CD8+ T cells.  On average 70% of the CD8+ T cells 
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were OVA-specific, and most express low levels of CD44 (5%) and high levels of 

CD62L (98%). 

 

Dendritic Cell Vaccination of p40-/- Mice 

OT.1 T cells generated as previously described were adoptively transferred into p40-/- 

mice two days prior to vaccination (105/ mouse).  Dendritic cells were generated as 

previously described.  On day 6, DC were infected with Lm-OVA (MOI 1).  After four 

hours antibiotics were added (Penicillin and Streptomycin 10 μg/mL) to the cultures.  

Twelve hours post infection, p40-/- mice were vaccinated with Lm-OVA (3 x 103 CFU/ 

mouse), or Lm-OVA infected WT DC, p35-/- DC, or p40-/- DC (2.5 x 105 DC/ mouse).  

Costimulatory molecule upregulation was determined on the DC at the time of transfer 

via surface staining.  Flow cytometric analysis revealed similar expression levels of 

CD86, CD80, and CD40 on all of the DC populations used for vaccination at the time of 

transfer.  In addition, lysates from some of the infected DC were plated on BHI agar 

plates to confirm that viable Lm was not being transfer into the mice with the DC.  L. 

monocytogenes was not recovered from any of the antibiotic treated DC, confirming that 

viable Lm was not transferred to the DC immunized mice. 

 

Isolation of Lymphocytes from the Liver 

Mice were sacrificed and incisions were made in the abdominal region to expose their 

livers.  Livers were perfused with by gently injecting 5 mL of 1X PBS in the hepatic 

artery.  Once the perfusion was completed, livers was excised and homogenized using a 

plunger on a wire mesh screen in 1% RPMI.  The homogenates were transferred to a 50 
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mL conical tube and spun at 1200 rpm for 8 minutes.  After aspiration, pellets were 

resuspended in 20 mL of 10% RPMI plus 2 mL of a 10x collagenase/DNAse mix and 

incubated at 37° for 1 hour while vortexing every 15 minutes.  After 1 hour, samples 

were spun at 1200 rpm for 8 minutes. The resulting supernatants were decanted, and 

pellets were resuspended in 5 mL 44% percoll (made with serum-free media).  Samples 

were then transferred to 15 mL conicals which were then underlayed with 2 mL of 56% 

Percoll (made with PBS) and spun at 2000 rpm for 20 minutes with no brake.  The 

resulting interface (containing lymphocytes and red blood cells) were collected and 

washed with 13 mL 1% RPMI and spun at 2000 rpm for 10 min to wash out any 

remaining percoll.  Supernatants were decanted, the red blood cells were lysed by adding 

.5 mL of ACK lysing buffer for 1 minute.  The samples were then washed by spinning for 

1200 rpm for 8 minutes in 13 mL of 1% RPMI.  After spinning, the supernatants were 

aspirated and resuspended .5 mL 10% RPMI and counted in order to determine the total 

number of lymphocytes recovered. 

 

Challenge of Vaccinated Mice 

Forty days after the mice were vaccinated with Lm-OVA or DC, mice were challenged 

intravenously with 1 LD50 Lm-OVA (5 x 105 CFU/ mouse).  On day 3 post challenge, a 

portion of the liver and spleen from the infected mice were processed in order to 

enumerate bacterial colonization of these organs.  Lm burden in the spleen and liver of 

unvaccinated mice were used as controls.  
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Determining T cell Responses from Vaccinated Mice 

On days 7 and 40 post vaccination and 3 days post challenge (day 43), T cells were 

isolated from the spleens and livers of vaccinated mice.  OVA-specific CD8+ T cells 

were stained directly ex vivo for surface marker expression.  Specifically, OVA-specific 

T cells were stained for their expression of CD44, CD62L, CD69, and KLRG1. IFN-γ 

production was determined directly ex vivo and after 5 hours of restimulation with 

ovalbumin peptide.  In some experiments, perforin and granzyme B production was 

analyzed directly ex vivo and after restimulation with OVA peptide.   

 

Morbidity Experiment  

In order to thoroughly address the protective capacity of immunization with WT, p35-/-, 

and p40-/- DC, vaccinated mice were challenged with a high dose of Lm-OVA (5 LD50) 

and their phenotypes were monitored for 2 weeks.  Mice were weighed prior to challenge, 

and each day thereafter.  Mice were removed from the study when they lost > 25% of 

their original weights, were nonresponsive to stimulation (touch), exhibited a hunched 

posture, and displayed ruffled fur. 
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CHAPTER 3:  DETERMINING THE ROLES OF IL-12 AND IL-23 IN CD8+ T 

CELL ACTIVATION in vitro 

 

RESULTS 

 

IL-12, but not IL-23, significantly augments IFN-γ Production by CD8+ T cells. 

Previous work from our lab and others has shown that IL-12 production increases 

IFN-γ production by CD8+ T cells (26, 27, 36, 75, 130, 152, 186).  In addition, it has 

been reported that IL-12 augments the proliferative capacity of these cells (75, 112, 113).  

These conclusions were drawn primarily from neutralization studies in which the p40 

subunit of the cytokine was targeted; therefore, the individual contributions of IL-12 or 

IL-23 to these responses could not be distinguished.  To address the relative contributions 

of IL-12 and IL-23 to CD8+ T cell activation, we primed naïve CFSE-stained OT-1 T 

cells with either wild-type, p35-/- (no IL-12), or p40-/- (no IL-12 or IL-23) DC.  Prior to 

incubation with T cells, DC were infected with Listeria to induce cytokine production 

and were pulsed with OVA peptide.  Infection of DC with Listeria resulted in low levels 

of IL-23 production from wild-type (53 pg/mL) and p35-/- DC (44 pg/ mL), but not from 

p40-/- DC (7 pg/mL vs. 10 pg/ mL produced by uninfected DC) (Figure 4).  
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Figure 4.  IL-23 is produced by Lm-infected DC 

 

Figure 4.  IL-23 is produced by Lm-infected DC.  Wild-type, p35-/-, and p40-/- DC 

were infected with Lm (MOI 1).  Twenty-four hours post-infection, IL-23 production by 

DC was determined via ELISAs.  Data represents combined results from 3 independent 

experiments and the mean + SD is shown. Significance compared to IL-23 secretion by 

WT DC was determined by Student’s t-test.  *; p < 0.05; **, p < 0.01; ***, p < 0.001 
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On day 3 of priming, CD8+ T cell IFN-γ production and proliferation were 

measured (Figure 5A).  Proliferation of CD8+ T cells was not influenced by IL-12 or IL-

23 (division and proliferation indices).  However, in the absence of IL-12, we observed a 

significantly decreased level of IFN-γ produced on a per cell basis (2-fold reduction in 

mean fluorescence intensity, MFI).  In the absence of both IL-12 and IL-23 (p40-/-) we 

observed the most pronounced decrease in the IFN-γ MFI; yet, it was not significantly 

less than that observed in the absence of IL-12 (p35-/-) alone (Figure 5B).  In addition, 

the amount of IFN-γ secreted by CD8+ T cells over the three day priming period was 

reduced 3-fold compared to wild-type in the absence of IL-12 (Figure 5C).  Again, we 

observed no significant difference between the p35- and p40-deficient DC in their ability 

to influence IFN-γ secretion over this period.   

To more specifically address the role of IL-23, this cytokine was neutralized using 

an anti-p19 antibody.  IL-23 neutralization did not significantly decrease OT-1 IFN-γ 

production on a per cell basis when primed by WT DC (control IFN-γ MFI 262, anti-p19 

IFN-γ MFI 271, Figure 5D and 5E).  In contrast, when both IL-12 and IL-23 was 

neutralized (anti-p40), IFN-γ production by OT-1 was significantly decreased (control 

IFN-γ MFI 262, anti-p40 IFN-γ MFI 74.6).  Neutralization of IL-23 alone or IL-12 and 

IL-23 in combination did not alter proliferation (proliferation and division indices) 

(Figures 5D).  In addition, these results suggest that IL-23 does not augment IFN-γ 

production by CD8+ T cells and confirms that IL-12 is critical mediator of this process.   
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Figure 5:  IL-12, but not IL-23, Augments IFN-γ Production by  
Naïve CD8+ T cells 
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FIGURE 5.  IL-12, but not IL-23 augments IFN-γ production by naïve CD8+ T cells. 

A, CFSE-stained OT-1 T cells were primed by Listeria-infected OVA-pulsed wild-type, 

p35-/-, or p40-/- DC and IFN-γ production was determined by ICS staining on day 3 of 

priming.  IFN-γ MFI of T cells is denoted in the upper left corner.  Contour plots are 

representative of 10 independent experiments. B, The combined data from eight 

independent flow cytometric experiments is graphed.  The solid line indicates the amount 

of IFN-γ T cells produced when primed in the absence of OVA peptide. The mean + the 

SD is shown. C, IFN-γ production by CD8+ T cells during priming measured by ELISA. 

CD8+ T cells were primed by either wild-type, p35-/-, or p40-/- DC and the amount of 

IFN-γ that accumulated over three days was determined via ELISAs.  The average 

concentration of IFN-γ from three independent experiments is graphed.  D, CFSE-stained 

OT-1 T cells were primed by Listeria-infected OVA-pulsed DC in the presence of 

neutralizing antibodies against IL-23 (anti-p19) or IL-12/23 (anti-p40) and IFN-γ 

production was determined by ICS staining on day 3 of priming. Contour plots are 

representative of eight independent experiments.  E, The combined data from 10 

independent experiments is graphed. The solid line indicates the amount of IFN-γ T cells 

produced when primed by wild-type DC in the absence of OVA peptide.  The mean + the 

SD is shown.  Significance compared to the Rat Ig or WT DC controls was determined 

by Student’s t-test.  *; p < 0.05; **, p < 0.01; ***, p < 0.001.   
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We next wanted to address the possibility that these observations could be 

attributed to changes in costimulatory molecule expression or antigen presenting capacity 

of DC in the absence of IL-12 or IL-12/23.  So, we measured the upregulation of 

costimulatory molecules (CD86, CD80, and CD40) and the antigen presentation capacity 

of all DC was determined by an OVA-specific T cell hybridoma, B3Z following listerial 

infection.  We observed similar levels of costimulatory molecule upregulation and 

antigen presentation by Lm-infected wild-type, p35-/-, and p40-/- DC (Figure 6). 
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Figure 6.  DC Maturation is not compromised in  

the Absence of IL-12 and IL-23 
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FIGURE 6.  DC Maturation is not compromised in the Absence of IL-12 and IL-23. 

A, WT, IL-12 deficient (p35-/-), and IL-12/23 deficient (p40-/-) DC were infected with 

Lm at an MOI of 1 and the upregulation of costimulatory molecules was determined at 24 

hours post infection via surface staining.  B and C, WT, IL-12 deficient (p35-/-), and IL-

12/23 deficient (p40-/-) DC were infected with Lm at an MOI of 1 and the production of 

the cytokines IL-12p40 (B) and IL-6 (C) was determined at 24 hours post infection via 

ELISA.  D and E, WT and IL-12 deficient (p35-/-) DC were infected with Lm-OVA at 

increasing MOI (D) or Lm at an MOI of 1 and then pulsed with increasing concentrations 

of OVA peptide (E). Twenty-four hours post-infection, B3Z hybridoma T cells were 

added to DC and proliferation over 12 hours was determined via colormetric analysis.  

The mean + the SD is shown.   
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CD8+ T cells respond to IL-12 primarily During the First 48 Hours of Priming 

To determine the duration of IL-12 exposure that was required to promote optimal 

IFN-γ production by T cells, neutralizing antibodies against p40 were added to the DC 

cultures either upon the addition of T cells (day 0), upon day 1 of priming, or at day 2 of 

priming.  IFN-γ production and proliferation were measured on day 3.  Neutralization of 

p40 on day 0 or day 1 resulted in a 3-fold decrease in the level of the IFN-γ made on a 

per cell basis compared to the control samples (Figures 7A and 7B).  However, after 48 

hours neutralization of p40 was less effective at reducing IFN-γ by CD8+ T cells.  This 

finding suggests that IL-12 augments IFN-γ production by CD8+ T cells most effectively 

within the first 48 hours of priming.   

We next wanted to determine how long CD8+ T cells retained responsiveness to 

IL-12.  T cells were primed by p35-/- DC and rIL-12p70 was added to the cultures either 

upon the addition of T cells (0 hr), following day 1 of priming, or upon day 2 of priming.  

Proliferation and IFN-γ production were then measured on day 3.  The addition of IL-12 

on day 0 or day 1 had an enhancing effect on the production of IFN-γ by CD8+ T cells 

restoring it to the level observed by WT DC.  However, when IL-12 was added at day 2 

of priming no significant increase in IFN-γ production by CD8+ T cells was observed 

(Figure 7C).   

We hypothesized that T cell responsiveness might correlate with the expression of 

the IL-12 receptor; therefore, we monitored its expression over three days of priming in 

the presence or absence of IL-12.  We observed that the IL-12Rβ1 subunit expression 

peaked at 24 hours of priming and began to wane after this period.  In addition, the 

kinetics of this expression was not dependent on the presence of IL-12 or IL-23.  
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However in the presence of IL-12, the expression of the receptor was downregulated 

more gradually on T cells than those primed in the absence of this cytokine (Figure 7D).  

The expression of the IL-12Rβ2 subunit followed similar kinetics (data not shown). 
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Figure 7.  CD8+ T cells Incorporate IL-12 Signals Primarily During the 
First Two Days of Priming 

 

 

 

FIGURE 7.  CD8+ T cells incorporate IL-12 signals primarily during the  

first two days of priming.  A, CFSE-stained OT-1 were primed by Listeria-infected, 

OVA pulsed DC for 3 days in vitro.  Control or anti-p40 neutralizing antibodies were 

added at day 0, 1 day, or 2 days after T cell addition with DC.  IFN-γ MFI of T cells is 
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denoted in the upper left corner.  Contour plots are representative of five independent 

experiments.  B, IFN-γ MFI of T cells was determined on day 3 of priming via ICS 

staining.  The mean IFN-γ MFI + SD from five independent experiments is shown.  C, 

OT-1 were primed by Listeria-infected, OVA-pulsed wild-type or p35-/- DC for 3 days.  

