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ABSTRACT 
  

During viral infections, CD8+ T cells only respond to a select few epitopes 

derived from the respective foreign pathogen. These epitopes can be organized into a 

hierarchy, based on their ability to induce T cell priming. Such phenomenon is known as 

immunodominance. Cytotoxic T cells can be primed through the direct pathway, or the 

cross-priming pathway. The latter involves exogenously derived viral epitope 

presentation by uninfected professional antigen presenting cells.  

It has been previously reported that Lymphocytic Choriomeningitis nucleoprotein 

expressed in HEK cells (HEK-NP) could be cross presented to CD8+ T cells. In these 

studies we have used this same HEK-NP model to study the effects of LCMV-NP cross 

priming on the LCMV immunodominance hierarchy following viral challenge. Our 

results provide strong evidence that cross priming is an efficient route with which to 

induce cell-mediated immunity. We also highlight a regulatory role for cross priming in 

immunodominance by showing that a single dose of HEK-NP can completely shift the 

immunodominance hierarchy of a typical LCMV infection. Furthermore, we see that the 

induction of LCMV-NP cross priming boosts anti-viral immunity to subsequent LCMV 

infections.  

This work provides strong support for the physiological role that cross priming 

plays in normal cell-mediated immune responses. It may also provide relevant 

information to the realm of immunotherapy.  
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CHAPTER 1. Literature Review 

1.1 Introduction 
 

The cell-mediated component of the immune system is essential for specific, 

adaptive immune responses to many foreign pathogens. This system is most important 

during bacterial and viral infections when neutralizing antibodies from the humoral 

immune response cannot access these pathogens inside cells. Cytotoxic CD8+ T cells are 

the cell type responsible for specifically killing other infected cells to resolve bacterial 

and viral infections[1]. Helper CD4+ T cells, on the other hand, are important in the 

activation and growth of other immune cells, especially CD8+ T cells[2], and in 

maximizing the bactericidal activity of phagocytic cells[3]. The activation of cytotoxic T 

cells is regulated by a process termed antigen presentation, which allows CD8+ T cells to 

specifically attack other infected cells. This process must be highly regulated to optimize 

immunity because the killing of uninfected cells can be highly detrimental to the host. It 

is therefore crucial to study this process of antigen presentation to further expand our 

knowledge of immunity, as well as to apply these findings to vaccine development 

against infectious pathogens and tumors.  

 

1.2 Initiating the Cell-Mediated Immune Response 

Cell-mediated immune responses rely on the process of CD8+ T cell ‘priming’ 

which refers to the activation of a CD8+ T cell so that it is specifically targeted towards 

an infected cell. The CD8+ T cell priming process involves the binding of specific peptide 

fragments 8-11 amino acids long, called epitopes, derived from foreign proteins 

synthesized during an infection, to major histocompatibility complex (MHC) class I 
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molecules. These MHC class I molecule-epitope complexes are presented on the cell 

surface of antigen presenting cells (APCs) so they can be recognized by the T cell 

receptor on the CD8+ T cell[4]. The second process that is necessary for CD8+ T cell 

priming is the binding of costimulatory signals of the B7 family from the APC to the 

CD28 receptor on the CD8+ T cell (Figure 1)[4]. Because professional APCs (pAPCs) 

such as dendritic cells have good expression of these costimulatory molecules, they are 

the cell type most commonly involved in CD8+ T cell priming[5]. This process of 

priming is responsible for driving the clonal expansion of naïve CD8+ T cells and their 

differentiation into target-specific effector T cells.  

 

1.3 Cross Presentation - An Alternative Route for Priming 

Although classically, antigen presentation by MHC class I molecules has been 

known to occur by the direct presentation pathway where endogenously derived antigen 

from infected cells is processed and presented to CD8+ T cells[6], an alternative route of 

antigen presentation has also been documented[7-10]. Originally described by Bevan, this 

alternative method of presentation is termed the cross presentation pathway[11]. This 

alternate pathway involves the presentation of exogenously derived epitopes on 

professional APCs, such as dendritic cells or macrophages (Figure 2.)[7]. Professional 

APCs, as discussed previously, express high levels of costimulatory molecules[5], and 

according to the literature are the only cell types to both directly and cross present 

antigens to CD8+ T cells[10, 12]. When cross presentation of antigens results in priming 

of CD8+ T cells for effector functions such as cytokine production and killer activity, 
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Figure 1. CD8+ T cell priming as a result of antigen presentation.  
Two signals are required for naïve T cells to become primed and develop into effector T 
cells to produce cytotoxic effects and cytokines. Signal 1 involves MHC:epitope and 
TCR interactions, while signal 2 involves costimulatory molecule interaction on the 
pAPC with the receptor CD28 on the naïve T cell. Please note that for pdf format, figures 
can be visualized more clearly at 200x magnification.  
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Figure 2.  The basic mechanisms of direct and cross priming pathways for CD8+ T 
cell priming.  
The direct priming pathway allows for the presentation of endogenously derived antigen 
from an infected pAPC to a CD8+ T cell to prime the T cell for effector functions. The 
cross-priming pathway, on the other hand, involves the presentation of exogenously 
derived antigen on a non-infected pAPC (most commonly dendritic cells or 
macrophages) to prime CD8+ T cells. 
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this is referred to as cross priming.  
 

Since Bevan’s discovery of cross priming, this pathway of CD8+ T cell priming 

has been often studied with regards to the cell types involved in cross presenting 

antigens, the multiple processing pathways that lead to presentation, and the accessory 

signals which are needed to efficiently stimulate priming[10]. There are, however, some 

questions within the literature regarding the physiological significance of cross priming 

as a normal route of immune induction[13]. We intend to present some very convincing 

in vivo data in support of the relevance of cross priming, which justify further 

investigations into its regulation and importance in cell-mediated immunity. Many 

experimental models supporting this process involve virally infected and tumor cells and 

we will focus on these in the discussions to come[14, 15].  

Virus-like particles (VLPs) have been one such resource with which cross priming 

can been studied. They have been used widely as a potent adjuvant to introduce 

exogenous antigen to pAPCs and induce cross-presentation of these antigens[16, 17]. 

VLPs can be formed by the assembly of envelope or capsid proteins from many 

viruses[18]. Because of their synthesis using structural proteins they can be made to be 

non-replicative (do not initiate transcription within the pAPC) so that only the exogenous 

antigen loaded inside these particles can be presented (cross presentation) to T cells and 

no newly synthesized endogenously derived antigen will be available (for direct 

presentation). These non-replicative properties provide researchers with an invaluable 

tool for studying CD8+ T cell activation via the cross priming pathway. In support of the 

important role of cross priming under physiological conditions, Moron et al. utilized an 

antigen delivery system that was based on immunization with nonreplicative, 
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recombinant parvovirus-VLPs[19]. They found that mice immunized with VLPs carrying 

a CD8+ T cell epitope developed a strong, specific MHC class I cytotoxic T lymphocyte 

(CTL) response due to the cross presentation abilities of the dendritic cells (DC) present.  

Another group studying the role of cross priming in viral infections performed 

experiments by immunizing mice with viral antigen-expressing cells (influenza A virus 

and SV40 T antigen-infected cells) of which their antigen could only be cross 

presented[15]. To do so, they first used a TAP-/- MC57G fibroblast cell line, which is 

unable to present the three influenza A virus determinants of interest for cross priming. 

They also used cell lines that were allogenic to the mouse cells, so that the MHC class I 

molecules on the infected cells were incompatible with the T cell receptors on the mouse 

cells and therefore direct priming could not occur. With this second model, they studied 

specific determinants derived from an SV40 T antigen infection. In both cases, the cross 

priming of CTLs to viral antigens was found to be a “robust process”. They referred to 

this process as “robust” because it required cell numbers far lower than needed for 

normal physiological anti-viral responses. Like the previous study by Moron et al. 

[19]this experiment also yields very strong evidence for the relevance of cross priming.  

Tumor models may also provide an important resource for studying cross priming 

because rarely do these populations of cells express the important costimulatory 

molecules needed for priming of CD8+ T cells[20]. This lack of costimulation on tumor 

cells suggests that phagocytosis, by dendritic cells for example, is likely necessary to 

induce antigen presentation and thus the cross presentation pathway must be utilized. 

Additionally, for an immune response against the antigens derived from the tumor cell 

population to occur, fragments of these cells may have to migrate to the lymph nodes to 
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interact with naïve T cells. This is an essential job for the phagocytic pAPCs involved in 

the cross priming response, which can then migrate to the lymph nodes to present antigen 

and initiate the immune response[21]. Furthermore, DC-tumor vaccines have been used 

to prime naïve CD8+ T cells to destroy tumor cells in vivo[22]. This treatment method 

utilizes the concept of cross priming to stimulate tumor-specific CD8+ T cells and it 

further highlights the importance of cross priming in tumor immunity.  

Another important model of note with which to study cross priming is the use of 

ovalbumin (OVA) as a source of soluble protein antigen. Specifically, SIINFEKL, a 

peptide derived from OVA, is restricted to presentation by MHC class I molecules. This 

model has been used to study the use of adjuvants in the context of cross priming, such as 

using the virus-like particles discussed previously[16], using liposomes chemically 

coupled with OVA antigen to optimize immunity[23], or to study toll-like receptor 

agonists and their roles in stimulating immunity[24]. OVA antigen has also been useful 

for the study of upstream and downstream signaling that occurs during cross priming 

[25], and thus it offers a very useful model in which to study the regulation of cross 

priming in immunity.  

The vast expanse of evidence supporting the role of cross priming in targeting viral 

infections and tumors leads us to justify further study in this area. The current evidence 

strongly suggests that cross priming plays a key role in cellular immune responses, and 

thus, it may complement the direct priming pathway in regulating responses to 

pathogenic stimuli. Research in this area may therefore, prove highly valuable for 

immunotherapy purposes, especially where other methods have proven to be inefficient.  
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1.4 Lymphocytic Choriomeningitis Virus as a model antigen 

Having just discussed the important role that viral infections play in our 

understanding of cross priming, the viral model of interest throughout these future studies 

involving cross priming is Lymphocytic Choriomeningitis virus (LCMV) (Figure 3). 

LCMV is an enveloped, negative single-stranded RNA virus that is a member of the 

Arenaviridae family of viruses[26]. The average diameter of the virus particle is 90-

120nm, with distinct club-shaped spikes composed of glycoprotein projecting from the 

envelope. Like 12 other members of this family, LCMV is characterized by a 

bisegmented genome, which is composed of a small (S) and a large (L) segment[26]. It 

has four primary translation products; RNA polymerase and zinc binding protein derived 

from the L segment, and nucleoprotein (NP) and a glycoprotein precursor (GP-C), both 

derived from the S segment[27]. With further processing of the primary translation 

products, GP-C is cleaved into GP-1 and GP-2. These two glycoprotein subunits stay 

non-covalently attached after their cleavage to form a receptor spanning the lipid bilayer 

where GP-1 forms the globular head of the structure as a peripheral membrane protein 

and GP-2 forms the integral membrane domain[28]. This receptor is crucial for host cell 

infection and fusion of the viral outer membrane with the host cell membrane[29].  
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Figure 3. An illustration of the lymphocytic choriomeningitis virus structure.   
The LCMV nucleoprotein is found surrounding the small and large subunits of the 
ssRNA genome, whereas the glycoprotein subunits 1 and 2 make up the membrane-
spanning receptor important for infection and fusion with host cell membranes.  
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LCMV is a non-cytolytic virus that provides us with a very useful model for 

studying innate immunity and MHC class I and II presentation. Specifically, LCMV-WE, 

the strain of interest for the present study, replicates rapidly resulting in a massive 

expansion of antigen-specific CD8+ T cells, making it very useful for the study of cell-

mediated immunity[30-33].This strain also does not cause exhaustion (functional 

impairment after chronic antigen stimulation) of CTLs like more aggressive strains such 

as LCMV-clone 13[34], allowing for a better analysis of CD8+ T cell immune responses. 

The viral epitopes of LCMV have been well defined, and because of its small genomic 

size (encoding only 4 proteins) it is a practical model with which to study immunity.  

This LCMV model has been previously used to study the process of cross 

presentation. Basta et al. found that the LCMV nucleoprotein could be cross presented 

efficiently when it is introduced using LCMV-NP-transfected HEK293 cells[35]. The 

LCMV-NP epitope NP396-404 was found to be most efficiently cross presented and 

additionally, this presentation required the accumulation of the mature LCMV-NP rather 

than the newly synthesized form. LCMV has also been used to study the possible 

downstream effector molecules in stimulated CD8+ T cells after cross presentation such 

as the RelB transcription factor (part of rel/NF-κB family of transcription factors) 

typically involved in host responses to infection, stress, and injury[36]. Consequently, 

LCMV provides us with a very useful model to explore cytotoxic immune responses 

specifically in the context of cross priming.  
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1.5 Relevance of Cross presentation in vivo - Cross Priming or Tolerance? 

Having only introduced the cross priming response as a result of the cross 

presentation of antigen, it is important to note that there are actually two possible 

consequences that stem from this presentation: cross tolerance and cross priming[12]. 

Cross tolerance generally refers to the cross presentation of peptide fragments from 

normally healthy tissues so that deletion or anergy of self- antigen-specific CD8+ T cells 

can occur[12]. Cross priming on the other hand, refers to the activation of CD8+ T cells 

for effector functions against Ag-specific targets in response to viral and bacterial 

infections, as well as in tumors[12]. It is important to further elucidate the factors that 

determine whether the result is tolerance or priming so that, for example, in the case of 

vaccines, the immune response can be optimized, but in the case of self-tissues, 

destructive autoimmunity will not be the result. It is also important to note that at very 

low levels of antigen, neither of these processes will occur. One way the body can avoid 

over-activation of the immune system to many non-pathogenic stimuli present at low 

levels is through immunological ignorance [37]. Typically, naïve T cells migrate into the 

draining lymph nodes and can be activated by antigen if presented by a pAPC[38]. If 

however, antigen is presented at insufficient amounts in the draining lymph nodes via the 

pAPCs, T cells may ignore the stimulus, and maintain their naïve state[38].  

When antigen is present at sufficient levels, however, tolerance or priming may 

occur. Tolerance mechanisms include central as well as peripheral tolerance. Central 

tolerance refers to the deletion via negative selection of potentially self-reactive T cells 

(specific for self-peptides) in the thymus before the T cells are able to circulate 

peripherally throughout the body[39]. This is a very important process for avoiding 
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CD8+ effector T cell killing of self-tissues. It is also important, however, for the body to 

possess a method of eliminating potentially self-reactive cells peripherally, because not 

all self-antigens are expressed in the thymus and therefore can’t all be targets of central 

tolerance[39]. Cross tolerance refers to the ability of the immune system to, once cross 

presentation has occurred, downregulate the effector response of CD8+ T cells 

peripherally[12]. There are several theories that suggest certain conditions that might 

regulate the occurrence of cross tolerance versus cross priming. 

 

1.5.1 Cell Types Involved in Cross Tolerance 

The first main tolerance theory involves the idea that one cell type might be 

responsible for cross-priming, and another responsible for cross tolerance[12]. Belz et al., 

however, found that the major cell type responsible for inducing cross-tolerance was the 

CD8α+ DC, the same subset that had been previously implicated as the primary subset 

involved in cross priming[40]. Interestingly, Chung et al. found that CD8α-CD11b+ 

DCs, and not CD8α+ DCs were the primary cell type responsible for mediating cross 

tolerance toward intestinal antigens, and they suggest that this type of DC could be 

responsible for both cross priming and cross tolerance[41]. This study provides further 

evidence for the model that one cell type may be responsible for both cross priming and 

cross tolerance, but it also suggests that in distinct areas of the body, different types of 

DCs might be responsible for these two processes. 

Another cell type known as plasmacytoid dendritic cells (pDCs) has also been 

implicated in tolerance mechanisms[42]. De Heer et al. studied the roles of pDCs in 

preventing asthmatic reactions and found that when pDCs were absent in the lung, and 
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OVA was injected intratracheally followed by a second challenge with OVA via aerosols, 

that mice developed features of asthma[43]. Conversely, when pDCs were present, the 

asthmatic symptoms did not develop. They also found that T cells previously stimulated 

in vitro with pDCs from OVA-exposed mice strongly reduced the proliferation of naïve T 

cells from mice induced with OVA peptide–pulsed APCs. This finding provides evidence 

for the proposed role of pDCs in inducing or generating regulatory T cells which are 

known to be responsible for suppressing antigen-specific CD4+ and CD8+ T cell 

activation and expansion[44]. These regulatory T cells have been found to be active most 

often in chronic or persistent viral infections[44]. Plasmacytoid dendritic cells may 

provide the immune system with an important mechanism of tolerance induction that acts 

to control other regulatory cells, thereby inducing a wider tolerance response than 

perhaps in the case of CD8α+ DCs. Utilizing these cells in treating autoimmune diseases 

may prove to be highly valuable.   

 

1.5.2 The role of antigen persistence in cross tolerance 

The persistence of antigen may also be a condition that determines whether cross 

priming or cross tolerance occurs[45, 46]. Aichele et al. studied the conditions 

surrounding priming and tolerance of CTLs in vivo of H-2Db MHC class I molecules and 

the GP33-41 epitope of LCMV[47]. They varied the dose and frequency of the GP33-41 

epitope that was injected into B6 mice and found that repetitive and systemic 

intraperitoneal injection caused tolerance of the LCMV-specific CTLs, whereas a single 

injection of these peptides at doses ranging from 50-500μg of peptide produced a CTL 

protective response. This result provides evidence for the proposal that tolerance may 
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occur due to chronic antigen stimulation, whereas priming might not occur under these 

circumstances. Although this study doesn’t specifically assess tolerance with regards to 

cross presentation, this data might be applicable to the situation of cross tolerance. 

 

1.5.3 The effects of dendritic cell maturation state on cross tolerance 

To date, much emphasis of the research on the occurrence of cross tolerance 

versus cross priming has involved studying the effects of the level of maturation of the 

DCs expressing antigen[48]. Cross-tolerance may occur if an immature DC presents 

antigen to naïve T cells without expressing the important costimulatory signals such as 

CD80 and CD86, that bind to the receptor CD28 found on T cells[49] and are required 

for cross priming[48]. Ferguson et al. found that when they used antigen that is typically 

seen by the body as self (trinitrophenyl-coupled splenocytes) and introduced anti-CD40 

antibodies as an agonist, that the typical tolerogenic response was converted to an 

immunity response[50]. CD40L, expressed on helper T cells has been previously 

implicated as a maturation signal for DCs[51]. This provides support for the theory that 

the maturation state of the pAPC determines whether cross priming or cross tolerance 

will occur. More specifically, the presence of danger signals during antigen uptake by 

non-infected pAPCs might determine whether cross priming or cross tolerance occur 

(Figure 4).  
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Figure 4. The possible outcomes of cross presentation: cross priming or tolerance.  
In the presence of endogenous or exogenous danger signals, costimulatory molecules are 
expressed, and cross priming can occur. Without danger signals anergy or deletion of 
CD8+ T cells may occur. 
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1.5.1 i) Endogenous Danger Signals in pAPC Maturation 

Necrotic cells may provide a valuable source of endogenous danger signals such 

as uric acid or heat shock proteins to cause the maturation of pAPCs. Shi et al. studied 

the adjuvant ability of uric acid in stimulating CTLs for priming[52]. Uric acid is 

produced during the catabolism of purines and this occurs when cells are injured or dying 

and the RNA or DNA molecules are degraded[53]. This group found that injecting highly 

purified uric acid as an adjuvant with particulate OVA antigen enhanced CTL priming 

compared to injecting OVA alone. They proposed that this enhanced CTL priming 

activity occurs because uric acid stimulates DCs to mature. They also found that 

inhibiting uric acid with uricase reduced its adjuvant ability and thereby inhibited the 

immune response to antigen, possibly causing tolerance to occur.  

