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Abstract 

Foreign pathogens are recognized by toll-like receptors (TLR), present on various 

immune cells such as professional antigen-presenting cells (pAPCs). On recognition of its 

ligand, these receptors activate pAPCs, which may in turn influence naïve CD8+ T cell 

activation and affect their abilities to clear viral infection. However, how TLR ligands 

(TLR-L) can regulate CD8+ T cell responses have not been fully elucidated. This thesis 

will focus on examining how the presence of components from foreign pathogens, e.g. 

viral or bacterial infection, can contribute to shaping host immunity during concurrent 

viral infections.  

 Since nitric oxide (NO), an innate effector immune molecule, was recently 

suggested to regulate proteasome activity; we sought to examine if NO can influence 

MHC-I antigen presentation during viral infections. The data in this section of the thesis 

provides evidence that combined TLR engagement can alter the presentation of certain 

CD8+ epitopes due to NO-induced inhibition in proteasome activity. Taken together, the 

data demonstrate that TLR ligation can influence the adaptive immune response due to 

induction of specific innate effector molecules such as NO. 

Next, the influence of combined TLR engagement on CD8+ T cell 

immunodominance hierarchies during viral infections was examined. In this section, we 

established that dual TLR2 and TLR3 stimulation alters immunodominance hierarchies of 

LCMV epitopes as a result of reduced uptake of cell-associated antigens and reduced 

cross-presentation of NP396 consequently suppressing NP396-specific CD8+ T cell 

responses. These findings are significant as they highlight a new role for TLR ligands in 

regulating anti-viral CD8+ T cell responses through impairing cross-presentation of cell-

associated antigens depending on the type of TLR present in the environment during 

infections. 

 Finally, we addressed TLR ligand induced type I interferon production and the 

signalling pathways that regulate them in two different mouse macrophage populations – 

those derived from the spleen or bone marrow. In this study, we observed that 
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concomitant TLR2 stimulation blocked the induction of type I IFN induced by TLR4 in 

bone marrow-derived macrophages, but not spleen-derived macrophages in SOCS3-

dependent manner. 

 Taken together, the data presented in this thesis have defined new facets of how 

anti-viral responses are regulated by TLR activation, especially if multiple receptors are 

engaged simultaneously. 
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Chapter 1 

Introduction 

Cell-mediated immunity is important for the pathogen-specific adaptive immune 

response to virus infection. Cells involved in mediating adaptive immune responses 

include cytotoxic CD8+ T cells that clear infection by specifically killing virus-infected 

cells and developing long-lasting immunity against subsequent infections (1). CD8+ T 

cells are activated by professional antigen-presenting cells (pAPCs), which include 

dendritic cells (DC) and macrophages (MФ), as result of antigen presentation via major 

histocompatibility complex (MHC) I molecules (2). Along with MHC-T cell receptor 

(TCR) interactions, ‘signal 2’ that consists of costimulatory signals is also important in 

determining the outcome of CD8+ T cell activation (3). Activated pAPCs express 

costimulatory molecules such as cluster of differentiation (CD) 80, CD86 and CD40 and 

produce proinflammatory cytokines which constitue a crucial ‘signal 3’ that augments 

CD8+ T cell activation (4, 5). The regulation of CD8+ T cell activation has not been fully 

elucidated, but is thought to depend on innate immune mediators produced by pAPCs that 

provide ‘signal 3’ (5). These mediators can be induced by innate immune receptors such 

as toll-like receptors (TLR) through the recognition of microbial pathogen associated 

molecular patterns (PAMPs) (6).  

In the following sections, I will review data that examined the role TLRs play in 

initiating innate immune responses and how anti-viral CD8+ T cell responses are 

regulated by innate immune mediators.  
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1.1 Lymphocytic choriomeningitis virus (LCMV) infection model 

This study used the LCMV model, a well-characterized virus system, to study 

anti-viral CD8+ T cell responses. LCMV is a negative-sense, single-strand RNA virus 

belonging to the family Arenaviridae. The life cycle of this virus occurs within the 

cytoplasm of infected cells and the progeny virions are released within 16-24 h of 

initiation of infection, by budding (7). The virus nuclear material consists of two RNA 

genomes, large (L) (5.7 kb) and small (S) (2.8 kb) as shown in Figure 1-1. The structural 

proteins of the virus, encoded by the S RNA segment, consist of nucleoprotein (NP) and 

glycoprotein precursor (GP-C). The viral NP, the most abundant protein in virions, forms 

a complex with viral RNA and is important for viral transcription and translation. This 

RNA and NP complex is the minimum unit of LCMV infectivity. The viral GP is 

essential for entry into the host cell as it binds to specific host receptors thereby initiating 

receptor-mediated entry into cells. The viral GP protein is translated after the viral NP as 

the GP-C mRNA is not fully transcribed until RNA replication has started because the 

full genomic complementary S RNA is required for  transcription of the GP template  (7). 

The GP-C is cleaved post-translationally to yield two proteins - GP1 containing the 

transmembrane domain and GP2 containing the receptor domain. The WE strain of this 

non-cytopathic virus is capable of inducing acute infections in mice followed by an 

extensive adaptive immune response marked by the activation of CD4+ and CD8+ T cells 

(8). 
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Figure 1-1: A schematic of the LCMV virus structure.  

The LCMV nucleoprotein surrounds the small and large subunits of the ssRNA genome 

and the glycoprotein subunits 1 (GP1) and 2 (GP2) are associated with the viral envelope 

as indicated by the arrows, make up the membrane-spanning receptor. The GP1 and GP2 

are important as they mediate the virus binding to cellular receptors and entry via 

clathrin-independent endocytosis. 
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Infection of C57BL/6 (H-2
b
) mice with LCMV-WE induces a strong and 

protective CTL response (9). Using tetramer analysis and functional IFN-γ intracellular 

cytokine staining, it was determined that LCMV-specific CD8+ T responses were 

detected as early as 3 days post-infection and reached the highest effector stage by day 8 

(10). The CD8+ T cells at the peak of the effector stage after an LCMV infection appear 

to be specific for the following major epitopes: GP33-41/D
b
, GP34-41/K

b
, NP396-

404/D
b
, GP276-286/D

b
, GP92-101/D

b
, GP118-125/K

b
, and NP205-212/K

b
 (9). It is 

important to note that the GP33 peptide is unique as it is presented to CD8+ T cells by 

both K
b
 and D

b
 molecules (11). 

1.2 Professional antigen presenting cells 

 All nucleated cells are capable of presenting endogenous antigens on MHC-I 

molecules. However, priming of naïve CD8+ T cells to convert them into effector T cells 

can only be carried out by DC and MФ, types of pAPC (2, 12-14). 

1.2.1 Dendritic cells 

 DC, a potent and crucial pAPC for regulating CD8+ T cell responses, arise from 

circulating bone marrow precursors and become resident in peripheral tissues (15). They 

are distributed throughout host tissues and can be distinguished based on the whether 

they are myeloid or lymphoid in origin and can be further characterized based on surface 

antigen expression as well as distribution in the host (16).  

 There are six subsets of DC that can be sub-divided into plasmacytoid DC (pDC), 

which are characterized by their surface expression of CD11c
low

, MHC II
low

, B220
+
, 

Ly6C
+
 (17) and conventional DC (cDC) that express CD11c

high
, MHC II

high 
. The cDC are 
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further divided into five other subsets which include three blood-derived subsets 

distinguished by the expression profiles of CD4 and CD8 and two tissue-derived subsets 

(langerhans cells and dermal/interstitial DC). Only the three blood-derived DC subsets 

are present in the spleen as there is no lymphatic drainage to this organ (18, 19). 

It has been shown that pDC are functionally different from cDC in that they are 

‘professional’ type I interferon (IFN) producers as they constitutively express interferon 

regulatory factor-7 (IRF7), the main transcription factor for type I IFN gene expression 

(20-22). IRF7 enables them to induce a robust IFNα/β response upon encountering 

pathogen-associated molecules or inflammatory mediators (20). In contrast to cDC, pDC 

develop fully in the bone marrow and then enter the blood stream which makes them vital 

early responders to viral infections (23-25).  

cDCs such as langerhans cells, reside in the skin epithelia where they detect 

invading pathogens (26). On recognition of the pathogen, they migrate to draining lymph 

nodes where they prime T cells (27). In contrast, dermal DC, which also reside in the 

skin, are the critical cell type involved in inducing CD4+ T cell immunity to protein 

antigens injected intradermally (28). Amongst the blood-derived cDC, the functions of 

CD4+ DC and CD8
-
CD4

-
 DC are poorly defined. However, CD8+ DC have a well-

documented immune function, which includes cross-priming (29) and the production of 

IL-12, an important pro-inflammatory cytokine involved in promoting CD8+ T cell 

proliferation (30). These functions will be discussed in further detail in sections 1.3.4. 

Priming naïve CD8+ T cells is associated with DC maturation (30), which is 

characterized by upregulation of costimulatory molecules such as CD40, CD80, CD86 

and production of proinflammatory cytokines, including IL-12 and TNF-α. The 
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significance of costimulatory molecule expression and cytokine production on CD8+ T 

cell priming are discussed in detail in later sections. Mature DCs also display modified 

expression of chemokine receptors such as CCR2, CCR5, CCR7 that play an important 

role in clearing infection by promoting homing to sites of infection (31).  

DCs are capable of cross presentation and to accomplish this they migrate to the 

draining lymph nodes where they interact with T cells (31). Evidence for this comes from 

immunization studies that demonstrated that the introduction of antigen-pulsed DCs 

induced robust tumor-specific CD8+ T cell responses as a result of cross-presentation of 

exogenous antigens (32). Furthermore, in vivo experiments that utilized GFP-expressing 

vaccinia virus examined the interactions of DCs and macrophages with specific T cells in 

draining lymph nodes and found that DCs were the most likely candidate for antigen 

presentation to T cells in vivo (33). This finding was further substantiated by a study that 

showed that DCs were found to cluster around CD8+ T cells in peripheral lymph nodes 

(33).  

However, the results of the above paper (33) can be disputed on the basis that the 

demonstration of T cell clustering around DCs in lymph nodes is not direct evidence that 

these CD8+ T cells become activated or primed (34). Recent studies using peptide-pulsed 

DCs and MФ showed that both cell types were capable of eliciting CD8+ T cell 

responses in the spleen, although DCs were more efficient (12). Therefore, DCs are an 

important pAPC involved in CD8+ T cell priming. 
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1.2.2 Macrophages 

 Another pAPC important for regulating CD8+ T cell responses are MФ, which 

are a diverse group of mononuclear phagocytic cells (35). MФ are present throughout the 

body and are involved in linking the innate and adaptive immune responses against 

pathogens. MФ sub-populations can be distinguished based on the precursor they are 

derived from, as well as anatomical distribution and function (36).  

 MФ are derived from hematopoietic stem cells in the bone marrow through two 

pathways (37). In the first pathway, MФ are derived from monocytes and are dependent 

on MФ stimulating factor (M-CSF) for their differentiation and maturation (37, 38). M-

CSF is a hematopoietic growth factor produced by monocytes, MФ, fibroblasts and 

endothelial cells (39). It is important in promoting survival, proliferation and 

differentiation as well as important cellular functions of MФ (39). MФ that develop 

through the second pathway are derived from bone marrow precursors present in the 

blood (36). These populations of MФ do not require M-CSF for their development, but 

migrate and differentiate into tissue MФ in response to cytokines and chemotactic factors 

(40). 

 One important group of MФ are the spleen MФ, which are a heterogeneous 

population distributed in two regions of the spleen (36). The MФ present in the red pulp 

region do not require M-CSF for differentiation and are important for clearing old red 

blood cells from circulation (41, 42). Alternatively, the white pulp MФ are a M-CSF 

dependent population and are involved in innate and adaptive immune responses (36, 43). 

The MФ present in the white pulp region consists of two types – the marginal zone 

(MZMФ) and the metallophilic marginal zone MФ (MMZMФ). The white pulp MФ 
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appear to be important in virus infections as studies show that mice that were depleted of 

their MZMФ and MMZMФ, using clodronate, failed to clear LCMV infections (44). This 

suggests that spleen MФ are key immune cells needed for the clearance of virus 

infections.  

1.3 Antigen presentation 

1.3.1 Direct presentation 

 Naïve CD8+ T cells are activated by pAPCs on antigen presentation, which is a 

process whereby they recognize peptides presented in the context of MHC I molecules 

(2). Naïve CD8+ T cells are activated by two pathways, direct presentation and cross-

presentation. Direct presentation, the classical route of endogenous MHC class I antigen 

presentation, is the process by which naïve T cells are activated by infected pAPCs 

(professional antigen-presenting cells) that present peptides derived from proteins 

synthesized in their own cytosol (45). These endogenously synthesized peptides are 

generated by degrading proteins, especially improperly translated proteins (45). These 

endogenous proteins undergo polyubiquination and are targeted to the proteasome for 

degradation. After proteasomal degradation, peptides are transported into the 

endoplasmic reticulum via the transporter associated with antigen processing, moving 

through the Golgi complex to the cell surface to be presented, which is summarized in 

Figure 1-2a (45).  

 While all nucleated cells express MHC class I molecules, only pAPCs are able to 

initiate a CD8+ T cell response (46). Therefore, the direct presentation pathway may be 

ineffective in initiating CTL responses against pathogens that do not normally infect  
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Figure 1-2: Direct and cross-presentation pathways.  

Direct presentation: Infected cells present endogenous antigen to CD8+ T cells via their 

MHC I molecules. (A) Antigens are processed by the proteasome and transported into the 

endoplasmic reticulum (ER) via TAP, where it is loaded onto MHC class I molecules. 

The MHC class I : antigen complex is transported through the Golgi apparatus to the cell 

surface. (B) In cross-presentation: Exogenously derived antigens are taken up by pAPCs 

by phagocytosis and presented on MHC I molecules. The antigens are processed and 

ultimately loaded onto MHC class I molecules, which are then transported to the cell 

surface.  

(A) Direct presentation

(B) Cross-presentation

Proteasome

TAP

ER

Endogenous antigen

Infected

Antigen-presenting
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pAPCs or pathogens such as human cytomegalovirus that inhibit MHC class I molecule 

presentation in infected cells (47-49). Consequently, the cross-presentation pathway is an 

important alternate to the classical pathway for initiating CD8+ T cell responses. 

1.3.2 Cross-presentation 

 Cross-presentation is the process by which uninfected pAPCs display exogenous 

antigens on their MHC class I molecules to T cells (Figure 1-2b) (2). Cross-presentation 

is thought to be carried out by both MФ and DC derived from the bone marrow and 

spleen (13, 50).  

 The exogenous antigens presented through this pathway can be both soluble and 

cell-associated antigens (2, 51). Amongst these two types of antigens, cell-associated 

antigens are thought to be cross-presented more efficiently (52) and are derived from 

sources such as cellular fragments, intracellular bacteria, tumor cells or virus-infected 

cells (53-55). One of the key factors that determines the efficiency of cross-presentation 

of these epitopes appears to be protein stability (53, 56, 57). The phenomenon whereby 

cell-associated antigens were cross-presented better than soluble antigens was confirmed 

in several antigenic models using antigen-donor cells transfected with LCMV, human 

papilloma virus and influenza (53, 56-58). 

 The pathways by which pAPCs present exogenous antigens have been extensively 

studied in recent years. These pathways include the phagosome-to-cytosol pathway, 

vacuolar pathway and the endosome-to-endoplasmic reticulum pathway (59). The 

phagosome-to-cytosol pathway, the major pathway for cross-presentation, occurs when 

exogenous antigens are internalized by phagosomes and then transported to the cytosol 



  11 

(60, 61). In the cytosol, the antigen is ubiquitinated, followed by proteasomal degradation 

then transported to the ER via TAP. In the ER, the antigen is loaded on to MHC I 

molecules and transported to the cell surface (62). In contrast, in the vacuolar pathway, 

exogenous antigens are processed in a proteasome-independent, TAP-independent 

manner that was determined by experiments using proteasome and TAP inhibitors (63-

65). In this pathway, antigens are internalized by phagosomes and degraded by lysosomal 

proteases with cathepsin S being the key player (66). After lysosomal degradation, 

peptides are loaded on the MHC class I molecules by an unknown mechanism and 

transported to the cell surface (59). 

 A third pathway has been proposed recently - the endosome-to-ER pathway exists 

to cross-present soluble antigens (67). In this pathway, exogenous soluble antigens are 

internalized by endosomes and are retrotransported to the cytosol for degradation via the 

ER (60, 68).  

1.3.3 Costimulatory molecules 

 In addition to MHC:TCR interactions, costimulatory signals from ligands present 

on pAPCs are important for optimum T cell responses (3). These ligands bind to 

receptors from either the CD28 and the TNFR family and can induce a myriad of 

stimulatory or inhibitory signals (69). The sum of these signals determines the activation 

status of T cells. The ligands responsible for mediating anti-viral CD8+ T cell responses 

are different from those that induce CD4+ T cell responses (70). For potent anti-viral 

CD8+ T cell responses to develop after acute LCMV infection the engagement of CD28 

by CD80/CD86 and 41BBL by 41BB is required. However, the engagement of T cell 
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receptors CD40L and OX40 are indispensible for anti-viral CD8+ T cell responses (71-

74). 

 Several studies showed that CD80/CD86 is essential in inducing anti-viral CD8+ 

T cell responses against LCMV infections (70). Furthermore, CD28
-/- 

mice were shown to 

generate a 2-fold reduced CD8+ T cell response against LCMV, but were able to 

successfully clear infections (74). Moreover, in contrast to influenza virus infections 

where CD28 signalling was required for T cell expansion against sub-dominant epitopes, 

during LCMV infections, similar CD8 T cell expansion was observed against all epitopes 

as in wild-type mice (74, 75). Therefore, costimulatory molecules provide important 

signals to influence CD8+ T cell activation against some virus infections but not others. 

1.3.4 Cytokines 

 As pAPCs are not constitutively endowed to prime CD8+ T cells, they need to 

undergo a functional change termed ‘licensing’, in addition to MHC-TCR interactions 

and costimulatory stimuli, to prime efficiently (76). Cytokines, through licensing pAPCs, 

enhance antigen presentation and induce CD8+ T cell activation and differentiation (76). 

Several reports have examined the role of cytokines in providing a third signal in the 

antigen presentation paradigm (77, 78). A recent study using LCMV showed that type I 

IFN could directly induce cross-priming of CD8+ T cells by providing signals to increase 

DC maturation enabling them to better present antigens (77). The presence of IFN-α 

enhances cross-presentation by upregulating the expression of MHC I and TAP1, in 

addition to increasing DC maturation markers (79). Another important cytokine produced 



  13 

by CD4+ T cells involved in programming pAPCs to activate CD8+ T cell responses is 

IL-12 (80, 81).  

IL-12 plays an important role in promoting CD8+ T responses by augmenting 

IFN-γ production and cytolytic activity (80, 81). Moreover, several in vitro and in vivo 

studies demonstrated that IL-12 treatment can enhance CD8+ T cell development (82). 

Additionally, treatment of DCs with IL-12 improves their capacity to activate CD8+ T 

cells (83-84). Briefly, a report that examined the influence of IL-12 on CD8+ T cells 

found that administering recombinant IL-12 s.c. in metastatic melanoma patients 

increased circulating anti-tumor CD8+ T cells (82). Another study demonstrated that IL-

12 gene transfer using adenovirus vectors dramatically increased CD8+ T cells at tumor 

sites (83). Similar to the tumor model, administering exogenous IL-12 was found to 

augment CD8+ T cell proliferation and enhance IFN-γ production during influenza virus 

infection (84). However, certain viruses fail to induce IL-12 and IL-12-dependent T cell 

IFN-γ induction has not been detected during murine cytomegalovirus and LCMV 

infection (85, 86).  

Using the LCMV model, it was resolved that during an acute LCMV infection 

CD8+ T cell IFN-γ responses was dependent on type I IFN and was IL-12-independent 

(87). But, in the absence of type I IFN, IL-12 was observed to activate an alternate 

pathway to induce CD8+ T cell IFN-γ (87). Therefore, cytokines produced by cells of the 

innate immune system play a key role in modulating CD8+ T cell responses during 

infections. 
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1.4 Pathogen recognition receptors of pAPCs 

 In order to initiate innate immune responses, pathogens like bacteria and viruses 

need to be recognized by pattern recognition receptors (PRR) (88). On engagement of 

PRRs by pathogen associated molecular patterns (PAMPs), the receptor undergoes a 

conformation change that creates a molecular scaffold allowing for the recruitment of 

adaptor proteins and initiation of cellular signalling pathways (89). Through their cellular 

signalling pathways, PRRs are able to induce innate immune responses characterized by 

the release of cytokines, chemokines and nitric oxide (NO) and as well the development 

of antigen-specific adaptive immune responses thereby bridging innate and adaptive 

immunity (90). 

 There are two classes of PRRs which include transmembrane and cytosolic PRRs 

(91). Transmembrane PRRs, recognize PAMPs in the extracellular space and in 

endosomes. These include toll-like receptors (TLRs) and the C-type lectin Dectin-1 (91). 

Cytosolic PRRs that directly recognize cytosolic PAMPs include (Nod)-like receptor 

(NLR) family members Nod1 and Nod2 and the retinoic acid-inducible gene I (RIG-I)-

like helicases (RLHs) (91). In this project, we are primarily focused on how TLR 

activation can influence adaptive immune responses. 

There are 11 TLRs (Table 1) that have been identified in mice and individual 

TLRs recognize diverse structural components of the pathogens (92). The TLR1, TLR2, 

TLR4, TLR5, TLR6 receptors, which recognize extracellular ligands, are present on the 

cell surface membrane (93). On the other hand, the TLR3, TLR7, TLR8, TLR9 receptors, 

which recognize intracellular ligands, are present on endosomal membranes and require 

the acidic environment of endosomes to be activated (93, 94). The presence of TLRs on  
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Table 1: Toll-like Receptors and their Ligands. 
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endosomal membranes may influence their function whereby they recognize nucleic 

acids. Moreover, the TLRs present on endosomal membranes may influence antigen 

presentation by affecting antigen processing. The role TLRs play in antigen-presentation 

will be discussed in later sections. 

1.4.1 TLR and Immune cells 

TLRs are present on several cells in the body and can serve different roles (95). 

TLRs present on leukocytes, such as neutrophils, are involved in stimulating the 

production of inflammatory chemokines (6). Likewise, TLRs present on MФ result in 

cell activation and elimination of pathogens via phagocytosis (93). TLRs on immature 

DCs interact with PAMPs which results in DC maturation (31). This is important for 

cross-priming as only mature DCs are capable of stimulating CD8 T cell responses. The 

role TLRs play in cross-priming will be discussed in section 1.6. TLRs show different 

expression patterns on different subsets of DCs and this is thought to play a role in the 

function of different DCs (6). In mice, all DCs present in the spleen express TLR1, 

TLR2, TLR4, TLR6, TLR8 and TLR9 (96). However, pDCs in mice do not express TLR 

3 and CD8+ DCs do not express TLR 5 and TLR 7 (96). These expression patterns may 

play a role in the enhancement of the cross-priming pathway in pAPCs. 

There is less information about the TLR expression profile in MФ compared to 

DCs. A previous study demonstrated that MФ cell lines derived from different tissues 

differ in their TLR expression profile (97). The authors established that J774.1 cells, 

which are MФ cell line of a reticular phenotype, express all TLRs while RAW 264.7 

cells, another MФ cell line of a reticular phenotype lacked TLR5 (97). SV40-MES13, 
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which resemble mouse mesangial cells, lack TLR1, TLR7 and TLR9 and BV-2B, which 

resemble microglial cells, lack TLR2, TLR5 and TLR6 (97). Therefore, MФ located in 

different compartments express different TLRs reflecting the types of pathogens they are 

exposed to. 

