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ABSTRACT 

Immune responses are initiated by dendritic cells (DCs) that cross present exogenous 

antigen to naïve T cells. DC cross presentation is essential for generating primary 

immune responses, yet the mechanistic details remain undefined. Using a CD74-/- mouse 

model, a CD74-MHC I association was shown to mediate trafficking of MHC I from the 

endoplasmic reticulum to endolysosomal compartments for antigenic loading. These 

studies describe a novel CD74-mediated cross presentation pathway in DCs that plays a 

major role in the generation of cytolytic T lymphocyte (CTL) responses against viral and 

cell-associated antigens. Viruses such as Human Immunodeficiency Virus (HIV) have 

evolved mechanisms to interfere with immune activation allowing persistence in the host. 

HIV can infect DCs so the HIV virulence factor, Nef, which interacts with MHC I, has 

the potential to interfere with MHC I trafficking in the cross presentation pathway. Using 

a Nef-expressing DC line, Nef was shown to downregulate surface MHC I by inhibiting 

Golgi-to-surface transport of newly synthesized MHC I and by increasing the recycling 

of surface MHC I. Coordinately, Nef was shown to inhibit both direct and cross 

presentation of viral and soluble antigen. Similarly, in a Nef transgenic mouse, Nef was 

shown to inhibit CTL responses to bacterial and viral infections. This unique 

immunosubversion mechanism likely contributes to immunodeficiency associated with 

Acquired Immunodeficiency Syndrome. Peripheral pools of naïve T cells capable of 

responding to DC stimulus are maintained through homeostatic cues including TCR 

signalling. Key to this is the second messenger calcium (Ca2+); however, the identity of 

the components regulating intracellular Ca2+ concentrations is unclear. Through 

examination of a knock-out mouse model, the Ca2+ channel, CaV1.4, was shown to play a 
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cell-intrinsic role in naïve T cell development and survival. CaV1.4 is critical for 

regulation of intracellular Ca2+ stores and for TCR-induced increases in cytosolic Ca2+, 

which impacts Ras/ERK and NFAT activation. The CaV1.4 deficiency causes a loss of 

naïve T cells and results in immunodeficiency. These studies reveal a critical function for 

CaV1.4 in naïve T cell homeostasis. Collectively, this thesis demonstrates the importance 

of cross presenting DCs and maintenance of T cells for functional immunity. 
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ZAP-70 ζ-chain associated protein of 70 kDa 
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CHAPTER 1.  GENERAL INTRODUCTION 

When the body mounts a response against an invading pathogen, there are many 

elements of the immune system that must work in concert for a successful outcome. Two 

components that are highlighted in this thesis are the dendritic cell (DC) and the T cell. 

First, DCs, localized at key sites of pathogen entry, must be able to effectively take up 

and present antigen to naïve T cells [1]. Second, naïve T cells must be present and poised 

to respond to their cognate antigen on DCs.   

 

1.1 Innate and adaptive immunity 

Our immune system reflects the history of pathogen engagements in the drive 

towards ensuring the survival of our species. The immune system is complex and 

multilayered consisting of three major components: external barriers, innate responses 

and adaptive responses. Upon encounter with a pathogen, the physical (such as skin, 

ciliated epithelia, and mucosal membranes) and chemical barriers (such as enzymes in 

secretions, stomach acids) of the body constitute an initial line of defence [2]. If these 

barriers are breached and the pathogen evades the body, the innate immune response 

provides almost immediate protection. The innate system lacks memory and the cells 

respond through set germ-line encoded receptors termed pattern-recognition receptors 

(PRRs), which recognize common molecular structures or pathogen-associated molecular 

patterns (PAMPs) [2].  PRRs in the Toll-like receptor and NOD-related receptor families 

have recently emerged as important components of innate recognition [2]. Upon pathogen 

contact, innate cells use phagocytosis as a key effector mechanism. Engulfed pathogens 
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are destroyed by digestive enzymes or reactive oxygen species produced by the cell [3]. 