Heat shock proteins have also been implicated as endogenous molecules 

responsible for the maturation of pAPCs and subsequent induction of cross priming rather 

than cross-tolerance. Heat shock proteins (Hsps) are expressed in all cells in a variety of 

intracellular locations normally, but may be upregulated due to cellular stress[54]. There 

are currently 10 known families[55], and they function typically to protect newly 

synthesized polypeptides from unfolding, help in polypeptide transport across 

membranes, and aid in the formation of multimeric complexes[56]. Cells may release 

these proteins upon death, and because of this, Hsps have been under investigation for 

their possible roles as danger signals. In fact, Hsps such as Hsp-70, Hsp-90, and gp96 

have all been found to elicit anti-tumor activity[57].  

Additionally, Zheng and Li demonstrated, using several different antigen systems, 

that cross priming of antigen-specific CD8+ T cells was inefficient when antigen 
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expression was restricted to Hsf-/- non-APCs[58]. Heat shock factor (Hsf) is a major 

transcription factor for Hsp-70 and Hsp-90, and developing Hsf-/- mice severely limits 

the expression of these Hsps. This data may therefore suggest that Hsps are important 

factors in optimizing the cross priming response. These results are supported by data 

from Basta et al. [35] where Hsp-90 and gp96-specific inhibitors geldanamycin and 

herbimycin A were used on antigen donor cells and cross presentation was greatly 

reduced. Hsps may act as a chaperone for antigen between the infected antigen donor cell 

and the uninfected pAPC, or alternatively as a danger/stress signal for the 

activation/maturation of pAPCs, but the exact function is yet to be conclusively 

determined[57]. Nevertheless, these two possible roles of Hsps may allow for the 

optimization of cross priming leading to an increase in CTL effector responses.  

 While there is much evidence for necrotic cells as a source of endogenous danger 

signals, apoptotic cells are still highly under debate as to their role in contributing 

molecules that either stimulate or repress immune responses. This debate is based on the 

fact that although apoptotic cells undergo cell death, the process of apoptosis is 

characterized by a more regulated system of cell death than necrosis, resulting in reduced 

inflammatory responses[59]. On one hand, apoptotic cells have been observed to induce 

tolerance through the development of ‘helpless’ CD8+ T cells that are more susceptible 

to elimination[60]. Conversely, apoptotic vesicles were also found to efficiently cross 

prime CD8+ T cells and confer immunity to infection[61]. Basta et al. have highlighted 

the complexity of this source of antigen and danger signal in their recent review, where 

they discuss the fact that early and late apoptotic cells may represent very different 

conditions of danger signal release[10]. Taking into account the varying results from the 
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studies in this area, much more work is still to be completed before any general 

conclusions can be made as to the importance of apoptotic cell death in immunity or 

tolerizing responses.  

 

1.5.1 i) Exogenous Danger Signals in pAPC Maturation 

Exogenous, rather than endogenous molecules derived from pathogens may also 

play a role in the induction of cross priming. Toll-like receptors and their exogenous 

ligands have been found to be crucial in the induction of cross priming in vivo. Double 

stranded RNA (dsRNA) found in virally infected cells has been found to promote murine 

CD8+ DC activation and cause a subsequent increase in CD8+ T cell cross-priming 

which was dependent on TLR-3 expression[62]. Furthermore, Datta and Raz found that 

TLR ligands poly (I:C) and CpG DNA were able to enhance cross-presentation through 

the toll-like receptor ligands TLR-3 and TLR-9 respectively[63].  

If TLR ligands are responsible for inducing cross priming, it seems logical that in 

a situation of cross tolerance the addition of a TLR ligand would revert the cross-

tolerance to priming. This was, in fact, not the case as seen with several TLR ligands 

such as lipopolysaccharide (LPS), poly (I:C), CpG motifs, dsRNA, as well as other 

ligands[64]. In this study, although TLR ligands were able to enhance transgenic CD8+ T 

cell activity in the short term, they did not induce the activity of CD8+ T cells over a 

longer time period or induce a memory T cell population, suggesting that these ligands 

could not completely break cross tolerance. These results propose that, although danger 

signals can be crucial for cross priming to occur, it is possible that these signals are not 

the only aspect of this immune regulation.  
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The role of danger signals in immune induction may also be further complicated, 

as the timing of danger signal addition has been found to play a crucial role in 

determining whether cross tolerance or cross priming will occur. Wilson and Villadangos 

found that systemic activation of DCs by TLR ligands as well as systemic malaria 

infection prior to injection of virus (herpes simplex and influenza) greatly impaired cross 

presentation and antiviral immunity[65]. This study suggests that cross tolerance may 

occur when danger signals are introduced prior to the antigen, and to optimize a CD8+ T 

cell response, these signals should be introduced either at the same time as antigen or 

even afterwards. 

By further understanding the factors influencing immunity versus tolerance 

induction we may be able to regulate when one process occurs over the other. 

Furthermore, studying the roles of endogenous and exogenous danger signals in cross 

priming and tolerance, may allow us to manipulate immune responses to optimize a 

priming response to tumors or viral infections, or to favor tolerance in the case of 

autoimmune diseases or tissue grafts.  

 

1.6 The Induction of Immunity - Immunodominance 

The process of cross priming rather than cross-tolerance is responsible for 

immune responses against foreign antigens (e.g. from viral infection). Although many 

potentially immunogenic epitopes can be derived from a viral protein after infection, 

CD8+ T cells will only respond to very few expressed epitopes that are termed 

immunodominant[66].  Epitopes can be classified as dominant, codominant, or 

subdominant based on the relative frequency of CD8+ T cells that are activated after 
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antigen exposure[66]. This phenomenon is a crucial aspect in regulating which epitope 

presented by a pAPC will best induce an antigen-specific CTL response. However, there 

is still much to be known about what determines these hierarchies and the conditions that 

may alter the immunodominance of certain epitopes.  

 

1.6.1 Regulating immunodominance: Antigen processing and presentation 

Antigen must first be processed and presented by pAPCs before CD8+ T cells can 

be primed for effector functions. MHC class I binding clefts allow peptides of 8-11 

amino acids to bind[67], and because of this, the loss of certain enzymes that digest 

proteins/peptides can alter immunodominance hierarchies. Endoplasmic reticulum 

aminopeptidase 1 (ERAP-1), one of these enzymes, degrades peptides which results in 

the avoidance of immune responses to some epitopes but also trims peptides to fit this 

MHC cleft for antigen presentation[68]. When this enzyme is not present, shifts in 

immunodominance hierarchies have been observed[68].  

Furthermore, Pang et al. found that the absence of certain subunits of the 

immunoproteasome (a multisubunit complex likely responsible for the production and 

processing of peptides for MHC class I presentation to CD8+ T cells) could alter the 

immunodominance hierarchy of a typical influenza A infection[69]. By utilizing mice 

deficient in LMP2, MECL1, or both LMP7 and MECL1, subunits of the 

immunoproteasome, they found that the typically codominant acid polymerase epitope 

PA224 assumed a more subdominant position in the hierarchy, while NP366 retained its 

dominant position[69]. 
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1.6.2 The role of viral protein expression in immunodominance 

Levels of antigen available to pAPCs for presentation have also been found to 

regulate immunodominance hierarchies, as found in influenza A virus infection[70]. This 

was also seen in LCMV infection, where virus persistence (chronic infection) resulting in 

high antigen levels correlated with functional impairment of certain antigen-specific 

CD8+ effector T cells and shifts in immunodominance hierarchies[71].  

Additionally, Probst et al. studied the effects of viral load on immunodominance 

hierarchies, and suggested that the kinetics of antigen presentation might have an effect 

on the CD8+ T cell response[72]. They found that in the LCMV protective CD8+ T cell 

response a small viral load of LCMV led to the immunodominance of NP396-CTL, 

whereas a large viral load resulted in dominance of GP33-CTL. They propose that NP396 

may have higher antigen specificity than GP33 due to faster initial NP396 epitope 

presentation, but also that NP396-CTLs might undergo exhaustion at higher viral loads. 

They confidently display through additional experiments that the immunodominance 

hierarchy was not due to differences in antigen processing, T cell repertoires, or 

MHC/peptide/TCR interactions[72]. Soon after this evidence was presented, Van der 

Most et al. also found that persistent viral infection caused a reversal in the 

immunodominance hierarchy using this same virus[73].  

 

1.6.3 Nature of the infecting virus in immunodominance regulation 

The nature of the infecting virus may have effects on the relative levels of T cell 

activation, and hence the immunodominance hierarchy of several epitopes. Cho et al. 

found that the response of T cells to boiled influenza virus (destroying all viral functions) 
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was more balanced among several epitopes rather than in the case of infectious, unboiled 

virus where a more distinct immunodominance hierarchy was visible[74]. The range of 

epitope-specific CD8+ T cell expansion may be dependent on the mode of infection of a 

particular virus, and thus highly variable from one virus to another. Because viral 

replication was inhibited in the case of the boiled virus, its introduction represents 

exogenous antigen addition, and the priming of CTLs to the viral epitopes of this source 

would imply that the antigen was cross presented. These findings suggest that cross 

priming played a role in leveling the ability of several epitopes to stimulate effector T 

cells. It also provides support for developing vaccines that recognize both the direct and 

cross priming pathways so that viral epitopes may be targeted more efficiently to prevent 

infection.  

 

1.6.4 Cross-priming: an important role in immunodominance? 

Studies by Chen et al. also suggest that cross priming may have an effect on 

immunodominance hierarchies. From primary to secondary immune responses, with 

influenza A virus (IAV) infection, the immunodominance hierarchy of epitopes acid 

polymerase (PA224-233) and beta-determinants nuclear protein (NP366-374) was 

reversed[75]. In the primary response they found that more CTLs primed for epitope 

PA224-233 proliferated, whereas in the secondary response, epitope NP366-374 dominated the 

CTL response. In order to examine the possible role of cross-presentation in this 

immunodominance hierarchy reversal, they performed an additional experiment in which 

they boosted PR8 (a strain of influenza)-primed mice with PR8-infected LTA-5 cells, 

which are from H-2d mice, incompatible with the recipient mice haplotype (H-2b).  If 
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CD8+ T cell priming occurred, due to the addition of these cells, the cross-priming 

pathway was utilized. They found that PR8-infected LTA-5 cells induced a very strong 

response that was dominated by the NP366-374 epitope. This suggests that cross priming 

may have been responsible for the immunodominance hierarchy reversal in the secondary 

response. Consequently, cross priming may play an important role in the memory 

response to infection, and may be an important target in maintaining protective immunity 

to these infections. Although this study provides a suggestion that cross priming may play 

a role in determining immunodominance profiles, this subject area has not yet been 

sufficiently explored. It is therefore still necessary to explicitly determine the role of 

cross priming in immunodominance, which will be the target of this work.  

 

1.7 Proposed work and hypotheses  

In these studies, we have used the HEK-NP MHC mismatch model as a source of 

antigen donor cells to study the effects of LCMV-nucleoprotein cross priming on the LCMV 

immunodominance hierarchy following viral challenge (Figure 5). This model utilizes 

HEK293 cells stably transfected with a plasmid encoding the LCMV nucleoprotein (HEK-

NP cells) as well as a selection plasmid for puromycin resistance[35]. The direct presentation 

of antigen from these cells cannot occur because the MHC class I molecules on the HEK 

cells are recognized as foreign (categorized as HLA), to the mouse T cell receptors (H-2b). 

Utilizing the concept of MHC restriction discovered by Zinkernagel and Doherty[76], only 

cross rather than direct priming of our protein of interest (LCMV-nucleoprotein) can occur. 

Our model, therefore, enables us to induce cross priming of LCMV-NP and to subsequently 
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Figure 5. HEK-NP mismatch model: proposed model to study the effects of cross 
priming on immunodominance.  
HEK-NP cell MHC class I molecules are incompatible with T cell receptors on mouse 
cells resulting in only the cross priming rather than direct priming of LCMV-NP derived 
epitopes from HEK-NP cells.  
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study the effects of cross priming of the LCMV nucleoprotein on the typical LCMV 

immunodominance hierarchy.  

It has been previously reported that LCMV-NP derived from HEK-NP cells could 

be significantly cross presented to CD8+ T cells[35], which leads us to believe that this is 

a valuable model to analyze changes in the immunodominance hierarchy of LCMV 

infections following NP cross priming. The effects of cross priming on 

immunodominance have yet to be explicitly studied in any viral model, and thus this is a 

novel area of research. Specifically, in the case of primary LCMV infections, the 

glycoprotein epitope GP33-41 and the nucleoprotein epitope NP396-404 are 

immunodominant, whereas the two epitopes GP276-286 and NP205-212 are found to be 

subdominant[77].  

We hypothesize that the introduction of the viral nucleoprotein via the cross-

priming pathway will alter the immunodominance hierarchy of an LCMV infection 

significantly. More specifically, we suggest that the nucleoprotein-derived epitopes will 

assume more dominant positions in the immunodominance hierarchy than the 

glycoprotein epitopes due to the cross priming of LCMV-NP. We therefore suggest that 

cross priming plays an important role in the regulation of immunodominance. To further 

analyze the effects of cross priming on immunodominance, we are also interested in 

observing the long term effects of cross priming on immunodominance to study its 

effects in immunological memory, as well as the effects of location of immunization on 

the cross priming immune response. Additionally, an analysis of the cytotoxic response 

of CD8+ T cells due to cross priming of LCMV-NP epitopes will be done to further 
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assess the efficiency of the cross priming response in the mouse and specifically the 

efficiency of certain nucleoprotein epitopes to cross prime.  

The effects of this initial cross priming response on LCMV replication in the 

spleen will also be analyzed. If the cross priming of LCMV-NP prior to viral infection 

can reduce viral titers in the spleen the applications to vaccines may be clinically 

significant.  

Finally, we would like to explore the effects of endogenous danger signals on the 

cross priming immune response. Several studies have determined that endogenous danger 

signals released upon cell death, such as uric acid and heat shock proteins, may act to 

mature pAPCs and enhance the cross priming response[52, 58]. We would like to utilize 

apoptotic HEK-NP cells to investigate the role of dying cells as a source of both antigen 

and adjuvant in immunodominance. In the literature, using apoptotic cells in vivo to study 

immune responses has resulted in both tolerance and immunity, and is thus still highly 

relevant to current work in this field. It may be that cells undergoing early apoptosis 

produce different levels of danger signals than those undergoing late apoptosis. Our 

system is novel because it attempts to tease out these differences in apoptotic treatment 

and their role specifically in the context of cross priming. We further hypothesize that the 

cross priming response of LCMV-NP in the presence of endogenous danger signals will 

be altered and will have an effect on immunodominance.  

The cross presentation pathway may be vital for the induction of immune 

responses against tumors and viruses that are unable to access the classical route of direct 

presentation. It is therefore crucial to address these previously addressed questions, as 

cross priming may be potentially important route in vaccine delivery[78, 79] and in 
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targeting viruses that escape immunity by avoiding the direct presentation pathway[80-

84].  
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CHAPTER 2. Materials and Methods 

 

2.1 Cell line and cell culture techniques 

 The Human Embryonic Kidney (HEK293) cell line [ATCC, Manassas, USA] was 

cultured in Dulbecco’s Modified Eagle Medium (DMEM) [Fisher Scientific, Whitby, or 

Invitrogen, Burlington] containing 10% Fetal Bovine Serum (FBS) [Hyclone Canadian]. 

HEK-NP cells are HEK293 cells stably transfected with the plasmid encoding LCMV-

WE nucleoprotein (NP) and the antibiotic puromycin resistance gene according to [35]. 

HEK-NP cells were cultured in 1x DMEM containing 10% FBS and 2.5ug/mL 

puromycin (prepared from 25mg powder in dH2O) [Sigma-Aldrich, Oakville] to select 

for LCMV-NP expression. BMC-2[85], DC2.4[86] macrophage and dendritic cells lines 

respectively, and MC57 mouse fibrosarcoma cells [ATCC, Manassas, USA] were 

cultured in Roswell Park Memorial Institute Medium (RPMI) [Invitrogen, Burlington] 

containing 10% FBS. All cell lines were grown in Canted neck, polystyrene flasks 

(25cm2, 75cm2, or 150cm2) [Sarstedt, Montreal] at 37°C in a CO2 humidified incubator. 

Cells were passaged or collected for further experimentation with 0.5% trypsin/sterile 

PBS solution when 80% confluent [Invitrogen, Burlington].  

 For counts of viable cells, 0.3% trypan blue [Sigma-Aldrich, Oakville] (2% 

EDTA [Fisher Scientific, Whitby]/PBS) was used to stain dying/dead cells. Unstained 

cells were then counted with a haemocytometer [American Optical, Buffalo, NY] under a 

light microscope (10x magnification).   
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2.1.1 Induction of Apoptosis 

 HEK293 and HEK-NP cell lines were treated using a CL-1000M UV cross-linker 

at a radiation intensity of 200,000μJ/cm2 (maximum intensity) [Ultraviolet Products, 

Upland, CA] for 4 minutes to induce apoptosis. Irradiating cells with specific doses of 

UV light activates the Fas pathway, a mediator of apoptotic cell death[87]. Cells were 

then resuspended in new PBS or DMEM for further experimentation. Cell culture dishes 

containing UV-treated cells were incubated at 37°C for times varying from 0 to 4hrs to 

compare levels of apoptosis and cell death occurring over time.  

 

2.1.2 Measurement of apoptosis and cell death 

 To test for apoptosis and cell death, cells developed according to section 2.1.1 

protocol were resuspended at 1 x 106 cells/ml in 1 x binding buffer (10mM 

HEPES/NaOH) [Sigma, Oakville]. Annexin V-FITC (50μg/ml) [Sigma, Oakville] was 

added to 500μl of the cell suspension for 10 minutes in the dark. Propidium Iodide 

(100μg/ml) [Sigma, Oakville] was then added immediately prior to analysis on an Epics 

XL-MCL flow cytometer [Beckman Coulter, Miami, FL] (see section 2.7). Cells that 

stained red with propidium iodide and/or annexin V-FITC were considered to be 

undergoing cell death, whereas those cells that only stained with annexin V-FITC were 

considered to be undergoing apoptosis.  
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2.2 Mice 

 C57BL/6 JBOM (H-2b) mice, both male and female, were obtained from Taconic 

Farms [Germantown, NY, USA]. All mice were kept in accordance with the guidelines of 

the Canadian Council of Animal Use, and were used for experimentation at 6-8 weeks of 

age.  