Recombinant IL-12 was added to the cultures at day 0, 1 day, or 2 days after T cell 

addition with DC. IFN-γ MFI of T cells was determined on day 3.  The mean IFN-γ MFI 

+ SD from three independent experiments is shown.  D, OT-1 were primed by wild-type, 

p35-/-, or p40-/- DC for 3 days and the expression of the IL-12Rβ1 subunit was 

determined on day 0, 1, 2, and 3 of priming via surface staining.  Significance compared 

to the Rat Ig or WT DC controls was determined by Student’s t-test.  *; p < 0.05; **, p < 

0.01; ***, p < 0.001.   

 

 

 

 

 

 

 

 

 

 

 

 41



IL-12 Promotes Long Duration Interactions between CD8+ T cells and Lm-infected 

DC 

Several studies have monitored the dynamics of interactions between T cells and 

antigen presenting cells to determine how these interactions impact T cell proliferation 

and function (51, 181, 187, 188).  What has become clear is that full activation of naïve 

CD8+ T cell requires long duration interactions with DC (51).  Since IL-12 production 

peaks within 12 hours of listerial infection, and is known to influence lymphocyte 

migration during inflammation (82, 166), we decided to test the effect of IL-12 on the 

duration of interactions between CD8+ T cells and DC.  Dendritic cells were infected in a 

flask for four hours at which time OVA peptide and antibiotics were added.  Twenty 

hours post-infection, anti-p40 neutralizing antibodies were added to the culture.  After 2 

hours, OT-1 T cells were added to the culture.  Time lapse video microscopy was then 

performed over a 48 hour period, and the on/off times of individual T cell/DC 

interactions were measured.  Wild-type DC promoted long duration interactions with 

CD8+ T cells with 50% of the interactions lasting 127 minutes (Figure 8A).  Only 

transient interactions occurred in the absence of antigen.  Neutralization of the p40 

subunit of IL-12 and IL-23 significantly reduced the conjugation time between CD8+ T 

cells and DC with 50% of the interactions lasting only 27 minutes (Figure 8A).   

In order to determine the relative contributions of IL-12 and IL-23 to this 

interaction, CD8+ T cells were primed by wild-type, p35-/-, or p40-/- DC and the 

duration of conjugation was determined as described above.  Here we also observed that 

in the absence of IL-12 and IL-23 (p40-/-), the majority of interactions were of short 
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duration with 50% of the interactions lasting only 16 minutes (Figure 8B).  Again, there 

was no significant difference in the duration of interaction in the absence of IL-12  

(p35-/-) versus both IL-12 and IL-23 (p40-/-).  This observation indicated that IL-12 

could promote long duration interactions between CD8+ T cells and DC, and that IL-23 

did not significantly impact this interaction.   
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Figure 8.  IL-12 Promotes Long Duration Interactions with DC 

 

FIGURE 8.  IL-12 promotes long duration interactions with DC. A, OT-1 were 

primed by Listeria-infected, OVA-pulsed DC for 48 hours in vitro with control or anti-

p40 neutralizing antibodies.  The duration of interaction between T cells and DC were 

determined via time lapse video microscopy.  B, OT-1 were primed by wild-type, p35-/-, 

or p40-/- DC as described above and the duration of interaction between T cells and DC 

were determined via time lapse video microscopy.  Dissociation curves are combined 

data from at least three independent experiments per condition.  The solid line in A and B 

represents 50% of the interactions analyzed.  Significance compared to the WT DC + 

OVA control was determined by Cox Proportional Hazard Regression Analysis.   
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IL-12 augments CCL1 and CCL17 production by Lm-infected DC 

IL-12 is not widely regarded as a chemotactic mediator, yet we observed 

enhanced cell-cell interaction when it was present.  Therefore, we decided to test if IL-12 

affected the expression of chemokines by DC.  To identify candidate chemokines 

produced by DC in an IL-12 dependent manner, we employed the use of a 

cytokine/chemokine protein array.  Wild-type, p35-/-, and p40-/- DC were infected with 

Lm at an MOI of 1, and 24 hours post infection the culture supernatants were subjected to 

this multiplex analysis.  Interestingly, expression of the two chemokines, CCL1 and 

CCL17, was markedly reduced in the absence of IL-12 and when both IL-12 and IL-23 

were not present during infection (Figure 9).  However, the lack of IL-12 and IL-23 did 

not appear to significantly alter the production of other chemokines as strongly, including 

MCP-1, MIP-1α, MIP-1γ, or RANTES (Figure 9). 
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Figure 9.  CCL1 and CCL17 Production is Decreased in the Absence of IL-12 
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Figure 9.  CCL1 and CCL17 Production is Decreased in the Absence of IL-12.  

Wild-type, p35-/-, and p40-/- DC were infected with Lm (MOI 1), and supernatants were 

collected at 24 hours post infection and assayed for the presence of various cytokines and 

chemokines using a cytokine/ chemokine protein array (Ray Biotech®).  The chemokines 

CCL1 and CCL17 (a) were reduced in the absence of IL-12.  However, RANTES (b) and 

IL-6 (c) were not reduced in the absence of IL-12 (p35-/- DC) or IL-12/23 (p40-/- DC).  

As an internal control we observed p40 secretion (d) by Lm-infected WT and p35-/- DC 

but not p40-/- DC. 
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We next wanted to more quantitatively measure the induction of CCL1 and 

CCL17 by DC in the presence or absence of IL-12 or IL-23.  As a first step, RNA was 

isolated from either wild-type, p35-/-, p40-/-, or DC lacking the IL-12 receptor β2 chain 

(IL-12R-/-) at 24 hours post infection with Lm.  Real-time reverse transcriptase PCR 

analysis was performed to measure these chemokine messages.  We found that CCL1 

message was significantly reduced in the absence of IL-12, IL-12/23, and the IL-12R (all 

four-fold reduced) compared to the levels found in wild-type DC (Figure 10A).  We also 

observed reduced CCL17 message in the absence of IL-12, IL-12/23, and the IL-12R 

(eight-fold reduced) compared to the levels generated in Lm-infected wild-type DC 

(Figure 10A).  Taken together, these results indicate that IL-12 (but not IL-23) enhances 

the production of CCL1 and CCL17 message by Lm-infected DC and that this 

enhancement is dependent on signaling through the IL-12 receptor.  

To more directly determine the role of IL-12 in augmenting CCL1 and CCL17 

protein production, ELISA analysis was performed on the supernatants of WT or p35-/- 

DC infected with Listeria at 24 hours post infection.  We found that p35-/- DC produced 

significantly less CCL17 (three-fold reduction) at 24 hours post infection than wild-type 

DC (Figure 10B).  The amount of CCL1 produced by p35-/- DC was also reduced by 

two-fold compared to WT DC (Figure 10C); however, CCL1 secretion was very modest 

overall.  Additionally, we found significant reductions in secreted CCL17 (three-fold) 

and CCL1 (greater than two-fold) if DC lacked expression of the IL-12 receptor (Figures 

10B and 10C).  Importantly, addition of recombinant IL-12 to Lm-infected p35-/- DC 

restored CCL1 and CCL17 production to levels comparable to wild-type DC (Figures 

10B and 10C), further demonstrating that this is an IL-12-dependent enhancement.   
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Figure 10.  IL-12 Increases the Expression of CCL1 and CCL17 Message and 
Secretion in Lm-infected DC 
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Figure 10.  IL-12 increases the expression of CCL1 and CCL17 message and 

secretion in Lm-infected DC.  Wild-type, p35-/-, p40-/-, and IL-12R-/- DC were mock 

treated or infected with Lm (MOI 1), and RNA was isolated from these DC at 24 hours 

post infection.  A, CCL1 and CCL17 message levels were determined via real-time PCR.  

Data represents combined results from 3 independent experiments and the mean + SD is 

shown.  Significance compared to WT DC control was determined using a Student’s t-

test for each gene.  B and C, Wild-type, p35-/-, and IL-12R-/- DC were infected with Lm 

at an MOI of 1.  Chemokine secretion was measured 24h later by ELISA.  In some 

experiments recombinant IL-12 was added back to IL-12 deficient DC (p35-/-) in order to 

determine the effects this treatment had on CCL17 (B) and CCL1 production (C). 

Significance compared to the WT DC control was determined by a Student’s t-test.  *; p 

< 0.05; **, p < 0.01; ***, p < 0.001.   
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In contrast, the addition of recombinant IL-23 to Lm-infected wild-type or IL-12 

deficient DC did not alter CCL1 or CCL17 production (Figure 11).  Interestingly, the 

expression of the chemokine receptors for CCL1 (CCR8) or CCL17 (CCR4) by CD8+ T 

cells remained unchanged whether IL-12 was added exogenously or provided by DC 

(Figure 12).  These results reveal that IL-12 augments the production of CCL1 and 

CCL17 by Lm-infected DC at both the RNA and protein levels. 
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Figure 11.  IL-23 Does Not Augment CCL1 and CCL17 Production From 
Lm-infected DC 

 

 

Figure 11.  IL-23 Does Not Augment CCL1 and CCL17 Production From 

Lm-infected DC.  Wild-type and p35-/- DC were infected with Lm (MOI 1), and 

recombinant IL-23 (rIL-23) was added to DC at 4 hours post infection.  A, CCL17 and B, 

CCL1 secretion were determined at 24 hours post-infection via ELISAs.  Data represents 

combined results from 3 independent experiments and the mean + SD is shown.  

Significance compared to WT DC control was determined using a Student’s t-test.  *; p < 

0.05; **, p < 0.01; ***, p < 0.001.   
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Figure 12.  IL-12 Does Not Modulate CCR4 and CCR8 Expression on CD8+ T cells 

 

 

 

Figure 12.  IL-12 Does Not Modulate CCR4 and CCR8 Expression on CD8+ T cells.  

Wild-type and p35-/- DC were infected with Lm (MOI 1), and 24 hours post-infection 

CD8+ T cells were added with DC.  T cells were primed for 3 days by DC, and the 

percent of CD8+ T cells expressing CCR4 (chemokine receptor for CCL17) and CCR8 

(chemokine receptor for CCL1) was determined on T cell prior to addition with DC (day 

0) and each day thereafter.  Data represents combined results from 4 independent 

experiments and the mean + SD is shown.  Significance compared to the percent CD8+ T 
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cells expressing CCR4 or CCR8 when primed by WT DC was determined using a 

Student’s t-test.  *; p < 0.05; **, p < 0.01; ***, p < 0.001.  
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Neutralization of CCL1 and CCL17 significantly reduces the duration of interaction 

between CD8+ T cells and Lm-infected DC 

In order to determine if the chemokines CCL1 and CCL17 affected the physical 

interaction between T cells and DC, time lapse video microscopy was used to measure 

the duration of interaction between T cells and DC in the presence of neutralizing 

antibodies against CCL1 and CCL17.  The neutralization of these chemokines resulted in 

a significant decrease in the duration of conjugation between the OT-1 CD8+ T cells and 

DC compared to control samples (Figure 13A).   To determine if this phenomenon could 

be generalized to other CD8+ T cells, not just OT-1, we included an additional source of 

naïve CD8+ T cells, the P14 TCR transgenic cells, specific for the LCMV peptide, GP(33-

41) presented by H-2Db. As in the case of the OT-1, we also observed a significant 

decrease in the duration of interaction of the P14 T cells with DC in the absence of CCL1 

and CC17 (Figure 13B).  Thus, the diminished T cell/DC interaction time observed in the 

absence of IL-12 seems to correlate with similar decreases in interaction times observed 

when these two chemokines are neutralized.  

 

Neutralization of CCL1 and CCL17 significantly reduces the amount of IFN-γ 

produced by CD8+ T cells 

Based on the observation that IL-12 augmented the production of the chemokines 

CCL1 and CCL17, and that neutralization of these chemokines reduces T cell/DC 

interaction time, we decided to determine if the neutralization of these chemokines also 

affected IFN-γ production by CD8+ T cells.  OT-1 and P14 CD8+ T cells were primed by 

DC in the presence of the indicated neutralizing antibodies (Figures 13C and 13D).  The 
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neutralization of CCL1 or CCL17 alone resulted in only a modest (not statistically 

significant) reduction in the amount of IFN-γ produced on a per cell basis by OT-1 and 

P14 T cells (Figures 13C and 13D).  However, the neutralization of CCL1 and CCL17 

in combination did significantly reduce IFN-γ production by both T cell populations 

(two-fold less than the control).  These observations indicate that CCL1 and CCL17 

together augment IFN-γ production by CD8+ T cells but that neither one alone 

significantly impacts this response.   
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Figure 13.  CCL1 and CCL17 Augment T cell/DC Interaction Time and 

IFN-γ Production by CD8+ T cells 

 

 

 

FIGURE 13.  CCL1 and CCL17 augment T cell/DC interaction time and IFN-γ 

production by CD8+ T cells. A and B OT-1 and P14 were primed by OVA or GP33-41 

pulsed Listeria-infected DC for 72 hours in vitro with control or anti-CCL1/CCL17 

neutralizing antibodies.  The duration of interaction between T cells and DC were 

determined via time lapse video microscopy.  Dissociation curves are combined data 

from at least three independent experiments per condition.  The solid line represents 50% 

of the interactions analyzed.  Significance compared to the control samples was 
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determined by Cox Proportional Hazard Regression Analysis.  The neutralization of 

CCL1/17 resulted in a significant decrease in the duration of interaction of OT-1 (p<0.01) 

and P14 (p<0.01) with DC compared to controls.  C, OT-1 and P14 were primed by 

Listeria-infected, OVA or GP33-41 peptide pulsed DC for 72 hours in vitro.  Control, 

anti-CCL1, anti-CCL17, or a combination of anti-CCL1/17 neutralizing antibodies was 

added when T cells were added with DC.  D, The IFN-γ MFI of T cells was determined at 

72 hours via ICS staining.  Compiled data represent 8 independent experiments for the 

OT-1 T cells and 4 independent experiments for the P14 T cells.  Significance compared 

to control samples was determined using a Student’s t-test.  *; p < 0.05; **, p < 0.01; ***, 

p < 0.001.   
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Neutralization of CCL1 and CCL17 does not reduce IFN-γ Production by CD4+ T 

cells 

To determine if CCL1 and CCL17 also augmented IFN-γ production by CD4+ T 

cells, OVA-specific, OT-2 transgenic CD4+ T cells were primed by Lm-infected DC in 

presence of neutralizing antibodies against CCL1, CCL17, or both.  Parallel experiments 

with OT-1 T cells were used as positive controls.  On day 3 of priming, IFN-γ production 

was measured by ELISA.  We found that neutralization of IL-12/23 (anti-p40) 

significantly reduced IFN-γ production by both OT-1 and OT-2 T cells (Figures 14A 

and 14B).  IFN-γ production by CD8+ T cells was also significantly reduced when CCL1 

and CCL17 were neutralized in combination.  However, the single or double 

neutralization of these chemokines did not significantly alter IFN-γ production by CD4+ 

T cells.  These results indicate that unlike CD8+ T cells, CD4+ T cell production of IFN-

γ is not augmented by CCL1 and CCL17. 
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Figure 14.  CCL1 and CCL17 Do Not Augment IFN-γ Production 
by CD4+ T cells 

 

 

 

Figure 14.  CCL1 and CCL17 do not augment IFN-γ production by CD4+ T cells. 