In addition, these cells secrete chemokines and cytokines to attract and activate additional 

immune cells and anti-microbial peptides to destroy pathogens [2, 4, 5]. The second line 

of defence, the adaptive immune response, takes days to develop but is highly specialized 

to recognize and respond to specific antigens [2]. Antigen-specific receptors expressed on 

lymphocytes are generated through gene rearrangement events, creating a vast pool of 

lymphocytes expressing diverse antigen receptors able to respond to a nearly infinite 

number of different antigens [2]. In this way, the adaptive immune system has the ability 

to specifically respond to virtually any pathogen that has invaded the body by inducing 

antibody production and effector T cell function. In addition, after successful elimination 

of the pathogen, the adaptive system establishes memory allowing quick and efficient 

generation of adaptive responses upon re-infection with the same pathogen [2]. It is 

through effective interplay between the individual components that the immune system is 

able to successfully protect the body from infection.  

 

1.2 Dendritic cells 

DCs provide a link between the innate and adaptive immune components and are 

critical to initiating immune responses [1, 5]. DCs are localized to areas of pathogen entry 

as well as in lymphoid organs and express a large array of PRRs so are able to detect a 

pathogen invasion [1]. DCs can internalize antigen very efficiently, can present this 

antigen on both major histocompatability complex (MHC) I and II molecules and express 

high levels of costimulatory molecules. Therefore, DCs effectively prime T cell 

responses. In fact, DCs seem to be the only cell type that is proficient at activating naïve 
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T cells [1, 6-8]. Taken together, DCs are potent antigen presenting cells that are essential 

for initiating strong T cell responses. 

 

1.2.1 DC subsets 

DCs are a heterogeneous population consisting of several phenotypically and 

functionally distinct subsets [reviewed in [9]]. DCs are divided into two major categories: 

conventional DCs (cDC) and plasmacytotd DCs (pDC) [1, 9]. Conventional DCs can be 

further separated into three subgroups. These are: migratory DCs, lymphoid-organ DCs, 

and monocyte-derived or inflammatory DCs [1, 9].  

The cDC class known as migratory DCs develop from early precursors in the 

peripheral tissues, such as skin and mucosal tissues. Here the DCs remain immature 

forming a surveillance network, continually and efficiently sampling antigens [1, 9]. 

These cells travel through afferent lymphatics to draining lymph nodes and make up 

about fifty percent of total lymph node DCs [10, 11]. During this migration, DCs acquire 

a mature phenotype characterized by high levels of MHC and co-stimulatory molecule 

expression and an ability to present captured antigen to T cells [1, 12]. In this way, 

migratory DCs provide information to the immune system about the tissue environment 

[1]. Several groups have attempted to classify the migratory DCs into smaller subsets. 

The skin contains at least three populations of migratory DCs [13]. Langerhan cells (LC) 

are a specialized migratory DC type migrating from the skin epithelium while classic 

dermal (CD11b+) and CD103+ DCs migrate from the dermis [1, 13]. In the lung, CD103+ 

DCs as well as a CD11b+ DC subtype that is likely equivalent to the classic dermal DC in 

the skin have been identified [13, 14]. The gut contains typical CD103+ DCs as well as a 
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unique CD11b+CD103+ DC subset that appears to be similar to LCs or classic dermal 

DCs. Further to this, the CD103+ migratory DC equivalents have been identified in lymph 

nodes draining several organs including the liver and kidney [13].  

Lymphoid-organ DCs, the second category of cDCs, originate from bone marrow 

precursors that are seeded from the blood in lymphoid tissues and develop here without 

prior trafficking through the peripheral tissues [15]. These resident cells comprise the 

other half of the lymph node DCs and all of the spleen and thymus DCs as these organs 

lack connections to the lymphatic system [9, 11]. Lymphoid-organ DCs are identified 

based on their expression of the T cell co-receptors, CD4 and CD8, and can be grouped 

into three smaller populations: CD8+CD4- (CD8+ DCs), CD8-CD4+ (CD4+ DCs) and 

CD4-CD8- (double negative DCs). Without infection, these DCs can remain in an 

immature state for their entire lifespan [16]. However, maturation can be induced by 

stimuli such as infection or multiple traumas [16-20]. 

The final grouping of cDCs is the monocyte-derived or inflammatory DCs. 