 

2.3 Virology Techniques 

2.3.1 Virus Stock Production 

 The L929 fibroblast cell line [ATCC] was used to propagate the virus strain 

utilized, Lymphocytic Choriomeningitis virus – WE strain [obtained from F. Lehmann-

Grube, Hamburg, Germany]. The L929 cells were grown in 150cm2 (T150) flasks in 1x 

DMEM containing 5% FBS until an 80% confluent monolayer was reached. This 

medium was removed and the cells were infected with virus at an MOI of 0.01 in 5ml of 

fresh medium to allow for the replication of the virus and subsequent collection. Flasks 

containing virus and L929 cells were incubated for 1 hour at room temperature while 

rotating every 5-10 minutes. 20ml of fresh medium was added and flasks were incubated 

for 48 hours at 37°C in CO2. Supernatant containing virus was then collected and 

aliquoted on ice at 48 and 72 hours. Virus stocks were then kept frozen at -80°C for 

further use.  

 

2.3.2 Titration of virus stocks and tissue samples 

The virus stocks produced were titrated on an MC57 cell line [ATCC] [88]. 130μl 

of 1x DMEM containing 2% FBS was added to rows 2-11 of a 96 well, polystyrene, 
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tissue culture plate [VWR, Mississauga]. A serial dilution of 200μl of stock virus was 

then performed in this culture plate moving 60μl from each well in one column to the 

next using a multi-channel pipette. From each well in the odd numbered columns of the 

96 well plate, 100μl was added to subsequent columns of a 24 well, polystyrene, tissue 

culture plate [VWR, Mississauga] containing 200μl of MC57 cells (106 cells/ml). This 

was repeated for all odd numbered columns in the 96 well plate until all wells in the 24-

well plate were filled. The 24 well plate was then incubated for 2-4 hours until a 

monolayer had formed.  

An overlay (1:1 mixture of 2 X DMEM and 2% methyl cellulose [Fisher 

Scientific, Whitby]) was added at 200μl to each well to ensure viral spread only occurred 

in adjacent cells, and the plate was incubated at 37°C for 2 days, until 80% confluence 

was reached. The overlay was then flicked off into a virus waste receptacle. Cells were 

fixed with 200μl of 4% formalin-PBS for 30min [Sigma-Aldrich, Oakville] and 

permeabilized with 200μl 1% Triton X-100 solution [Fisher Scientific, New Jersey] for 

20min and stained for LCMV nucleoprotein utilizing VL4 rat anti-LCMV-NP antibody 

[88] (1° antibody) followed by incubation with the secondary antibody, peroxidase-

conjugated Affinipure goat anti-rat IgG (H+L) (Lot number 67165) [Cedar Lane, 

Hornby]. A substrate containing 12.5ml stock A (0.2M Na2HPO4 2H2O) [Sigma-Aldrich, 

Oakville], 12.5ml stock B (0.1M Citric Acid) [J. T. Baker Chemical Co., Phillipsburg], 

25ml ddH2O, 20mg Ortho-Phenylendiamin tablet [Sigma-Aldrich, Oakville], and 50ul 

30% H2O2 [Sigma-Aldrich, Oakville] was then added for 15-20min of incubation at room 

temperature to perform a color reaction, so that plaques could be visualized. Plaques were 

then counted for quantification of virus titer.  
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2.3.3 LCMV-WE infection of cells 

Cells from one T25 flask were harvested with 0.5% trypsin/PBS and put into one 

15ml polypropylene culture tube. Trypsin/PBS was removed after centrifugation at 1000 

rpm and cells were resuspended in 1ml of 1x DMEM with virus (concentration varied 

depending on the study). The LCMV-infected cells were incubated for 1 hour in a 37°C 

water bath, shaking often. After 1 hour the cells were plated into a T25 flask and 6-7ml of 

additional medium was added. Following various incubation periods (depending on the 

study), the cells were harvested for further experimentation.  

 

2.4 Flow Cytometry 

 All data from processed samples was acquired on a Beckman Coulter Epics XL-

MCL flow cytometer, with a 488nm argon laser, and analyzed with the Expo 32 

Advanced Digital Compensation Software package [Beckman Coulter, Miami, FL]. 

 

2.5 Measurements of LCMV-NP expression  

2.5.1 Fluorescence microscopy 

 HEK-NP cell expression of the LCMV-NP was analyzed by fluorescence 

microscopy (HEK293 cells were used as controls). HEK-NP cells were harvested and 

cultured on Fisherbrand microscope cover slips [Fisher Scientific, Whitby] at 2x106 cells 

per cover slip in the wells of a 24-well, flat bottom tissue culture plate [VWR, 

Mississauga] overnight. Cells were fixed with 4% formalin and permeabilized with 1% 

Tritin X-100 in PBS, prior to staining. VL4 antibody was utilized as a primary antibody 
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to bind to LCMV-NP[88], followed by secondary antibody fluorescein (FITC)-

conjugated Affinipure F(ab’)2 fragment goat anti-rat IgG (H+L) (Lot number 66497) 

[Cedar Lane, Hornby] at 1μg/ml. Additionally 2% FBS in PBS was used for 20min 

between fixing and permeabilizing to avoid non-specific binding of antibodies to 

microscope cover slips. Cover slips were retrieved from the tissue culture plate wells and 

inverted onto Fisherfinest premium microscope slides (3” x 1” x 1mm) [Fisher Scientific, 

Whitby] with 1μl Dako Fluorescent mounting medium for adherence between the two 

glass surfaces. Nail varnish was utilized to seal the edges around cover slips for long-

term fridge storage. An I3 filter was used on a Leitz Aristoplan Fluorescence microscope 

to visualize the fluorescently stained LCMV-NP at 40X and 100X (oil immersion) 

magnification. Phase contrast images were also taken to visualize whole cells.  

 

2.5.2 In vitro flow cytometric measurement of LCMV-NP expression 

 HEK-NP cell expression of the LCMV-NP was also assessed by flow cytometry. 

HEK293 (control or LCMV-WE-infected) and HEK-NP cells were harvested for fixation 

with 4% formalin for 30 min at room temperature and washed with PBS. The cells were 

then permeabilized with 1% Tritin X-100 for 20 min at room temperature and incubated 

for 1 hr with VL4 antibody[88]. After washing with PBS twice, FITC-conjugated 

AffiniPure F(ab’)2 fragment goat anti-rat IgG (H+L) Ab (1μg/ml) was left with the cells 

for 1 hr or overnight at 4°C. Cells were washed and resuspended in ~ 400μL FACS 

buffer (0.8g NaCl, 0.02g KCl, 0.115g Na2HPO4, 0.013g NaN3 in 100ml). Cells were 

acquired with an Epics XL-MCL flow cytometer [Beckman Coulter, Miami, FL] (see 

section 2.4).  
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2.6 Measurement of T cell activation  

2.6.1 Immunodominance experiments 

 C57BL/6 mice, at 6-8 weeks old, were injected via intraperitoneal route (500μl) 

with either HEK293 or HEK-NP cells (using 22G1 needle and 3ml syringe from [Becton 

Dickinson, Franklin Lakes, NJ]). On day 7, 15, or 30 mice were infected with 200 pfu 

LCMV-WE intravenously (using 26G 5/8 needle and 1mL syringe [Becton Dickinson, 

Franklin Lakes, NJ]). One week later tissues were collected (peritoneal lavage, spleens, 

or mesenteric and inguinal lymph nodes) under sterile conditions for further 

experimentation. Variations on this protocol for other experiments can be found 

throughout the results section. All experiments using mice were repeated at least three 

times using three mice for each condition.  

 
 
2.6.2 Preparation of cells from in vivo experiments 
 
 Mice were sacrificed under sterile conditions and spleens and draining lymph 

nodes (inguinal and mesenteric) were removed and transferred to 15ml polypropylene 

screw cap, conical tubes [Sarstedt, Newton, NC] in 10ml PBS. Tissues were 

homogenized by grinding on a metal screen in a sterile petri dish with the backside of a 

syringe plunger. Cells were centrifuged and resuspended in 5ml RPMI medium + 10% 

FBS in a fresh 15ml culture tube. Lymphocytes were purified by Isopaque Ficoll-gradient 

centrifugation by adding 2.5ml of lymphocyte separation medium [Fisher Scientific, 

Whitby] underneath the cell suspension and centrifuging (1200rpm, 14min, low break 

[1]). The interface was retrieved, washed with PBS in a fresh 15ml culture tube, and 

centrifuged to pellet. Cells were then re-suspended in 1x DMEM culture medium.  

 34 
 
 



For peritoneal lavages, 10mL of PBS was washed inside the peritoneal cavity 

using a 10mL syringe and 22G1 needle [Becton Dickinson, Franklin Lakes, NJ] and 

collected cells were centrifuged and resuspended in medium for further experimentation.  

 

2.6.3 Measurement of T cell activation with intracellular cytokine staining 

 For ex vivo experimentation, the cell suspensions from tissues were divided into 

wells of a 96 well tissue culture plate as needed and antigen donor cells (ADC) 

(macrophages, dendritic cells, or splenocytes) were added (ratio of 10 tissue cells: 1 

ADC), peptide pulsed with an LCMV epitope (10-7M); either NP396-404 (FQPQNGQFI), 

NP205-212 (YTVKYPNL), GP33-41 (KAVYNFATC), or GP276-286 (SGVENPGGYCL) 

[purchased from NRC, Ottawa], or LCMV-WE infected (MOI 0.5), and incubated with 

tissue cells for 2 hours at 37°C for restimulation. After 2 hours of incubation, Brefeldin A 

(diluted from stock in DMSO) [Sigma-Aldrich, Oakville] was added at 10μg/ml to each 

well and the cells were incubated at 37°C in a CO2 humidified incubator for 3 hours. The 

cells were then washed, stained for CD8, intracellular cytokine staining for IFN-γ, and 

analyzed by FACS. (See next section for intracellular cytokine staining protocols) 

 

2.6.4 Intracellular Cytokine Staining  

 To specifically study the activation of CD8+ T cells, intracellular cytokine 

staining (ICS) was restricted to the detection of IFN-γ (produced upon activation) in 

CD8+ T cells. Activated CTLs from the in vivo experiments were placed in a 96-well 

tissue culture plate and stained with PE-Cy5 anti-mouse CD8a (Ly-2) antigen 

monoclonal antibody [Cedar Lane, Hornby] (50μl, 1:150 in PBS) on ice and incubated in 
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the dark for 30min. The samples were then fixed with 1% paraformaldehyde (50μl) to 

fix, washed twice and finally stained with a FITC-conjugated rat monoclonal anti-mouse 

IFN-γ antibody (Lot number 0604) [Caltag Laboratories, Burlingame, CA] diluted in 

0.1% saponin in PBS [Sigma-Aldrich, Oakville] to permeabilize overnight at 4°C. The 

following day, cells were washed twice and harvested in ~ 400μl FACS buffer. Cell 

acquisition for fluorescent staining and analysis of these cells was then completed on the 

flow cytometer.  

 

2.6.5 Culturing T lymphocytes in vitro  

 Further culturing of lymphocytes from in vivo experiments was performed in 6 

well plates [VWR, Mississauga] where each well contained the cells retrieved from one 

individual spleen or the lymph nodes pooled from 2-3 mice of the same treatment 

condition. Cells were suspended in CTL-medium (RPMI, 10% FBS, 45μl IL-2 

supernatant, 50μM 2-mercaptoethanol [BioShop, Burlington], 3μg/ml gentamycin 

[Invitrogen, Burlington]). To restimulate the NP396-specific memory T cells, antigen 

presenting cells (DCs) were pulsed with NP396 synthetic peptide and gamma irradiated 

(4000-5000 rads) to inhibit further cell division. These treated antigen donor cells were 

then added to each well of splenocytes (at a ratio of 10 splenocytes: 1 APC) in a 6-well 

culture plate. The cells were incubated at 37°C for 5-6 days. Every day the cells were 

mixed by pipetting and more CTL medium was added if medium turned too yellow in 

color (too acidic). After 5-6 days, the cells were collected and again separated by 

Isopaque Ficoll centrifugation, as described above, and resuspended in the wells of a 24-

well plate for 2 additional days. After these 2 days the cells were ready for incubation 
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with APCs (at a ratio of 10 tissue cells: 1 APC) (different cell type than the primary 

stimulation) pulsed with NP396 and 10μg/ml BFA for 3 hours, fluorescent staining and 

FACS analysis.  

 

2.7 In vivo killing assay 

To study in vivo cytotoxic ability of primed CTLs after cross priming of NP396 or 

NP205, naïve mice were injected (i.p.) with either 1x107 HEK293 (control) or HEK-NP 

cells. Seven days later, primed mice were injected (i.v.) with two populations of 

splenocytes. The first population (1x107 cells) was pulsed with either synthetic peptide 

NP396 or NP205 and labeled with 3uM carboxyfluorescein succinimidyl ester (CFSE) 

[Invitrogen, Burlington], and the second population (1x107 cells) with only 1μM CFSE. 

Sixteen hours later, spleens were collected and analyzed by flow cytometry for specific 

killing of peptide labeled splenocytes. Calculations of % specific killing were completed 

utilizing specific killing ratios of unprimed to primed conditions as shown below[89].  

Equation 1.     Ratio of primed or unprimed = (% CFSElow / % CFSEhigh) 

Equation 2.     % Specific lysis = [(1-ratio unprimed/ ratio primed) x 100%] 

 

2.8 Statistics 

 Statistics were completed using the GraphPad Prism 4.0 software. Paired, two-

tailed t tests were performed and differences in results between treatment conditions were 

deemed significant when p < 0.05.   
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CHAPTER 3. Results 

 

Several important factors, such as antigen dose[70], the kinetics of viral protein 

expression[72], and peptide affinity for the MHC class I binding cleft[90], have 

previously been implicated in the regulation of immunodominance. The role of cross 

priming, however, in this immunological process, has yet to be specifically addressed. 

The current study attempts to elucidate the role of this alternate method of CD8+ T cell 

priming in determining how CD8+ T cells will respond to a viral infection. We use a 

model that allows our viral protein of interest to be cross presented rather than directly 

presented to mouse CD8+ T cells and we can therefore study the effects of this route of 

priming on a subsequent LCMV infection.  

Specifically, we induce cross priming of LCMV-NP via injection of HEK-NP 

cells. These cells have MHC class I molecules incompatible with the mouse T cell 

receptors, so that only the cross priming of HEK-NP cellular proteins can occur [35]. We 

then challenge our mice with LCMV-WE seven days later and examine several 

parameters such as epitope-specific CD8+ T cell activation, viral replication, and 

cytotoxic killing responses as indicators of the host immune response.  

 

3.1 Assessments of nucleoprotein expression in HEK-NP cells and LCMV-WE-

infected cells 

Prior to evaluating the effects of cross priming on immunodominance, the 

expression of our protein of interest (implicated in cross priming) in our cells was first 

evaluated.  The expression of LCMV-NP was monitored by targeting the NP with a VL4 
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rat anti-LCMV-NP antibody followed by a secondary FITC-conjugated goat anti-rat IgG 

antibody. As controls we used either HEK cells that do not express the NP or stained 

HEK-NP cells with only the secondary antibody or with an irrelevant isotype control 

(kindly provided by Dr. Groettrup, University of Konstanz, Germany). All of these 

conditions were confirmed as negative controls because no signals were detected. From 

figure 6, the expression of the LCMV-NP was detectable and the intensity of the 

fluorescent signals indicated adequate levels of protein expression.  

Additionally, before utilizing LCMV-WE for in vivo mouse infections, it was 

necessary to titrate and to test the infectivity of the virus batch that we produced. To do 

this the virus was titrated by staining for LCMV-NP in infected MC57 cells as more 

specifically described in materials and methods section 2.3.2. This virus batch that was 

produced resulted in a viral concentration of 1.5x106 pfu/ml. 

To test the virus for its ability to infect, HEK cells were infected at an MOI of 

0.01 overnight. Subsequent staining for LCMV-NP expression (an indication of viral 

infection) was performed the following day using VL4 rat anti-LCMV-NP antibody and a 

secondary FITC-conjugated goat anti-rat IgG antibody. LCMV-NP expression was then 

measured in the infected HEK cells by flow cytometry. Controls included uninfected 

HEK cells as well as infected HEK cells stained only with the secondary antibody or an 

irrelevant isotype control.   

A significant shift in LCMV-NP expression was observed, compared to control 

cells, following LCMV-WE infection of HEK cells (Figure 7). Incorporating results from 

both figure 1 and 2, we can see that expression of our protein of interest in HEK-NP cells 

is similar to its expression in LCMV-infected HEK cells, and subsequently provides us  
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Figure 6. Assessment of LCMV-NP expression in HEK-NP cells via flow cytometry 
and fluorescence microscopy. 
(A) Intracellular staining was performed to evaluate the LCMV-nucleoprotein expression 
in HEK control cells (black line), HEK-NP with only secondary antibody or an irrelevant 
isotype control (gray line), and HEK-NP cells with both primary and secondary 
antibodies (gray fill). A rat anti-mouse VL4 primary antibody was used to bind the 
LCMV-NP and a secondary FITC-conjugated goat anti-rat IgG antibody was used to 
visualize primary antibody staining. Antibody staining was assessed by FACS. (B) 
Intracellular staining using the same primary and secondary antibodies as (A) was also 
completed to evaluate LCMV-NP expression in HEK (left) and HEK-NP (right) cells by 
phase contrast (top) and fluorescence microscopy (bottom). Magnification 40X. Note: 
HEK-NP fluorescent microscopy includes images at 40X magnification (left) and a 
magnified image to show cytosolic staining (right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 40 
 
 



NP Expression 

Relative Cell # 

HEK-NP

100 101 102

 A) 
  

 

HEK HEK-NP 

Phase 
Contrast 

Fluorescence 
Microscopy 

 
   B) 
  

 

40a 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. An evaluation of HEK infectivity after LCMV-WE infection by measuring 
NP expression 
HEK cells were infected with MOI=0.01 of LCMV-WE virus batch produced (C, D) or 
left uninfected (A, B) overnight. Cells were harvested, fixed with 4% formalin for 30min, 
permeabilized with 1% Triton X-100, and stained with rat anti-VL4 antibody. Control 
cells either did not receive primary antibody or an irrelevant isotype control was used. 
Secondary goat anti-rat IgG antibody was added to all samples and cells were acquired by 
FACS to measure LCMV-NP expression.  
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with a physiologically relevant and strong dose of antigen to use for the induction of 

cross priming.  