OT-1 and OT-2 T cells were primed by Lm-infected DC in the presence or absence of 

anti-p40, anti-CCL1, anti-CCL17, or a combination of anti-CCL1/17 neutralizing 

antibodies in vitro for 3 days.  On day 3 of priming, supernatants were filtered and 

assayed for the concentration of IFN-γ via ELISAs.  A, Histograms represent combined 

data from 5 independent experiments for OT-1 and B, three independent experiments for 

OT-2 T cells.  Significance compared to control samples was determined using a 

Student’s t-test.  *; p < 0.05; **, p < 0.01; ***, p < 0.001.   
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Interleukin-12 Augments CCL1 and CCL17 Production from DC Induced by 

listerial Infection in vivo 

Having determined that CCL1 and CCL17 production was enhanced by IL-12 in 

vitro, we wanted to determine if this enhancement was also observed in vivo.  To address 

this question, wild-type or IL-12 deficient (p35-/-) mice were intravenously infected with 

Lm (1 LD50).  At 18 hours post infection lymph nodes (pooled mesenteric, inguinal, and 

lumbar) were harvested.  Dendritic cells were enriched from these organs using CD11c+ 

positive selection (cells were >85% CD11c+).  Once isolated, we purified RNA and 

determined the message levels for CCL1 and CCL17 using real time PCR.   

We observed increased message levels for CCL1 and CCL17 in DC isolated from 

Lm-infected wild-type and p35-/- mice compared with mock treated mice (Figure 15).  

As a normalization control, actin message levels were measured and were found to be 

equivalent in DC isolated from infected wild-type and p35-/- mice (data not shown).  In 

Lm-infected mice, we observed a greater than six-fold decrease in the message levels for 

CCL17 and a four-fold decrease in CCL1 levels in DC isolated from the lymph nodes of 

IL-12 deficient mice compared with wild-type mice (Figure 15).  These data indicate that 

CCL1 and CCL17 production in response to listerial infection in vivo is enhanced by IL-

12 to at least the same extent as that observed in vitro.  

 

  

 

 

 

 60



Figure 15.  IL-12 augments CCL1 and CCL17 message in DC during 
Lm infection in vivo 

  

Figure 15.  IL-12 augments CCL1 and CCL17 message in DC during Lm infection 

in vivo.  Wild-type and IL-12 deficient (p35-/-) DC were mock treated (PBS) or infected 

with 1 LD50 of Lm intravenously.  At 18 hours post infection, RNA was isolated from 

DC enriched from the lymph nodes of treated mice.  Four mice per group were analyzed 

and data represent the mean + SD.  CCL1 and CCL17 message levels were determined 

via real-time PCR.  Significance compared to DC isolated from WT mice was determined 

using a Student’s t-test for each gene.  *; p < 0.05; **, p < 0.01; ***, p < 0.001.   
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Summary Statement 

The presented in vitro studies revealed that IL-12, not IL-23, modulated IFN-γ 

production by CD8+ T cells during the initial days of priming by Lm-matured DC.  IL-12 

augmented IFN-γ production by promoting long duration interactions between T cells 

and DC during priming, which was mediated through the chemokines CCL1 and CCL17.  

The production of these chemokines was increased by IL-12 and dependent on the 

expression of the IL-12 receptor on DC.  This was also the case in vivo, highlighted by 

the observation that ex vivo DC from Lm-infected IL-12 deficient mice made significantly 

less CCL1 and CCL17 message compared with DC isolated from Lm-infected wild-type 

mice. 
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CHAPTER 4:  DETERMINING THE ROLES OF IL-12 AND IL-23 IN CD8+ T 

CELL ACTIVATION in vivo 

 

RESULTS 

 

Establishment of an in vivo System to Monitor the Roles of IL-12 and IL-23 in CD8+ 

T cell Activation 

By using an in vitro reductionist approach, we were able to define the roles of IL-

12 and IL-23 in the early stages of naïve CD8+ T cell proliferation and IFN-γ production.  

Specifically IFN-γ production and proliferation of T cells following priming by DC were 

used as correlates of optimal T cell activation.  The in vitro studies revealed that DC-

derived IL-12, but not IL-23, augments the level of IFN-γ produced by CD8+ T cells.  In 

addition, these studies identified a novel mechanism by which IL-12 increased IFN-γ 

production by CD8+ T cells.  Interleukin-12 increased the secretion of the chemokines 

CCL1 and CCL17 by Lm-infected DC which in turn promoted longer duration 

interactions between T cells and DC during priming.  Longer duration interactions 

between T cells and DC correlated with increased IFN-γ production.  Further, these 

studies showed that IL-12 augmented the production of CCL1 and CCL17 by DC in vivo 

during listerial infections.  In contrast, IL-23 had no role in proliferation or IFN-γ 

production by CD8+ T cells, the duration of T cell-DC interactions, or the production of 

CCL1 and CCL17 by Lm-infected DC.   

Our in vitro system led to the identification of specific functions that IL-12 

regulated in naïve CD8+ T cell activation by Lm-infected DC that would have been 
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difficult to discern in vivo.  To expand our understanding of the roles of IL-12 and IL-23 

in CD8+ T cell activation in a more complex system, experiments were designed in order 

to determine their impacts on protective immunity against Lm in vivo.  Unlike our in vitro 

system in which CD8+ T cells are exclusively activated by bone-marrow derived DC 

(BMDC), priming in vivo (either through live vaccination with Lm or with Lm-infected 

DC) should result in the activation of endogenous DC subsets, macrophages, and CD4+ T 

cells which could enhance CD8+ T cell responses (29, 101, 123, 127, 133, 147, 155, 162, 

163, 169, 189-197).  In vivo, CD8+ T cell activation could be induced by these cells 

directly through cell-to-cell contact events (costimulation) or through indirect 

mechanisms elicited by soluble factors (cytokines/ chemokines) (29, 101, 123, 127, 133, 

147, 155, 162, 163, 169, 189-197).  In addition, by determining which components of T 

cell activation these cytokines regulate in vivo, the primary, memory, and secondary 

responses could be monitored in order to determine if T cell activation and differentiation 

were compromised in the absence of IL-12 and/or IL-23.   Ultimately, our goal was to 

determine if protective immunity against Lm is regulated by one or both of these 

cytokines in vivo.    

In order to determine if IL-12 and IL-23 regulated CD8+ T cell activation in vivo, 

we measured how the absence of DC-derived IL-12 or IL-12/23 at the beginning of the 

response during T cell activation affected bacterial clearance and T cell differentiation.  

Specifically, naïve OT-1 CD8+ T cells (TCR specific for amino acids 257-264 of the 

chicken ovalbumin protein) were adoptively transferred into IL-12/23 deficient mice 

(p40-/- mice).  Mice were then vaccinated with antibiotic treated, Lm-OVA-matured DC 

capable of producing both cytokines (WT DC), DC that could synthesize IL-23 but not 
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IL-12 (p35-/- DC), or DC lacking both cytokines (p40-/- DC).  As controls, mice were 

injected with serum free media (vehicle, negative control) or live Lm-OVA (positive 

control).  By performing these studies in p40-/- mice, IL-12 and IL-23 production by 

endogenous APCs was not a factor.  CD8+ T cell responses (expansion, IFN-γ 

production, and surface activation phenotype) were determined at day 7 (the peak of the 

effector CD8+ T cell response during Lm infection), 40 days post vaccination (memory 

phase), and 3 days post challenge (day 43; secondary effector response).  In addition, 

bacterial burden in the spleen and liver after challenge with Lm, as well as survival were 

monitored as correlates of protection (Figure 16).   
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Figure 16.  In vivo DC Vaccination Protocol 
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IL-12 and IL-23 are not required for Augmenting CD8+ T cell Primary Responses 

in vivo 

 

It has previously been reported that Lm-infected IL-12/23 deficient mice develop 

functional CD8+ T cells during primary infection; however, the expansion of this 

population was considerably lower than that observed in Lm-infected wild-type mice at 

the peak of the primary CD8+ T cell response (7 days post-infection) (198).  Consistent 

with these studies we observed a substantial induction in the number of IFN-γ producing 

CD8+ T cells found at the peak of the CD8+ T cell primary response (Figures 17A and 

17B) in p40-/- mice vaccinated with Lm-OVA.  Vaccination with WT DC led to a 2-fold 

reduction in the number of IFN-γ producing CD8+ T cells observed at the peak of the T 

cell response (Figure 17B), as compared to live Lm-OVA vaccination.  Interestingly, 

vaccination with p35-/- or p40-/- DC did not reduce the number of IFN-γ producing 

CD8+ T cells observed at the peak of the T cell response relative to WT DC vaccination.  

We conclude from these results that neither IL-12 nor IL-23 are required to generate IFN-

γ producing CD8+ T cells during a primary anti-listerial response in vivo (Figures 17A 

and 17B). 
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Figure 17.  A Transient Exposure to IL-12 and IL-23 Does Not Increase Primary 
Effector CD8+ T cell IFN-γ Production in vivo 

 

 

 

Figure 17.  A transient exposure to IL-12 and IL-23 does not increase primary 

effector CD8+ T cell IFN-γ production in vivo.  OT.1 CD8+ T cells were adoptively 

transferred into naive IL-12/23 deficient (p40-/-) recipient mice.  Two days post adoptive 

transfer, mice were left unvaccinated or vaccinated with WT DC, IL-12 deficient DC 

(p35-/-), or IL-12/23 deficient (p40-/-). Seven days after vaccination, splenocytes were 
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harvested and stimulated for 5 hours with OVA peptide in the presence of golgi plug.  

Cytokine production in response to antigenic stimulation was determined via intracellular 

cytokine staining for IFN-γ.  Significance compared to CD8+ T cell IFN-γ production 

elicited by WT DC vaccination was determined via student’s t test. *; p < 0.05, **; p < 

0.01, and ***; p < 0.001.  
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CD8+ T cells undergo phenotypic changes during activation that increase their 

ability to eradicate pathogens (75, 101, 134, 136, 199, 200).   These include, but are not 

limited to, the upregulation of surface adhesion molecules such as CD44, which increase 

T cell adhesion to vascular surfaces, and the downregulation of CD62L which allows T 

cell migration from the lymphatic system to infectious foci (75, 101, 134, 136, 199, 200).  

In addition, CD69 (which is upregulated on T cell during priming) is important for T cell 

retention in lymphoid organs during T cell activation (201).  Analysis of the number of 

OVA-specific CD8+ T cells that expressed high levels of CD44 or CD69 (Figures 18B 

and 18D), and low levels of CD62L (Figure 18C) revealed that neither IL-12 nor IL-23 

influenced the number of T cells that acquired an activated phenotype.  Specifically in the 

spleens of immunized mice, we observed roughly 3 x 106 OVA-specific CD8+ T cells 

that expressed high levels of CD44 and low levels of CD62L (Figures 18B and 18C), 

and 2 x 105 T cells that expressed high levels of CD69 (Figure 18D) regardless of the DC 

population used for vaccination.  In addition, recent studies have demonstrated that 

during primary responses, CD8+ T cells that are destined to die express high levels of 

KLRG1 (137, 202, 203).  These KLRG1- expressing cells are referred to as short-lived 

effector cells (SLECs) (202).  Interleukin-12 has been shown to promote the development 

of KLRG1-expressing CD8+ T cells by increasing T-bet activation in IL-12 stimulated T 

cells (137, 202).  Our results revealed that vaccination of p40-/- mice with WT DC did 

not influence of the number of KLRG1- expressing CD8+ T cells observed at the peak of 

the T cell response (day 7) as compared to the number of T cells generated by 

immunizing mice with p35-/- or p40-/- DC (Figure 18E).  These studies revealed that IL-

12 and IL-23 are not required for eliciting IFN-γ producing CD8+ T cells during primary 
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responses to Lm in vivo, and that transient exposure to IL-12 does not affect the 

generation of SLECs during priming. 
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Figure 18.  IL-12 and IL-23 do not Alter the Activation Phenotype of Primary 
Effector CD8+ T cells 

 

 

 

Figure 18.  IL-12 and IL-23 do not alter the activation phenotype of primary 

effector CD8+ T cells.  OT.1 CD8+ T cells were adoptively transferred into naive IL-

12/23 deficient (p40-/-) recipient mice.  Two days post adoptive transfer, mice were left 

unvaccinated or vaccinated with WT DC, IL-12 deficient DC (p35-/-), or IL-12/23 

deficient (p40-/-). Seven days post vaccination, the activation phenotype of OVA-specific 

T cells was determined by tetramer analysis (A) and surface staining for CD44 (B), 
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CD62L (C), CD69 (D), and KLRG1 (E).  Significance compared to CD8+ T cells primed 

by WT DC vaccination was determined via student’s t test. *; p < 0.05, **; p < 0.01, and 

***; p < 0.001.  
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IL-12 and IL-23 Increase the Number of Memory CD8+ T cells  

Our DC vaccination studies indicated that a transient exposure to IL-12 and IL-23 

during priming in vivo did not augment primary CD8+ T cell responses.  We next wanted 

to determine if these cytokines had a role in the development of the memory phase.  