Monocytes circulate in the blood and in conditions of inflammation appear to 

differentiate into ‘emergency DCs’ [1, 9]. In mouse models of Leishmania major 

infection, monocyte-derived DCs can be found in the skin and take on antigen presenting 

function [21, 22]. Further to this, monocyte-derived DCs appear to accumulate in the skin 

of some leprosy patients [23]. It has been suggested these monocyte-derived DCs are 

precursors of migratory DCs and infection leads to an increase in the recruitment and 

differentiation of this cell type [24, 25]. However, following, Listeria monocytogenes or 

systemic inflammation, monocyte-derived DCs can also be found in the spleen that lacks 
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migratory DCs [15, 26]. Therefore, it remains unclear if these cells are related to any DCs 

found in the body in a steady-state. 

Distinct from cDCs, pDCs develop from precursors in the bone marrow before 

entering the blood [24]. Under steady-state conditions, pDCs are found in the lymph 

node, spleen, mucosal-associated lymphoid tissue, thymus and liver [27, 28]. During 

inflammatory conditions or infection, pDCs become activated and accumulate in afflicted 

tissue and respective draining lymph nodes [27, 28]. Their main role appears to be in 

secreting large amounts of type I interferons (IFN) to enhance both innate and adaptive 

immune responses [1]. However, pDCs express MHC and costimulatory molecules and 

when in a mature state can activate T cells [27, 29, 30]. pDCs have been shown to 

efficiently present endogenous antigens on both MHC I and II. On the other hand, pDCs 

appear to be less endocytic than cDCs and their ability to present exogenous antigen is 

not yet clearly defined [27].  

 

1.2.2 Mechanisms of antigen presentation 

All DCs are capable of capturing, processing and presenting antigen on both MHC I 

and II for activation of T cells. Traditionally, it was believed that MHC I molecules 

present peptides from endogenously-derived proteins while MHC II molecules are 

specialized for presentation of exogenously-acquired antigen. Bevan [31, 32] was the first 

to show cross-talk between these pathways by demonstrating that CTL responses can be 

generated against an exogenous antigen, minor histocompatibility antigens from 

transplanted donor cells. Since then, the clear antigenic distinction between the MHC I 

and MHC II pathways has faded and an obvious interplay has emerged (Figure 1.1). 
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Figure 1.1 DC antigen presentation pathways. 
DCs have the capacity to load endogenous antigen that has been processed via the 
proteasome on MHC I and exogenous antigen that has been degraded in endolysosomes 
on MHC II. In DCs, cross presentation or intersection between these two pathways 
occurs. Endogenous antigen such as endocytic pathway proteins or plasma membrane 
components or cytosolic proteins processed by autophagy can enter the endolysosomal 
pathway for subsequent loading on MHC II. Exogenous antigen internalized through 
endo/phagocytosis can be presented by MHC I. Reprinted by permission from Macmillan 
Publishers Ltd: [Nature Reviews Immunology] ([9]), Copyright (2007). 

http://www.nature.com/nri/index.html


 7 

1.2.2.1  Classical MHC I antigen presentation 

DCs are capable of processing and presenting antigens on MHC I to activate CD8+   

T cells which can then differentiate into cytotoxic T lymphocytes (CTLs). Once 

activated, CTLs have the ability to recognize and kill virally-infected or malignant cells, 

serving to remove the risk of infection or tumour spread. In the traditional or classical 

pathway of MHC I antigen presentation, DCs process and present endogenous antigen to 

CD8+ T cells (Figure 1.2) [33, 34]. Intracellular proteins in the cytosol including 

defective ribosomal products and viral proteins are cleaved into short amino acid peptide 

fragments by a multicatalytic proteinase complex, the proteasome [9, 35, 36]. These 

peptides are transported into the endoplasmic reticulum (ER) lumen via the transporter 

associated with antigen presentation (TAP) [36]. In the ER, the assembly of the MHC I–

peptide complex occurs with the assistance of several chaperone proteins, including 

calnexin, calreticulin and tapasin [36, 37]. The final stable MHC complex is dependent 

on the oligomerization of the MHC I heavy chain, β2–microglobulin (β2m) and the 

antigenic peptide [36]. The stable MHC trimeric complex exits the ER and traffics to the 

cell surface via the secretory pathway [36]. Once on the cell surface, the MHC I-peptide 

complex can be recognized by CD8+ T cells and subsequently cause proliferation and 

differentiation of these cells into armed effector T cells [36].  