 
3.2 Evaluation of HEK-NP cell uptake by phagocytic antigen presenting cells 

 To further delineate the route with which our HEK-NP antigen donor cells are 

cross presented to mouse CD8+ T cells, we incubated HEK-NP cells with BMC-2 cells 

(APCs) at 37°C at a ratio of 5:1 for 6 or 24 hours. We then removed all non-

phagocytosed material from the BMC-2 cells, fixed and permeabilized, and stained for 

the LCMV-NP intracellularly with a rat anti-LCMV-NP VL4 antibody. A secondary 

FITC-conjugated goat anti-rat IgG antibody was used to visualize the primary staining. 

Similar controls to section 3.1 were used. Macrophages were also stained with a 

phycoerythrin-conjugated anti-mouse H-2Kb MHC antibody to ensure HEK-NP cells 

were co-localized to macrophages. Captured images show that phagocytosis of HEK-NP 

cells is efficient after 24 hours of incubation, however, this uptake occurs even at 6 hours 

(Figure 8). Therefore, we can be more confident that our antigen donor cells are 

providing NP proteins to APCs in vivo after injections take place.  

 

3.3 Cross priming of the LCMV nucleoprotein affects immunodominance 

 To evaluate the role of cross priming on CD8+ T cell immunodominance, cross 

priming was first induced through injection of 107 HEK-NP cells (using PBS or HEK293 

cells as controls) in the peritoneal cavity on day 0 into 6-8 week old C57B/6 mice.  Seven 

days later, 200 pfu LCMV was injected intravenously. Because the LCMV-NP derived 

from the HEK-NP cells could only be cross presented to mouse CD8+ T cells, any  
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Figure 8.  Uptake of antigen donor cells reveals the transfer of the NP to APCs.  
HEK and HEK-NP cells were incubated for 6 (B) or 24 hours (C) with BMC-2 cells at a 
ratio of 5:1. BMC-2 cells were washed 3x to remove all non-phagocytosed material. 
Macrophages were stained for MHC class I molecules using a phycoerythrin conjugated 
anti-mouse H-2Kb MHC antibody. Intracellular staining for NP was also performed to 
evaluate the uptake of HEK-NP cells. A rat anti-mouse VL4 primary antibody was used 
to bind the LCMV-NP and a secondary FITC-conjugated goat anti-rat IgG antibody was 
used to visualize primary antibody staining. Controls included incubation of BMC-2 cells 
with HEK, or incubation of BMC-2 cells with HEK-NP and staining without VL4 
primary antibody or an irrelevant isotype control (A). Images were acquired under phase 
contrast (top), or with fluorescence microscopy (middle and bottom) using an N2.1 (red) 
or I3 (green) filter. Magnification 40X. 
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changes in the immunodominance hierarchy compared to normal LCMV infections 

would be a consequence of cross priming. 

On day 14, mice were sacrificed; spleens were collected, prepared into single cell 

suspensions, and red blood cells and granulocytes were removed. These remaining cells 

were activated ex vivo by stimulation with peptide-loaded APCs using optimal 

concentrations (10-7 M) of four major dominant synthetic viral peptides of LCMV (GP33-

41, NP396-404, GP276-286, and NP205-212). In vivo, the peptides or epitopes GP33-41, NP396-404, 

and GP276-286 bind to MHC class I molecules that are H-2Kb restricted, whereas NP205-212 

binds to the H-2Db restricted MHC class I molecule[90]. Following peptide loading, the 

splenocytes were subsequently stained for CD8 expression and intracellular cytokine 

staining was performed for IFNγ (secreted upon activation). By acquiring these stained 

lymphocytes by FACS we were able to analyze the in vivo CD8+ T cell activation for 

these four epitopes when cross priming had preceded viral infection.  

 By determining the percentage of CD8+ T cells producing IFNγ due to 

restimulation by the four synthetic peptides, the data demonstrates that 

immunodominance hierarchies for control experiments were organized as follows: GP33-

41 >NP396-404 >NP205-212 >GP276-286 (Figure 9A, B). On the other hand, when the mice were 

cross primed with LCMV-NP 7 days prior to viral infection, the data shows that the 

immunodominance hierarchy was significantly altered so that the viral epitope NP396-404 

became the most immunodominant followed by NP205-212, GP33-41, and finally GP276-286 

(Figure 9C). Specifically, the CD8+ T cell response to the LCMV epitope NP396-404 was 

found to increase by two fold, whereas in the case of epitopes GP33-41 and GP276-286, this 

response was halved compared to controls. Contrary to our hypothesis, the CD8+ T cell 
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Figure 9.  Cross priming of LCMV nucleoprotein causes a significant shift in LCMV 
immunodominance.  
Mice were primed i.p. with A) PBS, B) HEK, or C) HEK-NP cells (107) and 7 days later 
infected with 200 pfu LCMV-WE (i.v.). Spleens were collected on day 14 and assessed 
for % activated NP396, NP205, GP33, or GP276-specific CD8+ T cells by staining with 
TRI COLOR-conjugated anti-mouse CD8 antibody, ICS for IFN-γ (using FITC-
conjugated rat anti-mouse IFNγ antibody), and FACS analysis directly ex vivo. 
Polyclonal CD8+ T cell response was also measured utilizing LCMV-infected (MOI = 
0.5) BMA cells (APCs) for restimulation of splenocytes. Dot plots have been gated for 
CD8 positive cells. Statistical analysis of shifts in epitope-specific CD8+ T cell activation 
were found to be significant (p < 0.05) when compared to control HEK cell treatments for 
each epitope. Plots are representative data from one experiment. Three mice were used 
for each experiment (n=3) and these experiments were repeated three times. 
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response to the epitope NP205-212 was also significantly reduced. Statistical analysis of 

shifts in epitope-specific CD8+ T cell activation were found to be significant (p < 0.05) 

between HEK control treatments and HEK-NP cross priming treatments for each epitope. 

We can therefore conclude that cross priming with a single dose of antigen plays a 

significant role in determining immunodominance because it has been observed to alter 

the immunodominance hierarchy of a typical LCMV infection.  

The immune response to all LCMV-derived epitopes (polyclonal CD8+ T cell 

response) was next quantified to further understand the total immune response when 

cross priming preceded LCMV infection compared to controls. The data shows that 

LCMV-NP cross priming enhanced these total immune responses by almost 25% as 

compared to controls. Because the overall CD8+ T cell response was higher than the 

summed response to the four single epitopes we looked at it is clear that other epitopes 

we have not studied are also increased after cross priming.   

 

3.4 Changes in the LCMV immunodominance hierarchy due to NP cross priming 

are maintained over time 

We were next interested in assessing how the shifts in immunodominance due to 

cross priming would be maintained over time. To analyze these kinetics of the cross 

priming response on immunodominance, HEK-NP cells were injected 7, 15, or 30 days 

prior to LCMV infection. Again, the percentage of activated epitope-specific CD8+ T 

cells was analyzed, directly ex vivo, for the four LCMV-derived epitopes after collecting 

spleens 7 days post LCMV infection.  
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We found again that when cross priming of LCMV-NP precedes viral infection by 

15 or 30 days, the epitope-specific CD8+ T cell response is still dominated by NP396-404, 

while the other three epitopes still exhibit subdominant responses. These results 

demonstrate that changes in immunodominance were maintained and still significant 

even when LCMV infection occurs 30 days post cross priming (Figure 10). Again, 

statistical analysis of shifts in epitope-specific CD8+ T cell activation were found to be 

significant (p < 0.05) between HEK control treatments and HEK-NP cross priming 

treatments for each epitope. However, the epitope NP205-212 after 30 days was the one 

exception to this trend and was not significantly different from the control. These results 

provide further evidence for the impact of cross priming on immunodominance. Even 

after 30 days (the length of time for development of memory CD8+ T cells), cross 

priming of LCMV-NP-derived epitopes have altered the immunodominance hierarchy of 

a typical LCMV infection.   

 

3.5 Effects of introducing virally infected cells after cross priming of LCMV-NP  

 We were also interested in monitoring shifts in immunodominance when instead 

of the typical viral infection, virally infected cells were used after cross priming, with 

similar or different MHC class I haplotypes to the mouse cells. Two different fibroblast 

cell lines (MC57, L929) were subsequently infected at an MOI of 1 for 1.5 hours and 

separately injected at 103 cells/mouse, 7 days after cross priming was induced (as in 

section 3.3). The fibroblast line MC57 has an H-2b haplotype and can therefore both 

directly and cross present antigen to host CD8+ T cells. Conversely, the second fibroblast 

line L929 has an H-2k haplotype and is therefore unable to directly present viral antigen  
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Figure 10. Changes in the LCMV immunodominance hierarchy due to cross 
priming are maintained over time. 
Mice were primed with 107 HEK, or HEK-NP cells (i.p.) and injected with 200 pfu of 
LCMV-WE (i.v.) at 7, 15, or 30 days after initial priming. Spleens were collected 7 days 
after viral infection and assessed, directly ex vivo, for % activated NP396, NP205, GP33, 
or GP276-specific CD8+ T cells by staining with TRI COLOR-conjugated anti-mouse 
CD8 antibody, ICS for IFN-γ (FITC-conjugated rat anti-mouse IFNγ antibody) and FACS 
analysis. A) Left bars represent PBS/HEK cell injections followed by no LCMV 
injection, while right bars represent an LCMV control (7 days). Plots B), C), and D) 
represent cross priming of NP followed by LCMV infection 7, 15, or 30 days later, 
respectively. Statistical analysis of shifts in epitope-specific CD8+ T cell activation were 
found to be significant (p < 0.05) when compared to control HEK cell treatments for each 
epitope. One exception in statistical significance is for plot (D) with epitope NP205. Data 
are representative of one experiment. Experiments were repeated three times 
independently, and error bars represent the standard error of mean from one experiment 
(n=3).  
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to the mouse. These cells will be invaluable for analyzing how a boost of newly 

synthesized viral proteins (largely derived from the LCMV-nucleoprotein) cross 

presented in the mouse will affect immunodominance. Following mouse treatments, 

spleens were collected on day 14, prepared into single cell suspension, and restimulated 

using four immunodominant synthetic viral peptides of LCMV (GP33-41, NP396-404, GP276-

286, and NP205-212). 

In the case of the infected MC57 cells, shifts in immunodominance were similar 

to the previous protocol where 200 pfu of LCMV was injected instead of infected 

fibroblasts. The shifts were significant between control treatments and cross priming 

treatments (p < 0.05) for each epitope (Figure 11A), except for the epitope NP205-212 

(although there is an observable decrease from the control to cross priming treatments).  

When infected L929 cells were injected instead of virus, from which initially, 

viral antigen can only be cross presented, the NP205-212-specific CD8+ T cell expansion 

was significantly increased from controls, rather than decreased as was observed with the 

infected MC57 cells (Figure 11B), or from the results in Figure 9. All other epitope-

specific CD8+ T cell expansion profiles were similar to infected MC57 data. Again, 

shifts in immunodominance in this case were all significant (p < 0.05). These results 

suggest that the difference in infected cell haplotype may play a role in how the epitope-

specific CD8+ T cell immunodominance response is regulated.  
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Figure 11. Effects of introducing virally infected cells instead of 200pfu of virus after 
cross priming of LCMV-NP 
Mice were primed i.p. with  HEK, or HEK-NP cells (107) and 7 days later injected with 
infected MC57 (A) or L929 cells (B) (fibroblasts) (i.p.). Spleens were collected 7 days 
later and assessed for % activation of NP396, NP205, GP33, or GP276-specific CD8+ T 
cells by staining with TRI COLOR-conjugated anti-mouse CD8 antibody and ICS for 
IFN-γ (FITC-conjugated rat anti-mouse IFNγ antibody). Cells were then acquired by 
FACS. Statistical analysis of shifts in epitope-specific CD8+ T cell activation were found 
to be significant (p < 0.05) when compared to control HEK cell treatments for each 
epitope except for (A) NP205. Data are representative of one experiment. Experiments 
were repeated three times independently, and error bars represent the standard error of 
mean from one experiment (n=3).  
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3.6 Altered immunodominance hierarchies after cross priming are more 

pronounced at the location of antigen entry 

LCMV-WE immunodominance hierarchy changes due to the induction of cross 

priming were analyzed in several different anatomical locations in the mouse to see if the 

microenvironment or location of immune response will result in changes to the LCMV 

immunodominance hierarchy already observed in the spleen. HEK-NP and HEK293 cells 

were injected as previously described (section 3.3) and 7 days later 200 pfu LCMV-WE 

was injected i.v. Spleens and draining lymph nodes were collected on day 14, peritoneal 

lavages were also performed, and cells were analyzed for the percentage of activation of 

the four previously defined epitope-specific CD8+ T cells.  

Data demonstrate that immunodominance shifts were very similar when 

comparing spleens and draining lymph nodes (Figure 12). In the case of CD8+ T cells 

derived from the peritoneal cavity, the control (HEK293 cells injected) mimicked spleen 

control results. It is interesting to note, however, that when cross priming was induced, 

followed by viral infection, immunodominance shifts in the peritoneal cavity were vast. 

Not only was there almost an 8-fold increase in the percentage of activated NP396-404-

specific CD8+ T cells, but surprisingly, an increase was also recorded for the epitopes 

NP205-212 and GP33-41. It seems likely that the strong NP396-404 T cell response was due to 

the direct injection of NP antigen into this anatomical compartment, but the presence of a 

very robust response to NP205-212 and GP33-41 after cross priming of LCMV-NP are quite 

unusual, considering our previous results. For spleens and peritoneal lavage results all 

shifts in immunodominance were found to be significant (p < 0.05), due to larger 

variation between experiments for lymph nodes, although shifts were observed,  
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Figure 12. Altered immunodominance hierarchies after cross priming are more 
pronounced at the location of antigen entry.  
Mice were primed with HEK (A), or HEK-NP cells (B) and 7 days later infected with 
LCMV. Spleens, draining lymph nodes (mesenteric and inguinal), or cells from the 
peritoneal compartment were collected on day 14 and assessed for % activated NP396, 
NP205, GP33, or GP276-specific CD8+ T cells by staining with TRI COLOR-conjugated 
anti-mouse CD8 antibody, ICS for IFNγ (FITC-conjugated rat anti-mouse IFNγ antibody) 
and FACS analysis.  Statistical analysis of shifts in epitope-specific CD8+ T cell 
activation were found to be significant (p < 0.05) when compared to control HEK cell 
treatments for each epitope except for those in lymph nodes for epitopes NP205, GP33, 
or GP276. Data are representative of one experiment. Experiments were repeated three 
times independently, and error bars represent the standard error of mean from one 
experiment (n=3).  
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they were not statistically significant. These results suggest that regardless of the 

microenvironment, cross priming was able to influence immunodominance, but also that 

the CD8+ T cell immune response to different epitopes in a viral infection can differ 

depending on the anatomical location.  

 

3.7 Cross priming influences immunodominance only when priming precedes viral 

infection 

To analyze whether the timing of the induction of cross priming had an effect on 

changes in the LCMV immunodominance hierarchy, mouse treatments were reversed 

from the previous protocol. Mice were first infected with 200 pfu LCMV-WE, and 7 days 

later cross priming of LCMV-NP was induced. Spleens were, once again, collected at 14 

days. The changes in immunodominance that had been observed previously, when cross 

priming preceded LCMV infection, were not observed when the treatment order was 

reversed (Figure 13A). When instead of analyzing spleens, a peritoneal lavage was 

performed to collect immune cells from the peritoneal cavity (the same location as HEK-

NP cells are injected) there was again no significant increase between treatments in the 

proportion of CD8+ T cells responding to any of the four LCMV epitopes studied (Figure 

13B). As was hypothesized, the CD8+ T cell response to the epitope NP396-404 was 

enhanced in the peritoneal cavity in comparison with the spleen, as the HEK-NP cell 

injections occurred i.p. It is also important to note that when comparing GP33-41-specific  
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Figure 13. LCMV infection prior to induction of cross priming causes no significant 
shifts in the LCMV immunodominance hierarchy.  
Mice were infected with 200 pfu LCMV-WE prior to injection with 107 HEK293 or 
HEK-NP cells. Seven days later spleens were harvested (A), or peritoneal lavages 
collected (B) and cells were assessed for % activated NP396, NP205, GP33, or GP276-
specific CD8+ T cells by staining with TRI COLOR-conjugated anti-mouse CD8 
antibody and ICS for IFNγ (FITC-conjugated rat anti-mouse IFNγ antibody). Data was 
then acquired using FACS. Shifts in epitope-specific CD8+ T cell activation after cross 
priming compared to control HEK cell treatments were not significant within anatomical 
locations. Data are representative of one experiment. Experiments were repeated three 
times independently, and error bars represent the standard error of mean from one 
experiment (n=3).  
 
 

 

 

 

 54 
 
 



 

Control 
NP396 

 

NP205 
GP33 

0

5

10

15

20

HEK HEK-NP 

% Activated 
 CD8+ T cells 

(A) Spleen 
GP276 

(B) Peritoneal Lavage 

0

5

10

15

20

25

HEK HEK-NP 

% Activated  
CD8+ T cells 

54a 



responses between the two compartments there was an observable increase in the 

peritoneal cavity compared to the spleen (statistically significant only in controls).  

Overall, these results strongly suggest that the timing of the induction of cross 

priming is crucial for determining the immunodominance hierarchy following a viral 

infection. Cross priming can alter the hierarchy if it precedes the viral infection, whereas 

after the infection, cross priming has little effect on this response. Additionally, these 

observations further strengthen the suggestion (from section 3.6) that epitope-specific 

CD8+ T cell responses may differ depending on the anatomical location of the immune 

response. 

 

3.8 Time kinetics analysis of immunodominance  

To assess the influence of LCMV-NP cross priming on immunodominance at two 

stages of LCMV infection, spleens were retrieved at 5 and 8 days, rather than 7 days post 

immunization. Following cell injections, splenocytes were again analyzed for epitope-

specific CD8+ T cell activation via restimulation with the four epitopes of interest, 

staining for CD8, and ICS for IFN-γ. By analyzing the immunodominance profile at 5 

days post viral infection, we were able to see how early the large CD8+ T cell cross 

priming response to the epitope NP396-404 occurs. Shifts in immunodominance were 

observed to be similar to previous 7 day post infection analyses for both 5 (Figure 14A) 

and 8 day experiments (Figure 14B). These results demonstrate that the cross priming of 

LCMV-NP plays an important role in both the early as well as the later stages of the 

LCMV primary infection.  
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Figure 14.  Time kinetic analysis of immunodominance after viral infection. 
Mice were injected with 107 HEK293 or HEK-NP cells 7 days prior to infection with 200 
pfu LCMV-WE. Five (A) or eight (B) days later spleens were collected and cells were 
assessed for % activated NP396, NP205, GP33, or GP276-specific CD8+ T cells by 
staining with TRI COLOR-conjugated anti-mouse CD8 antibody, ICS for IFNγ (FITC-
conjugated rat anti-mouse IFNγ antibody) and FACS analysis. Statistical analysis of 
shifts in epitope-specific CD8+ T cell activation were found to be significant (p < 0.05) 
when compared to control HEK cell treatments for each epitope in (A) and (B). Data are 
representative of one experiment. Experiments were repeated three times independently, 
and error bars represent the standard error of mean from one experiment (n=3). 
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3.9 Assessment of the cytotoxic response to two epitopes derived from the LCMV-

NP 

To study the cytotoxic response to the two dominant NP-derived epitopes (NP396-

404 and NP205-212) and thus the extent of cross priming of these epitopes, an in vivo killing 

assay was next performed. Mice were primed with HEK293 or HEK-NP cells (107 cells) 

i.p, and 7 days later, injected with 107 splenocytes i.v, half stained with 3μM CFSE 

([CFSE]high) and peptide pulsed with either NP396-404 or NP205-212, and the other half (107) 

stained with 1μM CFSE without peptide pulsing as a control cell population. Sixteen 

hours later, spleens were analyzed by FACS for specific killing of [CFSE]high 

splenocytes. Calculations of % specific killing were performed using specific killing 

ratios of unprimed to primed conditions (see materials and methods section 2.7).  