WT DC vaccination led to a 2-fold increase in the number of OVA-specific CD8+ 

T cells in the spleen (Figures 19A and 19E) and a 12-fold increase in the liver (Figures 

20A and 20D) compared with the numbers generated in these organs after p40-/- DC 

vaccination by 40 days post vaccination.  In addition, immunizing with p35-/- DC did not 

significantly reduce the number of OVA-specific cells in these organs by day 40 post-

immunization relative to p40-/- DC vaccination (Figures 19E and 20D).  This 

observation suggested that IL-23 production during priming might compensate for the 

lack of IL-12 in the generation of memory CD8+ T cells.   

Similar to observations made during the primary response, IL-12 and IL-23 did 

not regulate the expression of surface adhesion molecules on activated CD8+ T cells.  

Effector memory cells express high levels of CD44 and low levels of CD62L, and we 

found that on a per cell basis those molecules were expressed at similar levels on memory 

cells generated after vaccination with each DC population (Figures 19 and 20).  

However, the number of memory cells expressing high levels of CD44 (Figures 19F and 

20E), and low levels of CD62L (Figures 19G and 20F) in the spleen and liver was 

significantly reduced in the absence of IL-23, and this correlated with the overall 

reduction in the size of the memory pool established in the absence of this cytokine.  In 

addition, all OVA-specific memory cells expressed low levels of KLRG1 at this time 

point; however, substantially fewer memory cells expressed this marker in mice 
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vaccinated with p40-/-DC (2x 106) compared to the numbers generated in mice 

immunized with WT DC (6 x 106) or p35-/- DC (4 x 106) (Figures 19H and 21).  In 

addition to a substantial reduction in the size of the CD8+ T cell memory pool that 

developed in the absence of IL-12 and IL-23, the number of OVA-specific T cells that 

made IFN-γ after 5 hours of restimulation with OVA-peptide was significantly reduced 

when memory T cells were recovered from mice vaccinated with p40-/- DC (4-fold 

reduction compared to responses of T cells isolated from WT DC immunized mice; 2-

fold reduction compared to response of T cells isolated from p35-/- DC immunized mice) 

(Figure 22).  These results demonstrate that IL-12 and IL-23 are important in eliciting 

memory CD8+ T cell responses in vivo, and IL-23 could potentially compensate for the 

lack of IL-12 in this process. 
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Figure 19.  IL-12 and IL-23 Augment the Number of  Memory CD8+ T cells in the 
Spleen 
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Figure 19.  IL-12 and IL-23 augment the number of memory CD8+ T cells in the 

spleen.  OT.1 CD8+ T cells were adoptively transferred into naive IL-12/23 deficient 

(p40-/-) recipient mice.  Two days post adoptive transfer, mice were left unvaccinated or 

vaccinated with WT DC, IL-12 deficient DC (p35-/-), or IL-12/23 deficient (p40-/-).  

Forty days post vaccination, the activation phenotype of OVA-specific T cells was 

determined by tetramer analysis (A and E) and surface staining for CD44 (B and F), 

CD62L (C and G), and KLRG1 (D and H).  Significance compared to CD8+ T cells 

primed by WT DC vaccination was determined via student’s t test. *; p < 0.05, **; p < 

0.01, and ***; p < 0.001.  
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Figure 20.  IL-12 and IL-23 Increase the Number of Memory CD8+ T cells in the 
Liver 
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Figure 20.  IL-12 and IL-23 increase the number of memory CD8+ T cells in the 

liver.  OT.1 CD8+ T cells were adoptively transferred into IL-12/23 deficient (p40-/-) 

recipient mice.  Two days post adoptive transfer, mice were left unvaccinated or 

vaccinated with WT DC, IL-12 deficient DC (p35-/-), or IL-12/23 deficient (p40-/-).  

Forty days post vaccination, the activation phenotype of OVA-specific T cells was 

determined by tetramer analysis (A and D) and surface staining for CD44 (B and E), and 

CD62L (C and F).  Significance compared to CD8+ T cells primed by WT DC 

vaccination was determined via student’s t test. *; p < 0.05, **; p < 0.01, and ***; p < 

0.001.  
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Figure 21.  Memory Cells that Develop in the Absence of IL-12 and IL-23 Express 

Low Levels of KLRG1 in the Liver 
 

 

 

Figure 21.  Memory cells that develop in the absence of IL-12 and IL-23 express low 

levels of KLRG1 in the liver.  OT.1 CD8+ T cells were adoptively transferred into IL-

12/23 deficient (p40-/-) recipient mice.  Two days post adoptive transfer, mice were left 

unvaccinated or vaccinated with WT DC, IL-12 deficient DC (p35-/-), or IL-12/23 

deficient (p40-/-).  Forty days post vaccination (A) KLRG1 expression and (B) the 

number of OVA-specific T cells expressing KLRG1 were determined by tetramer 

analysis.  Significance compared to CD8+ T cells primed by WT DC vaccination was 

determined via student’s t test. *; p < 0.05, **; p < 0.01, and ***; p < 0.001.  
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Figure 22.  IL-12 and IL-23 augment the Number of Memory CD8+ T cells that 
Produce IFN-γ directly ex vivo 

 

 

Figure 22.  IL-12 and IL-23 augment the number of memory CD8+ T cells that 

produce IFN-γ directly ex vivo.  OT.1 CD8+ T cells were adoptively transferred into 

naive IL-12/23 deficient (p40-/-) recipient mice.  Two days post adoptive transfer, mice 

were left unvaccinated or vaccinated with WT DC, IL-12 deficient DC (p35-/-), or IL-

12/23 deficient (p40-/-). Forty days post-vaccination, splenocytes were harvested and 

stimulated for 5 hours with OVA peptide in the presence of golgi plug.  Cytokine 

production in response to antigenic stimulation was determined via intracellular cytokine 

staining for IFN-γ.  Significance compared to CD8+ T cell IFN-γ production elicited by 

WT DC vaccination was determined via student’s t test. *; p < 0.05, **; p < 0.01, and 

***; p < 0.001.  
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Memory CD8+ T cells that Develop in the Absence of IL-12 and IL-23 Mount Less 

Robust Secondary Responses in the Liver but not Spleen 

 Our data revealed that the initial production of IFN-γ after antigenic stimulation 

was reduced in memory CD8+ T cells that developed in the absence of IL-23.  The 

secondary responses were next examined by measuring T cell responses three days after 

Lm challenge (1 LD50) in order to determine if defects in T cell activation were observed 

at later time after stimulation.  The ex vivo production of IFN-γ by OVA-specific 

secondary effector CD8+ T cells in the spleen was not significantly different in mice 

vaccinated with Lm-OVA WT, p35-/-, or p40-/- DC on day 3 of challenge (Figure 23).  

Therefore, this observation indicates that secondary CD8+ T cell responses in the spleen 

are not deficient in memory CD8+ T cells that developed in the absence of IL-12 or IL-

23.  
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Figure 23.  IL-12 and IL-23 Exposure during Priming Does Not Alter IFN-γ 
Production by Secondary Effector CD8+ T cells During Lm Challenge 

 
 

 

 

Figure 23.  IL-12 and IL-23 exposure during priming does not alter IFN-γ 

production by secondary effector CD8+ T cells during Lm challenge.  OT.1 CD8+ T 

cells were adoptively transferred into naive IL-12/23 deficient (p40-/-) recipient mice.  

Two days post adoptive transfer, mice were left unvaccinated or vaccinated with WT DC, 

IL-12 deficient DC (p35-/-), or IL-12/23 deficient (p40-/-). Forty days post vaccination, 

mice were challenged with 1 LD50 Lm and on day 3 post challenge splenocytes were 

harvested and stimulated for 5 hours with OVA peptide in the presence of golgi plug.  

Cytokine production in response to antigenic stimulation was determined via intracellular 

cytokine staining for IFN-γ.  Significance compared to CD8+ T cell IFN-γ production 
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elicited by WT DC vaccination was determined via student’s t test. *; p < 0.05, **; p < 

0.01, and ***; p < 0.001.  
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Although the functional studies indicated that the secondary responses of memory 

CD8+ T cells that developed in the absence of IL-12 and IL-23 were not compromised, 

we addressed this issue further by examining expansion and the activation phenotype of 

day 3 secondary effector T cells.  In the spleen, the expansion of OVA-specific CD8+ T 

cells was equivalent in all immunized groups (Figures 24A and 24D).  In addition, the 

OVA-specific CD8+ T cells expressed high levels of CD44 (Figures 24B and 24E) and 

low levels of CD62L (Figures 24C and 24F) which are hallmark features of activated 

and effector T cells.  However, the number of OVA-specific CD8+ T cells with an 

activated phenotype present in the livers of Lm challenged mice at day 3 post-infection 

was significantly lower in mice vaccinated with p40-/- DC compared with levels 

observed in mice vaccinated with WT DC or p35-/- DC.  In the liver, the total number of 

OVA-specific CD8+ T cells (and OVA-specific CD8+ T cells that expressed high levels 

of CD44) in p40-/ DC immunized mice at 3 days post-challenge were 2-fold reduced 

compared to levels generated with WT or p35-/- DC (Figures 25A, B, D, and E).  In 

addition, a greater than 10-fold reduction in the total number of OVA-specific CD8+ T 

cells that expressed high levels of CD69 was observed in mice vaccinated with p40-/- DC 

compared with numbers found in mice vaccinated with WT or p35-/- DC (Figures 25C 

and 25F).  This result illustrates that either the expansion or recruitment of memory 

CD8+ T cells in the liver during inflammation is compromised when IL-12 and IL-23 are 

not present during priming.   
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Figure 24.  IL-12 and IL-23 Exposure During Priming Does Not Alter the 
Expansion or Activation Phenotype of Secondary Effector CD8+ T cells During Lm 

Challenge in the Spleen 
 

 

 

 

 

 

 86



Figure 24.  IL-12 and IL-23 exposure during priming does not alter the expansion or 

activation phenotype of secondary effector CD8+ T cells during Lm challenge in the 

spleen.  OT.1 CD8+ T cells were adoptively transferred into naive IL-12/23 deficient 

(p40-/-) recipient mice.  Two days post adoptive transfer, mice were left unvaccinated or 

vaccinated with WT DC, IL-12 deficient DC (p35-/-), or IL-12/23 deficient (p40-/-).  

Forty days post vaccination, mice were challenged with 1 LD50 Lm and on day 3 post 

challenge the activation phenotype of OVA-specific T cells was determined by tetramer 

analysis (A and D) and surface staining for CD44 (B and E), and CD62L (C and F).  

Significance compared to CD8+ T cells primed by WT DC vaccination was determined 

via student’s t test. *; p < 0.05, **; p < 0.01, and ***; p < 0.001.  
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Figure 25.  IL-12 and IL-23 Exposure during Priming Augments the Number of 
Secondary Effector CD8 + T cells in the Liver during Lm Challenge 

 

 

 

Figure 25.  IL-12 and IL-23 exposure during priming augments the number of 

secondary effector CD8+ T cells in the liver during Lm challenge.  OT.1 CD8+ T cells 

were adoptively transferred into naive IL-12/23 deficient (p40-/-) recipient mice.  Two 

days post adoptive transfer, mice were left unvaccinated or vaccinated with WT DC, IL-

12 deficient DC (p35-/-), or IL-12/23 deficient (p40-/-). Forty days post-vaccination, 
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mice were challenged with 1 LD50 Lm and on day 3 post challenge the activation 

phenotype of OVA-specific T cells was determined by tetramer analysis (A and D) and 

surface staining for CD62L (B and E), and CD69 (C and F).  Significance compared to 

CD8+ T cells primed by WT DC vaccination was determined via student’s t test. *; p < 

0.05, **; p < 0.01, and ***; p < 0.001.  
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IL-12 and IL-23 Augments Protective Immunity against Lm in vivo 

Overall, the data indicate that memory CD8+ T cell development and responses 

were reduced if T cells developed in the absence of IL-12 and IL-23.  In order to 

determine how this translated to protection in immunized mice, the vaccinated mice were 

challenged with an intermediate dose of Lm (1 LD50) and bacterial loads in the spleen 

and liver were determined on day 3 post-challenge.  In agreement with previously 

published data, we found that if IL-12 deficient mice were directly vaccinated with a low 

dose of Lm, the mice were resistant to higher dose challenges (Figure 26A) (204).  None 

of the Lm-OVA vaccinated mice contained live bacteria in the liver by day 3 post 

challenge (Figure 26B).  Vaccination with WT DC also protected mice against this 

challenge dose. We found that 85% of mice immunized with WT DC had no live Lm in 

the liver, and all had cleared the spleen by day 3 post challenge (Figures 26B and 26D).  

Bacterial numbers in the remaining 15% of the WT DC-vaccinated mice were 4 logs 

lower than those observed in unvaccinated mice and barely above the level of detection 

(Figure 26A).     