Certain TLRs like TLR2, TLR4, TLR8 are expressed on CD4+ T cell subsets (98, 

99). Naïve T cells are generally unresponsive to TLR ligands, however, TCR activation 

upregulates TLR expression and enables T cells to be responsive to TLR ligands (98, 99). 

These TLRs (TLR2, TLR4, TLR 8) are involved in aiding T cell function by acting as 

costimulatory receptors for the activation of T cells and in mediating the inflammatory 

immune response (98, 99). On memory T cells, TLR4 stimulation has been found to 

enhance CD4+ and CD8+ T cell responses after burn injury (100). TLR engagement on 

regulatory T cells also results in a reversal of their suppressor activity (101, 102). These 

newly reprogrammed cells play a role in improving cross-presentation by providing T 

cell help via CD40L (103). From the above studies, it is clear that TLR ligands are 

capable of activating several immune cells and play an important role in promoting 

defence against invading pathogens. 

1.4.2 TLR –sensors of viral infection 

 As shown in Table 1, certain TLRs have evolved to recognize unique patterns in 

viral structures. TLR 3, 7, 8 and 9 are able to access viral nucleic acids due to their 

location in endosomes (104). This is particularly important as most viruses localize to the 

endosome during entry and uncoating or during assembly and budding (105). The first 

TLR found to be implicated in viral nucleic acid recognition was TLR3, which 
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recognizes dsRNA (106). dsRNA intermediates are thought to be produced during the 

replication of most viruses and these intermediates are thought to be the ligand for TLR3 

(106). It has been speculated that TLR3-mediated recognition of dsRNA does not play a 

role in clearing virus infections in vivo (107). This is because, while there have been 

several studies showing that TLR3 responds to pIC there remains limited evidence 

supporting TLR3 engagement during natural virus replication (105). However, it has 

been suggested that TLR3 may be involved in recognizing virus infection in the context 

of dead and dying cells (105). This hypothesis was strengthened by a study that reported 

that TLR3 recognizes dsRNA in the context of phagocytosed dead cells (108). 

 TLR7 and TLR8 recognize imidazoquinoline compounds and ssRNA and are 

involved in inducing immune responses against ssRNA viruses (109, 110). The innate 

immune response induced by TLR7 largely involves the production of type I IFN by 

pDC. This was reported by several studies that infected TLR7
-/-

 mice in vivo or pDC in 

vitro, with Vesicular Stomatitis Virus, Influenza Virus or Sendai Virus and observed a 

downregulation in type I IFN compared to wild-type mice (111, 112). pDC also express 

TLR9, which recognizes viral DNA. TLR9 activation is the primary means by which 

HSV-1 and HSV-2 stimulate type I IFN in vivo (113, 114). 

There are several TLRs activated by LCMV infection which include TLR2, 

TLR3, TLR7 and TLR9 (107, 115, 116). However, only TLR7 and TLR9 present on pDC 

have been implicated in supporting CD8+ T cell activation and aiding the clearance of 

LCMV infections (107, 115).  
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1.5 TLR signalling 

TLRs consist of an ectodomain of leucine-rich repeats, a transmembrane domain 

and a cytoplasmic Toll/IL-1R (TIR) domain (Figure 1-3) (117, 118). On activation, the 

TIR domain associates with TIR-domain containing adapter protein. The most common 

adapter molecule is the myeloid differentiation primary response protein 88 (MyD88) and 

it is activated by all TLRs except TLR3 (88, 118). MyD88 serves to activate a family of 

kinases known as the IL-1R-associated kinases (IRAKs). The IRAKs then activate the 

nuclear factor κB (NF- κB), which is a transcription factor, resulting in the production of 

proinflammatory cytokines and expression of costimulatory molecules like CD80 and 

CD86 on the surface of cells (119, 120). 

TLR3 and TLR4 signals through an alternate MyD88-independent signalling 

pathway that involves the activation of another adaptor protein Toll/IL-1R (TIR)-domain-

containing adaptor protein inducing interferon-β (TRIF) (121, 122). The activation of 

TLR3 or TLR4, which ultimately induces type I IFN production, occurs via association 

of the adaptor TRIF, which then associates with the kinase TANK-binding kinase 1 

(TBK1) and induces the phosphorylation and nuclear translocation of the transcription 

factor IRF3 that is involved in type I IFN transcription (123). The production of type I 

IFN is regulated by a positive feedback loop resulting in the phosphorylation of other 

transcription factors like IRF7 and IRF8 that also interact with the IFN promoter 

amplifying type I IFN production (124, 125). In TLR3 signalling, the MyD88-

independent pathway also activates the NF-κB in a delayed manner, leading to the 

production of other pro-inflammatory cytokines which include TNF-α (126).  
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Figure 1-3: Structure of the Toll-like Receptor Family.  

The TLR family is characterized by the presence of an extracellular domain containing 

leucine-rich repeats and a cytoplasmic Toll/IL-1 receptor (TIR) domain similar to that of 

the interleukin-1 (IL-1) receptor family. In the TLR family, most receptors deliver their 

signals by forming homodimers after interacting with their ligands. However, TLR2 

forms heterodimers with either TLR1 or TLR6 and this determines the specificity of 

ligand binding and recognition. 
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In addition to the above two adaptor proteins, additional adaptors add complexity 

in TLR signalling pathways. These are the adaptor molecule TIR-domain containing 

adaptor protein (TIRAP; also known as MAL) in association with MyD88 by TLR2 and 

TLR4, of the adaptor TRIF-related adaptor molecule (TRAM) in association with TRIF 

by TLR4 (89). The complexity of TLR intracellular signalling in pAPCs could potentially 

translate into differential effects in adaptive immunity. 

In chapter 5 of this thesis, I examine TLR2 and TLR4 signalling in two different 

macrophage populations - those derived from the spleen or bone marrow. Accordingly, I 

will discuss TLR2 and TLR4 signalling in more detail in the next few sections. 

1.5.1 Toll-like Receptor 2  

 TLR2 recognizes PAMPs present on Gram-positive bacteria through formation of 

heterodimers with TLR1 or TLR6 (127-129). Different receptor heterodimer complexes 

help determine the degree of specificity for TLR2 with TLR2/1 complexes recognizing 

triacylated bacterial lipoproteins while TLR2/6 complexes recognize diacetylated 

mycoplasmalipopeptides (130). The activation of TLR2 induces the recruitment of the 

bridging adaptor MAL and signalling adaptor MyD88, which in turn causes the 

recruitment of IRAKs to receptor signalling complexes (Figure 1-4) (89). The recruitment 

of IRAK-4 results in its autophosphorylation and the phosphorylation of IRAK-1 (131, 

132). When IRAK-1 undergoes multiple phosphorylation, it dissociates from the receptor 

complex and binds to TRAF6 (133). The IRAK1-TRAF6 complex then orchestrates the 

activation of the NF-κB or MAPK pathways, which result in the induction of 

transcription of target genes responsible for inflammatory responses (89).  



  22 

In more detail, the IRAK-1-TRAF6 complex associates with transformation 

growth factor (TGF)-β-activated kinases 1 (TAK1) (134). The series of events continues 

with TAK1 phosphorylating the inhibitor of NF-κB (IκB) kinases (IKK), which in turn 

phosphorylates IκB protein that is associated with the NF-κB subunits in resting state 

(122). When IκB is phosphorylated it dissociates from NF-κB and translocates to the 

nucleus where it enhances transcription of inflammatory genes (122).  

 The TAK1 complex is also important for activation of the MAPK pathways (135). 

The complex phosphorylates the MAPK kinase (MAPKK) 6 or MAPKK3 and MAPKK7 

(135). Consequently, MAPKK6 leads to the activation of JNK, while MAPKK3 and 

MAPKK7 are important for the activation of p38. JNK and p38 are involved in the 

activation of the transcription factor AP-1, which is involved in the transcription of 

inflammatory genes (89). 

1.5.2 Toll-like Receptor 4   

 TLR4 recognizes lipopolysaccharide (LPS) from the cell walls of Gram-negative 

bacteria, host heat-shock proteins, virus envelop proteins, mannan from fungi etc (120). 

As mentioned above, TLR4 signals through both the MyD88-dependent and independent 

pathways. On engagement of TLR4 with its ligand, there is a recruitment of TLR4 co-

receptors, which include LPS-binding protein (LBP), CD14 and MD-2 (136). The 

complex formation results in the recruitment of MyD88. Additionally, the MyD88 
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Figure 1-4: TLR2- and TLR4-mediated signalling pathways. 

 TLR2 ligands activate the MyD88-dependent pathway; whereas, TLR4 ligands activates 

both the MyD88-dependent and MyD88-independent pathways. The activation of Toll-

like receptors (TLRs) involves the binding of TLR ligands e.g. Lipopolysaccharide (LPS) 

to the TLR4 receptor. On binding, the cytoplasmic domain of the TLR associates with a 

TIR-associated adapter protein called MyD88 or TRIF. MyD88 recruits IL-1R-associated 

kinases (IRAK) and TRAF6 to form a complex and activate transcription factors, which 

include NF-κB, and AP-1, which in turn causes the transcription and production of 

proinflammatory cytokines. TLR4 also recruits the adaptor TRIF that then activates 

TBK1 and induces the transcription of type I IFN through the phoshorylation and 

activation of the transcription factor IRF3. 
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-dependent pathway for TLR4 can also activate one of the IRFs – IRF5. The MyD88 

adaptor is found to associate with TRAF6 resulting in the activation of IRF5, which 

results in its translocation to the nucleus and transcription of proinflammatory cytokine 

genes (137). Therefore, although TLR4 shares common signalling elements with TLR2, 

the receptor complex and the downstream signalling cascades can be different. 

1.5.3 Interaction between TLR2 and TLR4 

In the above section, I discussed that TLR2 and TLR4 share pathways. However, 

there is a difference in the patterns of inflammatory responses to their ligands. Several 

reports delineate the differences in downstream cytokine expression during TLR2 or 

TLR4 engagement. But, there appears to be inconsistencies regarding cytokine profiles 

based on the TLR2-L used or cell type examined. For instance, a recent study using 

human monocytes that were stimulated with LPS (TLR4-L), Pam3cys (TLR2-L) and 

heat-killed Staphyloccocus aureus (SAC) (TLR2-L) showed that LPS was the most 

potent stimulator of IL-6 and SAC was the most potent stimulator of TNF-α (138). 

However, in another study evaluating murine MФ, TLR2-Ls were shown to induce a low 

level of expression of IL-6 and TLR4-Ls were shown to induce only a low level of 

expression of IL-6 and TNF-α (139). Furthermore, in a study using THP-1 cells, which 

are a human monocyte cell line, TLR2 ligands were shown to induce TNF-α, IL-6 and 

IL-1β through the activation of the MAP kinase JNK, whereas TLR4-Ls were shown to 

induce the same cytokines through the activation of NF-κB or P38 MAP kinase (140). In 

another study employing splenic MФ, stimulation with TLR2 or TLR4 ligands resulted in 

similar levels of low IL-6 and high TNF-α (141). From the above studies, it is clear that 



  25 

TLR2 or TLR4 engagement in different cells results in distinct cytokine profiles, possibly 

because different cells utilize different signalling pathways.  

In addition, there are numerous studies that have demonstrated that combined 

TLR2-L and TLR4-L can dramatically influence the inflammatory response compared a 

single receptor engagement. During the course of an infection, it seems that multiple TLR 

pathways are initiated and TLR signalling events are subjected to crosstalk from 

components of other TLR or non-TLR pathways, which results in a positive or negative 

regulation of downstream signalling events. For example, when peritoneal mouse MФ 

were treated with LPS prior to the addition of either zymosan (TLR2-L and dectin-1L) or 

LPS, there was an inhibition of TNF-α, zymosan pre-treatment before the addition of LPS 

resulted in the augmentation of TNF-α and pretreatment with both zymosan and LPS 

resulted in increased induction of IL-1β on restimulation with zymosan and LPS in 

combination (142). Moreover, a recent study demonstrated that the costimulation of 

mouse peritoneal MФ with macrophage-activating lipopeptide (MALP-2) (TLR2-L) and 

LPS showed a synergistic increase in TNF-α production (143). However, another study 

using murine MФ, demonstrated that in cells that were pre-treated with lipoteichoic acid 

(TLR2-L) there was an inhibition of TNF-α production when cells were restimulated with 

either LPS or LTA (144). This was accompanied with a downregulation of IRAK-1, IKK 

kinase activity, c-jun and decreased NF-κB binding and activity (145). The influence of 

TLR2-Ls on the downstream responses of TLR4 engagement was also differently 

affected based on cell type. In THP-1 cells, when cells were pre-treated with LPS, there 

was a decreased in TNF-α and IL-1β induction when cells were restimulated with either 

LPS or LTA (146). Whereas, LPS or Pam3Cys primed BMDC were non-responsive to 
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restimulation in terms of TNF-α but not IL-6 production (147). Therefore, it appears that 

combined TLR2 and TLR4 engagement can be affected by the sequence of exposure to 

TLR ligands, duration of TLR engagement and cell type. 

1.6 TLR signalling –Regulation of antigen presentation 

 In addition to activating innate immune responses, TLRs also control multiple 

pAPC functions and enhance antigen presentation (6). Recent studies have provided 

insight into the role TLRs play in regulating antigen presentation. TLR signalling is 

known to augment antigen uptake, transport and processing (148, 149).  

 TLR activation, by signalling through MAPK, has been described to transiently 

enhance uptake of soluble antigens and immune complexes (149). This was demonstrated 

by in vitro experiments using spleen or bone marrow-derived DC whereby inhibiting 

ERK 1/2 and p38 MAPK downregulated macropinocytosis (149). However, DC 

maturation in vitro eventually suppressed uptake through macropinocytosis (150). As for 

the role TLR activation plays in antigen uptake in vivo, there appears to be conflicting 

evidence for this phenomenon (151). In one report, systemic DC activation by LPS 

resulted in unaltered antigen uptake, but downregulated MHC II presentation (152). The 

mechanism underlying these events was due to a downregulation of MHC II peptide 

complex formation that accompanied DC maturation. Cross-presentation was similarly 

suppressed by systemic TLR activation as a consequence of inefficient phagocytosis of 

cell-associated antigens (153). However, another report that used liposome-encapsulated 

antigens observed that MHC I and II were unaltered by systemic TLR administration 

(154). The reason for these conflicting observations is unclear but could be attributed to 
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various factors such as the mechanism of antigen uptake and the type of TLR-L used in 

these studies. Further evidence supporting this observation comes from a study using 

human monocyte-derived DC, whereby the uptake of apoptotic cells and cross-

presentation of antigens was observed to be suppressed by TLR3-L or TLR4-L but not 

TLR2 or TLR7/8 activation (155). Therefore, engagement of different TLRs can 

differentially influence antigen uptake. 

 In addition to influencing antigen uptake, TLR signalling also enhances cross-

presentation at the level of antigen processing in pAPC. Two reports (149, 156) have  

shown that treating DC with TLR4-L enhanced uptake of soluble antigens (149) and 

immune complexes (156), followed by increased proteasome and TAP activity as well as 

augmented translocation of antigens to the cytosol (156). Furthermore, in a study using 

OVA, cross-presentation was augmented by LPS administration, which enhanced 

recruitment of the TAP complex to early endosomes containing the antigen (157). This 

recruitment of the TAP complex appears to governed by elements in the MyD88 

pathway, however, the absence of TRIF also reduced cross-presentation by 40% (157). 

The authors suggested that the TRIF pathway may play influence another part of the 

cross-presentation pathway such as antigen translocation or proteasomal processing 

(157).   

 Not all TLR are capable of enhancing cross-presentation of soluble antigens. In 

studies using OVA, cross-presentation was enhanced by TLR3, TLR4, TLR7 and TLR9 

stimulation, but not by TLR2 and TLR5 (158, 159). Pathogens are complex and can 

therefore activate multiple TLRs (160). Therefore, cooperative signals from combined 

TLR activation can influence the outcome of cross-presentation. Indeed, cross-
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presentation of MHC I antigens induced by TLR9 activation were found to be 

downregulated when cells were treated with a combination of TLR2-L and TLR9-L 

(161). TLR2-induced inhibition of cross-presentation was attributed to type I IFN as 

TLR9-L treatment produced high levels of type I IFN, but combined TLR2 and TLR9 

ligation abrogated type I IFN production (161). Furthermore, addition of exogenous type 

I IFN was able to override the effects induced by TLR2-L (161). These data are in 

contrast to another study measuring the effect of TLR2 engagement on cross-presentation 

of soluble antigens in vivo (159). A potential reason for the differences in these two 

studies is the finding that TLR2-L enhances cross-priming in vivo via CD4+ T cell help 

and is not dependent on IFN-α production (159). Therefore, it is unlikely that TLR2-L 

will enhance cross-presentation of LCMV epitopes as CD8+ T cell responses against 

acute LCMV infections do not require CD4+ T cell help (162).   

In addition to playing a role in influencing antigen processing, TLRs are capable 

of inducing pAPC maturation and altering the expression of costimulatory ligands 

thereby influencing the CD8+ T cell response. Previous reports that examine the 

influence of TLR engagement on the expression of CD80, CD86 or CD40 revealed that 

all TLR-L enhanced costimulatory ligand expression (163, 164). However, the magnitude 

of costimulatory molecule expression differed based on the TLR activated (163, 164). In 

vitro studies examining the influence of TLR engagement in DC showed that TLR2, 

TLR3 or TLR4 induced similar levels of CD80 and CD86, but different CD40 levels 

(164). These results were in contrast to another report that revealed that TLR3-L or 

TLR4-L administration in vivo yields similar CD80, CD86, and CD40 expression 

compared to DC isolated from naïve mice (163). It is clear from the above studies, that 
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TLR-Ls act on both the innate and adaptive arms of the immune system. This lends 

credence to the hypothesis that TLR-Ls are important for fighting infection, which in turn 

has implications for the development of immune therapies. 

1.7 Nitric oxide as a mediator of adaptive immunity 

 A downstream effect of TLR engagement is the release of NO by mononuclear 

phagocytic cells (165). NO is generated by nitric oxide synthase (NOS), which converts 

L-arginine into citrulline and NO (165). Inducible nitric oxide synthase (iNOS), the 

primary isoform found in pAPCs, is induced upon exposure to cytokines or microbial 

products (165). NO is generated in pAPC phagosomes and was conventionally thought to 

be involved in mediating anti-microbial activity (166). The anti-microbial activity of NO 

involves DNA mutation, inhibition of DNA repair and synthesis, protein synthesis 

inhibition, altering proteins and inactivation of enzymes (167).  

 In addition to this non-specific innate immune defence mechanism, as the 

interaction of NO is not restricted to a single receptor, NO has been thought to have many 

potential targets and plays a regulatory role in immune responses (168). One such 

regulatory role of NO is maintaining immune system homeostasis through the 

suppression of T cell proliferation by disruption of JAK/STAT5 signalling, independent 

of cytokine production (169). Additionally, NO production was found to account for the 

phenotype of suppressor macrophages (170, 171). Briefly, NO produced by DC exposed 

to apoptotic bodies was found to suppress IFN-γ production, without affecting other T 

cell functions such as T cell proliferation and IL-2 production (171). NO was also 

described to interfere with MHC II presentation via targeting two separate parts of the 
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pathway – through downregulating MHC II molecule expression and by acting on 

cathespsin B, which is an element in the antigen processing pathway (172). Furthermore, 

NO was found to downregulate proteasome activity implying that NO generated may 

regulate MHC I antigen presentation (173). All the studies reviewed above, lend support 

to the suggestion that NO can regulate several aspects of the adaptive immune system.  

1.8 CD8+ T cell response 

 The cytotoxic CD8+ T cell response against virus infections involves the 

detection and elimination of virus infected cells (174).  

1.8.1 CD8+ T cell activation 

 During a virus infection, circulating naïve T cells are activated by pAPCs via the 

formation of an immunological synapse (176, 177). At the synapse, the TCRs of virus-

specific CD8+ T cells recognize MHC I molecules bound to antigenic peptides of 8-10 

amino acids length (34). In addition to this, co-receptors such as CD8 aid CD8+ T cell 

activation by keeping the TCR bound to the MHC I-peptide complex on the pAPC (178). 

On recognition of antigen, naïve CD8+ T cells rapidly proliferate, differentiate as shown 

in figure 1-5, acquire effector functions and migrate to sites of infection (179). Activated 

effector CD8+ T cells downregulate the chemokine receptor CCR7 and adhesion 

molecule CD62L and display a CD44+ phenotype (180). The effector functions of these 

CD8+ T cells are mediated by perforin, granzyme B and cytokines like IFN-γ (180). 

Following pathogen clearance, effector CD8+ T cells undergo contraction whereby the 

majority of the virus-specific CD8+ T cells undergo apoptosis, however, 5-10% of the 
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Figure 1-5: CD8+ T cell activation and memory CD8+ T cell development.  

 

Naïve T cells are activated by pAPCs that present foreign antigen via MHC class I 

molecules. This priming results in T cell proliferation and differentiation into effector 

CD8+ T cells, which act to mediate clearance of infected cells. When the infection is 

cleared, 5-10% of these specific CD8+ T cells remain as specific memory CD8+ T cells 

(Figure adapted from (1)).  
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virus-specific CD8+ T cells survive to further mature into memory cells (figure 1-5) 

(179). 

1.8.2 CD8+ T cell responses to LCMV 

 In mice, depending on the strain of virus, age of the host and route of infection, 

LCMV infections can yield different outcomes (162). These outcomes can instill a 

lifelong carrier state that can occur from in utero infection, inoculation of neonates, or 

infection of immunodeficient mice, to lethal meningitis as a result of intracranial 

administration of LCMV in normal adult mice (162). These various outcomes occur due 

to differences in activation, localization and development of the CD8+ T cell response 

that are important for viral clearance or, in chronic virus infection, can contribute to lethal 

immunopathology. Infection of mice with LCMV i.v. or i.p. results in either acute 

infections characterized by rapid expansion of CD8+ T cells and CD4+ T cells along with 

virus clearance; protracted infections that have a weak CD8+ and CD4+ T cell response 

along with delayed virus clearance; or chronic infections with aberrant CD8+ and CD4+ 

T cell responses and virus persistence (162). 

 Acute LCMV infections, induced with either the WE or the Armstrong strain, 

results in massive proliferation of CD8+ T cells during the first week of infection termed 

the expansion phase (180). During this period, 50-70% of the CD8+ T cells in the spleen 

were shown to be LCMV-specific using MHC tetramer analysis and intracellular 

cytokine assays (9, 10). This pronounced CD8+ T cell response is sufficient for clearing 

the host of LCMV-infected cells. Following virus clearance, a contraction phase occurs
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and a stable pool of memory T cells are established (179). These memory T cells are 

important in mounting responses if the host is rechallenged with LCMV. The LCMV-

specific CD8+ T cell response induced during acute infections is not a homogenous 

population with single specificity. Instead, the response consists of clonal subsets that 

recognize distinct LCMV epitopes (181). As the magnitude of the CD8+ T cell response 

to individual epitopes is not equal, an immunodominance hierarchy with 

immunodominant and subdominant epitopes develops (181). During an acute infection, 

the immunodominance hierarchy is established at the peak of the immune response and 

remains similar during the contraction and memory phase (182). The factors that 

determine the immunodominance status of an epitope are described in greater detail in 

the next section.  