As expected, there was no specific killing observed when initial negative control 

injections occurred with PBS (15A) or HEK293 cells (15C, left). After LCMV infection 

(positive control) ~100% killing was observed, as was hypothesized. The cytotoxic 

response towards NP396-404-pulsed splenocytes after cross priming of LCMV-NP was 

significant (~25%) (Figure 15B), whereas the specific killing towards the LCMV epitope 

NP205-212 was less so (~10%) (15D). These results provide further evidence for the role of 

cross priming in immunity specifically through the cytotoxic response against LCMV-

peptide-pulsed splenocytes.  
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Figure 15. An evaluation of T cell killer activity against LCMV-NP derived epitopes.  
Mice were injected with HEK293 cells (or PBS) (A), LCMV-WE (200 pfu) (B), HEK or 
HEK-NP (C, D). Seven days later, primed mice were injected with two populations of 
target splenocytes. The first population (107 cells) was pulsed with either synthetic 
peptide NP396 (A, B, C) or NP205 (D) and labeled with 3μM carboxyfluorescein 
succinimidyl ester (CFSE) and the second, a control splenocyte population (107 cells) 
with only 1μM CFSE. Sixteen hours later, spleens were collected and analyzed on FACS 
to look for specific killing of the peptide-pulsed splenocyte population. Calculations of % 
specific killing were completed utilizing specific killing ratios of unprimed to primed 
conditions (see materials and methods section 2.7). Data are representative of one 
experiment (n=2). Experiments were repeated three times independently.  
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3.10 LCMV-NP cross priming boosts anti-viral immunity to an LCMV infection, 

and causes a decrease in splenocyte numbers 

After determining that cross priming does, in fact, play a regulatory role in CD8+ 

T cell immunodominance, we were interested in how these changes in epitope-specific 

responding CD8+ T cells would affect anti-viral immunity to LCMV infections. To do 

so, we performed titrations on spleens after the 7-day immunodominance protocol (from 

section 3.3). On day 0 mice were injected with 107 HEK293 or HEK-NP cells and on day 

7 were infected with 200 pfu LCMV-WE. On day 14, spleens were collected, prepared 

into single cell suspensions, and titrations were performed (materials and methods section 

2.3.2). The data demonstrates that viral titers in spleens when cross priming had preceded 

viral infection were below detectable levels (<200 pfu/spleen) whereas control spleens 

averaged ~4x104 pfu/spleen (Table 1). These results suggest that cross priming of 

LCMV-NP prior to viral infection is an efficient model with which to regulate viral 

replication and that cross priming of a single viral protein can boost anti-viral immunity.  

It was also noticed that for these immunodominance protocols, spleens from 

control mice were larger than those from mice that had been primed with HEK-NP cells 

(Figure 16). Consequently, by counting splenocytes, on average a 25% decrease in 

splenocyte count was observed in cross-primed mice compared to controls, possibly 

reflecting a quicker viral clearance in the cross-primed mice as shown in the titration 

results.  
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Table 1. LCMV-NP cross priming reduced viral titers in mouse spleens.  
(A) Mice were treated with 107 HEK293 or HEK-NP cells were infected with 200 pfu 
LCMV-WE and on day 7. Spleens were collected, prepared into single cell suspension, 
and titrations were performed by staining for LCMV-NP expression with primary VL4 
antibody and peroxidase-conjugated goat anti-rat IgG. Color was developed as in 
materials and methods section 2.3.2. Titrations were repeated five times for each 
condition (n=5).  
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Figure 16. Cross priming causes a reduction in number of splenocytes after viral 
infection.  
Mice were treated with 107 HEK293 or HEK-NP cells and on day 7 were infected with 
200 pfu LCMV-WE. Spleens were collected, prepared into single cell suspension, and 
splenocyte counts were performed. A significant shift was found in splenocyte numbers 
from control to cross primed mice (p<0.05). Data are representative of one experiment. 
Experiments were repeated three times independently, and error bars represent the 
standard error of mean from one experiment (n=3). 
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3.11 An evaluation of the role of antigen dose and location of injection on cross 

priming of LCMV-NP 

To find an optimal concentration of cells for observing increases and decreases in 

CD8+ T cell responses in further cross priming experiments, a titration for the number of 

HEK-NP cells injected, was performed. Mice were injected with 5x105, 1x106, or 5x106 

HEK-NP cells (500μl) i.p. On day 7, spleens were collected and splenocytes were 

expanded in vitro due to the low frequency of responding CD8+ T cells. After a period of 

expansion, splenocytes were then restimulated for the LCMV epitope NP396-404, stained 

for CD8, and ICS for IFN-γ was performed for FACS acquisition.  

 This protocol allowed for the measurement of percent activation of CD8+ T cells 

for the LCMV epitope NP396-404 and thus the extent of cross priming. The data shows that 

as the concentration of HEK-NP cells increased, the cross priming response also 

increased (Figure 17). This increase in the cross priming response seemed to level off as 

the cell number injected increased up to 5x106 cells. Although statistically, the increases 

in the cross priming response weren’t found to be significant from one cell number to the 

next (p > 0.05), between the 5x105 to 5x106 cell number treatments there was a significant 

shift in the percent activated CD8+ T cells. These results suggest that choosing 1x106 

cells for injections will allow us to accurately observe any increases or decreases in 

immune response later, when apoptotic HEK-NP cells are used.  

We were also interested in observing how the location of injection of our antigen 

donor cells affects the cross priming of LCMV-NP. We injected HEK-NP cells in the 

peritoneal cavity and subcutaneously. On day 7 we harvested spleens or 
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Figure 17.  The effects of antigen dose on LCMV-NP cross priming.  
HEK-NP cells were injected at levels of 5x105, 106, or 5x106 cells i.p. On day 7, spleens 
were collected, prepared into single cell suspension, and cultured in vitro. Splenocytes 
were then restimulated with NP396 peptide-loaded BMA cells, stained with TRI 
COLOR-conjugated anti-mouse CD8 antibody, and ICS was performed for IFN-γ (FITC-
conjugated rat anti-mouse IFNγ antibody) production. In this way, the percent of 
splenocytes primed for the LCMV epitope NP396 via cross priming of LCMV-NP could 
be measured. Significant differences were not found for the percent activated CD8+ T 
cells for the LCMV epitope NP396 from one HEK-NP cell concentration to another 
although from 5x105 and 5x106 the shift was significant (p>0.05). Data are representative 
of one experiment. Experiments were repeated three times independently, and error bars 
represent the standard error of the mean from one experiment (n=3). 
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lymph nodes and treated the cells as previously discussed in section 3.3. This enabled us 

to measure the percentage of activation of NP396-404-specific CD8+ T cells as an 

indication of the cross priming response at two anatomical locations. The data 

demonstrate that cross priming of LCMV-NP occurs at both anatomical locations (Figure 

18). Furthermore, a subcutaneous injection of HEK-NP cells elicits a surprisingly robust 

immune response due to the lower number of cells injected at this site. This data is 

preliminary and must be repeated to analyze its significance, however, it demonstrates 

that immunization via the subcutaneous route will be useful for future experiments.  

 

3.12 In vitro tests for cell death and apoptosis after UV irradiation of HEK-NP cells 

To induce apoptosis in HEK-NP cells for future injection into mice, cells were 

treated for 4min in a UV cross-linker. Irradiating cells with specific doses of ultraviolet 

light has been found to induce apoptosis by activating the Fas pathway inducing 

regulated cell death[87]. HEK-NP cells were then incubated for 0, 1, 2, 3, or 4 hours after 

treatment and then stained with Annexin V and propidium iodide to observe the extent of 

apoptosis and cell death, over time. Apoptosis was found to increase from 7.9% in 

untreated cells to 20.8% in treated cells immediately after apoptosis was induced (Figure 

19). Even after 4 hours of incubation apoptosis had only increased to 23.6% from the 0h 

incubation. Levels of cell death throughout the various incubation times after apoptotic 

treatment increased so that after 4 hours of incubation the percentage of cells undergoing 

cell death had more than doubled the level of cell death immediately after apoptotic cell 

treatment. 
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Figure 18. The effects of location of immunization on LCMV-NP cross priming. 
HEK-NP cells were injected at concentrations of 1x106 (IP) or 5x105 (SC). On day 7, 
spleens were collected, prepared into single cell suspension, and cultured in vitro. 
Splenocytes were then restimulated with NP396 peptide-loaded BMA cells, stained with 
TRI COLOR-conjugated anti-mouse CD8 antibody, and ICS was performed for IFN-γ 
(FITC-conjugated rat anti-mouse IFNγ antibody) production. In this way, the percent of 
splenocytes primed for the LCMV epitope NP396 via cross priming of LCMV-NP, at 
different anatomical locations, could be measured. Experiments are preliminary (n=3) 
observations to see if cross priming is efficient when HEK-NP cells are injected at 
various locations. 
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Figure 19.  Tests for apoptosis and cell death of HEK-NP cells at various incubation 
periods following apoptotic treatment.  
HEK-NP cells were treated with a UV cross-linker for 4 minutes and incubated for 0, 1, 
2, 3, or 4 hours (B-F) at 37°C. They were then stained for apoptosis and cell death using 
Annexin V-FITC and propidium iodide respectively and analyzed by FACS. Untreated 
control HEK-NP cells were utilized for comparison (A). 
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These two results provide evidence that utilizing cells immediately after apoptotic 

treatment for injection into mice will provide us with the largest proportion of apoptotic 

cells compared to the extent of cell death. 

 

3.13 Analysis of cell death in cross priming 

It has been observed that necrotic cells may cause the increased production of 

endogenous danger signals such as heat shock proteins and uric acid to enhance 

immunity[91]. Apoptotic cells on the other hand, in theory, should not enhance immunity 

due to their highly regulated process of cell death. Several groups have found conflicting 

results in this area [10] and therefore this leads us to analyze the effects of apoptosis on 

cross priming in our system.  

We treated HEK-NP cells with a UV cross-linker to induce apoptosis (tested for 

cell death and apoptosis in section 3.12) and injected them into mice to observe any 

differences from untreated HEK-NP cell injections. Having analyzed the HEK-NP cell 

titration results from a previous section, we chose to utilize 1x106 cells for this 

experiment, as this cell number was located on the middle region of our increasing cross 

priming result, so that any increases or decreases in this cross priming immune response 

could be easily observed. After intraperitoneal injection of apoptotic HEK-NP cells (or 

untreated HEK-NP as a control), spleens were collected on day 7, made into single cell 

suspension, and expanded in vitro because of the low frequency of responding CD8+ T 

cells. After a period of time, splenocytes were then restimulated for the LCMV epitope 

NP396-404, stained for CD8, and ICS for IFN-γ was performed for FACS acquisition. 
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Apoptotic treatment of HEK-NP cells caused no significant increase in the cross priming 

response in mice compared to untreated HEK-NP cell injection (Figure 20).  

 

3.14 Apoptotic treatment of HEK-NP cells does not alter the shifts in 

immunodominance compared to wt HEK-NP cells 

Following the results obtained from the effects of apoptotic cell death on cross 

priming, we also studied the effects of apoptotic HEK-NP cells on immunodominance. 

Although cross priming was not affected by apoptotic cell death (section 3.13), we also 

wanted to explore this source of antigen in our immunodominance model. We aim to 

compare this data with previous immunodominance shifts using untreated HEK-NP cells. 

HEK293 or HEK-NP cells (107) were untreated or treated for 4min with a UV cross-

linker and immediately injected into mice i.p. On day 7, 200 pfu LCMV-WE was injected 

i.v. and on day 14, spleens were collected and treated as in section 3.3.   

Much like the previous results obtained using untreated HEK-NP cells as antigen 

donor cells, NP396-404-specific CD8+ T cells dominated the immunodominance hierarchy, 

while the other three epitopes NP205-212, GP33-41, and GP276-286 were subdominant (Figure 

21).  

Again there were significant shifts between controls (both untreated and 

apoptotic) and when cross priming had preceded viral infection (both untreated and 

apoptotic) (p < 0.05) although there was no significant shift for the epitope NP205-212. This 

data demonstrates that apoptotic cell death does not affect immunodominance.
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Figure 20. Apoptotic cell death does not significantly affect the CD8+ T cell cross 
priming response. 
HEK-NP cells were treated for 4 min with a UV cross-linker and immediately injected at 
a concentration of 1x106 cells intraperitonealy. On day 7, spleens were collected, 
prepared into single cell suspension, and cultured in vitro. Splenocytes were then 
restimulated with BMA cells peptide loaded with NP396, stained with TRI COLOR-
conjugated anti-mouse CD8 antibody, and ICS for IFN-γ (FITC-conjugated rat anti-
mouse IFNγ antibody) production. Data was then acquired using FACS. Shifts in epitope-
specific CD8+ T cell activation after cross priming compared to control HEK cell 
treatments were not significant (p<0.05). Data are representative of one experiment. 
Experiments were repeated three times independently, and error bars represent the 
standard error of mean from one experiment (n=3).  
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Figure 21. Apoptotic cell death does not significantly affect immunodominance after 
cross priming.  
HEK-NP cells (107) were treated for 4 min with a UV cross-linker, immediately injected 
i.p. and on day 7 infected with 200 pfu LCMV-WE. Spleens were collected 7 days later 
and assessed for % activated NP396, NP205, GP33, or GP276-specific CD8+ T cells by 
staining with TRI COLOR-conjugated anti-mouse CD8 antibody, ICS for IFNγ (FITC-
conjugated anti-mouse IFNγ antibody), and FACS analysis. There were no significant 
shifts in epitope-specific CD8+ T cell responses between untreated HEK-NP and 
apoptotic HEK-NP cell treatments. There were significant shifts (p<0.05), however, 
between HEK and HEK-NP cell treatments (regardless of apoptotic treatment) as 
observed previously. Data are representative of one experiment. Experiments were 
repeated three times independently, and error bars represent the standard error of mean 
from one experiment (n=3). 
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CHAPTER 4. Discussion 

 

Although many factors affecting the regulation of CD8+ T cell 

immunodominance have been previously delineated, the role of cross priming in this 

process has yet to be specifically addressed. We therefore, set out to assess the impact of 

cross priming of a single viral protein on a subsequent viral infection. In these studies, the 

induction of cross priming occurred through a unique model involving HEK-NP cell 

injection into C57BL/6 mice; of which, these cells were previously found to induce 

efficient cross presentation of LCMV-NP epitopes[35]. This model can be described 

more specifically as an MHC mismatch model, where the MHC class I molecules (H-2b) 

on the injected cells are incompatible with the T cell receptors on the mouse CD8+ T 

cells (HLA). Thus, we are provided with a xenogenic system in which CD8+ T cell 

priming for LCMV-NP occurs only via the cross priming pathway. After cross priming 

was induced, we monitored immunodominance by infecting with virus. By assessing 

epitope-specific T cell activation, viral replication, and T cell killing we were able to 

quantify shifts in immunodominance due to cross priming, as well as assess the efficiency 

of cross priming overall.   

After determining that the expression of LCMV-NP was high in our HEK-NP 

cells, and that HEK-NP cells could be efficiently phagocytosed by macrophages, LCMV 

immunodominance profiles after cross priming and viral infection were investigated. 

When cross priming of LCMV-NP preceded viral infection, immunodominance 

hierarchies were found to shift significantly from controls. Injection of HEK control cells 

followed by LCMV infection (or LCMV infection only) resulted in hierarchies arranged 
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so that the greatest percentage of epitope-specific CD8+ T cells were specific for the 

epitopes GP33-41>NP396-404>GP276-286, NP205-212. However, the immunodominance 

hierarchy observed when LCMV-NP cross priming preceded viral infection was shifted 

so that the NP396-404 epitope completely dominated the immune response, followed by 

reduced responses to NP205-212, GP33-41, and GP276-286. The percentage of activated CD8+ 

T cells for the epitope NP396-404 was found to double, while the immune responses to the 

epitopes GP33-41 and GP276-286 were more than halved compared to controls. As was 

initially hypothesized, cross priming caused a significant shift in the typically observed 

LCMV immunodominance hierarchy.  

 

4.1 Cross priming: a role in regulating immunodominance 

There are several likely reasons that the induction of cross priming caused a shift 

in immunodominance. As La Grunta et al. reported using the influenza A model, 

immunodominance hierarchies may be determined by antigen dose[70]. In our system, 

expression of LCMV-NP is very high in our antigen donor cells. It is likely that the large 

number of antigen donor cells, expressing very high levels of LCMV-NP, provide a 

strong antigenic stimulus through the cross priming pathway, to increase CD8+ T cell 

expansion to the LCMV-NP epitopes. This enhanced immune response to NP epitopes 

may have shifted the focus of CD8+ T cell response towards NP-derived epitopes rather 

than GP derived epitopes later on. It is interesting to note, also, that although the initial 

antigen dose was large, it was only administered once and this was still able to 

significantly alter the CD8+ T cell response, providing more evidence for the 

physiological role of cross priming.  
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For the LCMV immunodominance hierarchy to be significantly shifted compared 

to controls, the epitope NP396-404 needed to have been cross presented efficiently. LCMV-

NP is long-lived and stable up to 3-4 days providing a long-term source of antigen for the 

cross priming pathway[92]. This long-term stability of the nucleoprotein and resulting 

ability to induce cross presentation was observed by Basta et al[35] who found that 

targeting the LCMV-NP to the proteasome, via ubiquitin tagging, reduced cross 

presentation, whereas the longer-lived LCMV-NP without the ubiquitin tag was better 

able to induce cross presentation[35].  

An additional factor that may contribute to the ability of the epitope NP396-404 to 

be efficiently cross presented is that this peptide may need extra trimming by 

aminopeptidases before it can be presented [93]. It may therefore, be able to resist 

degradation and survive longer to access the cross priming pathway. Firat et al. studied 

the role of endoplasmic reticulum aminopeptidase 1(ERAP1, involved in peptide 

processing in mice) in direct presentation of GP33-41 and NP396-404 epitopes of LCMV[93]. 