  Vaccination with p35-/- DC was not as effective as vaccination with WT DC.  We 

observed that 56% of mice vaccinated with p35-/- DC contained no detectable bacteria in 

the liver on day 3 post challenge (Figure 26B).  Of the mice that were still colonized in 

this organ, we found that bacterial numbers were not significantly different than those 

recovered from unvaccinated animals (Figure 26A).  In contrast to the liver, we found 

that 89% of the p35-/- DC vaccinated mice had no recoverable bacteria in the spleen 

(Figure 26D).  Notably, Lm was not cleared well in the spleens and livers of mice 
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vaccinated with p40-/- DC.  We found that 60% of the vaccinated mice were heavily 

colonized in the liver (Figure 26B) and 50% of the mice were heavily colonized in the 

spleen (Figure 26D) to levels similar those in unvaccinated animals in these organs 

(Figure 26A and 26C).  Therefore, these observations illustrated that IL-12 and IL-23 

augment protective immunity to Lm, and IL-23 could potentially compensate for the lack 

of IL-12 in vivo in this process. 
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Figure 26.  IL-12 and IL-23 Augment Protective Immunity against Lm Resulting in 
Reduced Bacterial Loads in Lymphoid and Nonlymphoid Organs during Challenge 
  

 

 

 

 

 

 92



 

Figure 26.  IL-12 and IL-23 augment protective immunity against Lm resulting in 

reduced bacterial loads in lymphoid and nonlymphoid organs during challenge.  

OT.1 CD8+ T cells were adoptively transferred into IL-12/23 deficient (p40-/-) recipient 

mice.  Two days post adoptive transfer, mice were left unvaccinated or vaccinated with 

WT DC, IL-12 deficient DC (p35-/-), or IL-12/23 deficient (p40-/-).  Forty days post 

vaccination, mice were challenge with 1 LD50 and bacterial burden was determined in 

the liver (A and B) and spleen (C and D) three days post challenge.  
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In order to have a better understanding of the importance of IL-12 and IL-23 in 

the generation of protective immunity against Lm, immune mice were challenged with a 

higher dose of Lm (5 LD50) and survival was monitored over a two week period.  In 

addition, weight loss was measured as a correlate of protection.  Mice vaccinated with 

WT DC were completely protected from this challenge dose and the extent of weight loss 

during the infection was significantly reduced compared with that observed in Lm-

challenged unvaccinated mice (Figure 27A and 27B).  Mice vaccinated with p35-/- DC 

were also markedly resistant to this challenge dose.  Although the protection generated in 

these mice was slightly reduced compared with that observed in WT DC vaccinated mice, 

85% of p35-/- DC immunized mice survived this challenge dose (Figure 27A).  In 

addition, the weight loss was significantly less severe in p35-/- DC vaccinated mice than 

in unvaccinated mice (Figure 27B).  Strikingly, vaccination with p40-/- DC resulted in 

increased susceptibility to Lm infection.  Only 40% of mice vaccinated with p40-/- DC 

survived this challenge dose (Figure 27A).  In addition, the weight loss observed in this 

group at the initiation of the infection was not significantly different from that observed 

in unvaccinated animals.  Overall these studies indicate that IL-23 is important in the 

establishment of protective immunity against Lm, and can partially compensate for the 

lack of IL-12 in generating protective memory CD8+ T cells in vivo.  In addition, these 

data illustrate that the number of memory cells in the host prior to challenge and the 

ability to mount vigorous secondary responses correlates with protection in vivo, and this 

becomes more apparent as the challenge dose is increased.   
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Figure 27.  IL-12 and IL-23 Increase the Survival of Vaccinated Mice When 
Challenged With a Lethal Dose of Lm 
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Figure 27.  IL-12 and IL-23 Increase the Survival of Vaccinated Mice When 

Challenge with a Lethal Dose of Lm.  OT.1 CD8+ T cells were adoptively transferred 

into naive IL-12/23 deficient (p40-/-) recipient mice.  Two days post adoptive transfer, 

mice were left unvaccinated or vaccinated with WT DC, IL-12 deficient DC (p35-/-), or 

IL-12/23 deficient (p40-/-).  A, Forty days post vaccination, mice were challenged with a 

lethal dose of Lm and survival was monitored over a two week period. Mice were 

removed from the study when they lost 25% of their initial body weights or exhibited 

severe signs of morbidity (hunched posture, ruffled fur, unresponsive to tactile 

stimulation, or labored breathing).  B, The weights of each mouse was recorded over the 

two week period and the average percent of their initial weights for each group (n=5) is 

shown.  Significance compared to protection elicited by WT DC vaccination was 

determined via student’s t test. *; p < 0.05, **; p < 0.01, and ***; p < 0.001.  
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Summary Statement  

Our in vivo studies demonstrated that primary CD8+ T responses were not augmented by 

IL-12 or IL-23.  However, a significant reduction in the number of memory CD8+ T cells 

were found in the spleens and livers of mice vaccinated in the absence of IL-12 and IL-23 

prior to challenge with Lm.  When vaccinated mice were challenged, secondary effector 

CD8+ T cell responses were not compromised in the spleen (IFN-γ production and 

expansion).  However, vaccination with IL-12/IL-23 deficient DC resulted in 

significantly fewer OVA-specific memory CD8+ T cells in the liver of immune mice 

after 3 days of challenge with Lm.  This overall reduction in the memory CD8+ T cell 

phase that developed in the absence of both cytokines correlated with decreased 

protection when mice were challenged with lethal doses of Lm.  These finding revealed 

that IL-12 and IL-23 exposure during priming is important in augmenting T cell 

responses during the memory phase, and illustrates that IL-23 could be important in 

generating protective immunity against Lm and might potentially compensate for the lack 

of IL-12 in this process.
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CHAPTER 5:  DISCUSSION and CONCLUSIONS 

 

Understanding the individual contributions of IL-12 and IL-23 in the activation of 

CD8+ T cells has been previously complicated by experimental approaches that targeted 

both cytokines in the same animal or system (75).  More recently, knockout mice and 

neutralizing antibodies which specifically eliminate either cytokine individually have 

increased our understanding of which aspects of T cell activation these cytokines 

specifically influence (24, 26, 27, 97, 109, 110).  Using p35-/- and p40-/- mice to address 

the roles of IL-12 and IL-23 specifically, as well as antibodies that neutralize these 

cytokines, the work presented here demonstrates that IL-12, but not IL-23, is a major 

inducer of IFN-γ production by CD8+ T cells during primary responses in vitro but 

neither cytokine is required for generating large numbers of IFN-γ producing CD8+ T 

cells in vivo.  In vitro, IL-12 increased DC-T cell conjugate stability during priming, 

which is partially mediated through increased DC production of the chemokines CCL1 

and CCL17.  In vivo, priming in the absence of IL-12 did not significantly reduce the 

number of IFN-γ producing CD8+ T cells observed at the peak of the primary T cell 

response, the generation of memory CD8+ T cells, or protection from lethal challenge 

with L. monocytogenes (Lm).  Although IL-23 did not augment early IFN-γ production in 

vitro, priming in the absence of IL-12 and IL-23 in vivo resulted in a significant reduction 

in the size of the CD8+ T cell memory pool and subsequent protective immunity to Lm.  

This observation suggests that IL-23 in conjunction with IL-12 is important in 

augmenting CD8+ T cell responses in vivo, which correlates with the generation of 

protective immunity against Lm.  Collectively, our study suggests that in the context of an 

 98



infection with an intracellular bacterial pathogen, both IL-12 and IL-23 are important in 

CD8+ T cell activation and their effects may be more apparent under conditions where 

the overall extent of inflammation is not robust (Figure 28). 
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Figure 28.  Model of How IL-12 and IL-23 Affect CD8 + T cell Activation and 
Protective Immunity against Lm 

  

 

 

Figure 28.  Model of how IL-12 and IL-23 affects CD8+ T cell activation and 

protective immunity against Lm.  In vitro, IL-12 (not IL-23) augments IFN-γ 

production by CD8+ T cells when primed by Lm-matured DC.  This is partially mediated 

by the ability of IL-12 to promote long duration interactions between T cells and DC 

during priming. The duration of interactions between T cells and DC are increased 

through the actions of the chemokines CCL1 and CCL17 whose production is augmented 

by IL-12.  In vivo, IL-23 in conjunction with IL-12 is important in establishing protective 

immunity against Lm.  If both cytokines are absent during immunization, the number of 
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memory CD8+ T cells (and their secondary responses) is compromised compared to 

responses elicited in mice vaccinated with these cytokines.  Consequently, reductions in 

secondary responses correlate with increased bacterial loads and decreased survival in 

mice when challenged with lethal doses of Lm. 
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Of the IL-12 family members (IL-12, IL-23, and IL-27), IL-12 has been thought 

to have the most pronounced effects on CD8+ T cell activation (24, 26, 27, 75, 82, 97, 

109, 110, 112, 152, 185, 205, 206).  Proliferation, cytolysis, and IFN-γ production have 

all been reported to be augmented by IL-12 (24, 26, 27, 75, 82, 109, 112, 152, 185, 205, 

206).  However, the role of IL-23 in CD8+ T cell activation is not as clear (27, 92, 97, 

110).  Recent reports have shown that IL-23 contributes to CD8+ T cell activation (27, 

92, 97, 109, 110, 207-209).  Several of these studies indicate that IL-23 augments IFN-γ 

production by memory CD8+ T cells (207-209).  However, a role for IL-23 in naïve 

CD8+ T cell activation has been questioned due mainly to the observation that IL-23 

receptor message is expressed at lower levels in naïve and primary effector CD8+ T cells 

compared with levels found in memory CD8+ T cells (207-210).  Our studies 

demonstrate that CD8+ T cell IFN-γ production and proliferation during primary 

responses are not influenced by IL-23; however, the presence of this cytokine during 

priming increases the size of memory CD8+ T cell pool thus augmenting protective 

immunity against Lm. 
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Section I.  In Vitro Analysis of IL-12 and IL-23 Effects on CD8+ T cell Activation: 

IL-12 Augments IFN-γ Production by CD8+ T cells, while IL-23 has no Effect 

 

In order to determine the effects of IL-12 and IL-23 on IFN-γ production by 

CD8+ T cells in vitro, two basic experiments were performed.  First, OVA-specific T 

cells were primed by Lm-infected WT DC in the presence of control protein, IL-23 

specific neutralizing antibodies (anti-p19), or neutralizing antibodies that targeted both 

IL-12 and IL-23 (anti-p40).  These antibodies were added to the assay when T cells were 

added to DC.  After 3 days of culture, IFN-γ production was determined.  In parallel 

experiments, CD8+ T cells were primed by WT DC, IL-12 deficient DC (p35-/-), or IL-

12/23 deficient DC (p40-/-), and IFN-γ production was determined after 3 days of 

culture.   

The neutralization of both IL-12/23 (anti-p40) led to a significant reduction in 

IFN-γ production by day 3 of priming compared with control samples.  However, IFN-γ 

production by CD8+ T cells was not significantly different between the IL-23 neutralized 

samples (anti-p19) compared with samples in which both cytokines were targeted (anti-

p40) (Figure 5).  This result suggested that IL-12, but not IL-23, was important in 

augmenting IFN-γ production by CD8+ T cells.  This conclusion was confirmed in T cell 

priming assays involving the IL-12 and IL-12/23 deficient DC.  Similar to the 

neutralization observations, T cells primed by IL-12/23 deficient DC made significantly 

less IFN-γ compared to T cells primed by WT DC.  Again, T cells primed by IL-12 

deficient DC made similar amounts of IFN-γ compared to when primed by IL-12/23 

deficient DC, suggesting that IL-23 does not augment IFN-γ production by CD8+ T cells.   
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IL-23 could not increase IFN-γ production by CD8+ T cells in our system due to 

several possible reasons.  First, the IL-23 receptor may not be highly expressed on CD8+ 

T cells during this phase of T cell activation when primed by Lm-infected DC (210).  

Secondly, Lm-infected DC may secrete cytokines or produce other factors that could 

suppress IL-23 production or the expression of the IL-23 receptor on CD8+ T cells during 

activation.  We did not examine the expression of the IL-23 receptor on CD8+ T cells; 

however, it is reported that message for this cytokine receptor is expressed in naïve as 

well as effector CD8+ T cells (but at much lower levels in naïve than effector CD8+ T 

cells) (210).  In addition, Th1 and Th2 cytokines inhibit the effects of IL-23 on CD4+ T 

cells (IL-17 production) (94).  Lm-infection of DC results in the production of Th1 

cytokines, such as IL-12, which could effectively suppress IL-23 effects on CD8+ T cells.  

In order to address this question, supernatants were collected from Lm-infected DC at 24 

hours post infection and ELISAs were performed in order to determine if IL-23 was 

produced as a result of the infection. These experiments revealed that IL-23 is indeed 

produced by Lm-infected DC, albeit at a low level.  In addition, adding increasing 

concentrations of IL-23 to T cell-DC assays during priming did not increase IFN-γ by 

CD8+ T cells compared to control samples (data not shown).  Thus, our favored 

hypothesis is that the IL-23 receptor is not highly expressed on CD8+ T cells during 

priming and these cells remain relatively unaffected by IL-23 at this stage.  
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IL-12 Augments IFN-γ Production Mainly Within the First 2 Days of Priming 

Interleukin-12 is believed to exert most of its effects on CD8+ T cell activation 

early during priming (24, 26, 75, 80, 82, 108, 184-186, 205, 206).  However, the periods 

in which IL-12 is most effective at augmenting IFN-γ production during CD8+ T cell 

activation have not been specifically defined.  In order to determine when CD8+ T cells 

were most responsive to IL-12, a series of neutralization and recombinant IL-12 add-back 

experiments were performed.  First, IL-12 and IL-23 were neutralized (anti-p40) on days 

0, 1, and 2 of priming and changes in IFN-γ production were determined on day 3.  These 

experiments demonstrated that neutralization of IL-12/23 within the first 2 days had the 

most pronounced effect on reducing IFN-γ production by CD8+ T cells.  This finding 

was corroborated by experiments in which recombinant IL-12 (rIL-12) was added to T 

cells primed by IL-12 deficient DC.  Adding rIL-12 to IL-12 deficient DC within the first 

2 days completely restored IFN-γ production to the levels observed when T cells were 

primed by WT DC (Figure 7).   CD8+ T cell responsiveness correlated with the 

expression of the IL-12 receptor, with the highest percentage of CD8+ T cells expressing 

this receptor by 24 hours after T cells were added to DC (65% of all CD8+ T cells).  In 

addition, T cells experienced prolonged responsiveness to IL-12 if the cytokine was 

present during priming.  Priming in the absence of IL-12 led to a swift downregulation of 

the IL-12 receptor by 48 after T cell addition to DC, relative to priming in the presence of 

IL-12.  Based on the published literature, the ability of IL-12 to regulate the expression of 

its receptor is likely to be mediated via activation of the transcription factor T-bet which 

upregulates the expression of the IL-12 receptor on T cells (23, 80, 202, 211).  Therefore, 

these experiments revealed that IL-12 exerts its effects mainly during the first two days of 
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priming, which strongly correlates with the peak of the expression of the IL-12 receptor 

on CD8+ T cells. 