 

1.2.2.2 Classical MHC II antigen presentation 

CD4+ T cell responses are critical for the generation of antibody responses against 

pathogens as well as play a role in controlling CTL activation [38]. DCs can internalize,
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Figure 1.2. Classical MHC I antigen presentation. 
Endogenous antigen is loaded onto MHC I in 6 steps. (1) Protein translated endogenously 
is acquired. This may be misfolded or erroneous self protein or protein derived from an 
intracellular pathogen. (2) Ubiquitination marks the antigen protein for degradation. (3) 
The proteasome degrades the ubiquitinated protein into peptides. (4) Peptides are 
delivered to the endoplasmic reticulum (ER) through the TAP transporter. In the ER, 
peptides may be further trimmed by amino peptidases. (5) The processed antigenic 
peptides are loaded into the binding groove of nascent MHC I. (6) MHC I is trafficked to 
the cell surface for recognition by CD8+ T cells. Adapted by permission from Macmillan 
Publishers Ltd: [Nature Reviews Immunology] ([34]), Copyright (2008) 

http://www.nature.com/nri/index.html
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process and present exogenous proteins via the MHC II pathway for activation of CD4+ T 

cells (Figure 1.3) [38]. In this pathway, the antigenic proteins are internalized and 

degraded via the endolysosomal pathway [39]. During the biosynthesis of the MHC II an 

ER chaperone known as CD74 (invariant chain) becomes associated with the complex to 

prevent premature binding of endogenous peptides. The CD74 cytoplasmic tail also 

contains a di-leucine motif that directs the MHC II complex through the endocytic 

pathway and into a specialized compartment termed the MIIC that contains internalized 

exogenous antigen [39]. Proteolytic enzymes, such as cathepsin S and L, process the 

antigen and degrade Ii to CLIP [38]. Finally, as a result of low pH, proteolytic trimming 

and a chaperone protein, HLA-DM, the CLIP is removed from the MHC class II complex 

to allow binding of exogenous antigenic peptide [38]. More specifically, HLA-DM 

functions as a peptide editor that allows peptide exchange that facilitates binding of a 

high affinity peptide [38]. The peptide-loaded MHC II is then trafficked to the cell 

surface for CD4+ T cell sampling [39]. 

 

1.2.2.3 MHC I cross presentation 

Antigen presenting cells (APCs) must be alerted to intracellular changes such as 

malignant transformations or viral or intracellular bacteria infections in order to activate 

CTLs to kill the affected cell. Therefore, when a tumour or infection is not APC-derived 

or impairs the classical MHC I pathway, alternate mechanisms must be employed [40]. 

DCs are distinct from other cell types in that they are specialized to take up dead cells and 

cellular debris containing antigenic proteins and process these exogenously-derived 

antigens for presentation on MHC I [6]. This unique antigen processing pathway is 
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Figure 1.3. Classical MHC II antigen presentation pathway. 
As MHC II αβ heterodimers are assembled in the endoplasmic reticulum (ER), CD74 
associates with the peptide binding groove to prevent premature binding of endogenous 
antigen. CD74 chaperones MHC II to the MIIC compartment that contains endocytosed 
exogenous antigen. Endosomal proteases degrade the exogenous antigen as well as CD74 
to CLIP (orange) that remains associated with the binding groove of MHC II. HLA-DM 
aids in exchanging CLIP for relevant exogenous antigenic peptides (red or yellow). Upon 
loading, MHC II traffics to the cell surface for recognition by CD4+ T cells. Adapted by 
permission from Macmillan Publishers Ltd: [The EMBO Journal]([38]) Copyright 
(2008). 

 
 

http://www.nature.com/emboj/index.html
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termed the MHC I cross presentation pathway [reviewed in [40]]. Although the cross 

presentation pathway is essential for CD8+ T cell-mediated responses against viruses, 

tumours, self antigens and allografts, the mechanistic details remain unclear [41]. Three 

major models (Figure 1.4) exist to explain exogenous antigen presentation by MHC I in 

DCs: the cytosolic pathway model, the phago-ER model and the vacuolar model 

[reviewed in [41]].  

The cytosolic pathway model proposes that exogenous antigen is transported from an 

endosome or phagosome to the cytosol [42]. The mechanism by which the antigen enters 

the cytosol is unclear. The existence of a size-specific channel that permits movement of 

antigen to the cytosol has been investigated [41, 43, 44]. Components of the ER-

associated degradation (ERAD) pathway such as Sec61 and Derlin 1 have been suggested 

as candidate channels [45-48]. Once the antigen has gained access to the cytosol, it can 

then be degraded by the proteasome and enter the classical MHC I pathway [41, 44, 49]. 