They suggested that GP33-41 responses are enhanced in the absence of ERAP1 because 

these peptides are already small in size (8-11aa) whereas the CD8+ T cell response to 

NP396-404 was markedly reduced, suggesting the larger size of peptides derived from the 

nucleoprotein. In applying their results to our model, we may find that 

immunodominance is shifted due to cross priming because the epitope NP396-404 is able to 

resist degradation and be longer-lived. This would allow for the epitope NP396-404 to be 

more stable to efficiently access the cross presentation pathway.   

Another factor known to influence immunodominance is immunodomination. 

Immunodomination refers to the suppression of specific CD8+ T cell responses by other 
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dominant responses[94]. There are several suggested reasons for the occurrence of 

immunodomination such as competition for APCs between CD8+ T cells specific for the 

dominant and subdominant epitopes, as well as systemic suppression of CD8+ T cell 

responses to subdominant epitopes by dominant epitope-specific CD8+ T cells[67]. 

Jenkins et al. explore this immunological concept in their study on the effects of the 

addition of a prominent ovalbumin (OVA)-derived epitope on influenza A virus 

infection[94]. They found that OVA-specific immune responses could repress immune 

responses to influenza A viral epitopes. Furthermore, it was observed that by again 

increasing IAV epitope presentation, that the response to IAV epitopes was still not 

rescued. In some ways, this system may mimic our antigen delivery model. After the 

initial cross priming immune response to LCMV-NP in our system, there is a further 

challenge with all viral epitopes through the LCMV infection. This additional challenge 

with all LCMV epitopes such as GP33-41 and GP276-286 cannot surmount the initial immune 

response to the nucleoprotein epitope NP396-404 that occurred 7 days prior.  

It is possible that in our model, immunodomination of the NP396-404-specific 

CD8+ T cells over the other three epitopes after cross priming, is occurring due to an 

initial competition for antigen presenting cell (APC) uptake and presentation. Willis et al. 

studied this proposal using transgenic T cells specific for LCMV peptide P14, and/or OT-

I cells (specific for the peptide SIINFEKL from OVA). They introduced DCs peptide 

loaded with both epitopes to naïve mice and found that competition for the DCs 

occurred[95]. The findings by Willis et al. suggest that in our model, it may be the initial 

advantage that the epitope NP396-404 has for uptake into DCs, during the HEK-NP cell 
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injection, that results in dominance of the NP396-404-specific CD8+ T cells when cross 

priming of LCMV-NP precedes viral infection.  

Another possibility for this immunodomination of NP396-404-specific CD8+ T 

cells, discussed by Probst et al. is that LCMV-infected cells present peptides derived 

from the nucleoprotein 8 hours prior to presentation of peptides from the 

glycoprotein[72]. This kinetic difference in protein production and presentation between 

the NP and GP, during the viral challenge, likely gave the CD8+ T cells responding to the 

nucleoprotein an advantage over those responding to the glycoprotein, and thus the 

immunodominance hierarchy could be altered.  

This early production of nucleoprotein observed by Probst et al. may also help to 

explain another intriguing result. When evaluating the role of injecting infected 

fibroblasts as a source of virus after the induction of cross priming, an interesting finding 

was observed. Infected MC57 cells with the same haplotype (H-2b) to the mouse elicited 

the same immunodominance profile as using 200pfu of virus. Infected L929 cells with a 

different haplotype (H-2k) to the mouse cells, on the other hand, were found to elicit a 

different immunodominance profile than was observed when 200pfu of virus was 

injected. Specifically, the epitope NP205-212 was found to increase after the cross priming 

protocol compared to controls, whereas it is typically found to decrease, as was observed 

with the infected MC57 cells. Because the MHC class I molecules on the L929 cells (H-

2k) are incompatible with the mouse T cell receptors (H-2b), the virally derived proteins 

can only be cross presented to mouse CD8+ T cells. We had assumed the viral release 

into the extracellular environment, which is inevitable with either type of cell, would 

result in the same immunodominance profile as with infected MC57 cells. This observed 
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enhancement of the NP205-212-specific CD8+ T cell response is likely due to the early 

production and build-up of LCMV-NP (8 hours prior to glycoprotein production[72]) and 

the consequent boost of NP for cross presentation. Perhaps this additional boost allows 

for the epitope NP205-212 to compete against the glycoproteins that are present once live 

virus is released from the infected cells. Whereas, we observed previously that the 

LCMV-NP-derived NP205-212 epitope might be poorly cross presented in our initial 

immunodominance experiments (section 3.3), perhaps this epitope simply needs a boost 

of antigen to be cross primed efficiently. 

An alternative theory for the observed shifts in immunodominance due to cross 

priming is that the precursor frequency of naïve CD8+ T cells for the epitope GP33-41 is 

reduced compared to the epitope NP396-404. In several influenza virus models, low 

precursor frequency of naïve CD8+ T cells for specific epitopes has been found to 

suggest a reason for the subdominance of these epitopes in CD8+ T cell expansion[70, 

96]. In our case, when mice are primed with LCMV-NP via HEK-NP cell injection, this 

possible high precursor frequency for NP396-404 might result in such strong proliferation of 

CD8+ T cells that following viral infection 7 days later the response to GP33-41 cannot 

overcome the initial immune response to the nucleoprotein epitope.   

 

4.2 The differential cross priming ability of two NP-derived epitopes 

Our results suggest that the ability of the two LCMV-NP-derived epitopes to cross 

present is not equivalent. The % epitope-specific activation of CD8+ T cells for NP396-404 

was more than 4 times greater than for NP205-212 when cross priming preceded viral 

infection. We had hypothesized that the proportion of CD8+ T cells responding to this 
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epitope would also increase along with those specific for NP396-404 as they are both found 

in the LCMV-NP expressed in the HEK-NP cells utilized. However, the CD8+ T cell 

response to epitope NP205-212 after the cross priming protocol, was found to significantly 

decrease, compared to controls. It can be suggested, consequently, that perhaps the 

epitope NP205-212 is poorly cross presented to CD8+ T cells. On the other hand, the 

epitope NP396-404 seems to be very efficiently cross presented, likely accounting for the 

decreased CD8+ T cell response to NP205-212 when cross priming precedes viral infection. 

Furthermore, because NP396-404 is immunodominant and is largely processed via the 

phagosome-cytosol-route within the pAPC[35], it is possible that NP205-212 does not 

utilize this pathway to the same extent, accounting for its lower dominance. However, 

experimentally, this has yet to be explored.  

Another suggestion for this difference in immune induction ability between the 

two epitopes is that they possess differences in binding affinity for the MHC class I 

binding cleft. NP396-404 has been found to have ~39 times higher binding affinity for its 

respective MHC class I molecule in the C57BL/6 mouse (H-2Kb) than NP205-212 does for 

H-2Db (its MHC class I molecule)[90]. Furthermore, the glycoprotein epitopes assessed 

in this study also specifically bind to H-2Kb MHC class I molecules, like NP396-404. It is 

possible that when these other immunodominant epitopes derived from the LCMV 

glycoprotein are not initially present to compete for the MHC class I binding clefts on 

these H-2Kb molecules, NP396-404 has less competition for its MHC class I molecules and 

may be able to dominate NP205-212 in the immune response. 
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4.3 Assessment of the total CD8+ T cell response after cross priming 

When we assessed the total immune response induced after our 

immunodominance protocol, instead of looking at individual epitopes, we were presented 

with an interesting finding. The polyclonal response of CD8+ T cells was found to 

increase significantly (~5%) from the control to the cross priming treatment. Because this 

increase in overall immune response does not coincide with an increase in the specific 

epitopes that were studied in this case, it can be suggested that other epitopes derived 

from the LCMV-nucleoprotein are also being cross presented. Van der Most et al. 

describe two H-2Kb restricted epitopes NP223-230 and NP356-364 that might also play a role 

in this cross priming response[90]. These additional epitopes were both found to have at 

least two times the binding affinity for their respective MHC class I molecule than NP205-

212 does, although their ability to be cross primed has not yet been investigated. There are 

also other H-2Db restricted LCMV-NP-derived epitopes that might play a role (for 

example NP550-558), but these epitopes have much lower binding affinity for their MHC 

class I molecule[90].  

 

4.4 Immunodominance shifts are more pronounced at the location of antigen entry 

To explore the concept that immune responses may differ depending on the 

anatomical compartment, within our system we assessed shifts in immunodominance at 

different physiological locations. Lee et al. in a Respiratory Syncytial Virus model found 

that CD8+ T cell immunodominance responses to viral infection were different between 

the site of infection and the systemic compartment[97]. They found when analyzing the 

CD8+ T cell immune responses to a dominant and a subdominant epitope that in the 
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spleen the ratio of CD8+ T cells responding to these two epitopes respectively was 3:1, 

whereas in the lung (location of antigen entry) the ratio was 10:1. When we collected 

immune cells after our immunodominance protocol, from the spleen, lymph nodes, or 

peritoneal cavity we found that epitope-specific CD8+ T cell responses to dominant 

epitopes, after the cross priming protocol, were more pronounced at the site of antigen 

entry, much like what was observed by Lee et al. What is most interesting about this data 

is that the percentage of responding CD8+ T cells specific for the epitopes GP33-41 and 

NP205-212 also increase in the peritoneal cavity after cross priming, whereas in the spleen 

and lymph nodes, this is not observed. Since the peritoneal cavity is the site of antigen 

entry, it seems plausible that the direct injection of LCMV-NP in this location might be 

responsible for the large CD8+ T cell response to the epitopes NP396-404 and NP205-212, but 

the observed large response to GP33-41 is quite interesting. It is feasible that the initial 

recruitment of resources to the peritoneal cavity, such as CD4+ T cell help and cytokines 

such as IL-2 or IL-6 after the cross priming response, provide an enriched environment 

for large CD8+ T cell responses to other epitopes such as GP33-41 following viral 

challenge.  

 
4.5 Assessing the efficiency of cross priming 

We have highlighted the regulatory effects of cross priming on 

immunodominance. Overall, it is important to note that these changes in 

immunodominance strongly advocate for the important role of cross priming under 

normal physiological conditions, which has been previously contested[13]. Cross priming 

of the LCMV-NP must be efficient in order to affect the strong cell-mediated immune 

response induced following an LCMV infection.  
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To further evaluate this effectiveness, a kinetic analysis of the effects of cross 

priming prior to viral infection was performed. Probst et al. had previously found that at 

5 days post LCMV-WE infection, the epitope-specific CD8+ T cell response is about half 

of the expansion at 8 days post infection[98], and we chose these time periods for that 

reason. Upon studying the efficiency with which cross priming of the LCMV-NP 

epitopes affects immunodominance at 5 days post infection, we found that even at five 

days post infection, the cross priming response to the epitope NP396-404 is significant. On 

day 8 after LCMV infection when the CD8+ T cell response to the viral infection was at 

its peak, again a similar result was observed. In general, this analysis displays the 

efficiency with which the NP-derived epitope can be cross primed, even at early stages of 

infection.   

 Although our findings suggest that cross priming is a robust process that is able to 

shift a typical LCMV immunodominance hierarchy, we also found that cross priming 

must precede the viral infection for changes in the immunodominance profile to occur. 

These results were observed in the spleen as well as the peritoneal cavity. It is likely that 

although our HEK-NP cells express high levels of LCMV-NP, we are only introducing 

this antigen once, and in relative terms, the LCMV infection provides a far greater source 

of antigen than cells alone. These results suggest that once the immune response is 

shifted in one direction (either through HEK-NP cells, or through a viral infection) this 

trend is maintained.  

 Our analysis of the immune response to the induction of cross priming has been 

limited to measuring the activation of CD8+ T cell responses towards specific epitopes 

after viral infection. To evaluate the functional significance of cross priming of the 
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LCMV-NP it was essential to assess the cytotoxic response of the cross primed CD8+ T 

cells. 

 From previous immunodominance experiments where cross priming of the 

LCMV-NP was induced prior to LCMV infection, we had found that NP396-404-specific 

CD8+ T cells assumed immunodominance, whereas the percent activated NP205-212-

specific CD8+ T cells was reduced. Throughout our discussion, we suggested that this 

result was due to the reduced cross presentation ability of the epitope NP205-212. This 

proposition was further solidified when the cross priming of LCMV-NP via HEK-NP 

cells resulted in a stronger cytotoxic response against NP396-404-pulsed target splenocytes 

(~25%) than NP205-212-pulsed target splenocytes (~10%). This result not only further 

strengthens the idea that the two epitopes are cross primed at different capacities, but that 

again, cross priming is a robust physiological process due to the strong cytotoxic 

response against target splenocytes. 

 

4.6 Applications of our model to immunotherapy  
 
 Ultimately, we are interested in the idea that cross priming of cell associated 

antigen can be efficient in affecting immunodominance from an immunotherapeutic point 

of view. To determine whether the previously observed shifts in immunodominance are 

significant in this way, the observed shifts must still be seen long after cross priming has 

been induced (into the memory phase of the epitope-specific CD8+ T cells). To assess the 

functional significance of our findings, the immunodominance hierarchy was first 

analyzed when LCMV challenges occurred 15 or 30 days after the induction of cross 

priming. The shifts in immunodominance, compared to controls, were maintained even 
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when there was a space of 15 or up to 30 days between initial cross priming and viral 

infection. These results provide us with more evidence for the important physiological 

role cross priming can play in initiating CD8+ T cell responses, and because there is a 

long-term maintenance of CD8+ T cells specific for LCMV-NP derived epitopes, our 

protocol may protect against subsequent viral challenges.  

 What was most intriguing from our data was that virus was cleared with quicker 

kinetics in mice that had been cross primed with LCMV-NP-derived epitopes and then 

infected with LCMV compared to controls. For controls, viral loads reached on average 

~4x104 pfu/spleen at day 7 after viral infection, whereas virus in the spleen from cross 

primed mice was below detectable levels. Van den Broek et al. found after infection with 

100pfu (we used 200pfu) that on day 6 after infection the spleen viral titer was just under 

106pfu, while on day 8 after infection, it was about 103, providing us with the confidence 

that our controls are within range of previous experiments[72]. Although these results are 

highly promising for the role that cross priming could play in vaccine development, it 

will be still important to extend this analysis by looking for viral titers in spleens prior to 

or later than 7 days to analyze when this ability to resolve the infection occurs, and if this 

is indeed a long-lived protection. Also, it might be of interest to immunize with varying 

concentrations of virus to see what level of viral infection can still be resolved by our 

treatment protocol.  

 When analyzing the spleens for viral titers after our typical immunodominance 

protocols, it was noticeable that spleens in control mice (LCMV infected) were visibly 

larger than those from mice that had initially been injected with HEK-NP cells. By 

counting the splenocytes from both treatment protocols, a 25% higher splenocyte count 
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was observed in control mice compared to our cross priming protocol. This finding is 

quite interesting, as it would suggest that, along with the very low viral titers found in the 

spleen, the normally extensive T cell expansion in the spleen was not present at 7 days 

post infection. It is possible that the initial expansion of NP396-404-specific CD8+ T cells 

inhibits viral replication in the spleen faster than in controls and thus at day 7, some 

proportion of epitope-specific CD8+ T cells have already migrated to the peritoneum and 

thus the spleen is smaller in size.  

 
4.7 The role of apoptosis in generating immunity 

We were finally interested in the role of endogenous danger signals on 

immunodominance in the context of cross priming. To initiate experiments of this type it 

was necessary to develop a protocol to transform naïve HEK-NP cells into apoptotic 

cells. Treating HEK-NP cells with a UV cross linker to induce apoptosis and incubating 

these cells for 0, 1, 2, 3, or 4 hours at 37°C, we could then measure the proportion of cells 

undergoing apoptosis or necrosis and determine our optimal method of treatment. It was 

determined that injecting the cells immediately after UV treatment (inducing apoptosis) 

was an optimal sample for injection into mice due to the largest proportion of apoptotic 

cells in relation to dead/dying cells present.  

 We found apoptotic HEK-NP cells to elicit a similar cross priming immune 

response to wild-type HEK-NP cells. In the literature, Winau et al. found, in a 

Mycobacterium tuberculosis model, that apoptotic vesicles derived from M. tuberculosis 

infected macrophages were able to efficiently activate naïve CD8+ T cells to expand in 

vivo[61].  In contrast, several other groups have found the opposite finding, that cross 

presented antigen in the context of apoptotic cells leads to CD8+ T cell tolerance rather 
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than activation[60, 99]. Specifically, Berg et al. used a system in which liver sinusoidal 

endothelial cells were found to be responsible for inducing tolerance to antigens 

associated with apoptotic tumor cells[99]. In another study, Griffith et al. found that 

haptenated apoptotic cells induced CD8+ T cell tolerance through promoting CD8+ T 

cells with a “helpless CD8+ T cell” phenotype causing suppression of the immune 

response, whereas haptenated necrotic cells were found to stimulate the immune 

response[60].  

 There are several possibilities for these variations in the literature. First, apoptosis 

has been induced in different ways throughout several studies. For example, by 

irradiating cells with UV light at 3000 rads, Griffith et al. found apoptotic cells to induce 

tolerance responses[60]. We also treated our cells with UV light but found that tolerance 

wasn’t induced. On the other hand, when Winau et al. infected macrophages with BCG-

OVA and collected the apoptotic bodies produced, they found these bodies could 

efficiently cross prime antigens[61]. These different apoptotic treatments used in several 

model systems may be variable in their ability to induce danger signal release into the 

extracellular environment.  

We can suggest several possible reasons for our observed results. It is feasible that 

if our apoptotic cells were able to induce tolerance in our system, the percentage of 

apoptotic cells was not high enough compared to wild-type cells in our cell injections and 

these tolerizing effects were therefore negligible. Additionally, Chen et al. found that 

after radiation of J558, a tumor cell line, the majority of apoptosis occurred after 24hr 

incubation following radiation treatment[100]. They also found that at 6hr incubation, 

heat shock protein 70 (HSP70), an endogenous danger molecule, was yet not significantly 
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induced. It was only at 24hr post radiation that a significant number of tumor cells 

expressed apoptotic markers as well as HSP70. It is therefore possible that the incubation 

of our apoptotic cells was not extensive enough to allow for this late production of heat 

shock proteins that might have resulted in enhanced CD8+ T cell responses from the 

controls.  

Having found no significant difference in cross priming ability of wt or apoptotic 

HEK-NP cells, we wanted to again assess the role of these apoptotic HEK-NP cells in 

cross priming, but using a different approach. By applying these cells to our 

immunodominance protocol compared to our wt HEK-NP cells, we found that the 

immunodominance hierarchy was essentially the same using both sources of cross 

priming material. This further solidified our previous results suggesting that our apoptotic 

cell treatment does not have an effect on cross priming.  