 In addition to a pronounced CD8+ T cell response, acute LCMV infections also 

induce a large CD4+ T cell response (183, 184). CD4+ T cells produce IL-2 and other 

Th-1-associated cytokines that contribute to proliferation and activity of CD8+ T cells 

(183). However, some reports using CD4
-/-

 mice showed similar patterns of CD8+ T cell 

responses and virus clearance as wild-type mice suggesting that CD4+ T cells were 

dispensable for CD8+ T cell activity (162). Nonetheless, one report showed that CD8+ T 

cell memory is diminished over time in the absence of CD4+ T cell help suggesting that 

CD4+ T cells may play a role in maintenance of memory CD8+ T cells (185). 

1.8.3 CD8+ T cell immunodominance 

 During an infection, even though pathogens are complex, virus-specific CD8+ T 

cells can only initiate an immune response to a small subset of viral epitopes through a 
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process termed immunodominance (181). Not all these viral epitopes encoded by 

complex antigens elicit CD8+ T cell responses of equal magnitudes. Consequently, based 

on their ability to induce immune responses, viral epitopes that activate CD8+ T cells can 

be organized into a hierarchy whereby immunodominant epitopes can preferentially 

expand a greater number of CD8+ T cells compared to subdominant epitopes. 

 Unique immunodominance hierarchies have been observed following infection 

with different viruses. With respect to LCMV as mentioned earlier, at least nine MHC-I 

restricted epitopes have been defined in C57BL/6 (H-2
b
) mice (186). Following acute 

infections, the immune response is dominated by NP396, GP33 and GP276, while 

NP205, GP118 and GP92 have sub-dominant responses (9, 186). There are several 

examples of qualitative and quantitative differences in virus-specific responses against a 

single pathogen. However, the specific factors that contribute to immunodominance as 

well as the relative contribution of each factor remains poorly defined. Overall, 

immunodominance is thought to be influenced by two major factors that include antigen-

related factors and T cell-related factors. 

 It is thought that every step involved in MHC I antigen processing and 

presentation can influence immunodominance with the most important factor being 

peptide affinity to MHC I molecules (181). Several reports have investigated binding 

affinities of MHC I epitopes and observed a correlation between higher peptide affinity 

and immunodominance (187-189). With respect to LCMV epitopes, a recent study that 

examined binding affinities of 28 LCMV-specific epitopes showed that all the 

immunodominant epitopes had higher binding affinities to MHC I molecules. However, 

the intermediate and sub-dominant epitopes did not always have lower binding affinities 
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to MHC I molecules suggesting that peptide affinity only partially accounted for 

immunodominance (190).  

 Other antigen-related factors such as features of the antigen presented could play 

a role in immunodominance. It has been suggested that immunodominant epitopes are 

those that are most efficiently generated by cellular processing and transported through 

the ER (181, 191). Moreover, epitopes that can access both direct and cross-presentation 

pathways tend to be more immunodominant during virus infections (192-194). 

 In addition to antigen-related factors, there is a significant amount of data that 

suggests that intrinsic properties of virus-specific CD8+ T cells can influence 

immunodominance. A potential mechanism for immunodomination of certain epitopes 

over others is that there may be a greater number of CD8+ T cells that recognize a 

dominant epitope relative to the number of CD8+ T cells capable of recognizing the sub-

dominant epitope (181). This occurs due to thymic selection during development 

whereby immunodominant epitope-specific CD8+ T cells are preferentially selected and 

therefore have a larger precursor frequency (181). A recent report illustrated this concept 

through the use of tetramer purification whereby prior to virus infection, 

immunodominant epitope-specific CD8+ T cells were shown to have a larger precursor 

frequency when compared to sub-dominant epitopes (190). Moreover, Slifka et al. (195) 

observed that altering negative selection in the thymus affected the avidity of 

immunodominant epitope-specific CD8+ T cells but not subdominant CD8+ T cells.  

 Additionally, immunodominance of certain epitopes may also be exacerbated over 

time due to the ability of epitope-specific CD8+ T cells activated earlier to expand in 

number rapidly and out-compete subdominant epitopes. It has been suggested that this 
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phenomenon occurs due to IFN-γ production by immunodominant epitope-specific CD8+ 

T cells which in turn suppresses subdominant T cells (196-198). Besides thymic 

selection, precursor frequencies can be altered by previous antigenic encounters, which in 

turn can shape immunodominance hierarchies. For instance, immunodominance can be 

influenced by epitopes common to heterologous viruses as a previous report 

demonstrated that CD8+ T cells specific to cross-reactive epitopes were 

immunodominant during acute infections (199). Furthermore, selectively increasing the 

magnitude of CD8+T cell responses against a sub-dominant epitope through pre-priming 

was shown to alter immunodominance hierarchies in subsequent virus infections (200). 

 Taken together, the studies reviewed above demonstrate that striking qualitative 

and quantitative differences have been observed for CD8+ T cell response against 

different epitopes. These differences have crucial consequences because they can either 

enhance or inhibit the host’s ability to clear infections. Recent studies have demonstrated 

progress in elucidating the factors that influence immunodominance and the 

interrelationship between some of these factors. However, there is still much to be known 

about what circumstances may alter the immunodominance of epitopes. In this thesis, I 

will be focusing my attention on two aspects - the relationship between antigen dose and 

site of infection as well as the presence of secondary infections or TLRs derived from 

foreign pathogens on influencing immunodominance.  
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1.9 Thesis outline  

Foreign pathogens are recognized by TLRs, present on pAPCs. On recognition of 

its ligand, these receptors activate pAPC, which can induce phenotypic changes in naïve 

CD8+ T cells to become effector cells and clear virus infection. This work focuses on 

examining how the presence of foreign pathogen components that act as TLR-L, whether 

as a concurrent viral or bacterial infection, can contribute to shaping host immunity 

during a virus infection. In this project, we asked if combined TLR engagement can 

modify pAPC activation, MHC-I antigen presentation and whether CD8+ T cell 

immunodominance hierarchies can be influenced by the presence of multiple TLR 

ligands during viral infections. 

General Hypothesis: We hypothesized that combined TLR engagement will influence 

pAPC activation in a different manner compared to the single ligand, which will in turn 

influence MHC-I presentation and CD8+ T cell induction to various viral epitopes. 

1.9.1 Hypotheses and Objectives  

 

Chapter 2: TLR engagement prior to virus infection influences MHC-I antigen 

presentation in an epitope-dependent manner due to nitric oxide release.  

 Innate immune signals from pAPCs support CD8+ T cell activation and are 

dependent on the recognition of foreign microbial structures. In chapter 2, we evaluated 

the effects of a less studied innate immune mediator, NO, on regulating MHC-I antigen 

presentation during viral infections. 
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Hypothesis: As NO is a major product of TLR activation and has been suggested to 

influence proteasome activation, we hypothesized that NO produced as a result of 

combined TLR engagement can alter the presentation of LCMV epitopes. 

In this chapter, our objective was to delineate the influence of NO produced as a 

result of TLR engagement on presentation of LCMV epitopes. 

 

Chapter 3: Altered immunodominance hierarchies of CD8+ T cells in the spleen 

after infection at different sites are contingent on high virus inoculum 

 CD8+ T cells, which are required to clear virus infections, normally respond to a 

small subset of epitopes derived from viruses. These epitopes can be organized into a 

hierarchy based on the magnitude of their immune responses termed immunodominance. 

Immunodominance is thought to be determined by MHC: epitope binding efficiency and 

naïve CD8+ T cell precursor frequencies (190). 

Hypothesis: If naïve precursor frequencies are the key element in shaping 

immunodominance hierarchies then, virus infection at different sites with the same dose 

should elicit a similar immunodominance profile.  

In this chapter, our objective was to evaluate the influence of route of infection 

and antigen dose on CD8+ T cell immunodominance and to evaluate if other in vivo 

factors or parameters would overcome the effects of precursor frequencies. 

 

Chapter 4: Dual Toll-like receptor activation interferes with cross-presentation of 

cell-associated antigens influencing antiviral CD8+ T cell immunodominance. 
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Recent groundbreaking publications by Sher’s group demonstrated that TLR11 

engagement regulates CD4+ T cell immunodominance (201), and those by Berzofsky’s 

group (202, 203) revealed that combined TLR ligands along with peptide immunization 

enhanced CD8+ T cell responses compared to the single ligand. In this chapter, we 

examined the influence of TLR engagement on adaptive immunity from another aspect; 

how CD8+ T cell immunodominance hierarchies can be influenced by the presence of 

multiple TLR ligands during viral infections.  

Hypothesis: As immunogenic epitopes require access to both the direct and cross-

presentation pathways to maintain their immunodominant status, we hypothesized that 

dual TLR2 and TLR3 activation may affect either of the antigen presentation pathways 

and the CD8+ T cell immunodominance hierarchies after infection. 

In this chapter, our objective was to investigate the influence of TLR-L 

administration on anti-viral CD8+ T cell immunodominance and to investigate the 

mechanisms involved. 

 

Chapter 5: Concomitant TLR2 and TLR4 engagement results in differential TLR 

signalling in activated macrophages. 

Type I Interferon (IFN) and their signalling pathways have been well 

characterized in virus infections, but we have limited understanding of how type I IFN 

can influence the interactions between toll-like receptors when more than one receptor is 

engaged. This particularly important because not all cell types express type I IFN, for 

instance, monocytes do not produce IFN-α after LPS stimulation (204, 205). Here, we 

characterized, for the first time, the effects of TLR2 and TLR4 engagement on a 



  40 

population of MФ that were derived from the spleen (Sp-MФ) and compared this 

response to a well-characterized MФ population derived from bone marrow (BMMФ). 

Hypothesis: We hypothesize that TLR4 activation will induce robust type I IFN 

compared to TLR2 . Also, we hypothesized that different populations of MФ will utilize 

different signalling pathways to induce type I IFN production because they are derived 

from different compartments and are functionally different.  

 In this chapter, our objective was to examine the influence of combined TLR2 and 

TLR4 ligation on type I IFN production and signalling by MФ obtained from different 

compartments in the host. 
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Chapter 2 

TLR engagement prior to virus infection influences MHC-I antigen 

presentation in an epitope-dependent manner due to nitric oxide release. 

 

2.1 Abstract 

Microorganisms contain pathogen-associated molecular patterns (PAMPs) that can 

interact with different TLR. Cooperative signals from these receptors may modify innate 

and adaptive immune responses to invading pathogens. Therefore, a better understanding 

of the role TLRs play in initiating host defence during infections requires assessing the 

influence of multiple TLR engagement on pAPC activation and antigen presentation. In 

this study, we investigated the effects of combined TLR2, TLR3 or TLR4 engagement on 

DC activation and the presentation of LCMV antigens focusing on the major epitopes 

derived from NP and GP proteins encoded by the virus. Our results demonstrate that 

combined TLR ligation affected antigen presentation of NP205, GP33 and GP276, but 

not NP396. The altered antigen presentation was associated with changes in proteasomal 

activities and nitric oxide production due to TLR engagement. Taken together, the data 

demonstrate that combined TLR ligation could result in changes of innate effectors that 

may directly influence the adaptive immune response. 
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2.2 Introduction 

Naïve cytotoxic CD8+ T cells must be first primed before they can become 

effector cells and clear virus infections (1). These CTLs are activated by pAPCs such as 

DCs, which present virus antigens via cross and direct presentation pathways on MHC-I 

molecules (1). Along with antigen-specific interactions, costimulatory signals are crucial 

for CTL priming (1). Activated pAPCs express costimulatory molecules (2) and secrete 

cytokines that augment CTL activation. These costimulatory properties of DCs can 

depend on the initial engagement of innate immune receptors (e.g. TLRs) that recognize 

particular foreign structures (3). 

Microorganisms are complex and thus may activate several TLRs (4). During 

infection, TLR engagement is very important in inducing maturation of DCs, which is 

needed for optimal antigen presentation and T cell activation (5). Pathogens such as 

mouse cytomegalovirus (MCMV) were shown to activate multiple TLRs (TLR2, 7 and 9) 

(6). Cooperative signals from these receptors may modify the innate and adaptive 

immune responses against the infection. Multiple TLR signalling can also occur where 

secondary bacterial infections take place during persistent virus infections. Therefore, it 

is important to understand how multiple TLR engagement can influence pAPC activation.  

On recognition of TLR-L, TLRs dimerize and recruit intracellular adaptor proteins 

that regulate downstream signalling (3). The major two adaptor molecules include 

MyD88 and TRIF (3). All the TLRs signal through the MyD88-dependent pathway 

except for TLR3, which signals through TRIF, and TLR4, which signals through both 

MyD88 and TRIF (3). These differences in signalling are thought to affect downstream 

responses based on which TLR was initially activated. 
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One of the downstream effects of TLR ligation is the production of NO, due to the 

induction of iNOS by TLRs and subsequent NF-κB activation. NO has been implicated as 

an effector molecule in antiviral immune responses as targeted deletion of iNOS
-/- 

results 

in increased susceptibility to virus infections (7). In addition to its role in innate 

immunity, NO also appears to have a regulatory role in maintaining immune system 

homeostasis by suppressing T cell proliferation through Jak/STAT5 signalling in T cells 

(8). Moreover, NO can downregulate antigen processing and presentation of MHC-II 

molecules by inhibiting cathepsin B function (9, 10). Despite the reported direct effects 

of NO on CTLs, it is not known if NO can influence antigen processing and presentation 

of MHC-I molecules during pAPC infections.  

In this study, we report that combined TLR engagement in pAPCs results in 

altered cytokine responses compared to single TLR-L. We also provide evidence that 

combined TLR engagement can alter the presentation of certain CTL epitopes after virus 

infection, which appears to be linked to NO production. Therefore, our findings provide 

new insight on how TLR engagement prior to virus infections can alter downstream host 

defense mechanisms, which ultimately influences adaptive immunity.  
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2.3 Materials and Methods 

2.3.1 Mice, cells and reagents 

C57BL/6 (H-2
b
) mice (6-8 weeks) were purchased from JAX Labs (Bar Harbor, 

Maine). Animal experiments were carried out in accordance with the guidelines of the 

Canadian Council of Animal Care. LCMV-WE was originally obtained from F. 

Lehmann-Grube (Hamburg, Germany) propagated and titrated as previously described 

(11). 

As antigen presenting cells, the dendritic cell line DC2.4 (a gift from Dr. K. Rock, 

University of Massachusetts Medical School, Worcester, MA) or BMDCs (12) were 

prepared as previously described (13). With BMDC, after day 6 of culture, the non-

adherent cells were transferred into new 6 well plates and cultured for 24 h before loosely 

adherent cells (highly enriched CD11c
+
 MHC-II

+
)

 
were harvested and used. All media 

was purchased from Invitrogen (Ontario, Canada).  

CTL lines were generated as previously described (14, 15). Briefly, mice were 

injected with 200 PFU LCMV-WE i.v. Four weeks post-injection, spleens were harvested 

and lymphocytes were purified by ficoll-gradient centrifugation using lymphocyte 

separation media (Fisher Scientific, Whitby, ON). Purified splenocytes were then re-

stimulated with peptide-pulsed (10
-7

 M), γ-irradiated (4500 rads) APCs at the ratio of 

10:1 in the presence of 20 U/ml IL-2. On day 6, the cells were isolated by ficoll-gradient 

centrifugation again and resuspended in CTL medium for 2 days before testing in 

functional assays. 

The following TLR-L were employed: pIC (TLR3) was purchased from GE 

Healthcare (Baie d’Urfe, Quebec); LPS (E. coli 055:B5) (TLR4) was purchased from 
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Sigma-Aldrich (Oakville, ON); freeze-dried heat-killed MB, which activates TLR2 and is 

a key component in complete Freund adjuvant (16), was purchased from Difco 

(Lawrence, KS, USA). Propidium iodide (PI), NO inhibitors N-Methyl-L-arginine acetate 

salt (L-NMMA), N-Nitro-L-arginine (L-NNA) and NO donor 3-(2-Hydroxy-2-nitroso-1-

propylhydrazino)-1-propanamine (PAPA-NO) were purchased from Sigma. The NO 

donor S-nitrosoglutathione (GSNO) was purchased from Cedarlane, Hornby, ON.  

2.3.2 Nitrite Assay 

NO production was measured using Griess reagent (17). Cells (50,000 cells, 

200μl/well) were cultured in phenol-red free RPMI media, 5% FCS in 96-well round-

bottom plates (Corning Inc.). The samples were then left at 37°C for 18 h with various 

TLR-L treatments. In certain experiments, NO inhibitors were added 30 min prior to the 

TLR-L. All the reagents for the nitrite assay were purchased from Sigma. Cell-free 

culture supernatants (100 µl/well) were placed in a flat-bottom, 96-well plate (Corning 

Inc.) and 50 µl sulphanilamide solution (1% w/v sulfanilamide in 5% w/v phosphoric 

acid) was added to each well. The plate was incubated in the dark for 10 min at RT, after 

which 50µl NED solution (0.1% w/v N-1-napthylethylenediamine dihydrochloride in 

water), was added followed by 10 min incubation. Absorbance at 540 nm was recorded 

using a Varioskan spectrophotometric microplate reader (Thermo Electron Corp., 

Finland). Sodium nitrite (0-100 µM) was used to generate the standard graph to calculate 

test sample concentrations.  
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2.3.3 Reverse Transcriptase (RT)-PCR 

 Total RNA was isolated using TRI reagent (Sigma-Aldrich, Oakville, ON) and 

reverse transcribed using RT master mix (M-MuLV RT, random primers, dNTPs, RNase 

inhibitor) prepared by reagents obtained from New England Biolabs (Ipswich, MA). PCR 

was performed using Taq 5X Master Mix (New England Biolabs) and the following 

primers obtained from Integrated DNA Technologies (Coraville, Iowa): IL-10 Forward 

5’-ATTTGAATTCCCTGGGTGAGAA-3’, and IL-10 Reverse 5’-

ACACCTTGGTCTTGGAGCTTATTAA-3’ (18); and in a similar order IL-12p40 5’-

GAGGTGGACTGGACTCCCGA-3’, 5’-CAAGTTCTTGGGCGGGTCTG-3’ (19); IL-

1β 5’-CAACCAACAAGTGATATTCTCCATG-3’, 5’-

GATCCACACTCTCCAGCTGCA-3’ (20); IL-6 5’-CCTCTCTGCAAGAGACTTCC-3’, 

5’-GCACAACTCTTTTCTCATTTCC-3’, IL-23p19 5’-

TGCTGGATTGCAGCGCAGTAA-3’, 5’-AGTCCTTGTGGGTCACAACC-3’ (21); 

TNF-α 5’-CAGGGGCCACCACGCTCTTC-3’, 5’-TGACCTCAGCGCTGAGTTGGT-3’ 

(22); IFN-α 5’-TGTCTGATGCAGCAGGTGG-3’, 5’-AAGACAGGGCTCTCCAGAC-

3’ (23); IFN-β 5’-CTTCTCCACCACAGCCCTCTC-3’, 5’-

CCCACGTCAATCTTTCCTCTT-3’ (24); 18S rRNA 5’-

AAACGGCTACCACATCCAAG-3, 5’-CCTCCAATGGATCCTCGTTA-3. 

2.3.4 Cell Surface and Intracellular Staining 

For surface labelling, BMDCwere incubated with fluorochrome-labeled anti-

mouse Abs (purchased from Cedarlane) specific for MHC-I, H-2K
b
 (clone CTKb), MHC-

II, I-Ab (clone 25-9-17s), CD11c (clone N418), CD80 (clone RMMP-1), CD86 (clone 

RMMP-2) for 20 min at 4ºC, and subsequently acquired with FCM (Beckmann Coulter, 
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Miami, FL). To assess cell viability after TLR-L treatment, cells were stained with PI (1 

μg/sample) for 2 min at 4ºC before acquiring with FCM. For intracellular protein 

detection after virus infection, LCMV-nucleoprotein (NP) and LCMV-glycoprotein (GP) 

were detected after fixing cells with 4% formalin, permeabilizing with 1% Triton-X and 

Ab labelling as previously reported (15). 

Intracellular cytokine staining (ICS) was performed to detect IFN-γ producing 

CTLs after antigen presentation by DC2.4. Splenocytes (1:10 APC: responders) or 

peptide-specific CTLs (1:1 APC: responders) were incubated, with infected DC2.4 

treated with TLR-L individually or in combination, in round-bottom 96-well plates 

(Corning Inc.). Splenocytes were incubated with APCs for 2 h and then for 3 h in the 

presence of Brefeldin A (Sigma) at 10 µg/ml, whereas the epitope-specific CTLs were 

incubated with APCs and Brefeldin A for 3 h. 

 To determine the frequency of restimulated T lymphocytes, cells were stained 

with a PE-Cy5 conjugated, rat anti-mouse CD8α clone 53-6.7 (Cedarlane) at 4°C, then 

fixed with 1% paraformaldehyde and washed twice. Cells were then incubated with 

FITC-conjugated anti-IFN-γ antibodies, clone XMG1.2 (Cedarlane) prepared in PBS and 

0.1% saponin overnight at 4°C. The following day, samples were prepared in FACS 

buffer and data was acquired with FCM as described above. Cells were analysed with a 

live gate on the CD8+ T cells and 200,000 gated cells were acquired. 

2.3.5 Proteasome activity measurements 

 Chymotrypsin-like activity of the proteasome was measured using a cell-based 

bioluminescent kit according to manufacturer’s instructions (Promega, Madison, WI) 
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(25). APC (10
5 

cells/well) were incubated with TLR-L at 37 °C. After 18 h cells were 

resuspended in PBS and incubated with the Promega Proteasome Cell-Based Assay 

Reagent for 10 min at RT. Proteasome activities were detected as the relative light unit 

(RLU) generated from the cleaved substrate in the reagent, after subtracting background 

produced by reagent and PBS, and read-out of the assay was measured using a 

chemiluminescence plate reader (Promega). The proteasome inhibitor lactacystin (10 

μg/ml), which blocks degradation of cellular proteins and prevents MHC I epitope 

generation (26), was used as an inhibitor control. 

2.3.6 Statistical Analysis 

 Statistics was performed using paired, two-tailed equal variance t-tests and 

differences in results between various treatments were deemed significant when p < 0.05. 
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2.4 Results 

2.4.1 Analysis of surface antigen expression by BMDC after TLR engagement. 

Pathogen recognition by TLRs is known to result in the upregulation of 

costimulatory molecules on pAPC which is important for CTL activation (27). We 

therefore evaluated how combined TLR engagement affects costimulatory molecule 

expression. In these experiments, BMDC were treated with LPS (1 μg/ml), pIC (50 

μg/ml) or MB (10 μg/ml) either individually or in combination and stained with 

fluorochrome-labelled antibodies specific for MHC-I, MHC-II, CD80, CD86 and CD11c 

after 18 h.  

In general, we found that TLR engagement resulted in measurable increases in 

expression of MHC-I, CD80 and CD86 molecules when compared to untreated cells as 

previously described (Figure 2-1a-d) (28). Particularly, we found an increase in 

expression of MHC-I when cells were treated with LPS (Figure 2-1a, *indicates 

significance when single TLR-L is compared to untreated cells). Moreover, we found an 

additive effect on MHC-I expression when cells were treated with LPS and MB or all 

three TLR-L in combination (Figure 2-1a, **indicates significance when combined 

conditions are compared to a single TLR-L treatment with the highest mean fluorescence 

intensity value). A similar additive effect on surface antigen expression was observed 

with CD11c (Figure 2-1d), where treating pAPCs with LPS and pIC or all three ligands 

resulted in enhanced CD11c expression when compared to LPS alone.  
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Figure 2-1 Altered surface antigen expression on APC stimulated with combined TLR-L.  