 

IL-12 Increases the Duration of Interaction between CD8+ T cells and DC via 

Increased Production of the Chemokines CCL1 and CCL17 

Time-lapse video microscopy studies revealed that CD8+ T cells engaged in 

longer duration interactions with Lm-infected DC in the presence of IL-12.  In order to 

explain this observation, several experiments were performed in order to determine if IL-

12 regulated the expression of chemokine receptors, specifically focusing on CCR5 and 

CXCR4.  The ligands for CCR5 (MIP-1α, MIP-1β, and RANTES) and CCR4 (LIX, KC) 

are produced by Lm-infected DC (Figure 9).  In addition, the expression of CCR5 in 

some systems has been shown to be regulated by IL-12 (82, 185).  Importantly, both 

CCR5 and CXCR4 are recruited to the immunological synapse when CD4+ T cells are 

primed by antigen presenting cells (182).  Based on these observations, the expression 

levels of CCR5 and CXCR4 on CD8+ T cells were determined on CD8+ T cells primed 

by WT and IL-12 deficient DC.  The results indicated that IL-12 did not affect the 

expression of the receptors CCR5 or CXCR4 during the first 3 days of priming (data not 

shown).  In addition, the T cell surface expression of molecules known to play a role in T 

cell adhesion during priming including CD69, CD44, and CD11a (LFA-1) were 

monitored during T cell activation in the presence or absence of IL-12 (61, 75, 77, 101, 

134, 183, 199, 206, 212).  From these experiments it was concluded that IL-12 did not 

increase the surface expression of CD69, CD44, or CD11a.  Also, IL-12 deficient DC did 

not express lower levels of ICAM-1 (the ligand for CD11a) compared to levels observed 
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on Lm-infected WT DC (data not shown).  Therefore, we ruled out the possibility that IL-

12 increased the duration of interaction between CD8+ T cells and Lm-infected DC by 

altering the expression of specific chemokine receptors and adhesion molecules 

previously reported to increase T cell adhesion during inflammation.  

In follow-up experiments, a cytokine/ chemokine array revealed that Lm-infected 

DC produced more CCL1 and CCL17 in the presence of IL-12, while the secretion of 

cytokines (or chemokines) such IL-6 and RANTES were produced at similar levels by 

WT and IL-12-/- DC (Figure 9).  Importantly, the neutralization of CCL1 and CCL17 

together resulted in a significant decrease in the duration of interaction between T cells 

and DC.  This reduction in the percentage of T cells and DC that engaged in long 

duration interactions correlated with decreased IFN-γ production by CD8+ T cells which 

illustrated the importance of these chemokines in naïve CD8+ T cell activation.     

In contrast to the effects of CCL1 and CCL17 on CD8+ T cell activation, we 

found that neutralization of these chemokines did not reduce IFN-γ production by CD4+ 

T cells.  These cell-specific effects could be the result of differential requirements in the 

priming of CD8+ versus CD4+ T cells (69, 197, 198, 213-215).  For example, it has been 

demonstrated in vivo that CD8+ T cells engage in short-long-short duration interactions 

with APCs, and this leads to gain of T cell effector function (proliferation and IFN-γ 

production) (51).  However, long duration interactions precede both the induction of 

tolerance (proliferation only) and effector function acquisition (proliferation and IFN-γ 

production) for CD4+ T cells (181).  In CD4+ T cells, the ability to engage in long 

duration interactions with DC may depend on other chemokines produced during 

inflammation whose effects resemble those of CCL1/17 in CD8+ T cell activation.  With 
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regard to the induction of CCL1 and CCL17 from Lm-infected DC, we found that the 

expression of the IL-12 receptor on DC was required for augmenting CCL1 and CCL17 

production induced upon listerial infection suggesting that IL-12 feeds back on DC 

through its receptor enhancing the production of these chemokines.  IL-12 stimulation of 

DC results in the activation of NF-κB as well as other transcription factors (216).  

Binding sites for NF-κB have been identified in both the CCL1 and CCL17 promoter 

regions, providing a possible explanation for how IL-12 increases the production of these 

chemokines during inflammation (217-222).  This is one of the first reports attributing a 

specific function of the IL-12 receptor expression on DC to the induction of additional 

factors that regulate T cell activation.  

 

Section II.  In vivo Analysis of the Roles of IL-12 and IL-23 in CD8+ T cell 

Activation 

 

Previous Studies on the Roles for IL-12 and IL-23 in Lm Immunity 

 Recent studies attempting to understand the contributions of IL-12 and IL-23 to 

CD8+ T cell activation during Lm infection have illustrated that IL-12 (not IL-23) is 

important in augmenting the number of effector CD8+ T cells that produce IFN-γ during 

primary infection (204, 223).  In addition, IL-12 and IFN-γ reportedly delays memory 

CD8+ T cell development such that T cells with a memory phenotype (IL-7 receptor 

high, KLRG1 low) can not be detected until 5 days post infection.  However, the memory 

pool that develops is qualitatively indistinguishable for memory CD8+ T cells that 
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develop in the presence of IL-12 (IFN-γ production and proliferation upon restimulation) 

(52, 223).  

Several of these conclusions were primarily drawn from mouse models in which 

investigators infected wild-type, IL-12 deficient, or IL-12/23 deficient mice with Lm and 

measured the number and function of Lm-specific CD8+ T cell at day 7 (the peak of the 

CD8+ T cell response) and day 40 (memory establishment) post-infection (52, 204, 223) .  

Specifically, they observed significant decreases in the number of IFN-γ producing CD8+ 

T cells at the peak of the T cell response in the absence of IL-12 or IL-12/23 in vivo; yet, 

the T cell function was not compromised (204, 223).  Analysis of the memory CD8+ T 

cell pool in Lm-infected wild-type, IL-12 deficient, and IL-12/23 deficient mice revealed 

equivalent numbers of antigen-specific cells, and their function upon restimulation was 

not compromised in the absence of IL-12 or IL-23 (204, 223).  Therefore, these 

experiments suggested that in the context of a listerial infection only IL-12 alters primary 

CD8+ T cell activation, while memory responses are programmed by other mechanisms. 

  Based on these observations one could conclude that IL-12 and IL-23 do not 

affect the generation of memory CD8+ T cells.  However, the possibility exists that these 

cytokines may play an important role in the generation of memory CD8+ T cells 

particularly under conditions where inflammation is not robust.  In the studies mentioned 

above, IL-12 or IL-12/IL-23 deficient mice were directly infected with Lm.  Listerial 

infection of mice results in extensive inflammation.  During infection with by this 

pathogen listerial antigens are presented by APCs such as dendritic cells and 

macrophages.  These cells also secrete various cytokines (IFN-γ, TNF-α, IL-12, IFN-β, 

IL-6) and chemokines (MIP-1α, RANTES, CCL7) which are important in the activation 
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of recruitment of various immune cells required to resolve Lm (macrophages and CD8+ T 

cells).  In regards to T cell activation, APCs also upregulate costimulatory molecules 

(CD80, CD86, CD40) that increases CD8+ T cell proliferation and function during 

priming (10, 11, 29, 32, 37, 48, 53, 58, 83, 84, 101, 120, 129, 130, 132, 139, 142, 143, 

145, 146, 152, 156, 168, 172, 189, 192-194, 213, 224-244).   In addition to activating 

naïve CD8+ T cells, stimulated APC can also prime naïve CD4+ T cells which play an 

important role in augmenting CD8+ T cell responses (particularly memory responses) 

during listerial infections in vivo (92, 120, 142, 143, 213, 245, 246).  Therefore, in a 

direct infection model, CD8+ T cell activation is modulated by various immune cells 

(DC, macrophages, CD4+ T cells) and factors produced by these cells (cytokines, 

chemokines, costimulatory molecules) that promote the generation of highly functional 

effector and memory CD8+ T cells.  This robust immune response elicited against direct 

infections with Lm in vivo is beneficial for T cell responses and the subsequent protection 

of the host.  The extensive activation of immune cells during infection generates immune 

redundancy in which the loss of one (or a few) of these factors (ie., lack of IL-12, IL-23, 

IFN-β production or absence of CD40 stimulation on APC during infection) will not 

inhibit the generation of potent anti-listerial CD8+ T cell responses in vivo (197, 198, 

204).  These observations can potentially be explained from studies which demonstrated 

that CD8+ T cell activation is not compromised if T cells receive a strong signal through 

the TCR during priming (signal 1), which reduces the requirements for costimulation 

(signal 2) and cytokine signaling (signal 3) in augmenting T cell proliferation and 

cytokine production (IFN-γ) (15, 66, 69, 173).  Even though immune redundancy created 

during live Lm infection is beneficial for the host, it makes it difficult to discern the 
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importance of specific factors produced during inflammation (such as IL-12 and IL-23) in 

the regulation of CD8+ T cell responses in vivo.  Instead of completely eliminating these 

factors during CD8+ T cell activation, it would be useful to determine how a brief 

exposure to IL-12 and IL-23 during priming (particularly in situations where 

inflammation is reduced; ie. limited antigen presentation) affects CD8+ T cell primary 

and secondary responses.  An analysis of the role of IL-12 and IL-23 under such 

conditions would further our understanding on the roles of IL-12 and IL-23 (if any) in 

memory T cell development.   

Antigen load could be reduced in the Listeria model system using antibiotics 

(ampicillin) or antigen-bearing DC vaccination (52, 135, 213-215, 241, 247).  Listerial 

studies involving antibiotic-treated mice have revealed that limiting antigenic exposure 

during inflammation does not compromise the generation of memory CD8+ T cells (213-

215, 241, 247, 248).  In fact, memory CD8+ T cell responses are accelerated in Lm-

infected ampicillin treated mice (247).  Interestingly, if mice are treated with ampicillin at 

various times post-infection (day 0, 1, or 2) the resulting size of the memory cell CD8+ T 

cell pool can be altered (215).  Specifically, ampicillin treatment of Lm-infected mice at 2 

days post-infection resulted in the largest memory CD8+ T cell pool, and treatments at 

days 0 and 1 post-infection reduced the number of memory CD8+ T cells (215).  These 

observations suggest that inflammation can impact memory cell development very early 

during priming, and a brief exposure to inflammatory mediators may augment memory 

development.  DC vaccination also generates memory cells faster than they are generated 

in mice directly infected with Lm (52).  Further, the ability of these cells to increase 

memory generation can be reversed through the actions of IFN-γ (52).  This observation 
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again illustrates that under conditions were inflammation is reduced (antigen load) it may 

be possible to identify specific factors that can modulate memory CD8+ T cell 

development.   

 

DC Vaccination and Lm Immunity 

DC vaccination against Lm challenge has been highly successful (52, 135).  It has 

been reported that DC vaccination accelerates the generation of memory CD8+ T cells 

(52).  This was attributed to the reduced inflammation (IFN-γ production) generated as a 

result of DC vaccination compared to direct immunization with live bacteria (52).  Recent 

studies have found that inflammation promotes the generation short-lived effector T cells 

(SLECs) while delaying the development of memory T cells, and IL-12 plays an 

important role in this conversion (137, 202).  A strong IL-12 response is thought to 

promote the generation of short-lived effector cells (SLECs), whereas, immune responses 

taking place in the absence of IL-12 are thought to accelerate the development of memory 

precursor effector cells (MPECs) (202).  These effects of IL-12 correlated with the 

amount of T-bet activation that occurred during IL-12 stimulation of T cells (137, 202).  

If T-bet was potently induced, the T cell response was shifted towards a SLEC phenotype 

(KLRG1 hi, IL-7R low); however, if T-bet was only minimally induced the cells 

resembled MPECs (KLRG1 lo, IL-7R hi) (202).  In contrast to previously published 

literature that demonstrates IL-12 is a positive regulator of T cell activation, the more 

recent studies suggest that IL-12 could potentially diminish the generation of memory 

CD8+ T cells by delaying their development. 
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Protocol to address the in vivo Roles of IL-12 and IL-23 in Eliciting CD8+ T cell 

mediated Protective Immunity to Lm  

Our in vivo analysis of the roles of IL-12 and IL-23 in promoting anti-listerial 

immune responses revealed that both cytokines are essential in establishing protective 

immunity.  This conclusion was drawn from studies in which, OT-1 T cells were 

adoptively transferred into naïve p40-/- recipient mice.  Two days post transfer, mice 

were vaccinated with a sublethal dose of Lm-OVA or with Lm-OVA infected WT, IL-12-

/-, or IL-12/23-/- DC.  Prior to the vaccination of mice with Lm-matured DC, penicillin 

and streptomycin were added to the DC cultures to terminate the infection.  This 

treatment ensured that no viable Lm were transferred into the mice with DC.  CD8+ T 

cell responses (expansion of OVA-specific T cells, cytokine production, and surface 

phenotype) were determined 7 and 40 days post vaccination.  In addition, immune mice 

were challenged with Lm, and T cell responses, bacterial burden, and survival were 

monitored as correlates of protection. 

 

IL-12 and IL-23 do not augment CD8+ T cell Primary Responses in vivo  

Primary responses were analyzed from the spleen and liver 7 days post treatment.  