These studies, involving the role of apoptotic HEK-NP cells in immunity, offer a 

multitude of options for further study. Having only addressed one aspect of cell death, 

exploring the role of necrotic cell death, known to induce several endogenous danger 

molecules, and its effects on immunodominance may prove to be interesting. Also, 

delineating the apoptotic treatments into early and late apoptosis may enable us to resolve 

the issue in the literature regarding when the induction of tolerance versus immunity will 

occur. Furthermore, it might be useful to address the effects of exogenous danger 

molecules such as toll-like receptor ligands dsRNA, poly I:C, or CpG DNA, previously 

found to enhance cross presentation, on immunodominance. These danger molecules may 

not only enhance cross priming, but also possibly affect the epitope-specific CD8+ T cell 

response when cross priming precedes a viral infection.  

 85 
 
 



 

4.8 Future Work  

In general, we are able to conclude that cross priming does have a regulatory 

effect on immunodominance. As we used HEK-NP cells as a source of LCMV-NP 

antigen for cross priming, it may prove interesting to develop another stably transfected 

cell line that express the LCMV-GP (HEK-GP). Using a cell line such as this to observe 

any changes in immunodominance will allow us to further delineate our proposals for 

why cross priming had such a strong effect on immunodominance. It may be that each 

epitope is cross presented differently and therefore the LCMV-NP is most efficient at 

altering immunodominance, or that our system provides us with a general rule for 

regulating immunodominance.  

Taken together, these studies demonstrate that the exogenous pathway of MHC 

class I-associated Ag presentation (cross presentation) is efficient in inducing protective 

T cell responses even when the antigen quantity is limited. Moreover, that cross priming 

of defined antigenic entities can significantly influence immunodominance hierarchies 

during subsequent pathogen encounters. The findings reported here provide important 

evidence for the potential of cross priming in immunotherapy and vaccine design where 

specific immunodominant patterns of T-cell responses are required for controlling viral 

infections. 
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CHAPTER 5. Summary and Conclusions 

 

Cross priming of antigens has been implicated as significant in viral evasion, 

tumor immunity, and bacterial infections. Its role, however, in influencing the regulation 

of CD8+ T cell mediated responses in immunodominance has yet to be specifically 

addressed. We investigate the role of cross priming in immunodominance through the use 

of a recently reported MHC class I mismatch model. Our antigen donor cells (HEK-NP) 

were incompatible with mouse T cell receptors and therefore we could induce the cross 

priming rather than direct priming of epitopes derived from the LCMV-NP expressed by 

HEK-NP cells. After cross priming was induced, we monitored immunodominance by 

injecting LCMV. Ultimately, we provide strong evidence that cross priming is an 

efficient route with which to induce immunity and that it plays an important role in 

regulating immunodominance. This was observed when a single dose of LCMV-NP-

derived epitopes through the cross priming pathway was able to completely shift the 

immunodominance hierarchy of a typical LCMV infection. Even 30 days after the 

initially cross primed LCMV-NP-specific CD8+ T cells were activated, they were still 

able to shift immunodominance. In addition to enumerating the extent of CD8+ T cell 

activation ex vivo, we were able to monitor the killing activity of the CD8+ T cells 

directly in vivo. What is more intriguing is that our results can provide important insights 

into vaccine development, as our treatment protocol was able to boost anti-viral 

immunity to a subsequent viral infection. Our model not only allows us to expand our 

knowledge of CD8+ T cell activation via cross priming, but also provides important 

information for immunotherapy. By applying our model to target cytotoxic immune 
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responses to early or highly expressed proteins, infections may be resolved more 

efficiently.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 88 
 
 



References 

 

1. Williams, M.A. and M.J. Bevan, Effector and memory CTL differentiation. Annu 
Rev Immunol, 2007. 25: p. 171-92. 

2. Castellino, F. and R.N. Germain, Cooperation between CD4+ and CD8+ T cells: 
when, where, and how. Annu Rev Immunol, 2006. 24: p. 519-40. 

3. Banchereau, J., F. Briere, C. Caux, J. Davoust, S. Lebecque, Y.T. Liu, B. 
Pulendran, and K. Palucka, Immunobiology of dendritic cells. Annu. Rev. 
Immunol., 2000. 18: p. 767-811. 

4. Lawrence, E., ed. Immunobiology. 6th ed. 2005, Garland Science Publishing: 
New York. 823. 

5. van Duivenvoorde, L.M., G.J. van Mierlo, Z.F. Boonman, and R.E. Toes, 
Dendritic cells: vehicles for tolerance induction and prevention of autoimmune 
diseases. Immunobiology, 2006. 211(6-8): p. 627-32. 

6. Jensen, P.E., Mechanisms of antigen presentation. Clin Chem Lab Med, 1999. 
37(3): p. 179-86. 

7. Groothuis, T.A. and J. Neefjes, The many roads to cross-presentation. J Exp Med, 
2005. 202(10): p. 1313-8. 

8. Rock, K.L. and L. Shen, Cross-presentation: underlying mechanisms and role in 
immune surveillance. Immunol Rev, 2005. 207: p. 166-83. 

9. Guermonprez, P. and S. Amigorena, Pathways for antigen cross presentation. 
Springer Semin Immunopathol, 2005. 26(3): p. 257-71. 

10. Basta, S. and A. Alatery, The cross-priming pathway: a portrait of an intricate 
immune system. Scand J Immunol, 2007. 65(4): p. 311-9. 

11. Bevan, M.J., Minor H antigens introduced on H-2 different stimulating cells 
cross-react at the cytotoxic T cell level during in vivo priming. J Immunol, 1976. 
117(6): p. 2233-8. 

12. Heath, W.R. and F.R. Carbone, Cross-presentation, dendritic cells, tolerance and 
immunity. Annu Rev Immunol, 2001. 19: p. 47-64. 

13. Zinkernagel, R.M., On cross-priming of MHC class I-specific CTL: rule or 
exception? Eur J Immunol, 2002. 32(9): p. 2385-92. 

14. Melief, C.J., Mini-review: Regulation of cytotoxic T lymphocyte responses by 
dendritic cells: peaceful coexistence of cross-priming and direct priming? Eur J 
Immunol, 2003. 33(10): p. 2645-54. 

15. Chen, W., K.A. Masterman, S. Basta, S.M. Mansour Haeryfar, N. Dimopoulos, B. 
Knowles, J.R. Bennink, and J.W. Yewdell, Cross-priming of CD8+ T cells by 
viral and tumor antigens is a robust phenomenon. Eur J Immunol, 2004. 34(1): p. 
194-9. 

 89 
 
 



16. Boisgerault, F., P. Rueda, C.M. Sun, S. Hervas-Stubbs, M. Rojas, and C. Leclerc, 
Cross-priming of T cell responses by synthetic microspheres carrying a CD8+ T 
cell epitope requires an adjuvant signal. J Immunol, 2005. 174(6): p. 3432-9. 

17. Ruedl, C., K. Schwarz, A. Jegerlehner, T. Storni, V. Manolova, and M.F. 
Bachmann, Virus-like particles as carriers for T-cell epitopes: limited inhibition 
of T-cell priming by carrier-specific antibodies. J Virol, 2005. 79(2): p. 717-24. 

18. Boisgerault, F., G. Moron, and C. Leclerc, Virus-like particles: a new family of 
delivery systems. Expert Rev Vaccines, 2002. 1(1): p. 101-9. 

19. Moron, V.G., P. Rueda, C. Sedlik, and C. Leclerc, In vivo, dendritic cells can 
cross-present virus-like particles using an endosome-to-cytosol pathway. J 
Immunol, 2003. 171(5): p. 2242-50. 

20. Ochsenbein, A.F., S. Sierro, B. Odermatt, M. Pericin, U. Karrer, J. Hermans, S. 
Hemmi, H. Hengartner, and R.M. Zinkernagel, Roles of tumour localization, 
second signals and cross priming in cytotoxic T-cell induction. Nature, 2001. 
411(6841): p. 1058-64. 

21. Huang, A.Y.C., P. Golumbek, M. Ahmadzadeh, E. Jaffee, D. Pardoll, and H. 
Levitsky, Role of bone marrow-derived cells in presenting MHC class I-restricted 
tumor antigens. Science, 1994. 264: p. 961-965. 

22. Park, S.D., C.H. Kim, C.K. Kim, J.A. Park, H.J. Sohn, Y.K. Hong, and T.G. Kim, 
Cross-priming by temozolomide enhances antitumor immunity of dendritic cell 
vaccination in murine brain tumor model. Vaccine, 2007. 25(17): p. 3485-91. 

23. Taneichi, M., H. Ishida, K. Kajino, K. Ogasawara, Y. Tanaka, M. Kasai, M. Mori, 
M. Nishida, H. Yamamura, J. Mizuguchi, and T. Uchida, Antigen chemically 
coupled to the surface of liposomes are cross-presented to CD8+ T cells and 
induce potent antitumor immunity. J Immunol, 2006. 177(4): p. 2324-30. 

24. Durand, V., S.Y. Wong, D.F. Tough, and A. Le Bon, IFN-alpha/beta-dependent 
cross-priming induced by specific toll-like receptor agonists. Vaccine, 2006. 24 
Suppl 2: p. S2-22-3. 

25. Mintern, J.D., G. Belz, S. Gerondakis, F.R. Carbone, and W.R. Heath, The cross-
priming APC requires a Rel-dependent signal to induce CTL. J Immunol, 2002. 
168(7): p. 3283-7. 

26. Meyer, B.J., J.C. de la Torre, and P.J. Southern, Arenaviruses: genomic RNAs, 
transcription, and replication. Curr Top Microbiol Immunol, 2002. 262: p. 139-
57. 

27. Burns, J.W. and M.J. Buchmeier, Protein-protein interactions in lymphocytic 
choriomeningitis virus. Virology, 1991. 183: p. 620-629. 

28. Eschli, B., K. Quirin, A. Wepf, J. Weber, R. Zinkernagel, and H. Hengartner, 
Identification of an N-terminal trimeric coiled-coil core within arenavirus 
glycoprotein 2 permits assignment to class I viral fusion proteins. J Virol, 2006. 
80(12): p. 5897-907. 

 90 
 
 



29. Di Simone, C., M.A. Zandonatti, and M.J. Buchmeier, Acidic pH triggers LCMV 
membrane fusion activity and conformational change in the glycoprotein spike. 
Virology, 1994. 198(2): p. 455-65. 

30. Khanolkar, A., M.J. Fuller, and A.J. Zajac, T cell responses to viral infections: 
lessons from lymphocytic choriomeningitis virus. Immunol Res, 2002. 26(1-3): p. 
309-21. 

31. Biron, C.A., K.B. Nguyen, and G.C. Pien, Innate immune responses to LCMV 
infections: natural killer cells and cytokines. Curr Top Microbiol Immunol, 2002. 
263: p. 7-27. 

32. Storni, T. and M.F. Bachmann, Loading of MHC class I and II presentation 
pathways by exogenous antigens: a quantitative in vivo comparison. J Immunol, 
2004. 172(10): p. 6129-35. 

33. Belnoue, E., P. Fontannaz-Bozzotti, S. Grillet, P.H. Lambert, and C.A. Siegrist, 
Protracted course of LCMV-WE infection in early life: induction but limited 
expansion of CD8+ effector T cells and absence of memory CD8+ T cells. J 
Virol, 2007. 

34. Moskophidis, D., M. Battegay, M. van den Broek, E. Laine, U. Hoffmann-Rohrer, 
and R.M. Zinkernagel, Role of virus and host variables in virus persistence or 
immunopathological disease caused by a non-cytolytic virus. J Gen Virol, 1995. 
76 ( Pt 2): p. 381-91. 

35. Basta, S., R. Stoessel, M. Basler, M. van den Broek, and M. Groettrup, Cross-
presentation of the long-lived lymphocytic choriomeningitis virus nucleoprotein 
does not require neosynthesis and is enhanced via heat shock proteins. J 
Immunol, 2005. 175(2): p. 796-805. 

36. Le Bon, A., M. Montoya, M.J. Edwards, C. Thompson, S.A. Burke, M. Ashton, 
D. Lo, D.F. Tough, and P. Borrow, A role for the transcription factor RelB in 
IFN-alpha production and in IFN-alpha-stimulated cross-priming. Eur J 
Immunol, 2006. 36(8): p. 2085-93. 

37. Redmond, W.L. and L.A. Sherman, Peripheral tolerance of CD8 T lymphocytes. 
Immunity, 2005. 22(3): p. 275-84. 

38. Spiotto, M.T., Y.X. Fu, and H. Schreiber, Tumor immunity meets autoimmunity: 
antigen levels and dendritic cell maturation. Curr Opin Immunol, 2003. 15(6): p. 
725-30. 

39. Hogquist, K.A., T.A. Baldwin, and S.C. Jameson, Central tolerance: learning 
self-control in the thymus. Nat Rev Immunol, 2005. 5(10): p. 772-82. 

40. Belz, G.T., G.M.N. Behrens, C.M. Smith, J.F.A.P. Miller, C. Jones, K. Lejon, 
C.G. Fathman, S.N. Mueller, K. Shortman, F.R. Carbone, and W.R. Heath, The 
CD8 alpha(+) dendritic cell is responsible for inducing peripheral self-tolerance 
to tissue-associated antigens. J Exp Med, 2002. 196: p. 1099-1104. 

 91 
 
 



41. Chung, Y., J.H. Chang, M.N. Kweon, P.D. Rennert, and C.Y. Kang, A 
CD8{alpha}-11b+ dendritic cells but not CD8{alpha}+ dendritic cells mediate 
cross-tolerance toward intestinal antigens. Blood, 2005. 

42. Colonna, M., G. Trinchieri, and Y.J. Liu, Plasmacytoid dendritic cells in 
immunity. Nat Immunol, 2004. 5(12): p. 1219-26. 

43. de Heer, H.J., H. Hammad, T. Soullie, D. Hijdra, N. Vos, M.A. Willart, H.C. 
Hoogsteden, and B.N. Lambrecht, Essential role of lung plasmacytoid dendritic 
cells in preventing asthmatic reactions to harmless inhaled antigen. J Exp Med, 
2004. 200(1): p. 89-98. 

44. Vahlenkamp, T.W., M.B. Tompkins, and W.A. Tompkins, The role of 
CD4+CD25+ regulatory T cells in viral infections. Vet Immunol Immunopathol, 
2005. 108(1-2): p. 219-25. 

45. Rocha, B., A. Grandien, and A.A. Freitas, Anergy and exhaustion are independent 
mechanisms of peripheral T cell tolerance. J Exp Med, 1995. 181(3): p. 993-
1003. 

46. Redmond, W.L., B.C. Marincek, and L.A. Sherman, Distinct requirements for 
deletion versus anergy during CD8 T cell peripheral tolerance in vivo. J 
Immunol, 2005. 174(4): p. 2046-53. 

47. Aichele, P., K. Brduscha-Riem, R.M. Zinkernagel, H. Hengartner, and H. Pircher, 
T cell priming versus T cell tolerance induced by synthetic peptides. J Exp Med, 
1995. 182(1): p. 261-6. 

48. Ohashi, P.S. and A.L. DeFranco, Making and breaking tolerance. Curr Opin 
Immunol, 2002. 14(6): p. 744-59. 

49. Schwartz, R.S., Shattuck lecture: Diversity of the immune repertoire and 
immunoregulation. N Engl J Med, 2003. 348(11): p. 1017-26. 

50. Ferguson, T.A., J. Herndon, B. Elzey, T.S. Griffith, S. Schoenberger, and D.R. 
Green, Uptake of apoptotic antigen-coupled cells by lymphoid dendritic cells and 
cross-priming of CD8(+) T cells produce active immune unresponsiveness. J 
Immunol, 2002. 168(11): p. 5589-95. 

51. Diehl, L., A.T. Den Boer, E.I. van der Voort, C.J. Melief, R. Offringa, and R.E. 
Toes, The role of CD40 in peripheral T cell tolerance and immunity. J Mol Med, 
2000. 78(7): p. 363-71. 

52. Shi, Y., J.E. Evans, and K.L. Rock, Molecular identification of a danger signal 
that alerts the immune system to dying cells. Nature, 2003. 425(6957): p. 516-21. 

53. Pulendran, B., Immune activation: death, danger and dendritic cells. Curr Biol, 
2004. 14(1): p. R30-2. 

54. Macario, A.J. and E. Conway de Macario, Sick chaperones, cellular stress, and 
disease. N Engl J Med, 2005. 353(14): p. 1489-501. 

 92 
 
 



55. Srivastava, P., Interaction of heat shock proteins with peptides and antigen 
presenting cells: chaperoning of the innate and adaptive immune responses. Annu 
Rev Immunol, 2002. 20: p. 395-425. 

56. Gullo, C.A. and G. Teoh, Heat shock proteins: to present or not, that is the 
question. Immunol Lett, 2004. 94(1-2): p. 1-10. 

57. Binder, R.J., R. Vatner, and P. Srivastava, The heat-shock protein receptors: some 
answers and more questions. Tissue Antigens, 2004. 64(4): p. 442-51. 

58. Zheng, H. and Z. Li, Cutting Edge: Cross-presentation of cell-associated antigens 
to MHC class I molecule is regulated by a major transcription factor for heat 
shock proteins. J Immunol, 2004. 173(10): p. 5929-33. 

59. Bellone, M., Apoptosis, cross-presentation, and the fate of the antigen specific 
immune response. Apoptosis, 2000. 5(4): p. 307-14. 

60. Griffith, T.S., H. Kazama, R.L. VanOosten, J.K. Earle, Jr., J.M. Herndon, D.R. 
Green, and T.A. Ferguson, Apoptotic cells induce tolerance by generating 
helpless CD8+ T cells that produce TRAIL. J Immunol, 2007. 178(5): p. 2679-87. 

61. Winau, F., S. Weber, S. Sad, J. de Diego, S.L. Hoops, B. Breiden, K. Sandhoff, V. 
Brinkmann, S.H. Kaufmann, and U.E. Schaible, Apoptotic vesicles crossprime 
CD8 T cells and protect against tuberculosis. Immunity, 2006. 24(1): p. 105-17. 

62. Schulz, O., S.S. Diebold, M. Chen, T.I. Naslund, M.A. Nolte, L. Alexopoulou, 
Y.T. Azuma, R.A. Flavell, P. Liljestrom, and C. Reis e Sousa, Toll-like receptor 3 
promotes cross-priming to virus-infected cells. Nature, 2005. 433(7028): p. 887-
92. 

63. Datta, S.K. and E. Raz, Induction of antigen cross-presentation by Toll-like 
receptors. Springer Semin Immunopathol, 2005. 26(3): p. 247-55. 

64. Hamilton-Williams, E.E., A. Lang, D. Benke, G.M. Davey, K.H. Wiesmuller, and 
C. Kurts, Cutting edge: TLR ligands are not sufficient to break cross-tolerance to 
self-antigens. J Immunol, 2005. 174(3): p. 1159-63. 