BMDC were treated with LPS (1 µg/ml), pIC (50 µg/ml) and MB (10 µg/ml) individually 

or in combination for 18 h and tested for expression of specific surface antigens using 

FCM as depicted (a-d). BMDC were pre-treated with TLR-L individually or in 

combination, followed by LCMV infection (MOI=5) for 18 h and tested for MHC-I and 

CD86 expression (e-f). Graphs show the mean fluorescence values and one representative 

experiment of three is shown. Error bars are average +SD of three wells. Statistical 

analysis (paired two-tailed t-test, equal variance) comparing either single TLR-L 

treatment (designated by *) vs. untreated cells or combined TLR-L treatment vs. single 

TLR-L-treatment with the highest MFI value (significance designated by **) are depicted 

in corresponding columns when p<0.05. 
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As expected, LPS-treated pAPC showed increased MHCII expression as 

previously described (29), but we did not observe significant differences between 

combined TLR-L treatments (data not shown). We observed increased CD80 expression 

when pAPC were stimulated with pIC (Figure 2-1b). A similar increase was observed 

when APC were treated with pIC and other TLR-L except when pIC was added along 

with MB, suggesting that MB downregulates pIC-induced CD80 expression (Figure 2-

1b). However, we did not see an additive effect on CD80 expression when APCs were 

treated with all three TLR-L in combination (Figure 2-1b).  

We also found significant increases in the expression of CD86, when APC were 

treated with LPS or LPS plus another ligand (figure 2-1d). Interestingly, there were no 

increases in CD86 expression when APC were treated with pIC or MB alone. However, 

we found significant increases in CD86 expression when APC were treated with pIC or 

MB in combination, clearly indicating that certain combined TLR-L (pIC and MB) 

induce additive expression of CD86 molecules, which may downregulate T cell responses 

in vivo as CD86 can promote T cell anergy (30). Thus, certain combinations of TLR-L 

treatments showed differential pAPC activation with regard to surface marker expression. 

Interestingly, differential pAPC activation was maintained over time as indicated by 

surface marker expression. We examined surface antigen expression between 6 and 48 h, 

and observed induced expression as early as 12 h that was maintained for at least another 

36 h.  

Next, we examined whether single or combined TLR engagement prior to virus 

infection alters surface molecules important in antigen presentation and T cell activation. 

In these experiments, APCs were treated with TLR-L for 45 min before washing and 
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infection with LCMV (MOI=5). Cells were then stained for MHC-I and CD86 after 18 h. 

We observed that treating APC with LPS, pIC either individually or in combination with 

another ligand resulted in increased MHC I (Figure 2-1e), and CD86 expression (Figure 

2.1f). Moreover, we observed additive effects on surface antigen expression when APC 

were treated with either LPS+pIC or pIC+MB. Thus, treatment with TLR-L prior to virus 

infection increases pAPC activation with respect to surface antigen expression. 

2.4.2 TLR3 and TLR4-induced pro-inflammatory cytokines are downregulated 

during simultaneous TLR2 engagement. 

The recognition of foreign pathogens by the host TLRs triggers the expression of 

several cytokine genes that are important in regulating adaptive immune responses by 

providing ‘key signals’ (31). Signalling through each TLR is different and combined 

TLR engagement may lead to altered profiles of cytokine induction as a result of changes 

in signalling (32, 33). When APC were treated with LPS, pIC and MB either individually 

or in combination for 6 or 18 h, we noted different cytokine mRNA expression profiles.  

RT-PCR analysis of cells at 6 h post-treatment (Figure 2-2a and 2-2c), indicates 

that several proinflammatory cytokines were induced by a single treatment of LPS or pIC 

including IFN-α, IFN-β, IL23p19, IL-6, IL-1β and TNF-α, which is in agreement with 

previously reported data (33, 34). We found that the treatment of APCs with LPS and pIC 

or all three ligands in combination resulted in a cytokine mRNA expression profile that 

was similar to that induced by LPS alone. However, in the presence of MB, we observed 

a restricted pattern of cytokine expression, which included the inhibition of TNF-α, IL-6, 

IL-1β and IFN-α similar to other reports using synthetic TLR2-L on human or mouse 

DCs (34, 35). After 18 h of TLR engagement some of the cytokines, such as IL-6, IL-1β
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Figure 2-2: Concomitant TLR engagement differentially influences cytokine 

expression.  
DC2.4 were treated with TLR-L individually or in combination for 6 h (a) or 24 h (b) and 

RT-PCR was used to analyze cytokine mRNA induction. One experiment representative 

of four is shown. Densitometric analysis was done to evaluate relative levels of cytokine 

mRNA induction 6 h (c) or 18 h (d) after TLR-L treatment. Statistical analyses (paired 

two-tailed t-test, equal variance) comparing TLR-L-treated cells vs. untreated cells 

(designated by *) are depicted in corresponding columns where significant is considered 

when (p<0.05). 
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and IFN-α, are induced in all conditions, suggesting that TLR2-induced inhibition of 

cytokines is transient (Figure 2-2b and 2-2d).These results demonstrate that combined 

TLR engagement can modify the original cytokine response produced after stimulating 

APCs with a single TLR-L. 

2.4.3 Sequential but not Simultaneous TLR activation alters the production of nitric 

oxide in APC when compared with single TLR ligands 

APC activation via TLR engagement is associated with the release of NO (36). 

Here, we stimulated DC2.4 (Figure 2-3a) with LPS, pIC and MB individually or in 

combination as described above for 18 h, before measuring NO production. As expected 

(17), the addition of LPS to DCs resulted in increased NO production (Figure 2-3a). 

Additionally, the treatment of DCs with a single dose of MB resulted in increased levels 

of NO, which were not as high as those induced by LPS in previous reports (37). 

However, the data demonstrate for the first time that pIC-treated DCs fail to significantly 

produce NO in comparison to untreated cells (Figure 2-3a). 

As microorganisms are capable of stimulating several TLRs (4), it is therefore possible 

that NO production will be influenced by the presence of multiple TLR-L that a particular 

pathogen can possess. However, when we stimulated DC2.4 with a combination of 

TLR2, 3 or 4-L and measured NO production, we could not detect any significant 

increases when compared to single TLR-L treatments that caused the highest NO 

production (Figure 2-3a). The data profile for NO production by DCs after treatment with 

TLR-L individually or in combination was consistent at 12, 18 and 48 h. NO production 

was not detected prior to 12 h and we found that the NO profile at 18 h (Figure 2-3a) was 

representative of the results for 12-48 h (data not shown). We also compared BMDC 
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(Figure 2-3b), with DC2.4 and confirmed that treatment of BMDC with TLR-L resulted 

in the production of NO in a pattern comparable to DC2.4 with the exception of TLR2 

ligand where NO produced by BMDC was relatively lower. However, the general trend 

of NO production was similar when BMDC and DC2.4 were stimulated with TLR-L in 

combination. 

It is reported that pre-treatment of APC with one TLR-L prior to another 

differentially influenced the outcome of combined TLR engagement with respect to 

cytokine production (35). Consequently, we evaluated this model with respect to NO 

after sequential TLR engagement. When we stimulated APCs with pIC 90 minutes prior 

to the addition of MB, we found there was a significant decrease in the amount of NO 

produced (Figure 2-3c, comparing grey bars with clear bars). A similar, but less 

pronounced effect on NO release was observed when pIC was added 90 minutes prior to 

the addition of LPS (Figure 2-3c, comparing grey bars with clear bars). However, the 

decrease in LPS-induced NO, due to pre-treatment with pIC, was not statistically 

significant. Consequently, the data suggest that TLR3 engagement downregulates NO 

normally produced after TLR2 engagement when TLR3 engagement precedes the other 

ligand.  

On the other hand, pre-incubation of cells with either LPS or MB prior to the 

addition of pIC did not downregulate NO production (data not shown), indicating that 

this is a specific response probably due to differences in downstream signalling of TLR2 

and TLR4 vs. TLR3, whereby TLR2 is strictly MyD88-dependent, TLR3 is TRIF-

dependent and TLR4 is dependent on both pathways. These results indicate that TLR3 
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Figure 2-3: NO production is unaffected by combined TLR engagement, but is 

influenced by sequential treatment with TLR-L. 

 DC2.4 (a) or BMDC (b) were treated with TLR-L as before individually or in 

combination for 18 h. Cells were incubated with pIC either 90 min or 4 h before adding 

LPS and/or MB for 18 h (c). NO production by DC2.4 after treatment with TLR-L for 45 

min followed by LCMV (MOI=1) for 18 h (d). Supernatants from these cultures were 

used to measure nitrite concentration as described in Materials and Methods. In (a-c), 

statistical analyses (equal variance, t-tests) comparing TLR-treated vs. untreated cells 

(designated by *) are depicted in corresponding columns where significant is considered 

when (p<0.05). For (d), statistics comparing LCMV-infected cells vs. uninfected cells 

(designated by *) or TLR-L-treated LCMV-infected cells vs. LCMV-infected cells 

(designated by **) where significant is p<0.05. 
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must be engaged first to exert its effects on TLR2 and TLR4 signalling pathways. Taken 

together, the data demonstrate that pre-treatment of APC with different TLR-L alters NO 

production. 

Since LCMV has been reported to activate TLR2 (38) and TLR7 and TLR9 (39), 

we wanted to examine whether single or combined TLR engagement prior to LCMV 

infection alters the outcome of NO production by LCMV infection alone. In these 

experiments, APCs were treated with TLR-L for 45 min. Following washing to remove 

excess unbound ligands, APCs were infected with LCMV (MOI=1) and NO produced 

was measured 18 h later. As a result of virus infection alone, there was an increase in NO 

production by APCs (Figure 2-3d, *indicates statistical significance LCMV-infected vs. 

uninfected cells). However, when TLR activation occurred prior to virus infection, we 

observed a downregulation in NO production compared to untreated LCMV-infected 

cells, except when cells were treated with TLR4-L alone prior to virus infection (Figure 

2-3d, *indicates statistical significance comparing TLR-L treated, LCMV-infected vs. 

LCMV-infected cells). Therefore, treatment of APCs with specific TLR-L prior to virus 

infection alters NO production.  

To ensure that cell viability was not contributing to the observed differences in 

NO production, we analyzed the percentage of dead cells indicated by +ve PI staining 18 

h after treatment with TLR-L individually or in combination. From figure 2-4a (clear 

bars), we observed that TLR-L treatment for 18 h caused an increase in cell death 

compared to untreated cells (max 10% units more than controls). Similarly, when we 

analyzed the percentage of dead cells 18 h after treatment with TLR-L during virus 

infection, we observed an increase in cell death with virus infection compared to 
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Figure 2-4: Virus replication is not adversely affected by pre-treatment with TLR-L.  

 

Cells were treated with TLR-L as before individually or in combination for 45 min, 

followed by washing and infection with LCMV (MOI=5) for 18 h. After 24 h, APC were 

stained with PI to test for cell viability (a). One of three independent experiments is 

represented and the error bars are average +SD. Cells were tested for de no novo viral 

protein expression when infected under the same conditions with LCMV (V) for 24 h or 

48 h. The expression of NP (b-c) or GP (c-d) was determined by FCM and graphs show 

% LCMV-NP or LCMV-GP +ve cells on Y1 axis and mean fluorescence intensity (filled 

symbols Y2 axis). Data are average +SD for three experiments. Statistical analysis 

performed comparing untreated cells vs. treatment conditions are depicted where 

significant is considered when p<0.05. 
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uninfected cells (Figure 2-4a, grey bars). However, the total percentage of viable cells 

after TLR-L treatment was high enough to allow for functional assays. 

2.4.4 Treatment of DCs with TLR-L prior to virus infection does not affect virus 

replication, but influences antigen presentation 

Next, we asked if combined TLR ligation influences virus replication and 

consequently antigen presentation in LCMV-infected APCs. We first measured the 

expression of LCMV-NP and LCMV-GP de novo synthesis in APCs as an indicator of 

virus replication after infection. Previously published work from our group demonstrated 

that with such infection doses, input virus is not sufficient to allow for measurable 

LCMV-NP or GP expression (40). Thus, detectable protein expression is a good indicator 

of virus replication at these time points post infection (p.i.). 

Accordingly, APCs were treated with TLR-L individually or in combination for 

45 min and infected with LCMV (MOI=5). When we measured NP and GP expression 24 

to 48 h p.i., we observed adequate detectable levels of de novo protein expression in 

untreated virus-infected DCs (Figure 2-4b-e). The levels of LCMV-NP and LCMV-GP 

expression were similar in TLR-L-treated infected cells to untreated infected cells at 24 h 

or 48 h p.i. (Figure 2-4b-e).  

Next, we employed epitope-specific CTL for GP33, GP276, NP205 and NP396 to 

detect antigen presentation after infection in the absence or presence of TLR-L. APCs 

were stimulated with a single or with multiple TLR-L in combination and were infected 

with LCMV (MOI=5). Following 24 h incubation, antigen presentation to epitope 

specific CTLs was measured. The results show that the addition of TLR-L did not result 
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in significant changes in presentation of viral antigens when NP396 was examined 

(Figure 2-5a). However, presentation of the immunodominant GP33, the sub-dominant 

viral epitopes NP205 and GP276 were affected by TLR engagement (Figure 2-5b-d). 

With respect to GP33, there was an increase in antigen presentation when we treated DCs 

with pIC individually or with LPS and pIC, pIC and MB or all three TLR-L in 

combination (Figure 2-5c). Moreover, we observed a decrease in antigen presentation 

when APCs were treated with LPS and MB in combination compared to untreated cells. 

However, there were no significant differences in antigen presentation when DCs were 

treated with a single TLR-L vs. TLR-L in combination. 

We observed that treating APCs with a single dose of LPS or pIC augmented 

presentation of NP205 compared to untreated cells (Figure 2-5b). Furthermore, LPS and 

pIC or pIC and MB or all three TLR-L in combination resulted in enhanced antigen 

presentation (Figure 2-5b). When we analyzed presentation of GP276, we found that 

treating APCs with a single dose of LPS resulted in a significant decrease in antigen 

presentation compared to untreated cells (Figure 2-5d). As a control, the CTL lines used 

in this study were tested for their ability to produce IFN-γ in response to LCMV peptides 

as compared to infection. APCs were pre-treated with TLR-L individually or in 

combination, followed by pulsing with relevant peptides at a concentration of 10
-7 

M and 

IFN-γ production was tested as reported previously (40). Therefore, the differences in 

antigen presentation was not due to the quality or sensitivity of epitope-specific CTLs, 

since the peptide control assays with TLR-L (Figure 2.5a-d, grey bars) revealed similar 

CTL activation when compared with untreated samples.  
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Figure 2-5: Altered antigen presentation due to TLR activation is epitope-specific.  

Cells were treated with same doses of TLR-L either individually or in combination for 45 

min. After washing, APC were infected with LCMV-WE (MOI=5) for 24 h. The 

activation of NP396 (a), NP205 (b), GP33 (c) and GP276 (d) -specific CTLs was 

monitored by IFN-γ induction after in vitro restimulation (a-d, clear bars). As a positive 

control, APC were treated in a similar manner as described above and pulsed with 

peptides (10
-7

M) for 1 h before adding CTLs (a-d, grey bars). The data shown are one of 

four representative experiments and error bars are average +SD for three replicates within 

a single experiment. For statistical analyses columns were depicted by (*) when 

comparing TLR-L-treated cells with untreated cells when (p<0.05). 
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2.4.5 Antigen presentation is regulated by TLR-induced nitric oxide. 

Pre-treating APCs with certain TLR-L was found to augment the ability of 

LCMV-infected APCs to present GP33-41 epitopes. Next, we tested the association 

between NO production and LCMV epitopes presentation. Therefore, we first confirmed 

if the reagents used below to alter NO levels are able to function in a negative or a 

positive manner. As shown in Figure 2-6a, pre-treatment with NO inhibitors such as L-

NMMA or L-NNA 30 minutes prior to the addition of LPS plus MB, inhibited the NO 

induced by LPS plus MB, whereas treating APCs with PAPA-NO (NO donor) resulted in 

the release of NO. We also confirmed this result using another NO donor GSNO, which 

resulted in a similar amount of NO released as with PAPA-NO (data not shown). 

To examine the effects of TLR-L-induced NO on antigen presentation, we either 

pre-treated APCs with NO inhibitors (0.2 μM L-NMMA or L-NNA) for 30 minutes prior 

to the addition of TLR-L to interfere with NO production or we employed the NO donor 

(20 μM PAPA-NONOate) before LCMV infection to emulate TLR activation of iNOS 

prior to infections (Figure 2-6b). After 24 h, antigen presentation was monitored with the 

activation of ex vivo LCMV-specific effector splenocytes by the treated APCs. As 

postulated, pre-treating APCs with NO inhibitors reversed the effects of TLR2+4 

engagement by increasing antigen presentation, whereas treatment with the NO donor 

resulted in lower antigen presentation by the APCs similar to those obtained with 

TLR2+4L treatment (Figure 2-6b, *indicates significance when data were compared to 

LPS+MB-treated cells). These results suggest that NO could play an important role in 

adaptive immunity by regulating antigen presentation. 
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We next examined if the regulation of antigen presentation through this 

mechanism was a general effect with all MHC-I epitopes or if it was restricted to certain 

ones. The data demonstrate that inhibiting NO levels enhanced presentation of the GP33 

epitope. The increase in NO levels via the addition of NO donor or TLR activation 

inhibited only GP33 (Figure 2-6c, *indicates significance when data were compared to 

LPS+MB-treated cells) presentation but not the other epitopes examined. Especially 

NP205 presentation was generally increased with TLR activation (Figure 2-5b). Peptide 

controls were found to result in the same range of T cell activation irrespective of TLR 

stimulation (Figure 2-6d). Thus, with GP33 the inhibitory effects of NO are likely to be 

functioning at an antigen processing step rather than via reducing MHC-I expression. 

2.4.6 Nitric oxide induced downregulation of antigen presentation is associated with 

modulation of the chymotrypsin-like activity of the proteasome 

 Since GP33 production is dependent on the degradation of the GP signal peptide 

by the proteasome (41), we hypothesized that NO regulation of GP33 antigen 

presentation is probably due to its effects on the activity of the proteasome. Therefore, we 

tested the proteasome chymotrypsin-like activity in APCs after TLR-L treatment using
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Figure 2-6: Nitric oxide produced by TLR-L-treated APC regulates antigen 

presentation.  

(a) NO production by DC2.4 treated with LPS+MB is inhibited by the NO inhibitors L-

NMMA or L-NNA and is stimulated with the NO donor PAPA-NONOate. (b) DC2.4 

were treated with LPS+MB, PAPA-NONOate for 45 min or pre-treated with NO 

inhibitors L-NMMA and L-NNA for 30 minutes prior to addition of LPS+MB. After 

washing off excess TLR-L, DC2.4 were infected with LCMV (V) for 24 h. Ex vivo 

splenocytes were added and ability of DC2.4 to restimulate CTLs was measured. (c) 

DC2.4 were assayed for direct presentation using LCMV epitope-specific CTLs. (d) 

Peptide-loaded DC2.4 were used as a positive control. The data shown are one of four 

representative experiments and error bars are +SD for three replicates within a single 

experiment. Statistical analyses comparing inhibitor pre-treatment with LPS+MB-treated 

cells are depicted by (*) in the corresponding columns where significance is defined as 

p<0.05.
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most efficient NO-inducing TLR-L, a decrease in proteasomal activity was observed 

when APC were treated with LPS for 18 h. In a similar manner, TLR3 activation, 

normally poor in producing NO, resulted in significant increases in proteasomal activity. 

To examine the effects of TLR-L-induced NO on the proteasome, we measured 

chymotrypsin-like activity after treatment with NO inhibitors (L-NMMA or L-NNA). We 

observed that pre-treatment of APC with NO inhibitors prior to addition of LPS resulted 

in significant reversible increases in the activity of the proteasome (Figure 2-7, LPS + 

NO inhibitors). Moreover, treating cells with PAPA-NO, a nitric oxide donor, showed a 

similar downregulation of proteasomal activity to LPS treatment. However, this 

inhibition was not a complete one as in the case of the specific proteasomal inhibitor, 

lactacystin. 

Next, we evaluated whether the pIC-induced effects on presentation of GP33 as 

observed in (Figure 2.5c) can be overridden by the addition of a NO donor. We 

hypothesized that as NO donors like PAPA-NO or GSNO provide NO independent of 

protein synthesis, addition of a NO donor to APCs treated with pIC will result in release 

of NO and override the effects of TLR3 engagement on GP33 presentation. As shown in 

Figure 2.8a, addition of PAPA-NO to APC pre-treated with pIC showed an increase in 

NO production to levels similar to those with PAPA-NO alone. We then examined 

antigen presentation of GP33 epitopes in these conditions. Accordingly, APCs were 

treated with pIC for 30 min prior to the addition of PAPA-NO, and infected with LCMV 

for 24 h. Upon measuring antigen presentation, we observed a significant inhibition in 

presentation of GP33 epitopes when APC were treated with PAPA-NO despite pre-  
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Figure 2-7: NO produced by APC reduces the chymotrypsin-like activity of the 

proteasome.  

Cells (105 cells/well) were treated with TLR-L for 18 h and analyzed for chymotrypsin-

like activity using a cell-based fluorescence assay (in the presence or absence of NO 

inhibitors or donors as described in the results section). Untreated DC2.4 were employed 

as controls and lactacystin was used as an inhibitor control. One of three experiments is 

presented and data in RLU are average +SD of three wells. Statistical analysis comparing 

TLR-L-treated cells with untreated cells are depicted in corresponding columns where 

significant is considered as p<0.05. 
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Figure 2-8: Exogenous NO downregulates GP33-41 presentation and proteasome 

activation.  

(a) NO measurement by DC2.4 treated with pIC and NO donor PAPA-NONOate. (b) 

DC2.4 were assayed for direct presentation using GP33-specific CTLs (unfilled columns) 

and peptide-loaded DC2.4 were used as a positive control (grey columns). (c) APCs were 

evaluated for chymotrypsin-like activity under the same conditions. The data shown are 

one of three representative experiments and error bars are +SD for three replicates within 

a single experiment. Statistical analysis comparing treatment conditions to untreated cells 

are depicted by (*) in the corresponding columns where statically significant values occur 

when p<0.05. 
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treatment with pIC (Figure 2.8b). We then measured chymotrypsin-like activity of the 

proteasome after treatment with PAPA-NO. Again, we observed a similar trend whereby 

pIC-induced upregulation of chymotrypsin-like activity was negatively affected by the 

addition of PAPA-NO (Figure 2.8c). Together, these data indicate that addition of a NO 

donor can reduce GP33 presentation even in the presence of TLR3-L that normally 

enhances its presentation. 

Our results demonstrate that NO induction by various TLR-L can selectively 

downregulate presentation of certain T cell epitopes such as GP33 after virus infection. 

This phenomenon is related to a reduction in the chymotrypsin-like activity of the 

proteasome. Taken together, our data indicate that the changes in proteasomal activities 

are determined by the amount of NO produced in the environment due to specific TLR 

engagement.  
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2.5 Discussion 

During viral infections, the interactions of TLRs with PAMPs play an important 

role in inducing optimum activation of the APC, which is crucial in antigen presentation 

and T cell activation (42). However, the manner in which TLR engagement can regulate 

host immunity during infections when several pattern-recognition receptors are 

stimulated has not been studied in detail (4). Moreover, the influence of TLR engagement 

on NO production has not been addressed either. Combined stimulation of these receptors 

may result in an altered outcome compared to single TLR engagement. In order to define 

the interaction between multiple TLR stimulation, we investigated the downstream 

effects of combined TLR engagement on DC activation and the subsequent presentation 

of viral antigens after infection.  