We found that each DC vaccination elicited similar expansion of OVA-specific T cells in 

the spleen by 7 days post treatment, suggesting that IL-12 and IL-23 are not required for 

T cell proliferation (Figure 18).  This observation corroborates our in vitro finding that 

IL-12 and IL-23 do not augment T cell proliferation during priming by Lm-infected DC.  

This finding is also in agreement with previously published studies indicating that 
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extensive CD8+ T cell proliferation can be induced by antigenic stimulation without the 

requirement for additional stimulation through cytokines (15, 66).  In addition, we 

observed that direct vaccination of IL-12/23 deficient mice with Lm resulted in a 

significant increase in the number of OVA-specific CD8+ T cells compared to the 

expansion of this population induced by DC vaccination.  This observation is consistent 

with the notion that increased inflammation in the context of live infection induces 

factors in addition to IL-12/23 that can augment primary CD8+ T cell responses (198, 

204).  In addition to a significant increase in the number of OVA-specific effector CD8+ 

T cells produced by direct immunization with Lm compared with DC vaccination, we 

also observed a significant increase in the number of IFN-γ producing T cells elicited 

with live Lm vaccination.  However, we did not observe differences in the number of 

IFN-γ producing CD8+ T cells generated by immunizing mice with IL-12/23 producing 

DC versus DC that lacked the production of one or both of these cytokines.  Each 

vaccination protocol generated OVA-specific effector CD8+ T cells with a characteristic 

activation phenotype characterized by high levels of CD44 and CD69 and low levels of 

CD62L.  These results demonstrate that the regulation of cell surface adhesion molecules 

on activated CD8+ T cells are not regulated by IL-12 or IL-23.  In addition, we did not 

observe a significant increase in the number of OVA-specific T cells that had an SLEC 

phenotype with direct infection compared to DC vaccination.  This result is surprising 

because it demonstrates that a brief exposure to IL-12 is not sufficient to augment the 

generation of SLECs as suggested in previously published studies (137, 202, 223, 249) 

(Figure 18).  From these observations we concluded that DC vaccination elicits a less 

robust primary response compared with live bacterial immunization.  In addition, these 
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observations suggest that in vivo IL-12 and IL-23 are not required to elicit robust primary 

CD8+ T cell responses against Lm.  In the case of vaccination with live Lm, other 

cytokines such IFN-β could serve as a potent signal 3 to CD8+ T cells (101, 111, 141, 

250).  With regards to DC vaccination, this is also likely to be the case; however, direct 

immunization with Lm likely elicits a stronger IFN-β response compared with DC 

vaccination.  Also, live Lm and DC vaccination in vivo will result in the activation of 

multiple cell types (such as macrophages) as will as activation of resident DC; however, 

the magnitude of activation is likely to be different (11, 29, 33, 36, 53, 83, 101, 106, 123, 

126, 127, 130-132, 142, 146-148, 150, 172, 189-191, 193, 194, 196, 233, 251-254).  

Once activated these cells could also participate in the priming of naïve CD8+ T cells, 

and factors that they present to T cells (such as costimulation through CD86 expression) 

could potentially compensate for the lack of IL-12 and IL-23 elicited in the context of 

live Lm vaccination of IL-12/23 deficient mice or immunization with IL-12 or IL-12/23 

deficient DC. 

 

IL-12 and IL-23 augment the Quantity and Quality of Memory CD8+ T cells 

In contrast to the primary response, vaccination in the presence of IL-12 and IL-

23 was important for enhancing secondary responses, and thus protective immunity to 

Lm.  Forty days after vaccination with DC we assessed the number and function of OVA-

specific memory CD8+ T cells.  We found that there were significantly more OVA-

specific CD8+ T cells in the spleens and livers of mice that were vaccinated with Lm-

infected WT DC (Figure 19).  Vaccination with DC lacking IL-12 (p35-/- DC) led to a 

modest decrease in the size of the memory pool compared to vaccination with WT DC, 
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suggesting that IL-23 might be able to compensate for the lack of IL-12 in increasing the 

number of memory CD8+ T cells.  In contrast, vaccination with DC lacking IL-12/ IL-23 

production (p40-/- DC), led to a significant decrease in the number of resting OVA-

specific memory CD8+ T cells 40 days post vaccination compared to vaccination with 

WT DC.  These data indicate that IL-12 and IL-23 significantly enhanced the survival or 

homeostatic proliferation of T cells as they transitioned from effector to memory CD8+ T 

cells.  These cytokines may enhance the survival of MPECs as they transition to form a 

stable memory cells.  This possibility is based on a previous study which illustrates that 

IL-12 reduces apoptosis (caspase 3 activation) of primary effector CD8+ T cells (75).  

Since IL-12 and IL-23 can activate overlapping pathways (the activation of STAT3 and 

STAT4 transcription factors), IL-23 may also have this capability (27, 97, 109, 207-210).  

However, this remains to be determined.   

Functionally we found that in mice immunized with WT DC, more T cells made 

INF-γ when restimulated with OVA peptide (Figure 22) which correlated with more 

memory CD8+ T cells resulting from this vaccination.  T cells recovered from p40-/- DC 

immunized mice produced less IFN-γ when restimulated directly ex vivo compared to T 

cells from WT DC immunized mice.  This observation further emphasized the 

requirement for IL-12 and IL-23 in augmenting the CD8+ T cell memory phase.  

Although the different DC immunizations resulted in quantitative differences in the 

number of cytokine producing CD8 + T cells, phenotypically these cells resembled true 

memory cells.  By day 40 post immunization, OVA-specific T cells expressed low levels 

of CD69, low levels of CD62L and expressed high levels CD44.  Also, all DC 

vaccination strategies generated OVA-specific memory cells that expressed low levels of 
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KLRG1 by day 40 post vaccination indicating that these cells were true memory cells and 

not short-lived effector cells.  The number of CD4+ T cells, as well as their activation 

phenotype (CD44, CD69, CD62L, IL-7R, and KLRG1 levels), was also not altered by IL-

12 or IL-23 signals delivered to the T cells during the primary response (data not shown).  

Therefore, from these observations we conclude that priming in the absence of IL-12 and 

IL-23 decrease the quantity and quality of memory CD8+ T cells. 

 

IL-12 and IL-23 Enhance Protective Immunity against Lm 

The increased number of OVA-specific T cells generated by priming in the 

presence of IL-12 and IL-23 resulted in increased resistance to Lm when mice were 

challenged.   Lm or DC vaccinated mice were challenged with 1 LD50 of Lm, and their 

secondary responses as well as bacterial loads in the spleen and liver were determined on 

day 3 post challenge.  Mice directly vaccinated with live Lm or WT DC were strikingly 

more resistant to lethal challenge with Lm compared to mice immunized with p35-/- or 

p40-/- DC.  Mice vaccinated with live Lm did not have detectable bacteria in their liver 

on day 3 post challenge.  Similar results were found in mice vaccinated with WT DC 

(Figure 26).  Live bacteria were recovered from the liver of only 15% of the mice 

vaccinated with WT DC at levels that were slightly above the limit of detection of the 

assay.  In contrast, roughly 40% of mice vaccinated with IL-12-/- or IL-12/23-/- DC had 

high bacterial loads in their livers, similar to naïve animals at this time point.  In addition, 

50% of mice vaccinated with IL-12/23-/- DC had detectable bacteria in the spleen by day 

3 post challenge at levels similar to that observed for naïve animals.  In contrast to the 

liver, most of the mice vaccinated with IL-12-/- DC had cleared Lm from their spleen by 
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this time point suggesting potential organ specific effects of IL-23 in resistance to Lm.  

Collectively, the data suggest that priming in the presence of both IL-12 and IL-23 

augments protective immunity to Lm, and the loss of both cytokine drastically increases 

susceptibility to infection.  In addition, these results suggest that protection correlates 

with the size of the memory pool established before challenge.  Mice having the largest 

number of OVA-specific T cells in their livers and spleens prior to challenge (Lm 

vaccinated and WT DC immunized) exhibited sterilizing immunity by day 3.  In contrast, 

mice containing smaller numbers of memory CD8+ T cells exhibited increased 

susceptibility to infection with Lm, with roughly half of the immunized mice being 

colonized in the liver (p35-/- immunization) or both organs (p40-/-) by day 3 post 

challenge. 

In order to determine the extent of protection each DC vaccination elicited, mice 

were challenged with higher doses (5 LD50) of Lm and their survival was monitored for 

two weeks.  Vaccination with WT DC rendered the mice completely protected from this 

challenge dose.  Assessment of weight loss revealed decreases within the first 4 days of 

challenge and a gradual return to prechallenge weights after one week.  Similar to 

immunization with WT DC, vaccination with p35-/- DC resulted in substantial protection 

from lethal Lm infection.  Immunization with IL-12-deficient DC resulted in 80% of the 

mice being protected from this challenge dose.  However, the severity and duration of 

weight loss with p35-/- DC vaccination was more pronounced compared to that observed 

with WT DC immunization (Figure 27).  Mice vaccinated with p40-/- were markedly 

more susceptible to lethal challenge with Lm compared to mice immunized with WT or 

p35-/- DC.  Only 40% of the mice immunized with p40-/- DC survived a lethal challenge 
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with Lm.  The majority of the mice had to be sacrificed by day 3 post challenge as a result 

of extensive morbidity (labored breathing, ruffled fur, hunched posture, unresponsiveness 

to auditory or tactile stimulation).  We observed the most severe weight loss in this group 

compared with the other DC vaccinated mice.  None of the surviving mice vaccinated 

with p40-/- DC fully regained their prechallenge weights during the two week study.  

This experiment clearly illustrated that IL-12 and IL-23 delivery by DC vaccination plays 

an important role in generating protective immunity to Lm.   

 

IL-12 and IL-23 augment Secondary T cell Responses in Liver but not the Spleen 

In order to determine if protection correlated with the quality of secondary T cell 

responses the number of OVA-specific T cells, cytokine production, and activation 

phenotype of T cells were analyzed from mice on day 3 post challenge with an 

intermediate dose of Lm (1 LD50). Even though we observed striking phenotypes elicited 

by the different DC vaccinations, significant differences in the secondary effector 

responses were not observed in the spleen.  Mice directly vaccinated with Lm and WT 

DC exhibited the largest total number of OVA-specific T cells by day 3 post challenge, 

followed by mice that were immunized by p35-/- and p40-/- DC respectively.  However, 

no statistical differences were observed between the groups tested.  In addition, we found 

that IL-12 and IL-23 did not significantly increase the number of splenic secondary 

effectors that produced IFN-γ or increased their expression of the cytolytic molecules 

perforin and Granzyme B (data not shown).  The production of these molecules on a per 

cell basis was also not significantly augmented when T cells were primed in the presence 

of IL-12 and IL-23.  We also observed no significant differences in the number of 
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secondary effectors displaying an activated phenotype generated with the different DC 

vaccination protocols.  In contrast, in the liver we observed a significant decrease in the 

number of OVA-specific T cells in mice vaccinated with p40-/- DC compared with WT 

DC by day 3 of challenge.  However, similar numbers of OVA-specific T wells were 

found in the liver of p35-/- DC and WT DC vaccinated mice on day 3 post challenge.  

These observations suggest that effector memory CD8+ T cells generated in the presence 

of IL-12 and IL-23 proliferate more in the liver in response to secondary challenge with 

Lm or that the homing potential of these cells to nonlymphoid organs is enhanced.  These 

studies do not distinguish between these possibilities; however, the latter explanation 

seems more plausible based on the observation that the homing potential of memory T 

cells is imprinted during priming and modulated by cytokines as well as other factors 

induced during inflammation (22, 65, 69, 215, 255-258).  

 

How It All Fits Together: Discussion of the Relationship between the in vitro and in 

vivo Studies 

 The goals of these studies were to determine how IL-12 and IL-23 modulate 

CD8+ T cell activation.  With the in vitro studies, we focused on how these cytokines 

affected CD8+ T cell activation during priming by Lm-infected GM-CSF derived bone-

marrow DC (which is a correlate of in vivo derived inflammatory DC).  Proliferation and 

IFN-γ production were chosen as correlates of T cell activation.  By using this 

reductionist approach, we discovered a novel mechanism that IL-12 uses to augment 

IFN-γ production by CD8+ T cells.  In addition, we concluded that IL-23 did not 

augment CD8+ T cell proliferation and IFN-γ production during priming by Lm-infected 
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DC in vitro.  We wanted to extend our knowledge of the roles of these cytokines in CD8+ 

T cell activation further, so we designed an in vivo protocol to determine their effects on 

the primary and memory phases of T cell activation and ultimately protective immunity 

against Lm.  From our in vivo studies, we found that neither IL-12 nor IL-23 was essential 

for IFN-γ production and proliferation of CD8+ T cells during the primary phase.  

However, we observed a significant reduction in the number of memory CD8+ T cells 

(and secondary responses in the liver) in mice vaccinated in the absence of IL-12 and IL-

23.  In addition, mice vaccinated in the absence of both cytokines were highly susceptible 

to lethal challenge with Lm, which highlighted the importance of IL-12 and IL-23 in 

eliciting protective immunity in this system. 

 These studies increased our understanding of how IL-12 and IL-23 augment 

CD8+ T cell responses.  However, we observed two notable differences between our in 

vitro and our in vivo studies.  First, we found that IL-12 significantly augments IFN-γ 

production by CD8+ T cells in vitro but not in vivo during the primary phase of T cell 

activation.  Second, IL-23 did not alter T cell activation during the primary phase 

(proliferation and IFN-γ production) in vitro; however, in vivo priming in the presence of 

both IL-12 and IL-23 augmented CD8+ T cell responses during the memory phase and 

importantly, this correlated with increased protective immunity against Lm.  Some 

possible explanations for these observations are proposed below. 

 First, we analyzed IFN-γ production by CD8+ T cells after 3 days of priming in 

vitro compared to 7 days of priming in vivo.  Thus if we analyzed T cell responses after 

longer period of priming in vitro, we may have observed equivalent IFN-γ production 

from CD8+ T cells primed by WT and IL-12 deficient DC.  In the in vitro studies 
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presented in these studies, IFN-γ production by CD8+ T cells was measured after 3 days 

of T cell: DC coculture.  However, we also monitored the production of this cytokine 

from T cells after 4 days of T cell activation by DC (data not shown).  In these assays, 

CD8+ T cells made significantly less IFN-γ when primed by IL-12 deficient DC 

compared to WT DC even when the priming period was extended an additional day.  