65. Wilson, N.S., G.M. Behrens, R.J. Lundie, C.M. Smith, J. Waithman, L. Young, 
S.P. Forehan, A. Mount, R.J. Steptoe, K.D. Shortman, T.F. de Koning-Ward, G.T. 
Belz, F.R. Carbone, B.S. Crabb, W.R. Heath, and J.A. Villadangos, Systemic 
activation of dendritic cells by Toll-like receptor ligands or malaria infection 
impairs cross-presentation and antiviral immunity. Nat Immunol, 2006. 7(2): p. 
165-72. 

66. Yewdell, J.T. and J.R. Bennink, Immunodominance in major histocompatibility 
complex class I- restricted T lymphocyte responses. Annu. Rev. Immunol., 1999. 
17: p. 51-88. 

67. Yewdell, J.W. and J.R. Bennink, Immunodominance in major histocompatibility 
complex class I-restricted T lymphocyte responses. Annu Rev Immunol, 1999. 17: 
p. 51-88. 

68. York, I.A., M.A. Brehm, S. Zendzian, C.F. Towne, and K.L. Rock, Endoplasmic 
reticulum aminopeptidase 1 (ERAP1) trims MHC class I-presented peptides in 

 93 
 
 



vivo and plays an important role in immunodominance. Proc Natl Acad Sci U S 
A, 2006. 103(24): p. 9202-7. 

69. Pang, K.C., M.T. Sanders, J.J. Monaco, P.C. Doherty, S.J. Turner, and W. Chen, 
Immunoproteasome subunit deficiencies impact differentially on two 
immunodominant influenza virus-specific CD8+ T cell responses. J Immunol, 
2006. 177(11): p. 7680-8. 

70. La Gruta, N.L., K. Kedzierska, K. Pang, R. Webby, M. Davenport, W. Chen, S.J. 
Turner, and P.C. Doherty, A virus-specific CD8+ T cell immunodominance 
hierarchy determined by antigen dose and precursor frequencies. Proc Natl Acad 
Sci U S A, 2006. 103(4): p. 994-9. 

71. Wherry, E.J., J.N. Blattman, K. Murali-Krishna, R. van der Most, and R. Ahmed, 
Viral persistence alters CD8 T-cell immunodominance and tissue distribution and 
results in distinct stages of functional impairment. J Virol, 2003. 77(8): p. 4911-
27. 

72. Probst, H.C., K. Tschannen, A. Gallimore, M. Martinic, M. Basler, T. Dumrese, 
E. Jones, and M.F. van den Broek, Immunodominance of an antiviral cytotoxic T 
cell response is shaped by the kinetics of viral protein expression. J Immunol, 
2003. 171(10): p. 5415-22. 

73. van der Most, R.G., K. Murali-Krishna, J.G. Lanier, E.J. Wherry, M.T. Puglielli, 
J.N. Blattman, A. Sette, and R. Ahmed, Changing immunodominance patterns in 
antiviral CD8 T-cell responses after loss of epitope presentation or chronic 
antigenic stimulation. Virology, 2003. 315(1): p. 93-102. 

74. Cho, Y., S. Basta, W.S. Chen, J.R. Bennink, and J.W. Yewdell, Heat-aggregated 
noninfectious influenza virus induces a more balanced CD8(+)-T-lymphocyte 
immunodominance hierarchy than infectious virus. J Virol, 2003. 77: p. 4679-
4684. 

75. Chen, W., K. Pang, K.A. Masterman, G. Kennedy, S. Basta, N. Dimopoulos, F. 
Hornung, M. Smyth, J.R. Bennink, and J.W. Yewdell, Reversal in the 
immunodominance hierarchy in secondary CD8+ T cell responses to influenza A 
virus: roles for cross-presentation and lysis-independent immunodomination. J 
Immunol, 2004. 173(8): p. 5021-7. 

76. Zinkernagel, R.M. and P.C. Doherty, The discovery of MHC restriction. Immunol 
Today, 1997. 18(1): p. 14-7. 

77. Nussbaum, A.K., M.P. Rodriguez-Carreno, N. Benning, J. Botten, and J.L. 
Whitton, Immunoproteasome-deficient mice mount largely normal CD8+ T cell 
responses to lymphocytic choriomeningitis virus infection and DNA vaccination. J 
Immunol, 2005. 175(2): p. 1153-60. 

78. Yewdell, J.W. and S.M. Haeryfar, Understanding presentation of viral antigens to 
CD8+ T cells in vivo: the key to rational vaccine design. Annu Rev Immunol, 
2005. 23: p. 651-82. 

79. Arina, A., I. Tirapu, C. Alfaro, M. Rodriguez-Calvillo, G. Mazzolini, S. Inoges, 
A. Lopez, E. Feijoo, M. Bendandi, and I. Melero, Clinical implications of antigen 

 94 
 
 



transfer mechanisms from malignant to dendritic cells. exploiting cross-priming. 
Exp Hematol, 2002. 30(12): p. 1355-64. 

80. Yewdell, J.W. and A.B. Hill, Viral interference with antigen presentation. Nat 
Immunol, 2002. 3(11): p. 1019-25. 

81. Basta, S., W. Chen, J.R. Bennink, and J.W. Yewdell, Inhibitory effects of 
cytomegalovirus proteins US2 and US11 point to contributions from direct 
priming and cross-priming in induction of vaccinia virus-specific CD8(+) T cells. 
J Immunol, 2002. 168(11): p. 5403-8. 

82. Basta, S. and J.R. Bennink, A survival game of hide and seek: cytomegaloviruses 
and MHC class I antigen presentation pathways. Viral Immunol, 2003. 16(3): p. 
231-42. 

83. Gold, M.C., M.W. Munks, M. Wagner, C.W. McMahon, A. Kelly, D.G. 
Kavanagh, M.K. Slifka, U.H. Koszinowski, D.H. Raulet, and A.B. Hill, Murine 
cytomegalovirus interference with antigen presentation has little effect on the size 
or the effector memory phenotype of the CD8 T cell response. J Immunol, 2004. 
172(11): p. 6944-53. 

84. Shen, X., S.B. Wong, C.B. Buck, J. Zhang, and R.F. Siliciano, Direct priming and 
cross-priming contribute differentially to the induction of CD8+ CTL following 
exposure to vaccinia virus via different routes. J Immunol, 2002. 169(8): p. 4222-
9. 

85. Kovacsovics-Bankowski, M. and K.L. Rock, Presentation of exogenous antigens 
by macrophages: analysis of major histocompatibility complex class I and II 
presentation and regulation by cytokines. Eur J Immunol, 1994. 24(10): p. 2421-
8. 

86. Shen, Z., G. Reznikoff, G. Dranoff, and K.L. Rock, Cloned dendritic cells can 
present exogenous antigens on both MHC class I and class II molecules. J. 
Immunol., 1997. 158: p. 2723-2730. 

87. Rehemtulla, A., C.A. Hamilton, A.M. Chinnaiyan, and V.M. Dixit, Ultraviolet 
radiation-induced apoptosis is mediated by activation of CD-95 (Fas/APO-1). J 
Biol Chem, 1997. 272(41): p. 25783-6. 

88. Battegay, M., S. Cooper, A. Althage, J. Banziger, H. Hengartner, and R.M. 
Zinkernagel, Quantification of lymphocytic choriomeningitis virus with an 
immunological focus assay in 24- or 96-well plates. J. Virol. Methods, 1991. 33: 
p. 191-198. 

89. Coles, R.M., S.N. Mueller, W.R. Heath, F.R. Carbone, and A.G. Brooks, 
Progression of armed CTL from draining lymph node to spleen shortly after 
localized infection with herpes simplex virus 1. J Immunol, 2002. 168(2): p. 834-
8. 

90. van der Most, R.G., K. Murali-Krishna, J.L. Whitton, C. Oseroff, J. Alexander, S. 
Southwood, J. Sidney, R.W. Chesnut, A. Sette, and R. Ahmed, Identification of 
Db- and Kb-restricted subdominant cytotoxic T-cell responses in lymphocytic 
choriomeningitis virus-infected mice. Virology, 1998. 240(1): p. 158-67. 

 95 
 
 



91. Rock, K.L., A. Hearn, C.J. Chen, and Y. Shi, Natural endogenous adjuvants. 
Springer Semin Immunopathol, 2005. 26(3): p. 231-46. 

92. Khan, S., R. de Giuli, G. Schmidtke, M. Bruns, M. Buchmeier, M. van den Broek, 
and M. Groettrup, Cutting edge: neosynthesis is required for the presentation of a 
T cell epitope from a long-lived viral protein. J Immunol, 2001. 167(9): p. 4801-4. 

93. Firat, E., L. Saveanu, P. Aichele, P. Staeheli, J. Huai, S. Gaedicke, A. Nil, G. 
Besin, B. Kanzler, P. van Endert, and G. Niedermann, The role of endoplasmic 
reticulum-associated aminopeptidase 1 in immunity to infection and in cross-
presentation. J Immunol, 2007. 178(4): p. 2241-8. 

94. Jenkins, M.R., R. Webby, P.C. Doherty, and S.J. Turner, Addition of a prominent 
epitope affects influenza A virus-specific CD8+ T cell immunodominance 
hierarchies when antigen is limiting. J Immunol, 2006. 177(5): p. 2917-25. 

95. Willis, R.A., J.W. Kappler, and P.C. Marrack, CD8 T cell competition for 
dendritic cells in vivo is an early event in activation. Proc Natl Acad Sci U S A, 
2006. 103(32): p. 12063-8. 

96. Vitiello, A., L. Yuan, R.W. Chesnut, J. Sidney, S. Southwood, P. Farness, M.R. 
Jackson, P.A. Peterson, and A. Sette, Immunodominance analysis of CTL 
responses to influenza PR8 virus reveals two new dominant and subdominant Kb-
restricted epitopes. J Immunol, 1996. 157(12): p. 5555-62. 

97. Lee, S., S.A. Miller, D.W. Wright, M.T. Rock, and J.E. Crowe, Jr., Tissue-specific 
regulation of CD8+ T-lymphocyte immunodominance in respiratory syncytial 
virus infection. J Virol, 2007. 81(5): p. 2349-58. 

98. Probst, H.C. and M. van den Broek, Priming of CTLs by lymphocytic 
choriomeningitis virus depends on dendritic cells. J Immunol, 2005. 174(7): p. 
3920-4. 

99. Berg, M., G. Wingender, D. Djandji, S. Hegenbarth, F. Momburg, G. 
Hammerling, A. Limmer, and P. Knolle, Cross-presentation of antigens from 
apoptotic tumor cells by liver sinusoidal endothelial cells leads to tumor-specific 
CD8+ T cell tolerance. Eur J Immunol, 2006. 36(11): p. 2960-70. 

100. Chen, Z., D. Xia, X. Bi, A. Saxena, N. Sidhu, A. El-Gayed, and J. Xiang, 
Combined radiation therapy and dendritic cell vaccine for treating solid tumors 
with liver micro-metastasis. J Gene Med, 2005. 7(4): p. 506-17. 

 

 

 96 
 
 


	 
	ABSTRACT 
	Acknowledgements 
	 
	Table of Contents 
	 
	List of Tables 
	 List of Figures 
	 
	 
	List of Abbreviations 
	BCG-OVA   Mycobacterium bovis – expressing ovalbumin 
	LCMV   lymphocytic choriomeningitis virus   
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	CHAPTER 1. Literature Review 
	1.1 Introduction 
	 
	1.2 Initiating the Cell-Mediated Immune Response 
	1.3 Cross Presentation - An Alternative Route for Priming 
	1.4 Lymphocytic Choriomeningitis Virus as a model antigen 
	1.5 Relevance of Cross presentation in vivo - Cross Priming or Tolerance? 
	 
	1.5.1 Cell Types Involved in Cross Tolerance 
	1.5.2 The role of antigen persistence in cross tolerance 
	1.5.3 The effects of dendritic cell maturation state on cross tolerance 
	 
	 
	 
	 
	 
	 
	  
	 
	 
	 
	 
	 
	 
	1.5.1 i) Endogenous Danger Signals in pAPC Maturation 
	1.5.1 i) Exogenous Danger Signals in pAPC Maturation 

	1.6 The Induction of Immunity - Immunodominance 
	1.6.1 Regulating immunodominance: Antigen processing and presentation 

	Antigen must first be processed and presented by pAPCs before CD8+ T cells can be primed for effector functions. MHC class I binding clefts allow peptides of 8-11 amino acids to bind[67], and because of this, the loss of certain enzymes that digest proteins/peptides can alter immunodominance hierarchies. Endoplasmic reticulum aminopeptidase 1 (ERAP-1), one of these enzymes, degrades peptides which results in the avoidance of immune responses to some epitopes but also trims peptides to fit this MHC cleft for antigen presentation[68]. When this enzyme is not present, shifts in immunodominance hierarchies have been observed[68].  
	1.6.2 The role of viral protein expression in immunodominance 
	 
	1.6.3 Nature of the infecting virus in immunodominance regulation 
	1.6.4 Cross-priming: an important role in immunodominance? 

	Studies by Chen et al. also suggest that cross priming may have an effect on immunodominance hierarchies. From primary to secondary immune responses, with influenza A virus (IAV) infection, the immunodominance hierarchy of epitopes acid polymerase (PA224-233) and beta-determinants nuclear protein (NP366-374) was reversed[75]. In the primary response they found that more CTLs primed for epitope PA224-233 proliferated, whereas in the secondary response, epitope NP366-374 dominated the CTL response. In order to examine the possible role of cross-presentation in this immunodominance hierarchy reversal, they performed an additional experiment in which they boosted PR8 (a strain of influenza)-primed mice with PR8-infected LTA-5 cells, which are from H-2d mice, incompatible with the recipient mice haplotype (H-2b).  If CD8+ T cell priming occurred, due to the addition of these cells, the cross-priming pathway was utilized. They found that PR8-infected LTA-5 cells induced a very strong response that was dominated by the NP366-374 epitope. This suggests that cross priming may have been responsible for the immunodominance hierarchy reversal in the secondary response. Consequently, cross priming may play an important role in the memory response to infection, and may be an important target in maintaining protective immunity to these infections. Although this study provides a suggestion that cross priming may play a role in determining immunodominance profiles, this subject area has not yet been sufficiently explored. It is therefore still necessary to explicitly determine the role of cross priming in immunodominance, which will be the target of this work.  
	1.7 Proposed work and hypotheses  

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	  
	CHAPTER 2. Materials and Methods 
	2.1 Cell line and cell culture techniques 
	2.1.1 Induction of Apoptosis 
	2.1.2 Measurement of apoptosis and cell death 

	2.2 Mice 
	2.3 Virology Techniques 
	2.3.1 Virus Stock Production 
	2.3.2 Titration of virus stocks and tissue samples 
	2.3.3 LCMV-WE infection of cells 

	2.4 Flow Cytometry 
	2.5 Measurements of LCMV-NP expression  
	2.5.1 Fluorescence microscopy 
	2.5.2 In vitro flow cytometric measurement of LCMV-NP expression 

	2.6 Measurement of T cell activation  
	2.6.1 Immunodominance experiments 
	2.6.2 Preparation of cells from in vivo experiments 
	2.6.3 Measurement of T cell activation with intracellular cytokine staining 
	2.6.4 Intracellular Cytokine Staining  
	2.6.5 Culturing T lymphocytes in vitro  
	2.7 In vivo killing assay 

	2.8 Statistics 
	3.1 Assessments of nucleoprotein expression in HEK-NP cells and LCMV-WE-infected cells 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	with a physiologically relevant and strong dose of antigen to use for the induction of cross priming.  
	3.2 Evaluation of HEK-NP cell uptake by phagocytic antigen presenting cells 
	3.3 Cross priming of the LCMV nucleoprotein affects immunodominance 
	3.4 Changes in the LCMV immunodominance hierarchy due to NP cross priming are maintained over time 
	3.5 Effects of introducing virally infected cells after cross priming of LCMV-NP  
	 
	 
	 
	 
	 
	 
	3.6 Altered immunodominance hierarchies after cross priming are more pronounced at the location of antigen entry 
	 
	 
	 
	 
	 
	 
	 
	 
	they were not statistically significant. These results suggest that regardless of the microenvironment, cross priming was able to influence immunodominance, but also that the CD8+ T cell immune response to different epitopes in a viral infection can differ depending on the anatomical location.  
	 
	3.7 Cross priming influences immunodominance only when priming precedes viral infection 
	3.8 Time kinetics analysis of immunodominance  
	3.9 Assessment of the cytotoxic response to two epitopes derived from the LCMV-NP 
	 
	 
	3.11 An evaluation of the role of antigen dose and location of injection on cross priming of LCMV-NP 
	3.12 In vitro tests for cell death and apoptosis after UV irradiation of HEK-NP cells 
	3.13 Analysis of cell death in cross priming 
	3.14 Apoptotic treatment of HEK-NP cells does not alter the shifts in immunodominance compared to wt HEK-NP cells 

	CHAPTER 4. Discussion 
	4.1 Cross priming: a role in regulating immunodominance 

	An alternative theory for the observed shifts in immunodominance due to cross priming is that the precursor frequency of naïve CD8+ T cells for the epitope GP33-41 is reduced compared to the epitope NP396-404. In several influenza virus models, low precursor frequency of naïve CD8+ T cells for specific epitopes has been found to suggest a reason for the subdominance of these epitopes in CD8+ T cell expansion[70, 96]. In our case, when mice are primed with LCMV-NP via HEK-NP cell injection, this possible high precursor frequency for NP396-404 might result in such strong proliferation of CD8+ T cells that following viral infection 7 days later the response to GP33-41 cannot overcome the initial immune response to the nucleoprotein epitope.   
	4.2 The differential cross priming ability of two NP-derived epitopes 

	Our results suggest that the ability of the two LCMV-NP-derived epitopes to cross present is not equivalent. The % epitope-specific activation of CD8+ T cells for NP396-404 was more than 4 times greater than for NP205-212 when cross priming preceded viral infection. We had hypothesized that the proportion of CD8+ T cells responding to this epitope would also increase along with those specific for NP396-404 as they are both found in the LCMV-NP expressed in the HEK-NP cells utilized. However, the CD8+ T cell response to epitope NP205-212 after the cross priming protocol, was found to significantly decrease, compared to controls. It can be suggested, consequently, that perhaps the epitope NP205-212 is poorly cross presented to CD8+ T cells. On the other hand, the epitope NP396-404 seems to be very efficiently cross presented, likely accounting for the decreased CD8+ T cell response to NP205-212 when cross priming precedes viral infection. Furthermore, because NP396-404 is immunodominant and is largely processed via the phagosome-cytosol-route within the pAPC[35], it is possible that NP205-212 does not utilize this pathway to the same extent, accounting for its lower dominance. However, experimentally, this has yet to be explored.  
	4.3 Assessment of the total CD8+ T cell response after cross priming 
	4.4 Immunodominance shifts are more pronounced at the location of antigen entry 

	 
	4.5 Assessing the efficiency of cross priming 
	4.6 Applications of our model to immunotherapy  

	 
	4.7 The role of apoptosis in generating immunity 
	 
	4.8 Future Work  

	CHAPTER 5. Summary and Conclusions 
	References 