We initiated our analysis by evaluating the effects of combined TLR2, TLR3 and 

TLR4 engagement on DC activation by studying surface expression of specific 

molecules. The surface marker profile induced by DCs treated with LPS and pIC was 

similar with respect to CD80 as previously reported (28). However, expression of CD86 

was altered with different TLR-L. Moreover, we did not observe any additive effect on 

CD80 or CD86 expression when APC were treated with TLR-L in combination, except 

with CD86 expression when pIC and MB were used in combination which is in 

agreement with other reports (30, 43). However, when cells were treated with pIC and 

MB in combination, we observed a downregulation in CD80 expression. This is probably 

because MB induces a Th2 cytokine profile dominated by IL-10 which is proposed to 

block co-stimulation of APCs (44). Interestingly, we observed that co-stimulation with 

LPS and pIC resulted in an additive increase in MHC-I and CD11c expression when 
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compared to stimulation with a single TLR-L. This is particularly important in vivo as 

enhanced expression of MHC-I and CD11c are indicators of a mature APC phenotype 

that is capable of activating T cells (45). 

When analyzing the effects of combined TLR ligation on cytokine mRNA 

expression in APCs after 6 h or 18 h, we observed that a single stimulation with LPS or 

pIC but not MB, resulted in an increased expression of pro-inflammatory cytokine 

mRNA expression in accordance with previous reports using single TLR-L (32-34, 46). 

However, prior co-stimulation of TLR2-L with either LPS or pIC resulted in an inhibition 

in proinflammatory cytokine profiles induced by LPS or pIC alone. These TLR2 ligand-

induced effects reducing proinflammatory cytokines were also previously observed using 

both mouse and human DCs (34, 35). 

As NO is produced by APC as a result of TLR ligation, we employed it as a 

downstream measure of APC activation in the presence of TLR engagement. Here, we 

observed that TLR3-L produced no detectable levels of NO in DCs. Moreover, TLR3 

engagement reduced NO produced by TLR2. A possible explanation for the pIC-induced 

inhibitory effects may involve type I IFN, normally produced after pIC stimulation which 

was previously reported to act as a negative regulation pathway to turn off pro-

inflammatory genes (47). Type I IFN accomplish this by activating IL-10 production, 

which induces the phosphorylation of STAT-3 resulting in the inhibition of pro-

inflammatory genes (47). By considering this model, it is also plausible that TLR3-

induced downregulation of NO is due to the effects of type I IFN in inducing iNOS 

transcription as well as induction of IL-10 (48, 49). 
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To elucidate whether NO can affect MHC-I antigen presentation, we examined 

the influence of combined TLR engagement on presentation of four different LCMV 

antigens using epitope-specific CTLs for NP396, GP33, NP205, and GP276. NO is an 

important molecule to study because it has been recognized as being adept at playing 

many roles in immunity (7). NO is also particularly relevant in controlling infectious 

disease because it is involved in regulating various elements of TLR signalling pathways 

including transcription factors such as AP-1 and c-jun and kinases such as MAP kinases 

(50, 51). Moreover, previous reports have shown that NO modulates the magnitude and 

duration of MHC-II antigen presentation through the cathepsin B enzyme (10).  

In addition to the above results, we observed with respect to the sub-dominant 

epitope NP205 (52) that TLR engagement enhanced its antigen presentation independent 

of presence of NO. A possible explanation for this is that TLR engagement induces an 

increase in expression of MHC-I molecules resulting in enhanced NP205 presentation as 

well as costimulatory molecules and pro-inflammatory cytokines which in turn increase 

the activation of cognate CTL specific for this sub-dominant epitope (5). The 

immunodominant epitopes NP396, derived from a very stable protein, was unaffected by 

TLR engagement on APCs, but the presentation of GP33 antigens was differentially 

affected by TLR3-L. In particular, we observed a correlation between NO production and 

GP33 presentation because NO inhibitors augmented presentation of GP33 and NO 

donors decreased its presentation. GP33 epitopes may be particularly sensitive to NO 

levels because GP33 is located in the signal peptide of the GP protein where proteasomal 

cleavage occurs after processing through the ER (41). This should result in GP33 being 
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processed at a faster rate compared to other epitopes derived from the degradation of 

fully folded proteins.  

NO can regulate the proteasome pathway which mediates protein degradation and 

epitope generation for MHC-I molecule presentation (53, 54). Consequently, reducing the 

proteasomal protein degradation by NO will reduce the peptide available for MHC class I 

molecules, which can potentially affect epitopes that are proteolytically processed at high 

rates such as GP33. To further confirm the mechanism of TLR-L-induced 

downregulation of GP33 epitopes, we demonstrated that NO produced as a result of TLR 

engagement downregulated chymotrypsin-like activity of the proteasome, which 

consequently contributed to lower presentation of GP33 epitopes. These observations are 

supported by an earlier report where partial proteasomal inhibition significantly inhibited 

presentation of GP33, while GP276 epitopes were only significantly inhibited when 

complete proteasomal blockage was achieved (55).  

Interestingly, we observed an increase in chymotrypsin-like activity of the 

proteasome after pIC treatment possibly as a result of TLR signalling and NF-κB 

activation. But, when we added exogenous NO to pIC-treated cells, we were able to 

override those pIC effects, thus reinforcing our hypothesis that NO negatively affects 

GP33 antigen processing and presentation. 

There is increasing evidence that TLRs are capable of regulating APC activation 

and thereby shape adaptive immune responses. It has been suggested that to induce an 

effective immune response through innate immune mediators, microorganisms need to 

activate multiple TLRs (4). The effects of some of these innate immune mediators, such 

as NO, on CD8+ T cell responses, have not been adequately studied after combined TLR 
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engagement. A recent report demonstrated that NO is capable of modulating the function 

of APCs through reducing MHC-II antigen presentation (10). Our data are significant in 

that they demonstrate for the first time that NO is also involved in regulating presentation 

of MHC-I antigens. Its action was shown here to be due to its ability to regulate 

proteasomal activity that can affect certain epitopes based on their characteristics. All 

together, the findings presented in this study provide a vital concept to be considered 

while designing combined TLR-L-based adjuvants as they can affect MHC-I antigen 

presentation. 
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Chapter 3 

Altered immunodominance hierarchies of CD8+ T cells in the spleen 

after infection at different sites is contingent on high virus inoculum 

 

3.1 Abstract 

Activated epitope-specific CD8+ T cells after virus infection can be organized into 

hierarchies (immunodominance), based on their ability to focus the response on a few 

viral determinants. The mechanisms responsible for immunodominance can be 

multifactorial, with CD8+ T cell precursor frequencies recently highlighted as a key 

regulator. Employing the LCMV infection model, we demonstrate that the hierarchies 

were altered when comparing different sites of infection but only at high viral doses. 

These findings have significant implications when investigating immunity to viruses with 

different replication abilities that may override the influence of T cell precursor 

frequencies. 
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3.2 Introduction 

When clearing viral infections, CD8+ cytotoxic T cells only respond to specific 

epitopes derived from different proteins of the virus. This immunodominance 

phenomenon describes a mechanism that allow for CD8+ T cells to be directed towards 

few viral epitopes despite the huge number of peptides that virus infection can generate. 

These epitope-specific CD8+ T cells can be organized into a hierarchy in which certain 

immunodominant epitopes will cause a set of T cells to expand extensively compared to 

subdominant epitope-specific T cells (1). Enhancing our understanding of what regulates 

this phenomenon will help us decipher significant aspects of T cell activation occurring 

during virus-host interactions and consequently will help in the rational design of 

vaccines (2). 

Using the LCMV infection model with its many well characterized T cell epitopes, 

recent studies have defined several factors that can affect this phenomenon. For example, 

the kinetics of viral protein expression after infection, peptide affinity for MHC-peptide 

complexes, recruitment of T cells and the persistence of infections (3-5) can all affect 

immunodominance. Significantly, the naive CD8+ T cell precursor frequency seems to be 

an essential correlate to the hierarchy seen after LCMV infection as well as regulating 

primary and memory responses to infection (6, 7). Thus, if the CD8+ T cell precursor 

frequency represents a key element in such phenomena, one would predict that a virus 

able to replicate in a systemic fashion would always reveal the same hierarchies 

irrespective of the site of infection. In this study, we asked if the site of infection in 

combination with the antigen dose could have significant effects on T cell 
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immunodominance during the primary response. Our data show that both of these 

elements can significantly affect CD8+ T cell immunodominance hierarchies.  
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3.3 Materials and Methods 

3.3.1 Mice, viruses, and cells  

C57BL/6 (H-2
b
) mice were purchased from Charles River (QC, Canada). Mice 

were used between 6 to 8 weeks and experiments were carried out in accordance with 

UACC regulations. LCMV-WE was originally obtained from F. Lehmann-Grube 

(Germany) and propagated on L929 cells. For in vivo virus titration, spleens were 

isolated on day 5, 8, 15, and 30 post infection (p.i), and homogenized in 1ml DMEM, and 

supernatants was titrated onto MC57 monolayers by an immunofocus assay as previously 

described (8). As antigen presenting cells, BMA cell lines (a gift from Dr. K. Rock) were 

used (9) and were grown in 5% FCS RPMI media (Invitrogen, ON, Canada). For 

infections, mice were injected via the i.v., i.p., or s.c. route with either 500 PFU or 5X 10
4 

PFU of virus and CD8+ T cells were analyzed 8, 12, 15, and 30 days p.i.  

3.3.2 Intracellular Cytokine Staining (ICS) 

For measuring IFN- production by CD8+ T cells, ICS was performed in peptide 

restimulation assays (10, 11). Splenocytes (2x10
6 

/well) were incubated with APCs 

(BMA cells) at a ratio of 1:10 (APCs: responders) in the presence of brefeldin A (10 

g/ml). The APCs were loaded with one of the following synthetic peptides GP33-41 

(KAVYNFATC), GP276-286 (SGVENPGGYCL), NP205-212 (YTVKYPNL), and 

NP396-404 (FQPQNGQFI) or an irrelevant peptide control. The peptides (purity >90%) 

were synthesized at CPC Scientific (San Jose, CA).  T lymphocytes were stained with a 

TRI-COLOR conjugated, rat anti-mouse CD8 clone 5H1 (Cedarlane Hornby, ON) at 
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4C, then fixed with 1% paraformaldehyde, before adding FITC-conjugated anti-IFN- 

antibody (0.1% saponin) clone XMG1.2 (Cedarlane) overnight at 4C.  Data were 

acquired with FCM (Epics XL-MCL) and analyzed with a live gate on the CD8+ cells 

using the Expo 32 Software package (Beckman Coulter, Miami, FL). 

In order to calculate the number of peptide-specific CD8+ T cells in the spleen, we 

counted total splenocytes, and then we made use of the percentages of cells that were 

double positive for both IFN-γ and CD8 after live gating in the FSC and SSC panels to 

calculate the number of epitope-specific CD8+ T cells. In addition, we also enumerated 

the absolute number of CD8+ T cells in the spleen by counting total splenocytes and then 

extrapolating to CD8positive cells after live gating.   

3.3.3 Tetramer Staining 

Splenocytes (5X10
5
/well) were stained using 0.5-1 µg of PE-labeled tetramers for 

10 min at 37
o
C. NP396, NP205 and GP276 tetramers were obtained from NIH tetramer 

facility and GP33 was prepared as previously described (12). Splenocytes were then 

stained with a TRI-COLOR conjugated, rat anti-mouse CD8 at 4°C for 30 min. Cells 

were washed twice and data was acquired using FCM as described above.  

3.3.4 Statistical analyses 

Statistics were performed using the paired, two-tailed t tests and differences in 

results between treatment conditions were deemed significant when p < 0.05.  
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3.4 Results 

We have initiated our studies by quantifying the virus replication and T cell 

numbers in the spleen. We proceeded to characterize the infection profile during multiple 

time points (5, 8, 12, 15 and 30 days) just before the peak of T cell responses and right 

through memory establishment. When mice were infected with low doses of virus 

through the i.v. route, the viral load detected in the spleen at day 5 p.i. reached 1.5x10
7
 

similar to previously published data with comparable conditions (3). Injections with the 

same virus doses via i.p. did not significantly change the detected viral load while s.c. 

infections resulted in significantly lower yields (Figure 3-1a, low dose, 2
nd

  column), 

indicating that virus replication kinetics detected in the spleen was affected by the route 

of infection even though LCMV replicates systemically in its host (Figure 3-1a, low dose, 

4
th

 column). Interestingly, increasing the infectious dose by two logs (5x10
4
 pfu) 

increased the virus detected in the spleen for the i.p. and s.c injection routes with i.p. 

showing the highest titer out of all 3 sites, demonstrating that LCMV replication can be 

affected significantly by increasing the infectious doses in those two sites (Figure 3-1a, 

3
rd

 column).  

Thus, considering the two viral loads, it appears that even though (5x10
4
 pfu) is 

not an excessively overwhelming virus load, it could prove more problematic for CTL-

dependent clearance. In fact when we analyzed viral titers at day 8, we found a general 

decreased efficiency in virus clearance at high virus doses compared to low doses (Figure 

3-1a, 5
th

 and 6
th

 columns).  Furthermore, with high virus doses both the i.p. and s.c  
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Figure 3-1: Comparison of viral doses and different infectious routes in the spleen 

 (A) Virus titers were determined in spleens 5, 8, 12, 15 and 30 days p.i. from mice 

infected via i.v., i.p. or s.c. with either 500 PFU or 5 X104 PFU of virus. The data shown 

are the average from 3 mice ±SD and represent one of two independent experiments. 

Statistical analysis comparing either low vs. high titers or day 5 vs. day 8 are depicted in 

the corresponding columns where significance is considered when (p < 0.05). We could 

not detect virus in the spleen with either infectious dose beyond day 8 (data not shown).  

(B) Spleens were collected 8, 12, 15 or 30 days p.i. with 500 PFU (low) and the total 

number of CD8+ T cells was calculated with surface staining and a live gate using flow 

cytometry as described in the material and methods. In (C) mice were infected with 5 

X104 PFU (high) before estimating T cell numbers as in (B). In the legend, black bars 

represent naïve, uninfected mice as controls. One of four independent experiments is 

represented and error bars are the average ±SD of three mice in each condition. 
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injection routes showed the higher titers compared to i.v. (Figure 3-1a, high dose, 7
th

 

columns), with i.p. showing the highest titer out of all 3 sites. However, we could not 

detect any viral titers at later time points (day 12, 15, 30) even with the higher doses of 

infection (data not shown).  

Next we determined the total number of CD8+ T cells between days 8-30 after 

LCMV infection by FCM. In both conditions (low and high infectious doses), the 

numbers increased compared to controls at day 8 and day 12 after infection decrease by 

day 15 reaching very low numbers by day 30 indicating successful virus clearance and 

maintenance of regular memory  (Fig. 3-1b & 3-1c).   

In this study we examined four epitopes (NP396, NP205, GP33, and GP276) to 

test for immunodominance with tetramer staining as well as ICS using parallel samples 

from the same set of mice for functional CD8+ T cell assays after LCMV infections ex 

vivo. Figure 3-2a shows immunodominance profiles detected with the tetramer staining at 

day 8 or 12 with low viral loads. In these experiments we obtained a profile that resulted 

in the immunodominance of GP33 and NP396 while GP276 and NP205 were 

subdominant. This hierarchy was found to be identical regardless of anatomical site of 

virus injection with only subtle changes to the hierarchy between day 8 and 12. 

Confirmation of these data using functional analysis of the T cells by ICS ex vivo at both 

days supported our findings that the T cell immunodominance profiles tested in the 

spleen were very similar at low viral doses between the different sites of infection (Figure 

3-2b, (i) and their respective plots in b (ii) & (iii)). Importantly, the T cell 

immunodominance hierarchy at different anatomical sites with low doses of virus 
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Figure 3-2: Immunodominance profiles of LCMV-specific CD8+ T cell responses after 

infections at different anatomical sites with low and high viral doses.  

 

Mice were infected either i.v., i.p. or s.c. with either 500 virus PFU (A-B) or 5 X10
4 

virus 

PFU (C-D) before quantifying T cell responses at day 8 and day 12. LCMV-specific 

CD8+ T cell responses were estimated with tetramer staining for the NP396, NP205, 

GP33 or GP276 epitopes (A&C). For ICS (B&D) we measured IFN-γ production after in 

vitro restimulation with the same peptides using BMA cells as peptide-pulsed antigen 

presenting cells. In (B&D), (i) dot plots representative of immunodominance profiles in 

one mouse and (ii)/ (iii) summarizes the data of three independent experiments where 3 

mice were tested in each trial. Immunodominance profiles were also examined day 15 

and day 30 with ICS (E). The data is a representative experiment out of three independent 

ones where 3 mice were tested per condition in each trial. For tetramer staining, C 

represents infected spleens with CD8+ labeling in order to adjust for the compensation. 

Naïve splenocytes stained with all the tetramers used in our study showed similar 

negative background (data not shown). The controls from ICS data represent splenocytes 

from infected mice restimulated with BMA pulsed with irrelevant peptide. 
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injection remained consistent at day 15 and day 30 (Figure 3-2e).  It is well recognized 

that around day 30 is when the memory profile of CD8+ T cells gets established. 

Yet, when we employed the higher viral doses, the immunodominance profiles 

were extensively altered between the different sites (Figure 3-2c, d). At day 8, we 

observed that the order was GP33>NP396≥GP276>NP205 after i.p. or s.c injections and 

GP33≥NP396>NP205>GP276 for i.v. injections. By day 12, the hierarchy was different 

with GP33 being immunodominant i.v. and s.c. while in the i.p. condition, GP276 

assumed the α position with NP396 becoming subdominant (Figure 3-2d, (i) and their 

respective plots in d (ii) & (iii)). Moreover, further analysis of immunodominance 

profiles at day 15 or day 30 (figure 3-2e high) showed the maintenance of the hierarchy 

observed at day 12.  

To confirm these data we also estimate the epitope-specific T cells numbers from 

the ICS data by calculating the percentages and translating back to the total number of 

splenocytes obtained as described in Materials and Methods. We performed these 

analyses to control for the variations in the number of splenocytes obtained in the spleen 

after infections at different sites. The data shown in figure 3-3 (A-D) confirmed the above 

results obtained in figure 3-2 measuring the percentage of activated CD8. It was clear that 

even though the number of epitope-specific T cells in the spleen varied with the infection 

site, the immunodominance was very similar with low but not high viral doses.  

Taken together, our analysis showed that the site of virus infection affects 

immunodominance hierarchies when high virus doses are employed. Thus, besides the 

different mode of viral replication of the virus being studied, it is also important to take  
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Figure 3-3: Enumeration of LCMV-specific CD8+ T cell responses.  

Mice were infected at different anatomical sites with low and high virus doses as before 

and T cell numbers specific for the NP396, NP205, GP33 or GP276 epitopes were 

estimated from both the ICS data and the total number of T cells measured as described 

in the Materials and Methods at 8 or 12 days p.i. (A-D). The data are representative of 

one out of three experiments where the data is the average ±SD of 3 mice in each 

condition. 
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into consideration the site of infection, the infectious dose and the time point after 

infection when examining CD8+ T cell hierarchies. 
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3.5 Discussion 

Although many factors such as antigen cross-presentation (10, 13, 14) can 

regulate CD8+ T cell immunodominance (1, 3-7, 15-18), the effect of site of infection on 

this process has yet to be specifically addressed as was highlighted in the recent 

comprehensive review discussing this topic (1). Recently, Sette’s group have clearly 

shown that although MHC binding affinity is important in immunodominance, another 

major accountable element was established to be the naive T cell repertoire (6). 

Accordingly, one would predict that with all things being equal, virus infection at 

different sites with the same inoculum should elicit a similar immunodominance profile 

in a lymphoid organ such as the spleen.  

To examine this issue, we made use of the well-defined LCMV infection model 

because LCMV infects most cells in the host and spreads quite efficiently throughout the 

body before its clearance by CD8+ T cells. We have tested four epitopes in our 

experiments, two immunodominant - GP33, NP396 and the two subdominant NP205 and 

GP276 epitopes (4, 19). We tested the immunodominance profiles of endogenously 

activated T cells with functional assays as well tetramer analysis. 

The results described here show that CD8+ T cell immunodominance induced by 

infection at different sites do not differ when low virus doses are used even when 

examined at different days p.i. On the contrary there was evidence for shifts of the 

hierarchy at higher virus doses that were more apparent when examining the response 12-

30 days post infection. The different T cell profiles obtained between day 8 and 30 (i.p.), 

may be associated with the higher viral titers observed and probably reflects differences 
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in the migration/activation kinetics of the T cells. One would predict that this might relate 

to how much virus is still being cleared in the periphery, which appears to vary in the 

spleen depending on the initial site of virus infections. Thus, even though the naïve T cell 

repertoire can determine immunodominance, its influence on the hierarchy can be 

modified by the site of virus entry. 

There are several potential reasons for these observations. It is possible that the 

site of infection affects competition between T cell clones for pAPCs. This competition 

would possibly be more critical at the lower antigen doses (15). Thus, at higher viral 

doses, T cells may not strongly compete, which would allow subdominant clones (e.g. 

GP276) to expand further and reach more immunodominant positions. In addition, cross-

priming or cross-presentation at different anatomical locations could affect the magnitude 

of responding CD8+ T cells as was previously suggested (10, 13, 14). 

Although the differences in immunodominance were unambiguous when we 

compared day 8 and day 12 p.i. with high viral doses, the tetramer analyses were not 

always in total agreement with ICS. This is due to the fact that tetramer binding does not 

provide information on the functionality of the effector cells and thereby might 

overestimate the frequency of functionally active T cells in certain settings. In addition, 

the ICS assays detect the GP33 binding of both MHC alleles whereas tetramer staining 

detects binding to H-2D
b
 only (20). For these reasons we decided to consider the ICS data 

as the main platform for our analysis. Accordingly, it is essential not to rely only on 

tetramer analysis when studying immunodominance.  
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In conclusion, while the link between naïve precursor frequency and the 

magnitude of the CD8+ response is important, our data indicate that the location of initial 

virus replication can represent a potential additional determinant of immunodominance 

especially with high inoculums. Taken together, the findings reported here provide an 

important concept to be considered when applying immunotherapy with live vaccine 

vectors intended for enhancing CD8+ T cell immunity to viral infections. 
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Chapter 4 

Dual Toll-like receptor activation interferes with cross-presentation of 

cell-associated antigens influencing antiviral CD8+ T cell 

immunodominance 

4.1 Abstract 

 Currently, we have limited understanding of how TLR engagement by microbial 

products influences the immune response during a concurrent virus infection. In this 

study, we established that dual TLR2+3 stimulation alters immunodominance hierarchies 

of LCMV epitopes by suppressing NP396-specific CD8+ T cell responses and shifting a 

subdominant epitope, GP276, into a dominant position. The shift in immunodominance 

occurred due to a reduction in antigen uptake and cross-presentation and was dependent 

on TLR stimulation occurring at the site of infection. Finally, as LPS failed to induce the 

same phenomenon, the data suggest these findings are not only dependent on dual 

engagement of the TRIF/MyD88 pathways, but also on how TLR agonists activate 

antigen presenting cells. Taken together, our data demonstrate a novel role for TLR 

ligands in regulating anti-viral CD8+ T cell responses due to regulation of cross-

presentation of cell-associated antigens. 
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4.2  Introduction 

 CD8+ T cells are important in clearing viral infections (1, 2). Despite the 

molecular structural complexity of most viruses, CD8+ T cells respond to a small subset 

of viral epitopes through a process termed immunodominance (3). This mechanism 

allows different viral epitopes that activate CD8+ T cells to various degrees to be 

organized into a hierarchy. Within this hierarchy, immunodominant epitopes will induce 

the expansion of a greater number of CD8+ T cells compared to subdominant ones (3). 