In this way, MHC I molecules loaded with exogenous antigenic peptides can activate 

CD8+ T cells.  

The phago-ER model has arisen from the notion that ER recruitment occurs during 

phagosome formation [50, 51]. This allows the MHC I presentation machinery and the 

ERAD system to be incorporated into the phagosome [52-54]. This novel mixed ER-

phagosome vesicle, the ‘ergosome’, may be a specialized organelle involved in loading of 

peptide onto MHC I during cross presentation [52, 53]. An ERAD protein translocation 

channel, Sec 61, was identified in the ergosome compartment [52, 53]. This channel may 

export antigen to the cytosol for processing by proteasomes [53]. Once processed, 

peptides may enter the ER and the classical MHC I pathway or may be transported back 
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Figure 1.4. Models of MHC I cross presentation. 
(A) Cytosolic Model: Exogenous protein (orange) is internalized into the endolysosomal 
pathway through early endosomes (EE) to late endosome compartments (LE), where 
proteolytic processing may occur. The exogenous peptide is transported from this 
compartment to the cytosol where it can enter the classical MHC I pathway along with 
endogenous antigen (green). (B) Vacuolar Model: Extracellular protein antigens are 
internalized into an LE compartment, where they are degraded into antigenic peptides by 
proteases such as cathepsin S. MHC I can access the LEs by recycling from the cell 
surface directed by a tyrosine motif found in the cytoplasmic tail (red) or potentially 
directly from the trans-Golgi network. Peptide exchange, facilitated by low pH, occurs 
enabling MHC I to be loaded with exogenous antigens before being transported to the 
cell surface. (C) Phago-ER model: Phagocytosis of exogenous protein involves the fusion 
of endoplasmic reticulum (ER) membrane with plasma membrane (PM) to form a novel 
organelle termed the phagolysosome (PL). This compartment contains ER components 
such as TAP, tapasin and Sec 61, making it self-sufficient for cross presentation. 
Phagocytosed exogenous protein is partially degraded, transported into the cytosol 
(perhaps by the Sec61 transporter), then further degraded by the proteosome which has 
been proposed to be associated with the cytosolic face of the PL compartment. The 
exogenous peptides are transported back into the same PL compartment by TAP, where 
they loaded onto MHC I. Adapted from Trends in Immunology, Volume 26, Issue 3, 
Gregory Lizée, Genc Basha and Wilfred A. Jefferies, Tails of wonder: endocytic-sorting 
motifs key for exogenous antigen presentation, 141-149 Copyright (2005), with 
permission from Elsevier. 
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into the ergosome by TAP, which is also present in the membrane of this compartment. 

Subsequently, MHC I molecules can be loaded with exogenous antigenic peptides and be 

directed to the cell surface to present the antigen to CD8+ T cells [52, 53]. Despite 

providing a novel mechanistic view of cross presentation, this model has been questioned 

[50]. The recruitment of ER components to the phagosome has been refuted [41, 50, 55], 

and the ER has been shown to contribute very little to the phagosome formation [50]. 

Also, electron microscopy studies could not confirm fusion of the ER lumen and 

phagosomes [50]. Furthermore, through mathematical calculations, the ER-phagosome 

fusion as a model of cross presentation was predicted to be highly inefficient [41, 55].  

The third non-mutually exclusive model, the vacuolar model, parallels the MHC II 

pathway. Exogenous antigen is taken up by endocytosis or phagocytosis, and is 

subsequently degraded through the endolysosomal or phagolysosomal pathways. 

Cathepsin S, a protease resident in endocytic compartments, has been proposed to play a 

key role in generating peptides in the vacuolar pathway [56, 57]. In addition, a trimming 

peptidase, insulin-regulated animopeptidase (IRAP) found in the endosomal 

compartments, may also process peptides [58]. Recycling MHC I may encounter the 

antigenic peptides in a post-Golgi, phagolysosomal or endolysosomal compartment and 

peptide exchange on the MHC I molecule may occur [59]. Alternatively, newly 

synthesized MHC I may traffic directly from the ER perhaps directed by chaperone 

proteins such as CD74 [56, 60, 61]. The loaded complex is then targeted back to the cell 

surface for presentation to CD8+ T cells [59]. This model has been shown to be important 

for several antigens including proteins associated with bacteria, viruses and soluble 

antigen alone [59, 62-66].  
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Recent data from the Jefferies lab [59, 65, 66] provide evidence for the vacuolar 

model of cross presentation and addresses the issue of MHC I trafficking [59, 65]. 