Therefore, this illustrates that IL-12 production from DC is essential for augmenting IFN-

γ production by CD8+ T cells and extending the priming period will not augment the 

ability of DC to increase IFN-γ production by T cells in an isolated system.  This 

illustrates that when CD8+ T cells are primed by Lm-matured BMDC in vitro, additional 

factors produced during Lm-infection (such as IFN-β) cannot compensate for the lack of 

IL-12 in augmenting T cell IFN-γ production.  In addition to kinetic differences between 

the in vitro and in vivo analyses, the increased variety of immune cells that could 

influence T cell activation in vivo could favor T cell priming even in the absence of IL-12 

(18, 55, 83, 120, 123, 125, 126, 131, 146, 155, 161-163, 169, 190, 193, 194, 196, 197, 

254, 259, 260).  Specifically, in the in vitro studies, T cells were primed exclusively by 

Lm-matured GM-CSF derived BMDC.  Therefore, only these APCs were involved in 

inducing IFN-γ production by CD8+ T cells.  However, in vivo, IFN-γ production by 

CD8+ T cells could be regulated by different DC subsets, macrophages, and CD4+ T 

cells (18, 55, 83, 120, 123, 125, 126, 131, 146, 155, 161-163, 169, 190, 193, 194, 196, 

197, 254, 259, 260).  OT-1 T cells were administered to IL-12/23 deficient mice through 

intravenous injections.  Hence a large number of these adoptively transferred T cells 

would likely be found in the T cell zones of the spleen during priming (128, 130, 133, 

261).  Based on their localization, they would have an opportunity to be primed by at 
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least 3 different DC subsets including CD4+, CD8+, and CD4/8- DC (47, 50, 53, 100).  

The CD8α+ DC are potent stimulators of naïve CD8+ T cell activation during Lm 

infection (47, 50, 53, 100).  During infection, GM-CSF derived BMDC behave similarly 

to resident splenic DC in that they produce cytokines (TNF-α) and upregulate 

costimulatory molecules (CD40, CD80, and CD86) (36, 47, 50, 53, 100).  However, the 

magnitude in the induction of these maturation responses is likely to be different between 

splenic DC and GM-CSF bone-marrow derived DC.  For example, in vivo CD86 is 

express to higher levels on splenic DC (particularly the CD8α+ DC) during Lm-infection 

compared to levels induced on Lm-infected; GM-CSF derived BMDC (Mitchell LM, 

unpublished data).  As mentioned earlier in the text, the requirement for signal 3 

(cytokines) in the efficient activation of CD8+ T cells can be reduced as the strength of 

signals 1 (antigenic stimulation) and 2 (costimulation) is increased (15).  Therefore, IFN-

γ production by CD8+ T cells may not be reduced in the absence of IL-12 in vivo because 

the extensive expression of CD86 on DC may compensate for the lack of IL-12 in 

augmenting IFN-γ production by CD8+ T cells.  Costimulation through CD86 has been 

shown to augment IFN-γ production by CD8+ T cells independently of IL-12 (262).   In 

addition to various DC populations, priming of naïve T cells in vivo could be mediated in 

part by marginal zone macrophages (128, 130, 133, 261).  These APCs could cooperate 

with DC in priming naïve CD8+ T cells.   Their effects could be exerted via direct 

stimulation of naïve CD8+ T cells or indirectly through the activation of resident DC 

through TNF-α production, thus increasing the capacity of DC to efficiently prime T 

cells.   
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As mentioned earlier, CD4+ T cell (T helper cells) activation can augment CD8+ 

T cell activation.  T helper cells can induce DC maturation via ligation of CD40L 

(expressed on CD4+ T cells) with CD40 (expressed on DC), or through soluble factors 

that CD4+ T cells secrete when they are activated (such as IFN-γ) (83, 115, 197, 233, 

245, 263, 264).  IFN-γ can act both on APCs and CD8+ T cells (15, 197, 233, 245, 264).  

IFN-γ produced by CD4+ T cells can directly stimulate IFN-γ production from CD8+ T 

cells (15, 197, 233, 245, 264).  Therefore, IL-12 might not be required to augment the 

number of IFN-γ producing CD8+ T cells in vivo, because the additional source of IFN-γ 

provided by activated CD4+ T cells could enhance IFN-γ production by CD8+ T cells 

independently of IL-12 (15, 197, 233, 245, 264). 

A second difference our in vivo studies also suggested that IL-23 stimulation 

during CD8+ T cell activation (along with IL-12) increased the quantity of memory 

CD8+ T cells and the quality of secondary responses to Lm upon challenge.  However, 

our in vitro studies indicated that IL-23 did not modulate T cell activation during 

priming, suggesting that T cell activation should not be compromised in the absence of 

IL-23.  We hypothesized that IL-23 did not impact T cell activation in vitro as a result of 

the IL-23 receptor not being highly expressed on T cells during this phase of activation 

(210).  We determined that IL-23 did not modulate IFN-γ production or proliferation 

during the activation of naïve CD8+ T cells by Lm-matured DC in vitro.  However, we 

can not rule out based on our studies that IL-23 affected other aspects of CD8+ T cell 

activation that we did not measure during the initial days of priming.  One way to address 

the possibility that IL-23 affects other processes in T cell activation would be microarray 
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analysis.  Using this approach, we could determine if IL-23 regulates the expression of 

genes that might be involved with augmenting CD8+ T cell activation or survival. 

Based on our hypothesis that the IL-23 receptor is not highly expressed on naïve 

CD8+ T cells, we propose that in vivo IL-23 might augment CD8+ T cell responses 

indirectly during priming.  Interleukin-23 regulation of immune responses is only 

beginning to be understood due to the fact that IL-23 was first identified only 8 years ago 

(265).  The IL-23 receptor is highly expressed on APCs (DC and macrophages) (210).  In 

DC, IL-23 augments TNF-α production and decreases IL-10 production (24, 26, 27, 92, 

97, 109, 110, 208, 209, 265).  However, IL-23 stimulation of DC (or macrophages) may 

elicit the production of an as yet unidentified soluble factor that could directly influence 

memory CD8+ T cell development.  This factor could modulate proteins that alter T cell 

survival such as inhibitor of DNA-binding-2 (ID2) which is increased in CD8+ T cells 

during activation and is expressed at high levels in memory CD8+ T cells (266).  ID2-

deficient CD8+ T cells mount normal primary responses (266).  However, due to 

increased apoptosis, the size of the memory CD8+ T cell pool decreases over time.  ID2-

deficient CD8+ T cells mount normal secondary T cell responses (proliferation and IFN-γ 

production) compared to normal CD8+ T cells, but are deficient at controlling Lm 

challenge (266).   

Interleukin-23 could also increase the ability of CD4+ T cells to stabilize the 

memory CD8+ T cell pool and the subsequent quality of secondary CD8+ T cell 

responses upon challenge with Lm.  In the Listeria model system, CD4+ T cells are 

critical for maintaining the size of the memory CD8+ T cell pool (23, 120, 142).  In 

addition, secondary CD8+ T cell responses (proliferation and cytokine production) are 
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compromised if memory CD8+ T cells developed in the absence of CD4+ T cells; 

however, the mechanisms utilized by CD4+ T cells in augmenting memory CD8+ T cell 

responses are still under investigation (23, 120, 142).  Although IL-23 is a relatively new 

cytokine, it has already been demonstrated to potently affect CD4+ T cell responses (27, 

95, 109, 110, 207-209, 265).  Interleukin-23 is important in the generation of a recently 

discovered subset of CD4+ T cells that develop under specific conditions generated 

during infections (27, 95, 109, 110, 207-209).  This cytokine induces Th17-mediated 

immune responses which are characterized by the production of IL-17 producing CD4+ T 

cells (27, 41, 42, 93-95, 109, 110, 207-209).  Th17 responses induce the development of 

autoimmune diseases, such as experimental autoimmune encephalomyelitis (EAE) and 

collagen-induced arthritis (CIA) (27, 41, 42, 93, 94, 109, 110, 207-209).  In addition, 

Th17 responses are important in the clearance of extracellular bacteria and parasitic 

pathogens (27, 41, 42, 93, 94, 109, 110, 207-209).   

Since CD4+ T cells are important in stabilizing and maintaining the quality of the 

memory CD8+ T cell pool (and IL-23 is a potent modulator of CD4+ T cell responses), 

we hypothesize that the absence of IL-23 during priming might alter CD4+ T cell 

responses (such as the lack of IL-17 production) which could compromise the ability of 

these lymphocytes to support the optimal generation of memory CD8+ T cells.  This 

hypothesis could be tested by monitoring CD8+ T cell activation in Lm-infected WT and 

IL-23 deficient (p19-/-) mice.  If IL-23 conditioning of CD4+ T cells increases their 

ability to support the development of memory CD8+ T cells, then one should observe 

decreased numbers of functional memory CD8+ T cells when T cells are isolated from 
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IL-23 deficient mice compared with WT mice.  We could also address if IL-17 was 

involved in this process by performing similar experiments in IL-17 deficient mice.   

 

 

 

 

 

Overall Conclusions 

From these data, it is clear that IL-12 and IL-23 augment protective immunity to 

Lm particularly when the overall extent of inflammation during priming is low as in the 

case of DC vaccination.  The effect of IL-12 and IL-23 exerted on CD8+ T cells resulted 

in the generation of a larger CD8+ T cell memory pool.  In addition secondary responses 

in the liver were increased upon secondary challenge with Lm-OVA.   

In conclusion, these studies contribute to the current knowledge of anti-listerial 

immunity and CD8+ T cell activation more generally in a number of ways.  First these 

studies reveal a new role for IL-12 in primary CD8+ T cell activation mediated by the 

identification of two chemokines which promote IFN-γ production by CTL.  

Traditionally, most of the effects of IL-12 were thought to be mediated through 

downstream effects that occurred when the IL-12 receptor was triggered on T cells.  Even 

though this remains true, this study is one of the first to highlight the importance of IL-12 

receptor triggering on DC in bridging innate and adaptive immune responses through 

these chemokines.  We found that long duration interaction between T cells and DC 

occurred in the presence of IL-12 and was promoted by the chemokines CCL1 and 
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CCL17 which were produced in large amounts by DC expressing the IL-12 receptor.  

These long duration interactions strongly correlated with increased IFN-γ production by 

CD8+ T cells, which is in agreement with previously published data that demonstrated 

that long duration interactions precede the successful acquisition of CD8+ T cell effector 

function (51).  In this regard, none of the previous studies identified specific 

inflammatory mediators that would promote these long duration interactions.  Our study 

also makes a significant contribution to the understanding of this important component of 

CD8+ T cell activation by introducing this previously unidentified role of IL-12 in 

promoting long duration interactions between CD8+ T cells and DC.   

Another important parameter of this study was the identification of CCL1 and 

CCL17 as chemokines that may play important roles in generating anti-listerial immune 

responses in vivo.  Currently it is known that CCR2-/-, CCR7-/-, MCP-1-/-, and MCP-3-/- 

mice are more susceptible to infection with Lm compared to WT mice (193).  In addition, 

it has been demonstrated that CCL17 is induced in several organs during Lm infection 

(172).  Therefore, determining the susceptibility of CCL1-/-, CCL17-/-, and CCL1/17-/- 

mice to Lm infection will be important in increasing our understanding of which 

chemokines promote the clearance of intracellular bacterial pathogens in general.    

Our in vivo studies reveal a potentially novel role for IL-23 in augmenting 

protective immunity against Lm.  We found that in the context of DC vaccination, IL-12 

and IL-23 in combination significantly increased the size of the CD8+ T cell memory 

pool, as well as the number of secondary responders in the liver during secondary 

challenge.  This finding is in contrast to some previously published studies which suggest 

that inflammation delays memory cell development and IL-12/23 does not play a role in 
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the generation of memory CD8+ T cells (198, 223).  However, these studies were 

performed by directly infecting mice with Lm, thus creating a scenario in which higher 

inflammation compensate for the lack of IL-12/23 in the efficient generation of memory 

CD8+ T cells.  However, an in vivo reductionist approach was needed in order to 

determined if these cytokines impacted memory CD8+ T cells in a situation where 

inflammation and thus the possibility of redundancy was limiting. The work presented 

here is consistent with a scenario in which the importance of IL-12 and IL-23 in 

augmenting the generation of memory CD8+ T cells increases as the overall extent of 

inflammation decreases (particularly antigen load).  This hypothetical effect of IL-23 in 

the promotion of a larger memory pool might result from decreased apoptosis of MPECs 

during latter points after contraction.  Therefore, from these studies we can conclude that 

a transient exposure to IL-12 and IL-23 augment memory CD8+ T cell development. 

Our results in the context of previously published studies suggest a model in 

which IL-12 is a key mediator that alerts the immune system to the severity of the 

pathogen during Th1 mediated immune responses.  Hence if a pathogen elicits a strong 

IL-12 response, the immune system is instructed to delay memory development and 

generate more effectors to deal with the invader.  However, if the pathogen is benign, the 

IL-12 response will be weaker, effector generation will be less extensive, and memory 

CD8+ T cell generation will be accelerated.  In addition, the importance of IL-12 and IL-

23 in the generation of CD8+ T cell mediate protective immunity may inversely correlate 

with the extent of inflammation induced by various pathogens.  For example, pathogens 

that are potent inducers of inflammation, such as Lm, will elicit multiple T cell activating 

signals during infection (including IFN-β) which could compensate for the lack of IL-
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12/23.  Overall, this additional knowledge of how IL-12, IL-23, CCL1, and CCL17 

promote robust CD8+ T cell primary and secondary responses can be applied to the 

development of future therapeutics and vaccines against intracellular pathogens. 
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