Immunodominance is influenced by complex factors, which include viral load, site of 

infection and the kinetics of viral protein expression (4-6). In addition to this, T-cell 

related factors, which include TCR avidity and naïve CD8+ T cell precursor frequencies, 

are also important considerations (7-9).  

 MHC-I antigen presentation is another key event that contributes to 

immunodominance, where peptide affinity to MHC-I molecules and the stability of 

peptide-MHC complexes are two major factors (3). Presentation of MHC I antigens 

occurs via two pathways, direct presentation and cross-presentation. Direct presentation 

is the process by which infected APCs present peptides derived from proteins present in 

their own cytosol (1, 10). Whereas, cross-presentation occurs when pAPCs present 

peptides derived from exogenous antigens obtained from other infected cells (1, 10). 

Previous reports have suggested that epitopes need to be cross-presented in order to 

achieve a high position in the immunodominance hierarchy (11-14).   

During infections, pAPCs employ various receptors to sense pathogen-associated 

molecular patterns; e.g. TLRs (15). The interaction of TLRs with their ligands affects the 
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maturation and activation of APCs (16). Due to TLR activation, APCs express high 

levels of costimulatory molecules, and secrete several cytokines depending on the TLR-L 

(17, 18). Previous reports that examined OVA antigens showed that TLR3-L engagement 

promotes cross-presentation (19, 20). However, other reports have shown that APC 

activated by exposure to TLR3-L do not cross-present subsequently encountered antigens 

(21, 22). Furthermore, if activation of APCs persists in vivo, then cross-priming is 

impaired and virus-specific CTL activities are hindered (22). This situation may be 

particularly relevant during secondary infections, due to the presence of multiple TLR-L. 

Moreover, our group and others have demonstrated that combined TLR activation can 

induce immune cell activation different to that induced by a single TLR-L (18, 23-25). 

Despite the numerous reports examining TLR-L influence on immunity, their effects on 

immunodominance during virus infection has not been previously examined.  

 In this study, we report that co-administrating TLR2-L and TLR3-L during 

LCMV infection significantly alters the CD8+ T cell immunodominance hierarchy by 

down-regulating NP396-specific CD8+ T cell responses, which allowed the subdominant 

epitope, GP276 to achieve a more dominant position. The mechanism accounting for this 

was associated with downregulated cross-presentation and cross-priming of the NP396 

immunodominant epitope. Therefore, our data provides new insight on how TLR 

engagement can alter the primary immune response during virus infection. 
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4.3 Materials and Methods 

4.3.1 Mice, cells, reagents 

The following TLR-L were purchased from Cedarlane (Hornby, ON): pIC 

(TLR3-L) and pam3csk4 (TLR2-L). C57BL/6 (H-2
b
) mice (6-8 weeks) were purchased 

from JAX Labs (Bar Harbor, Maine). Animal experiments were carried out in accordance 

with the guidelines of the Canadian Council of Animal Care. LCMV-WE was originally 

obtained from F. Lehmann-Grube (Hamburg, Germany) propagated and titrated as 

previously described (12). For in vivo virus titration, spleens were isolated on day 5 and 7 

post infection (p.i), and homogenized in 1ml DMEM, and supernatants was titrated onto 

MC57 monolayers by an immunofocus assay as previously described (6).  

As antigen presenting cells, BMA, (a gift from Dr. K. Rock University of 

Massachusetts Medical School, Worcester, MA) or BM-DC (18) were used. BM-DC 

preparations were described previously and cells were used day 7 post culturing. 

HEK293 or HEK-NP were used as antigen-donor cells as previously described (14, 26).  

All media was purchased from Invitrogen (Ontario, Canada).  

NP396-specific CTLs were generated as previously described (26, 27). Briefly, 

mice were injected with 200 PFU LCMV-WE i.v. Four weeks post-injection, spleens 

were harvested and lymphocytes were purified by ficoll-gradient centrifugation using 

lymphocyte separation media (Fisher Scientific, Whitby, ON). Purified splenocytes were 

then re-stimulated with peptide-pulsed (10
-7

 M), γ-irradiated (4500 rads) APCs at the 
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ratio of 10:1 in the presence of 20 U/ml IL-2. On day 6, the cells were ficolled again and 

resuspended in CTL medium for 2 days before testing in functional assays. 

4.3.2 Intracellular cytokine staining (ICS) 

 For ex vivo analysis of T cell activation, IFN- production by CD8+ T cells was 

performed in peptide restimulation assays (6). Splenocytes were incubated with APCs 

(BMA cells) at a ratio of 1:10 (APCs: responders) in the presence of brefeldin A (10 

µg/ml). The APCs were loaded with one of the following synthetic peptides NP396-404 

(FQPQNGQFI), NP205-212 (YTVKYPNL), GP33-41 (KAVYNFATC) and GP276-286 

(SGVENPGGYCL) or an irrelevant peptide control (SIINFEKL). The peptides (purity 

>90%) were synthesized at CPC Scientific (San Jose, CA).  T lymphocytes were stained 

with a PE-Cy5 conjugated, rat anti-mouse CD8α clone 53-6.7 (Cedarlane) at 4C, then 

fixed with 1% paraformaldehyde, before adding FITC-conjugated anti-IFN- antibody 

(0.1% saponin) clone XMG1.2 (Cedarlane) overnight at 4C. Data were acquired with 

FCM (Epics XL-MCL) and analyzed with a live gate on the CD8+ cells using the Expo 

32 Software package (Beckman Coulter, Miami, FL). 

4.3.3 Tetramer Staining 

Splenocytes (5x10
5
/well) were stained using 0.5-1 µg of fluorochrome-labeled 

tetramers for 10 min at 37
o
C. NP396, NP205 and GP276 tetramers were obtained from 

NIH tetramer facility and GP33 was prepared as previously described (28). Splenocytes 

were then stained with a PE-Cy5 conjugated, rat anti-mouse CD8α clone 53-6.7 
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(Cedarlane) at 4°C for 30 min. Cells were washed twice and data was acquired using 

FCM as described above. 

4.3.4 Antigen presentation assays employing peptide-specific CD8+ T cells 

 For measuring antigen presentation ex vivo, mice were injected s.c. with 500 PFU 

LCMV-WE along with pIC and pam3cysk4 individually or in combination. 24 h post-

injection, splenocytes were isolated after lysing red blood cells using 1.66% w/v 

ammonium chloride. Splenocytes were placed in plastic petri dishes for 2 h to allow for 

pAPC adherence. pAPC were harvested using a cell scraper and incubated with CTL 

lines (1:1 APC: responders). Direct antigen presentation was measured using ICS.  

 For cross-presentation assays, LYUV-treated HEK cells were used as antigen-

donor cells and were prepared as previously described (14). Briefly, HEK293 cells were 

infected with LCMV-WE at a multiplicity of infection (moi) of 1. After 24 h, cells were 

induced to undergo death by LYUV treatment whereby cells were subjected to one round 

of freeze/thaw (liquid N2) followed by UVB radiation at a intensity of 200,000 μJ/cm
2 

for 

1 h to inactivate LCMV using a CL-1000M UV cross-linker (Ultra-Violet Products Ltd., 

Cambridge, UK). Here, LYUV-treated HEK cells (5x10
5 

cells/well) were incubated with 

TLR-L-treated DC 2.4 (10
5
 cells/well) for 18 h. After washing twice to remove ADC, 

cross-presentation was measured using peptide-specific CTL lines. To test for cross-

priming, mice were injected with LYUV HEK cells (7 x 10
6
) and TLR-L. After 7 days, 

epitope-specific CTLs were quantified by performing ICS as previously described (14, 

26). 
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4.3.5 Phagocytosis assays 

 Mice were injected i.v. with 4x10
6 

PKH2-labeled LYUV-treated HEK cells with 

or without TLR-L. After 4 h, splenocytes were isolated and APC were obtained by 

adherence to plastic petri dishes for 1 h. APC were stained with anti-mouse CD11c-PE or 

CD11b-PE-Cy5 for 15 min and uptake was measured using FCM. We gated on cells that 

were double positive for CD11c or CD11b and PKH2 indicated % phagocytosis. Antigen 

uptake by untreated mice was assigned an arbitrary value of 100 and changes in uptake 

by TLR-L treated mice were plotted relative to this value. 

4.3.6 In vivo CTL assays 

 The in vivo killing assay was performed as previously described (12) with some 

modifications. Briefly, mice were injected with virus and TLR-L individually or in 

combination as in the immunodominance experiments. 5 day post-injection, mice were 

injected with 1x10
7 

control 0.5 μM CFSE-labelled splenocytes and NP396-pulsed 1x10
7 

2.5 μM CFSE-labelled splenocytes. After 16 h, spleens were harvested and analysed by 

flow cytometry for specific killing of NP396-labelled target cells. Percent of killing was 

assessed as follows: Specific killing = 100-([(%peptide-pulsed / % unpulsed in infected 

mice) / (%peptide-pulsed / % unpulsed in naïve mice)] x 100).  

4.3.7 Statistical analyses 

Statistics were performed using the paired, two-tailed t tests and differences in results 

between specified conditions were deemed significant when p < 0.05. 
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4.4 Results 

4.4.1 Presence of TLR2-L+TLR3-L alters LCMV-specific CD8+ T cell 

immunodominance hierarchies during infections. 

In an immunization protocol, combined TLR-L administration with an antigenic 

peptide was reported to enhance immune responses by inducing clonal expansion of 

peptide-specific CD8+ T cells (24, 25). To further explore this phenomenon from a 

different perspective, we questioned if multiple TLR engagement during infection could 

influence CD8+ T cell immunodominance hierarchies.  

In order to address this question, mice were injected s.c. with 500 pfu LCMV-WE 

along with 100 μg pIC or 20 μg pam3cysk4 or with both TLR-L. Spleens were harvested 

8 or 12 days p.i. and epitope-specific CD8+ T cells were enumerated with MHC I 

tetramers to various LCMV epitopes - NP396, NP205, GP33, GP276 (Figure 4-1a,c) and 

their functions assessed via ICS assays (Figure 4-1b,d). As expected, when compared to 

naïve mice, LCMV-specific CD8+ T cells exhibited the same immunodominance 

hierarchy in the spleen both 8 and 12 days p.i. whereby, GP33 and NP396 assumed the 

immunodominant position while GP276 and NP205 were subdominant (Figure 4-1a-b) 

(6). Some differences do exist between the tetramer analysis and ICS assay especially 

with GP33 that binds both H-2D
b
 and H-2K

b
 MHC (6, 29).   

When we injected mice with TLR3-L together with virus, we observed a similar 

immunodominance profile to mice injected with virus alone albeit with a lower 

percentage of epitope-specific CD8+ T cells. With TLR2-L, we observed a slight shift in 
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the hierarchy between the immunodominant epitopes whereby GP33 assumed the 

immunodominant position followed by NP396 in the β position. However, when we 

injected mice with TLR3-L and TLR2-L in combination, we observed a statistically 

significant reduction in the percentage of NP396-specific CD8+ T cells, thereby radically 

changing the immunodominance hierarchy. Here, we observed that GP33 assumes the α 

position, GP276 the β position and NP396=NP205 assumed the subdominant positions 

(Figure 4-1b). Moreover, the altered hierarchy of these epitopes, due to TLR3-L and 

TLR2-L, was even more pronounced at day 12 indicating that this phenomenon was not 

restricted to a single time point of analysis (Figure 4-1d). 

Since administering TLR-L s.c. induces an accumulation of dendritic cells and 

enhanced CD8+ T cells in regional lymph nodes (30), we tested the immunodominance 

hierarchy in the draining inguinal lymph nodes. The data depicted in Figure 4-2a-b 

demonstrate that coadministration of TLR3-L and TLR2-L reduced NP396-specific 

CD8+ T cells in inguinal lymph nodes, but differences in the immunodominance were 

only observed at day 12 (Figure 4-2b). Taken together, the data demonstrate that 

administration of combined TLR3+2L alters immunodominance hierarchies of LCMV 

epitopes by downregulating the generation of NP396-specific CD8+ T cells. Although 

NP396-specific CD8+ T cells were reduced due to the combined TLR-L treatment, we 

could not detect a reduction in the number of total CD8+ T cells compared to the virus 

alone condition (data not shown).   
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Figure 4-1: Immunodominance hierarchies of LCMV-specific CD8+ T cells are altered by 

TLR2+3 -L administration.  

Mice were injected with 500 PFU LCMV s.c. with pIC (100 μg) and pam3cysk4 (20 μg) 

individually or in combination before quantifying T cell responses in the spleen at day 8 

(A-B) and day 12 (C-D). LCMV-specific CD8+ T cell responses were estimated with 

tetramer staining for the NP396, NP205, GP33 or GP276 epitopes (A&C). For ICS 

(B&D), we measured IFN-γ production after in vitro restimulation. In (A-D), (i) dot plots 

representative of immunodominance profiles, and (ii) representative data of one 

experiment out of three independent trials ±SD from triplicate animals in each condition. 

For tetramer staining, controls (C) represent infected spleens with CD8+ labeling in order 

to adjust for the compensation. Naïve splenocytes stained with same tetramers showed 

similar background. In ICS (C) represent splenocytes from infected mice restimulated 

with BMA pulsed with irrelevant peptide. For statistical analyses, columns were depicted 

by (*) when (p<0.05) by comparing TLR-L with virus (v) alone. For immunodominance 

analyses, the change in the profile was depicted by (#) when comparing TLR-L-treated 

with untreated mice. 
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Figure 4-2: Analysis of Immunodominance hierarchies of LCMV-specific CD8+ T 

cells in draining lymph nodes.  

Mice were injected with 500 PFU LCMV s.c. as before ± pIC and pam3cysk4 

individually or in combination. Inguinal lymph nodes were collected and assessed for 

epitope-specific CD8+ T cell responses at day 8 (A) and day 12 (B). Epitope-specific T 

cell responses were quantified by ICS, measuring IFN-γ production. The data is a 

representative experiment out of three independent ones ±SD from triplicate animals in 

each condition. For statistical analyses, columns were depicted by (*) when (p<0.05) by 

comparing TLR-L with virus (v) alone. For analyses, the change in the 

immunodominance profile was depicted by (#) when comparing TLR-L-treated with 

untreated mice. 
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4.4.2 Analyses of APC activation and LCMV-NP396 antigen presentation. 

To determine whether the activation state of pAPC was affecting antigen 

presentation in our model, we injected mice as before and isolated APC from spleens 24 

h p.i. and found increased CD86 expression when mice were injected with LCMV alone 

compared to naïve mice indicating that virus infection enhanced costimulatory molecule 

expression (Figure 4-3a). Moreover, administration of TLR3-L, TLR2-L or TLR2-

L+TLR3-L along with virus further increased CD86 expression compared to virus alone 

(Figure 4-3a). However, we did not observe an additive increase when both TLR-L were 

injected in combination. Therefore, introducing TLR-L and virus through the s.c route 

affects splenic APC, within 24 h, by increasing CD86 expression, indicative of a more 

activated pAPC phenotype. 

 Next, we asked if TLR-L administration influences presentation of NP396 as it 

appeared to be the epitope most affected by TLR engagement. Here, we injected mice as 

described above and antigen presentation by splenic APCs was assessed 24 h p.i. using 

NP396-specific CTLs (Figure 4-3b). The results show that TLR2 engagement 

significantly enhanced presentation of NP396 epitopes compared to virus alone. 

However, TLR3-L abrogated this enhanced NP396 presentation when TLR3-L and 

TLR2-L were administered together. Accordingly, TLR3-L and TLR2-L administration 

did not significantly alter the presentation of the NP396 epitope when compared to virus 

infection alone even though APC activation was higher in the latter. 
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Figure 4-3: Assessment of APC activation and LCMV-NP396 antigen presentation.  

Mice were injected with 500 PFU LCMV s.c. ± pIC and pam3cysk4 as before. After 24 

h, splenic APC were isolated by adherence for 1 h and assayed for CD86 surface 

molecule expression (A) and antigen presentation (B). Graph (A) shows mean 

fluorescence values from three independent experiments. Antigen presentation was 

assessed using NP396 specific-CTLs in an IFN-γ functional assay (B). The data shown is 

one representative experiment of three and error bars are average ±SD for from triplicate 

animals in each condition. For statistical analyses, columns were depicted by (*) when 

(p<0.05) by comparing TLR-L with virus (v) alone. 
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4.4.3 Simultaneous TLR2 and TLR3 activation inhibits cross-presentation of 

LCMV-NP396 epitopes and impairs cross-priming in vivo. 

 A potential explanation for the shift in immunodominance maybe due to altered 

cross-presentation of the NP396 epitope, since immunodominant epitopes appear to 

access the cross-presentation pathway (11-14). Here, we treated BMDC with 50 μg/ml 

pIC or 1 μg/ml pam3cysk4 individually or in combination for 12 and 24 h. On removal of 

TLR-L, HEK-NP cells were added to BMDC at a 5:1 (ADC:APC) ratio, following 

another 24 h incubation, cross-presentation of NP396 epitopes was measured using 

NP396-specific CTLs (27). We observed that pre-treating DCs with TLR3-L resulted in a 

statistically significant reduction of NP396 cross-presentation, whereas cross-presentation 

was increased by TLR2-L. Interestingly, when DC were treated with combined TLR2-L 

and TLR3-L, we observed a similar downregulation in cross-presentation as that 

observed when TLR3-L alone was used, thereby overriding the effects of TLR2-L 

(Figure 4-4a-b).  

 Having observed the inhibitory effects of TLR2-L+TLR3-L on cross-presentation, 

we wanted to confirm if this also occurred in vivo. This was important to investigate as 

there are many subsets of APC capable of cross-presentation in vivo (1) and these APC 

may differ in their TLR2 and TLR3 expression profile (31, 32). In order to study cross-

priming in vivo, mice were injected s.c. with 5x10
6 

HEK-NP (14, 26) along with 100 μg 

pIC or 20 μg pam3cysk4 individually or in combination. After 7 days, we isolated 

splenocytes and cultured NP396-specific CD8+ T cells before testing them in a functional 

ICS assay (Figure 4.4ci represents raw data from one experiment and figure 4cii 

summarizes the data of three independent experiments). We observed that TLR3-L  
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Figure 4-4: Cross-presentation and cross-priming of NP396 epitopes is impaired by 

combined TLR2 and TLR3 activation.  

BMDC (10
5
 cell/well) were treated with pIC (50 μg/ml) and pam3cysk4 (1 μg/ml) 

individually or in combination for 12 h (A) or 24 h (B). HEK-NP were co-incubated with 

APC at a ratio of 5:1 (ADC:APC) to assess cross-presentation. As effector cells, NP396-

specific CTLs were added and monitored for activation by measuring IFN-γ production 

using FCM. The data is one representative experiment of three and error bars are average 

±SD for three tests. To assess cross-priming, mice were injected with 5x10
6 

HEK-NP 

cells s.c ± pIC and pam3cysk4 as before (C). After 7 days, splenocytes were isolated and 

NP396-specific T cells were cultured. As a control, mice were injected with HEK cells. 

Peptide-specific T cells were re-stimulated with the NP396 peptide and assessed for their 

capacity to produce IFN-γ. Dot plots (i) represent cross-priming in one mouse and in (ii) 

graphs summarize the data from three experiments where n=3 mice in each trial. 

Statistical analysis comparing TLR-L to untreated are designated by (*) or combined 

TLR-L vs. single TLR-L (designated by **), where significance is p>0.05. 
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reduced cross-priming of NP396. Furthermore, this reduction in NP396 cross-priming 

was more significant when mice were treated with TLR2+3-L. Therefore, administration 

of TLR2+3-L results in impaired NP396 cross-priming, which may have contributed to 

reduced expansion of NP396-specific CD8+ T cells. 

4.4.4 Administration of TLR2+3-L downregulates cell-associated antigen uptake by 

APC. 

 It has been previously reported that reduced phagocytosis as a result of TLR3 

activation can downregulate cross-presentation (22). Therefore, we addressed the 

question whether combined TLR2+3L influences antigen uptake by injecting mice i.v. 

with 4 x 10
6
 PKH2-labelled HEK cells along with 100 μg pIC or 20 μg pam3cysk4 

individually or in combination (Figure 4-5). After 6 h, APC were isolated from the 

spleen, stained with anti-CD11c or CD11b antibodies and uptake was measured using 

FCM. In Figure 4-5, antigen uptake by untreated mice was given an arbitrary value of 

100 and changes in uptake by TLR-L treated mice were plotted relative to this value. We 

observed that administration of TLR3-L alone resulted in a decrease in phagocytosis; 

while administering TLR2-L increased phagocytosis. Importantly, when mice were 

injected with TLR2+3L we observed a statistically significant decrease in phagocytosis 

of cell associated antigens, which may be contributing to the decreased NP396 cross-

presentation. 
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Figure 4-5: Combined TLR engagement downregulates phagocytic ability of APC.  

Mice were injected with pIC (100 μg) and pam3cysk4 (20 μg) individually or in 

combination along with 4 x 106 PKH2-labelled HEK cells for 4h. Splenic APC were 

isolated and stained with anti-CD11c or anti-CD11b and analyzed with FCM by gateing 

on APC that have taken up HEK cells. Graphs summarize the data +SD from three 

experiments where n=3 mice in each trial and represent relative percentage of 

phagocytosis by assigning arbitrary value 100 to untreated mice. For statistical analysis, 

columns were depicted by (*) when comparing TLR-L-treated vs. untreated cells when 

p>0.05. 
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4.4.5 Administration of dual TLR2+3-L in combination impairs anti-viral responses 

in vivo. 

 As cross-priming has been demonstrated to enhance anti-viral responses (12, 14, 

22), we postulated that if TLR2+3-L downregulates cross-priming, then in this case, one 

would expect a delay in virus clearance. To address this, we first measured virus 

clearance under these conditions. Mice were injected s.c. with 500 pfu LCMV-WE along 

with 100 μg pIC or 20 μg pam3cysk4 individually or in combination and then LCMV 

was titrated in the spleen 5 or 7 days p.i. (Figure 4-6a). At day 5, we did not observe any 

differences in LCMV titers when mice were injected with TLR-L in combination with 

virus compared to mice injected with virus alone, however, at day 7, we observed 

reduced virus clearance when mice were injected with TLR3-L. Interestingly, we 

observed enhanced virus clearance when mice were injected with TLR2-L alone. In 

contrast, administering TLR2+3-L during virus infection delayed virus clearance at day 

7. In general, we did not detect any virus when we titrated LCMV in the spleen at day 12 

(data not shown) in any of the four conditions.  

 Next, we asked whether administering TLR2-L and TLR3-L during virus 

infection affected the quality of CD8+ T cells by assaying their functions in vivo. We 

address this by measuring cytolytic ability of NP396-specific effector CD8+ T cells using 

an in vivo cytotoxicity assay. Mice were injected s.c. with 500 pfu LCMV-WE along with 

100 μg pIC and 20 μg pam3cysk4 in combination, and 6 days later, injected i.v. with 

CFSE-labeled NP396-specific target splenocytes from H-2
b
 mice. On harvesting spleens 

16 h later, we observed that coadministering TLR2+3-L resulted in reduced efficiency of 
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in vivo killing (49% vs. 95%) compared to mice that were injected with virus alone 

(Figure 4-6b-c). The reduced efficiency of in vivo killing in mice administered with 

TLR2+3-L was observed as early as 5 days p.i., however, by day 7, we could not detect 

differences in killing in vivo (data not shown). Taken together, these data demonstrate 

that administering TLR2+3-L impairs anti-viral immunity in vivo, which could be 

associated with the lower numbers of NP396-specific CD8+ T cells. The reduced number 

of NP396-specific CD8+ T cells and impaired anti-viral immunity probably contributes 

to the reduced virus clearance in mice that were administered TLR2+3-L (Figure 4-6a). 

4.4.6 Altered immunodominance hierarchy is TLR-L-specific and can occur if TLR-

L are present prior to viral infections. 

 To test whether the altered immunodominance hierarchy is contingent on TLR-L 

being in the same environment as the virus infection, mice were injected with TLR2+3L 

followed by LCMV infection 3 days later or were injected with TLR2+3L and LCMV 

simultaneously as above. When we analyzed immunodominance hierarchies of LCMV 

epitopes 8 days p.i., we observed a similar downregulation of NP396-specific CD8+ T 

cells and a shift in the immunodominance hierarchy when mice were injected with 

TLR2+3L prior to virus infection (Figure 4-7a). Furthermore, at day 7, we observed 

reduced virus clearance when mice were injected with TLR2+3L and LCMV (Figure 4-

7b). This occurred regardless of whether the TLR-L and virus were injected sequentially 

(TLR-L injected 3 days prior to infection) or simultaneously. Therefore, TLR-L can 

affect anti-viral immunity if they were present recently in the milieu.  
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Figure 4-6: Coadministration of TLRL during virus infection impairs anti-viral 

response in mice.  

Virus titers (A) were determined in spleens 5 or 7 days p.i. from mice infected with 500 

PFU LCMV and and pIC (100 μg) and pam3cysk4 (20 μg). The data shown are average 

±SD and represent one of three experiments. Statistical analysis comparing TLR-L-

treated vs. untreated mice are depicted in the corresponding columns where significance 

is considered when p>0.05. For in vivo cytotoxicity assays, mice were injected with 

TLRL and LCMV (B). 5 days later, target syngeneic splenocytes were used for the assay 

as described in materials and methods. Splenocytes were isolated 16 h later and analyzed 

for specific killing by comparing by comparing ratios of CFSE-labelled cells. In (B), (i) 

histograms are representative of in vivo killing, and (ii) representative data of three 

independent trials ±SD from triplicate animals in each condition. 
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TLR2 and TLR3 signal through different pathways whereby TLR2 engages the 

MyD88 adaptor and TLR3 signals through TRIF (15). So, we asked whether LPS, which 

uses both signalling pathways, would shift immunodominance in a similar manner as that 

observed with TLR2+3L administration. Here, mice were injected s.c. with 500 PFU 

LCMV and 10 μg LPS and 8 days p.i. immunodominance hierarchies were measured in 

the spleen using ICS. The immunodominance profile observed with TLR4-L 

administration was similar to that observed when mice were injected with virus alone 

whereby GP33=NP396 assume the immunodominant position and NP205 and GP276 are 

subdominant (Figure 4-7a). Therefore, the altered immunodominance hierarchies were 

specific to the TLR2-L and TLR3-L administered. 

 Next, we sought to determine whether administering TLR-L in a different site 

from LCMV would result in altered immunodominance. Here, mice were injected s.c. 

with 500 PFU LCMV in left flank and TLR2+3L in right flank. 8 days p.i., 

immunodominance hierarchies were measured in the spleen using ICS. We observed a 

slight downregulation in percentage of NP396-specific CD8+ T cells, however, this did 

not result in a shift in immunodominance hierarchies (Figure 4-7a). Therefore, TLR2+3L 

need to be in close association with the virus to alter immunodominance hierarchies.  
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Figure 4-7: Altered immunodominance is ligand-specific and time-independent.  

 

For immunodominance experiments (A), mice were injected with 500 PFU LCMV-WE 

and TLR2+3L, TLR4-L (10 μg) simultaneously or TLR2+3L 3 days prior to virus 

infection. For different flanks condition, mice were injected with virus in flank and 

TLR2+3L in another flank. 8 days p.i. LCMV-specific CD8+ T cell responses were 

estimated using ICS. The data are representative of n=3. For immunodominance analyses, 

the change in the profile was depicted by (*) when comparing TLR-L-treated vs. 

untreated mice. Virus titers (B) were determined in the spleen 7 days p.i. from mice 

infected with 500 PFU LCMV. Mice were injected s.c. with pIC (100 μg) and pam3cysk4 

(20 μg) 3 days prior to virus infection. The data shown are average ±SD (n=3) and 

represent one of three experiments. Statistical analysis comparing TLR-L-treated vs. 

untreated mice are depicted in the corresponding columns when p>0.05. 
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4.5 Discussion 

 Recently TLR11 was reported to regulate CD4+ T cell immunodominance 

hierarchy suggesting a novel mechanism by which TLR-L can influence adaptive 

immune responses (33). Moreover, combined TLR-L were better adjuvants where dual 

TLR2+3 stimulation in a peptide immunization model induced better protection against 

subsequent recombinant vaccinia virus infections that expressed the same peptide (24, 

25). Here, we questioned if the presence of TLR-L during viral infections, could 

influence CD8+ T responses. Specifically, we examined how combined TLR 

administration during virus infection, can alter CD8+ T immunodominance hierarchies 

specific for viral epitopes.  

We employed ligands that activate TLR2/1 or TLR3 and signal through the 

MyD88-dependent pathway and the TRIF-dependent pathway respectively (15). Based 

on several reports examining CD8+ T cell responses (24, 25, 34), one would expect an 

overall boost in T cell responses when more than a single TLR-L is present. Surprisingly, 

we observed that dual TLR2 and TLR3 stimulation alters immunodominance hierarchies 

of LCMV epitopes due to inhibition of NP396-specific CD8+ T cell responses. 

Furthermore, there was a shift of a subdominant epitope, GP276, into the β position in the 

immunodominance hierarchy of the epitopes examined. Thus there was a newly formed 

hierarchy where LCMV-GP33>GP276>NP396=NP205. Interestingly, the effect of dual 

TLR2 and TLR3 engagement on CD8+ T cell responses was limited to the NP396 

epitope as TLR2-L+TLR3-L did not reduce the overall CD8+ T cell numbers recovered 

from the spleen.  
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 A potential explanation for the reduced NP396-specific CD8+ T cells is that 

administering combined TLR2-L and TLR3-L results in over activation of pAPC, 

ultimately influencing the efficiency of cross-presentation. In this scenario, NP396-

specific CD8+ T cells priming and activation would be adversely affected because of 

reduced cross-presentation during the priming stages. This proposal is based on the 

findings that the activation of CD8+ T cells specific for immunodominant epitopes rely 

on efficient direct and cross-presentation of these epitopes (11-14). Therefore, altering 

pAPCs ability to cross-present antigens via TLR activation could influence CD8+ T cell 

immunodominance hierarchies. We addressed this hypothesis by evaluating the effects of 

TLR2 and TLR3 engagement on NP396 cross-presentation and cross-priming. We 

observed that TLR3 stimulation reduced cross-priming of cell-associated antigens. These 

findings are supported by previous reports suggesting that exposure to TLR3-L alone 

induces the maturation of DC which are in turn partially impaired in their capacity to 

cross-present antigens (21, 22). 

 In contrast to two recent findings (35, 36) where TLR2 stimulation either 

inhibited (35) or enhanced cross-presentation (36), we did not observe a significant 

influence of TLR2-L in our model in vivo. Several reasons can account for these 

differences; it could be because the results may be dependent on which pAPC population 

was studied. Harding’s group examined cross-presentation using BMDCs and Behrens’ 

group used splenic DC subsets. Different DC subsets differ in their TLR expression 

profile (31, 32), therefore pAPC may differ in their capacity to cross-present antigens in 

response to TLR stimulation. Secondly, TLR2 stimulation may differentially influence 
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the outcome of cross-presentation based on the type of ligand used. For instance, 

Harding’s group employed a TLR2/1-L (35), similar to our study in contrast to the 

TLR2/6-L used by Behrens’ group (36). In support of this hypothesis, different outcomes 

due to TLR2/1 vs. TLR2/6 activation has recently been reported (25), in addition to 

unpublished data from our lab that demonstrates that TLR2/1 and TLR2/6 differ in their 

downstream immune responses (data not shown). Another reason that accounts for the 

different observation would be linked to the possibility that TLR engagement may 

differentially influence cross-presentation based on the form of antigen employed as both 

the reports discussed above (35, 36) used soluble OVA as a source of antigens and our 

study employed cell-associated antigens. This latter suggestion is supported by recent 

reports which showed that soluble antigen cross-presentation is enhanced by pIC (19, 20, 

37), while studies employing cell-associated antigens observed a TLR3-induced 

reduction in cross-presentation (21, 22).  

We observed that cross-presentation and cross-priming of NP396 epitopes was 

further downregulated due to combined TLR2 and TLR3 stimulation. These results 

correlate with our immunodominance findings whereby we observed that NP396-specific 

CD8+ T cells were further reduced under these conditions leading to a shift in 

immunodominance hierarchy. The reduced NP396-specific CD8+ T cell response was 

accompanied by increased expansion of GP276-specific CD8+ T cells possibly 

explaining why we did not observe differences in the overall CD8+ T cell numbers. 

 As antigen uptake is needed for cross-presentation to occur (1), we investigated 

the influence of combined TLR2 and TLR3 stimulation on phagocytosis of antigens. We 
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observed that TLR3 engagement inhibited phagocytosis of antigens by DC, while TLR2 

stimulation had no effect. These observations are supported by earlier studies showing 

that TLR-L which signal through the TRIF-dependent pathway inhibit antigen uptake and 

those TLR-L that are limited to signalling through the MyD88-dependent pathway have 

no effect on antigen uptake (22, 38). Moreover, we observed that combined TLR2 and 

TLR3 stimulation showed further inhibition in antigen uptake. In addition to affecting 

antigen uptake, TLR-L may also be influencing cross-presentation by altering 

phagosomal pH through NOX2 activation (39, 40). Increased NOX2 activity could 

exacerbate antigen degradation, which in turn reduces antigen available from cross-

presentation (27, 41).  

 In our study we found that dual TLR2 and TLR3 stimulation had a deleterious 

effect, albeit small, on the cytolytic activities of NP396-specific CD8+ T cells at day 6 

p.i. probably because a fewer number of the cells that had expanded at this point. This 

may be related to the delay in virus clearance, since NP396-specific CD8+ T cells are 

important for virus clearance during LCMV infections (4). It is important to point out that 

if the NP396-specific CD8+ T cells reached a high enough number and although they 

reached a lower position in the hierarchy, efficient killing of targets was observed. This is 

probably due the high efficiency of NP396-specific CD8+ T cells to lyse NP396-labelled 

target cells, once they passed a certain threshold in their numbers.     

 Another interesting observation we made in this study revealed that even if the 

TLR-L were administered a few days prior to virus infections, immunodominance was 

affected. This indicates that if the environment where virus entry occurred was previously 
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in a state of activation due to presence of TLR-L, one could then expect a significant 

influence on antiviral responses, which is an important concern with people suffering co-

infections within a short-time span. Finally, we could not recapitulate our findings when 

activating MyD88 and TRIF-dependent signalling pathways with LPS, which suggests 

that the nature of the influence of TLR-L on additional immune parameters, such as 

cytokine production (18, 42), is critical in how these immunodominance hierarchies are 

regulated. 

  In summary, this study established that combined TLR2 and TLR3 engagement 

alters the immunodominance hierarchy of virus-specific T cells. We showed that the shift 

in immunodominance was due to reduced antigen uptake and cross-presentation of 

antigens. Our data are significant as they defined a new function for TLR signalling in 

regulating the presentation of viral epitopes and how they affect CD8+ T cell 

immunodominance.  
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Chapter 5 

Innate immune activation by concomitant TLR2 and TLR4 engagement 

differs between bone marrow-derived and spleen-derived macrophages   

 

 

5.1 Abstract 

Type I IFN and their signalling pathways have been well characterized in virus 

infections, but we have limited knowledge of how their induction is regulated by TLRs 

that recognize bacterial PAMPs. In this study, we examined the effects of TLR2 and 

TLR4 engagement in two mouse macrophage populations that were derived from the 

bone marrow (BMMФ) or the spleen (Sp-MФ). Our results demonstrate that TLR4 

engagement induced rapid induction of IFN-α, while TLR2 engagement did not. 

Moreover, we observed that combined TLR2 and TLR4 ligation resulted in altered IFN-α 

induction by BMMФ but not Sp-MФ. The altered IFN-α induction was associated with 

SOCS3 expression and may have been the result of the differential TLR protein 

expression by the two MФ populations. Taken together, the data demonstrate that certain 

combinations of TLR engagement in different macrophage populations will not always 

produce the same outcome. Thus, it is important to take the above observation into 

account when designing vaccine adjuvants that can engage multiple TLR. 
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5.2 Introduction 

 Type I IFNs are involved in mediating innate host defence against virus infections 

(1). They play a key role in limiting virus replication and reducing virus spread to 

uninfected cells by establishing an innate anti-viral state. Type I IFNs are important for 

recruiting other effector cells such as NK cells to help control virus infections (2). They 

exert their effects through binding to IFNAR and activate JAK kinases and STAT 

transcription factors. This, in turn, will stimulate transcription of genes such as double-

stranded RNA-activated protein kinase (PKR) that mediate apoptosis of virus-infected 

cells (2). Type I IFNs form essential early links between the innate and adaptive immune 

system, which eventually lead to enhanced antigen presentation and CD8+ T cell priming 

(3). 

 Type I IFN are produced in response to toll-like receptor (TLR) activation (2). 

The major two adaptor molecules that regulate TLR signalling include myeloid 

differentiation factor-88 (MyD88) and Toll/IL-1 receptor-domain-containing adaptor 

inducing IFN-β (TRIF) (4). TLR engagement by pathogens can significantly influence 

DC maturation, and T cell activation (5, 6). However, pathogens are complex structures 

and thus may activate several TLRs (7). Cooperative or antagonistic signals from these 

receptors may modify the innate and adaptive immune responses against the infection (6, 

8-10). However, the interactions between multiple TLR signalling pathways have not 

been fully elucidated. Therefore, it is important to investigate how multiple TLR 

engagement can influence pAPC activation.  
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 Not all cell types express type I IFN after TLR activation; for example, 

monocytes do not produce IFN-α after LPS stimulation (11, 12), while peritoneal MФ, 

but not alveolar MФ produce bioactive IFN-β after TLR3 and TLR4 stimulation (13). 

Moreover, different cell types utilize different signalling molecules to induce the 

production of type I IFN. For instance, studies using interferon regulatory factor 7 

(IRF7)
-/-

 mice demonstrated that type I IFN induction can occur via virus-activated 

MyD88-independent signalling or TLR9-induced MyD88 dependent signalling in DC by 

inducing activation of IRF7 (14).  

 Despite the numerous reports on TLR engagement and type I IFN production in 

MФ, such observations were not compared with MФ derived from spleen (Sp-MФ). The 

spleen is an important lymphoid tissue where the MФ are encountering and clearing 

blood-borne pathogens and play a key role in clearing virus infections (15). In this study, 

we examined the effect of LPS or LTA treatment on IFN-α by MФ. Here, we report that 

TLR4 engagement induces robust IFN-α mRNA expression while TLR2 engagement 

failed to induce IFN-α mRNA in both MФ analyzed. Our study unravelled a novel 

observation where, combined TLR2 and TLR4 activation inhibited IFN-α induction in 

BM-MФ, but not in Sp-MФ. This effect was associated with increased expression of 

SOCS-3 in BM-MФ. Therefore, our findings are significant as we provide evidence that 

cross-talk between TLR pathways relating to IFN-α production is different in distinct 

MФ populations.  
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5.3 Materials and Methods 

5.3.1 Mice, cells and reagents 

C57BL/6 (H-2
b
) mice (6-8 weeks) were purchased from JAX Labs (Bar Harbor, 

Maine). Animal experiments were carried out in accordance with the guidelines of the 

Canadian Council of Animal Care. Sp-MФwere isolated and prepared as previously 

described (16). Sp-MФwere harvested with 1x Trypsin-EDTA (invitrogen, Ontario, 

Canada) and used at day 3, of culture with conditioned media that contains (20% L929 

supernatants as a source of M-CSF (16)). The conditioned media was replaced with 

DMEM containing 5% FCS 12 h before performing any tests. With BM-MФcells were 

prepared as previously described (17). Briefly, marrow from mouse femur and tibia were 

flushed with PBS and lysed with lysis buffer (1.66% w/v ammonium chloride) for 5 min. 

Cells were cultured with conditioned media in 6-well tissue culture plates at an initial 

concentration 3X10
6
 cells/well and were used after 7 days of culture.  

 The following TLR-L were employed: LPS (E. coli 055:B5) (TLR4) was 

purchased from Sigma-Aldrich (Oakville, ON) and purified LTA (S. aureus) (TLR2) 

were purchased from Cedarlane (Hornby, Ontario). 

5.3.2 Quantitative real-time PCR 

 Total RNA was isolated and RT-PCR was performed as previously described (6). 

Quantitative real-time PCR was performed on the Rotor Gene 6000 (Corbett Life 

Sciences, Concorde, Australia). Gene expression was analyzed by comparison of the 
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concentration of target genes to standards of known concentration, and normalization to 

GAPDH as an endogenous control. Real-time PCR reactions were performed using 

SsoFast EvaGreen supermix (Biorad, Mississauga, Ontario). The primers were obtained 

from integrated DNA technologies (Coraville, Iowa): TLR2 5’-

TGGAGCATCCGAATTGCATCACCG-3’, 5’-GAGCGGCCATCACACACCCC-3’ 

(18); TLR4 5’-GCCTCCCTGGCTCCTGGCTA-3’, 5’-

AGGGACTTTGCTGAGTTTCTGATCCA-3’ (18); IFN-α  5’- 

TCTGATGCAGCAGGTGGG-3’, 5’- AGGGCTCTCCAGACTTCTGCTCTG-3’ (14); 

GAPDH 5’ CATGGCCTTCCGTGTTCCTA-3’, 5’- GCGGCACGTCAGATCCA-3’ 

(14). 

5.3.3 Western blot analysis 

 Protein expression of SOCS3, were measured by western blotting. Cells were 

lysed in lysis buffer (50mM HEPES, 100mM NaF, 1mM EGTA, 150mM NaCl, 1.5mM 

MgCl2, 10% glycerol, 1% Triton X-100, 1X protease inhibitor cocktail) as previously 

described (17). All reagents were purchased from Bioshop Inc. (Burlington, ON). The 

proteins (50 μg) were resolved on a 10% polyacrylamide and were transferred to 

polyvinylidene fluoride membranes (VWR International, Mississauga, ON). After 

blocking for 1h in 15mM Tris-HCl, pH 7.5 / 150 mM NaCl containing 0.1% Tween-20 

(TBST) and 2.5% BSA at RT, blots were incubated overnight at 4ºC with antibodies 

against SOCS3; and β-actin. Blots were washed with TBST and labelled with HRP-goat 

antibodies. Blots were detected by enhanced chemiluminescence with Amersham’s ECL 
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Advance kit (Amersham, Piscataway, NJ) and the HD2 Alphalnnotech imaging system 

(Fisher Scientific). 

5.3.4 Cell Surface Staining 

For surface labelling, cells were incubated with fluorochrome-labeled anti-mouse 

antibodies (purchased from VWR International) specific for TLR2 (cloneT2.5) 

TLR4/MD2 complex (clone MTS510) for 20 min at 4ºC, and subsequently acquired with 

FCM (Beckmann Coulter, Miami, FL). As controls we used istotype control antibody that 

are known to have no binding to mouse cells (Dako Canada, Mississauga, ON)  

5.3.5 Statistical Analysis 

Statistics was performed using paired, two-tailed equal variance t-tests and 

differences in results between various treatments were deemed significant when p < 0.05. 
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5.4 Results 

5.4.1 Combined TLR2 and TLR4 engagement downregulates IFN-α induction by 

BM-MФ, but not Sp-MФ. 

 Monocytes have been reported to produce little to no IFN-α in response to LPS 

suggesting that different cell types differ in their capacity to induce type I IFN on TLR 

engagement (11, 12). Moreover, a recent report suggested that even when considering a 

single cell type such MФ, subsets present in different tissues can differ in their capacity 

to induce bio-active type I IFN whereby peritoneal MФ produce IFN-β in response to 

TLR3 and TLR4 engagement, but alveolar MФ do not (13). To further explore type I IFN 

production in MФ subsets, we questioned if Sp-MФ can induce IFN-α upon TLR 

engagement in a similar manner to BM-MФ, a well-characterized MФ population.  

 We therefore evaluated how TLR2 or TLR4 engagement affects IFN-α mRNA 

expression in these two MФ populations. In these experiments, Sp-MФ or BM-MФ were 

treated with LPS (1 μg/ml) or LTA (1 μg/ml) for 2-16 h and IFN-α mRNA expression 

was measured using QPCR. Here, we observed a robust induction of IFN-α mRNA 

expression on TLR4 engagement in both BM-MФ and Sp-MФ (Figure 5-1 a-b). The 

IFN-α mRNA in both populations, was rapidly expressed within 2 h. Moreover, IFN-α 

mRNA expression was maintained over the time course. However, TLR2 engagement 

failed to induce IFN-α mRNA expression in both populations (Figure 5-1a-b). 

It was previously reported by our group that combined TLR2 and TLR4 

engagement inhibits IFN-α mRNA expression in DCs employing RT-PCR analysis (6). 

Accordingly, we sought to determine whether Sp-MФ and BM-MФ responded to dual 



 

  166 

TLR2 and TLR4 engagement in a similar manner. Interestingly, we observed a 

statistically significant decrease in IFN-α mRNA expression when BM-MФ were treated 

with TLR2+4-L as early as 2 h when compared to BM-MФ treated with TLR4-L alone 

(Figure 5-1a). However, we did not observe a similar decrease in IFN-α mRNA 

expression by Sp-MФ when cells were treated with TLR2+4-L (figure 5-1b). Therefore, 

combined TLR engagement can induce a different outcome for cytokine expression based 

on the MФ population being assessed. 

5.4.2 BM-MФ but not Sp-MФ express higher levels of TLR2 compared to TLR4 

A potential explanation for different outcome of combined TLR2 and TLR4 

engagement in the two MФ populations may be due to different TLR expression, since 

the expression patterns of TLRs on a particular cell type has been described to be an 

important regulatory mechanism of the innate immune response to various pathogens 

(19). Moreover, a previous report demonstrated that low TLR4 expression by liver DCs 

correlates with a reduced capacity of LPS-stimulated DCs to induce immune responses 

particularly T cell proliferation (20). Thus, it is plausible that the magnitude of TLR 

expression can be an important determinant of the dominant downstream responses of 

one TLR over the responses of another TLR.  
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Figure 5-1: Combined TLR2 and TLR4 engagement downregulates IFN-α induction 

in BM-MФ, but not Sp-MФ.  

BM-MФ (a) or Sp-MФ (b) were treated with TLR2-L (1 μg/ml) or TLR4-L (1 μg/ml) 

individually or in combination for 2-16 h (x-axis) and QPCR was employed to analyze 

IFN-α mRNA expression. Data are expressed as fold increase normalized with GAPDH 

and error bars are average +SD for three independent experiments. Statistical analyses 

(paired two-tailed t-test, equal variance) comparing TLR-L-treated cells vs. untreated 

cells (designated by *) are depicted in corresponding columns where significant is 

considered when (p<0.05). 
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Next, we examined the TLR expression profiles by the different MФ populations. 

In these experiments, BM-MФ and Sp-MФ were stained with fluorochrome-labeled 

antibodies specific for TLR2 and TLR4 and analysed using FCM. We observed, that BM-

MФ expressed higher levels of TLR2 compared to Sp-MФ, while TLR4 expression by 

these two MФ populations were the same (Figure 5-2a, b). On analysing the TLR2:TLR4 

MFI ratio, we observed that BM-MФ expressed a higher ratio of TLR2 intensity 

compared to TLR4, while Sp-MФ expressed equal levels of TLR2 and TLR4 (1:1) as 

shown in Figure 5-2b. Therefore, it is possible that the higher magnitude of TLR2 

expression by BM-MФ compared to TLR4 expression may result in a dominant TLR2 

response over the TLR4 response in these cells if cross-talk between the two signalling 

pathways exists. 

5.4.3 TLR4 expression is not adversely affected by presence of TLR2-L. 

 It has been previously reported that LPS-tolerized MФ, either by TLR2 or TLR4 

engagement, display lower TLR4 expression (21, 22). Therefore, we addressed the 

question of whether TLR2 engagement alone or TLR2+4 engagement resulted in altered 

TLR4 expression. Here, Sp-MФ or BM-MФ were treated with LPS (1 μg/ml) or LTA (1 

μg/ml) for 2-16 h and TLR2 or TLR4 mRNA expression was measured using QPCR. We 

observed that in BM-MФ and Sp-MФ, both LPS and LTA stimulation upregulated TLR2 

mRNA expression (Figure 5-3a, c). We also observed that there were no additive or 

inhibitory effects on TLR2 mRNA expression when BM-MФ or Sp-MФ were treated 

with TLR2+4-L (Figure 5-3a, c). When we assessed TLR4 mRNA expression, we  
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Figure 5-2: BM-MФ express higher ratio of TLR2/ TLR4 compared to Sp-MФ.  

BM-MФ and Sp-MФ were analyzed for TLR2 and TLR4 RNA protein surface 

expression using FCM (a-b). Histograms depicting % of cells expressing TLRs (a) and 

graphs show mean fluorescence values (b). Histograms are one representative experiment 

of three and graphs are average +SD of three independent experiments. 
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Figure 5-3: TLR4 expression is not adversely affected by the presence of TLR2-L.  

 

BM-MФ (a-b, e-f) or Sp-MФ (c-d, g-h) were treated with TLR-L as before for 2-16 h and 

analyzed for TLR2 (a, c, e, g) and TLR4 (b, d, e, g) mRNA expression using QPCR or 

protein surface expression. QPCR data (a-d) are expressed as fold increase normalized 

with GAPDH and error bars are average +SD for three independent experiments. % cells 

expressing TLRs (e-h) are depicted as bar graphs and one representative experiment of 

three is shown. Error bars are average +SD of three wells. 
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observed an overall decrease in TLR4 mRNA expression on stimulation with TLR-L 

(Figure 5-3b,d). 

 Next, we examined TLR protein expression in BM-MФ and Sp-MФ after 

combined TLR stimulation. We observed that TLR expression by Sp-MФ was generally 

unaffected by TLR stimulation (Figure 5.3g, h). When we assessed TLR2 expression by 

BM-MФ, we observed a slight increase in TLR2 expression when cells were treated with 

LPS (Figure 5-3e). Moreover, we observed a significantly larger increase in TLR2 

expression when cells were treated with LTA or LPS and LTA in combination (Figure 5-

3e). We also found an overall downregulation in TLR4 expression after TLR treatment 

(Figure 5-3f). However, the downregulation in TLR4 expression did not appear to be 

mediated by TLR2 engagement, rather it appears to be a result of TLR4 stimulation. 

5.4.4  Enhanced SOC3 expression upon TLR2 stimulation in BM-MФ but not Sp-

MФ. 

Previous studies reported upregulation of SOCS3 expression has been associated 

with downregulation of type I IFN expression in virus-infected cells (23, 24). Therefore, 

to further characterize the mechanism of reduced type I IFN production by BM-MФ on 

combined TLR2 and TLR4 engagement, we examined SOCS3 expression using western 

blot analysis. We observed that at 2 h, SOCS3 was expressed at resting state in both MФ 

populations (Figure 5-4). Interestingly, when we analysed SOCS3 expression in Sp-MФ, 

we did not observed any changes in SOCS3 expression at 2 h post-treatment (Figure 5-4). 

Taken together, SOCS3 was upregulated on combined TLR2 and TLR4 engagement in 
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BM-MФ, but not Sp-MФ, which may be associated with the observation that combined 

TLR2 and TLR4 engagement in BM-MФ resulted in downregulation of IFN-α mRNA 

induction.   
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Figure 5-4: SOCS3 is significantly upregulated in BM-MФ after dual TLR2 and TLR4 

engagement.  

BM-MФ or Sp-MФ were treated with TLR-L as before for 2 h. Total protein (50 μg) 

from whole cell lysates were analyzed for SOCS3 expression by western blotting analysis 

using anti-SOCS3 antibodies. Western blot analyses with anti-β actin antibodies were 

performed as a control.  
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5.5 Discussion 

 Recent studies have provided evidence that type I IFNs have a previously 

unappreciated role, these include the phenotypic and functional characterization of type I 

IFN producing cells (25), type I IFN signalling pathways (2), implications that type I IFN 

has immunomodulatory functions and that IFNα/β not only induces antiviral responses, 

but can also promote control of bacterial infections (12). Moreover, studies have 

demonstrated that different cell populations, based on their tissue distribution, can 

employ different signalling molecules to induce type I IFN production (13). In this study, 

we investigated the role of combined TLR2 and TLR4 engagement on type I IFN 

production by two populations of MФ, those derived from the spleen (Sp-MФ) or bone 

marrow (BM-MФ). 

 We initiated our analysis by evaluating the effects of combined TLR2 and TLR4 

engagement on IFN-α induction by studying mRNA expression using quantitative real-

time PCR. IFN-α mRNA expression was induced by both populations of MФ, on 

stimulation with TLR4-L, in accordance with previous studies that examined IFN-β 

production by BM-MФ (13, 26). When we treated MФ with TLR2-L, we observed little 

to no IFN-α mRNA expression by both MФ populations. This appears to be in contrast to 

a recent study using RAW 264.7 MФ that demonstrated that TLR2 stimulation results in 

IFN-α production (27). Several possible explanations can account for this; it is possible 

that TLR2-stimulated RAW 264.7 MФ utilize different signalling pathways to induce 

IFN-α. RAW 264.7 MФ resemble peritoneal MФ and are functionally different from 

BM-MФ and Sp-MФ based on phenotypical analysis, which is probably a reflection of 
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the specialization of MФ populations within their microenvironment (15). An example of 

this is how they behave differently in LPS tolerance studies (28). Other possible reasons 

for the difference in IFN-α production include dose and time point examined. Liljeroos et 

al. treated RAW264.7 MФ as opposed to primary MФ, with LTA 2.5 μg/ml compared to 

1 μg/ml used in our study.  

 When analysing the effects of combined TLR2 and TLR4 engagement on IFN-α 

induction, we observed a statistically significant decrease in IFN-α induction by BM-MФ 

compared to BM-MФ treated with TLR4-L alone. Moreover, we did not observe a 

similar profound decrease in IFN-α production by Sp-MФ on combined TLR2 and TLR4 

engagement.  

As TLR expression profiles on cells can influence the innate immune response to 

various pathogens (19), we hypothesized that our observation may be due to different 

profiles of  TLR expression. By staining for TLR on the cell surface, we observed that 

BM-MФ express higher levels of TLR2 on their cell surface compared to TLR4, while 

Sp-MФ express approximately equal ratios of the two receptors. Moreover, BM-MФ 

express more TLR2 than Sp-MФ. Therefore, when cells were costimulated with LPS and 

LTA, it is plausible to expect the TLR2-induced downstream responses will dominate the 

TLR4-induced responses in cells with higher expression of TLR2 over TLR4 (e.g. BM-

MФ). Thus, if there is a potential for the downstream effects of one signalling pathway to 

dominate the other, then the resulting cytokine profile of cells stimulated with both LPS 

and LTA in BM-MФ will resemble that of cells treated with LTA alone.  
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This justification is supported by studies that showed that artificially increasing 

the expression of TLR4 in HEK293 cells was marked by decreased efficiency of TLR2-

induced downregulation of TLR4-induced proinflammatory cytokines (29-31). 

Furthermore, TLR2 ligands were able to induce a higher downregulation of TLR4 

responses in endothelial cells which have a lower TLR4 expression than APCs (32). 

 As the type I IFN induced in BM-MФ on combined TLR2 and TLR4 stimulation 

was similar to that observed in LPS-tolerized mouse MФ, which is marked by a transient 

state of reduced expression of proinflammatory cytokines and TLR4 expression (33, 34), 

we examined TLR4 expression after stimulation with TLR2+4-L. We observed that while 

there were differences in TLR mRNA expression with TLR engagement, we did not 

observe a correlation between reduced IFN-α induction and downregulation of TLR4 

expression. This is probably because these time points were too short to induce LPS 

tolerance in our model.  

 Another possible explanation for the downregulation of IFN-α expression by LTA 

in BMMФ is due to the modulation of specific elements in TLR signalling pathways. As 

upregulation of suppressors of cytokine signaling 3 (SOCS3) expression has been 

associated with downregulation of type I IFN expression in virus-infected cells (23, 24), 

we evaluated whether SOCS3 was upregulated in BM-MФ after combined TLR2 and 

TLR4 engagement. We observed that combined TLR2 and TLR4 engagement 

upregulated SOCS3 expression in BM-MФ, but not Sp-MФ. Upregulation of SOCS3 

could interfere with transcription of other pro-inflammatory cytokines and may serve to 
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be problematic a host suffering bacterial and viral co-infections, as upregulation of 

SOCS3 has been associated with increased virus replication (23, 35). 

In conclusion, our analysis revealed that Sp-MФ differ from BM-MФ in their 

response to combined TLR2 and TLR4 engagement. The effect appeared to be due to 

differential TLR expression profiles of these cells as well as the signalling elements 

recruited on combined TLR engagement. Sp-MФ are robust inducers of IFN-α in 

response to virus infections (36) and the findings in our study may reflect the normal 

response of Sp-MФ against bacterial infection making it ideally suited to cope with 

unique challenges it faces in its environment.  
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Chapter 6 

General Discussion and Conclusions 

 

CD8+ T cells contribute significantly toward clearing virus infections through 

inducing cytolysis of virus-infected cells and producing IFN-γ. IFN-γ in turn inhibits 

virus replication directly through the induction of anti-viral enzymes such as PKR that 

promote apoptosis of virus-infected cells (1). CD8+ T cells are activated as result of 

antigen presentation by pAPCs, which include DC and macrophages MФ (2). Along with 

MHC-TCR interactions, CD8+ T cell activation requires ‘signal 2’ that consists of 

costimulatory signals that either promote or inhibit CD8+ T cell activation (3). Activated 

pAPCs also produce proinflammatory cytokines that include IL-12 and IFN-α, an 

important ‘signal 3’, that enhances CD8+ T cell activation (4, 5). The regulation of CD8+ 

T cell activation is thought to be tightly linked to the production of innate immune 

mediators such as  IFN-α produced by pAPCs (5). These mediators can be induced by 

innate immune receptors, such as TLR, through the recognition of foreign microbial 

molecules (6).  

While considering foreign molecules, there have been several reports over the 

past decade arguing for a role for TLR-L in inducing the activation of the adaptive 

immune system directly or through engaging the innate immune system (6, 7). However, 

one important question needs to be considered: how do foreign microbial components, 

either from bacterial or viral co-infections influence host immunity during concurrent 

virus infections? The overall goal of this thesis was to examine how the presence of 
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multiple foreign pathogen components in the form of TLR-L influenced host immune 

responses.  

In Chapter 2, the objective was to establish whether combined TLR engagement 

influenced pAPC activation. Therefore, we assessed the effects of combined TLR 

engagement on cytokine production, surface antigen expression and NO production. 

Stemming from recent papers that implicate NO to possess regulatory capabilities on 

certain adaptive immune parameters (8-10), we sought to examine whether NO is able to 

influence MHC-I presentation of LCMV epitopes. We provided evidence that certain 

combinations of TLR engagement can alter the presentation of certain CD8+ epitopes, 

which include NP205, GP33 and GP276, but not NP396. The altered presentation of 

GP33 antigens was differentially influenced by TLR2+4-L due to characteristics of GP33 

that make it more susceptible to proteasomal degradation (11, 12), which was shown in 

our work to be affected by NO production.  

We confirmed and expanded on previous findings investigating NO effects on  

proteasomal activities. Since the proteasome is responsible for protein degradation and 

MHC-I epitope generation (13, 14), then reducing the proteasomal activities by NO, 

produced as a result of TLR engagement, will reduce epitopes that are highly dependent 

on active proteasomal degradation. This was the case when we examined MHC class I 

presentation of LCMV-GP33 in this model as shown in Figure 6-1. As discussed earlier 

in chapter 2, GP33 is degraded at higher rates because it is located in the signal peptide of 

LCMV-GP. 
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Figure 6-1: Schematic of proposed model for role of NO on MHC-I antigen 

presentation.  

Nitric oxide released as a result of combined TLR engagement inhibits chymotrypsin-like 

activity of the proteasome through unknown mechanisms. This in turn reduces protein 

degradation in virus-infected cells thereby affecting the presentation of epitopes 

processed at a faster rate.  
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Taken together, the data demonstrate for the first time that NO can directly 

modulate the CD8+ T cell responses to certain epitopes by influencing antigen 

presentation. Also, the levels of NO produced can be dependent on the type of TLR 

agonists, especially if multiple TLR-L are present during persistent infections or 

secondary infections. Future work needs to be done to clarify to what degree NO or its 

deficiency influences the presentation of epitopes derived from signal peptide in vivo 

using iNOS
-/-

 mice in LCMV as well as in other virus models.  

Next, we proceeded to evaluate the influence of TLR-L on in vivo CD8+ T cell 

responses. Activated epitope-specific CD8+ T cells against virus infections can be 

organized into hierarchies depending on their immunodominance. The mechanisms 

responsible for immunodominance can be dependent on several factors; the kinetics of 

viral protein expression after infection, peptide affinity for MHC-peptide complexes, 

recruitment of T cells and the persistence of infections (15-17) can all affect 

immunodominance. Significantly, the naïve CD8+ T cell precursor frequency seems to 

contribute extensively to the hierarchy seen after LCMV infection as well as regulating 

primary and memory responses to infection (18, 19). Therefore, if CD8+ T cell precursor 

frequency represents a key element in such phenomenon, one would predict that a virus 

like LCMV that is able to replicate in a systemic fashion, would always reveal the same 

hierarchies regardless of the site of infection.  

In Chapter 3, we asked if the site of infection as well as the antigen dose could 

have significant effects on T cell immunodominance during the primary response. Here, 

we show that CD8+ T cell immunodominance induced by infection at different sites, does 

not differ when low virus doses are used. However, at higher virus doses we observed 
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shifts in the hierarchy when examining the response 12-30 days post infection. The 

different T cell profiles obtained between day 8 and 30 (i.p.) were associated with the 

higher viral titers observed and probably reflect differences in the migration/activation 

kinetics of the T cells. Consequently, even though the naïve T cell repertoire can 

determine immunodominance, at higher virus doses, its influence on the hierarchy can be 

modified by the site of infection. 

A possible reason for these observations is that administering virus via different 

sites results in differential virus replication, which affects competition between T cell 

clones for pAPCs. This competition would possibly be more critical at the lower antigen 

doses as there is less antigen available to be presented, thereby forcing T cell clones to 

compete for presented antigen on MHC molecules (20). At higher viral doses during T 

cell activation, as antigens are not limited, there would be less competition between T 

cells. This, in turn, would allow subdominant clones (e.g. GP276) to expand further and 

reach a more immunodominant status similar to what we observed in Chapter 4 where 

reduced expansion of NP396-specific T cell clones resulted in greater expansion of 

GP276-specific CD8+ T cells.   

The results from Chapter 3 demonstrated that at low virus doses, the 

immunodominance hierarchy was similar regardless of site of infection. These results 

were important to establish for our experimental design in Chapter 4 as we introduced 

virus s.c. in subsequent experiments. Delivering virus s.c. was advantageous for our 

experimental design as it allowed us to manipulate different experimental parameters that 

we would not be able to accomplish if we administered virus i.v. or i.p. For instance, we 
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were able to assess if the presence of additional TLR-L at the same site as virus infection 

would be able to alter immunodominance compared to when TLR-L and virus were 

administered in different sites. 

 In Chapter 4, we continued evaluating CD8+ T cell immunodominance to 

investigate the influence of administering TLR-L on influencing CD8+ T cell 

immunodominance. Recent publications by Sher’s group revealed that TLR11 

engagement regulates CD4+ T cell immunodominance (21), and those by Berzofsky’s 

group (22, 23) established that combined TLR ligands along with peptide immunization 

enhanced CD8+ T cells responses compared to a single TLR ligand. Here, we examined 

the influence of TLR engagement on adaptive immunity from another aspect; how CD8+ 

T cell immunodominance hierarchies can be influenced by the presence of multiple TLR 

ligands during viral infections. In our study, we established that dual TLR2 and TLR3 

stimulation alters immunodominance hierarchies of LCMV epitopes by suppressing 

NP396-specific CD8+ T cell responses and shifting a subdominant epitope, GP276, into a 

dominant position in the now new and altered immunodominance hierarchy where 

GP276>NP396. 

A possible reason for the reduced NP396-specific CD8+ T cells is that 

administering combined TLR2-L and TLR3-L results in over activation of pAPC (24), 

ultimately influencing the efficiency of cross-presentation by altering uptake of antigens 

(24). In this scenario, NP396-specific CD8+ T cells priming and activation would be 

adversely affected because of reduced cross-presentation during the early CD8+T cell 

activation stages as shown in Figure 6-2. This justification is based on the findings that 
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the activation of CD8+ T cells specific for immunodominant epitopes rely on the efficient 

direct and cross-presentation of these epitopes (25-28). Therefore, reduced cross-

presentation by combined TLR engagement could influence CD8+ T cell 

immunodominance hierarchies. We observed that, as previously reported (24, 29), TLR3 

stimulation reduced cross-priming of cell-associated antigens. Moreover, we observed 

that combined TLR2 and TLR3 stimulation showed further inhibition in antigen uptake. 

Our findings are supported by earlier studies revealing that TLR-L which signal through 

the TRIF-dependent pathway inhibit antigen uptake and those TLR-L that are limited to 

signalling through the MyD88-dependent pathway have no effect on antigen uptake (24, 

30). Interestingly, reduced antigen uptake and cross-presentation only affected the NP396 

epitope and not the GP33 epitope, which although able to be cross-presented, is less 

efficient than 396 at cross-presentation (28). 

Another interesting observation we made in this study is that even if the TLR-L 

were administered a few days prior to virus infections, immunodominance was still 

affected. This indicates that if the environment where virus entry occurred was previously 

in a state of activation due to presence of TLR-L, one could then expect a significant 

influence on antiviral responses, which is an important concern with people suffering co-

infections within a short-time span. Another interesting observation we made in this 

study is that even if the TLR-L were administered few days prior to virus infections, 

immunodominance was still affected. This indicates that if the environment where virus 

entry occurred was previously in a state of activation due to presence of TLR-L, one  
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Figure 6-2: Proposed mechanism of reduced expansion of NP396-specific CD8+ T 

cells.  

The NP396 epitope relies on accessing both direct and cross-presentation pathways to 

maintain its immunodominant status in the hierarchy. We propose that combined TLR2 

and TLR3 engagement on pAPCs (1) results in increased maturation of these cells 

thereby reducing antigen uptake (2) and cross-presentation (3) of immunodominant 

epitopes such as NP396. This in turn results in reduced NP396 presentation as it only able 

to access the direct presentation pathway (4), thereby reducing the expansion of NP396-

specific clones (5). 
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could then expect a significant influence on antiviral responses, which is an important 

concern with people suffering co-infections within a short-time span. An additional 

concern would be related to cancer patients suffering from secondary bacterial infections. 

As TLRs are also present on tumor cells, activation of tumor cell TLRs can also induce 

the synthesis of proinflammatory cytokines including IL-6 and IL-12 as well as NO that 

enhance resistance to CD8+ T cell killing (31). This observation was further strengthened 

by another report that demonstrated that listeria monocytogenes infection of a local tumor 

promotes tumor growth via TLR2 signaling (32). 

Finally, we provided evidence that the altered CD8+ T cell immunodominance is 

not only linked to the dual activation of the MyD88 and TRIF-dependent signalling 

pathways. This suggests that the nature of TLR-L, in how it influences additional 

immune parameters such as cytokine production (33, 34), is also important in how the 

immunodominance hierarchies are regulated. Moreover, unique cytokine profiles of 

individual TLR-L could influence immunodominance hierarchies, in addition to antigen 

presentation, by modifying APC or T cell migration patterns and T cell proliferation (35-

37). Future work could be directed at clarifying the relative contribution of each of these 

factors to formulate conclusive answers regarding the role of TLR-L on influencing 

CD8+ T cell immunodominance. 

In the final chapter of the thesis, we focused on evaluating how combined TLR2 

and TLR4 activation can influence IFN-α production. Type I IFNs are key anti-viral 

cytokines that are produced early on after infections begin and can be an important link 

between innate and adaptive immunity. We were interested to investigate type I IFN 
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induction is affected in different immune cells that express different TLR profiles. Our 

data revealed that TLR4 but not TLR2 engagement induced high expression of IFN-α 

mRNA. We discovered an interesting relationship between TLR4 and TLR2 when both 

are activated simultaneously. Combined TLR2 and TLR4 activation inhibited IFN-α 

induction in BM-MФ, but not in Sp-MФ. This effect appears to be associated with 

several parameters, including the ratio of TLR2:TLR4 expression and the induction of 

SOCS3 in BM-MФ. The differential regulation of IFN-α production and type I IFN 

mediated signalling in different MФ populations is important to investigate as type I IFN 

signalling pathways have been implicated in regulating several immune parameters 

including antigen cross-presentation (38) as well as NO production (39-42).  

Future work needs to be directed at elucidating whether combined TLR2 and 

TLR4 engagement results in differential epitope presentation in these two cell types. It is 

possible that NO production by BM-MФ and Sp-MФ may be different on combined 

TLR2 and TLR4 engagement. In this case, Sp-MФ could produce more NO over time 

compared to BM-MФ, which may affect antigen presentation of epitopes that are located 

in the signal peptide regions such as GP33. Future work investigating these parameters 

can utilize iNOS
-/- 

 (43) or IFNAR
-/-

 mice (42) to elucidate the mechanisms involved in 

details.  
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Conclusions 

In summary, the work described here provides evidence for different mechanisms 

whereby TLR-L influence the primary anti-viral immune response. We demonstrated for 

the first time that NO released after TLR engagement can regulate presentation of MHC I 

antigens and its action is restricted to certain epitopes due to its ability to regulate 

proteasomal activity that can affect certain epitopes based on their characteristics.  

We also defined a new function for TLR signalling in influencing CD8+ T cell 

immunodominance by regulating the cross-presentation of immunodominant viral 

epitopes. We were able to establish that combined TLR2 and TLR3 engagement altered 

the immunodominance hierarchy of virus-specific T cells. We elucidated that the shift in 

immunodominance was due to reduced antigen uptake, which in turn influenced cross-

presentation of antigens. This is in addition to reporting on the importance of considering 

the optimal route of immunization and viral dose and establishing the immunodominance 

profile of such experimental protocols. Finally we provided new insight into possible 

interactions of TLR2 and TLR4 in different populations of MФ. All together, the findings 

presented in this study provide evidence that TLR engagement can either provide positive 

or negative signals that regulate antigen presentation depending on the type PAMPs 

employed. These parameters must be taken into consideration while designing combined 

TLR-L-based adjuvants in future vaccine developments. 
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