Splenic DCs incubated with the well-characterized soluble antigen, ovalbumin (OVA), 

were seen to form H-2Kb-OVA complexes that primarily colocalized with LAMP1, a 

marker for endolysosomes. These results indicate that LAMP1-positive endolysosomal 

compartments of DCs are the main sites of MHC I loading of cross presented exogenous 

OVA peptide. Further to this, a tyrosine-based targeting signal within the MHC I 

cytoplasmic domain was identified as a requirement for MHC I routing through the 

LAMP1 positive antigenic loading compartments [59]. Within exon 6 of the MHC I 

cytoplasmic tail, a notable evolutionary conservation of one tyrosine residue was 

observed. To investigate the importance of this conservation, transgenic mice were 

created expressing MHC I (H-2Kb) containing a single substitution of phenylalanine for 

tyrosine in the conserved targeting signal (∆Y mice). These mice mounted inferior 

antiviral CTL responses when challenged with Vesticular Stomatitis Virus (VSV) and 

Sendai Virus [59]. DCs from ∆Y mice were directly examined for cross presentation 

ability. Through confocal microscopy analysis, it was shown that surface MHC I is 

targeted through the endolysosomal pathway to a LAMP1 antigenic loading compartment 

[65]. However, in the absence of the Y-based targeting sequence, only a fraction of the 

MHC I molecules were actually being directed to endolysosomal compartments within 

DCs [59]. When incubated with soluble OVA, the ∆Y splenic DCs had few H-2Kb-OVA 

complexes in LAMP1 positive compartments [59]. These results support a model (Figure 

1.5) in which the tyrosine-based signal serves to target surface MHC I molecules to the 

appropriate endocytic compartment for loading of antigenic peptides [59, 65].  
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Figure 1.5. MHC I trafficking in the vacuolar model of cross presentation. 
During Classical MHC I antigen presentation (bottom), endogenously-synthesized 
proteins (green) are degraded by the proteosome complexes then transported into the 
endoplasmic reticulum (ER) by TAP for binding to nascent MHC Iα/β2-microglobulin 
dimers. MHC I loaded in the ER is then transported via the secretory pathway to the cell 
surface. During cross presentation, endocytosed exogenous protein (orange) can be 
transported into endolysosomal compartments (ELC) and degraded by resident proteases 
such as Cathepsin S. Surface MHC I is constitutively internalized into the endocytic 
pathway by a mechanism that requires a MHC I cytoplasmic tyrosine (Y) motif (KbWT= 
wild type MHC I). MHC I directed to the ELCs can exchange endogenous peptides 
acquired in the ER with exogenous antigens then recycle back to the plasma membrane 
(PM). If this tyrosine motif is missing (∆Y), the MHC I will not be able to be internalized 
to the ELC and will remain at the PM. Adapted from [65]. 
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1.2.2.4 MHC II cross presentation 

Although less has been described about MHC II cross presentation, endogenous 

peptides including those derived from nuclear, mitochondrial and cytosolic proteins have 

been isolated from the MHC II complex [34, 67-69]. Endocytic pathway proteins and 

membrane proteins that are recycled into the endosomal pathway have access to the MHC 

II pathway [69]. Alternatively, endogenous antigen can enter the lysosomal pathway for 

interaction with the MHC II antigen presentation machinery by way of autophagy 

(Figure 1.6) [70]. Autophagy has long been known to function to control the homeostasis 

of the intracellular environment by removing damaged or surplus organelles, eliminating 

aggregate or misfolded proteins and redirecting nutrients in times of stress [71]. Now, 

autophagy is recognized as a means of immune surveillance [71]. In fact, autophagy-

driven MHC II antigen presentation has been demonstrated for not only self antigens but 

also tumour, viral, and ectopically-expressed bacterial proteins, as well as model antigens 

[71-75]. 

During the initiation of autophagy, the phagophore, a double membrane structure, 

sequesters the cytoplasmic components to be engulfed. New membrane is added to 

enlarge and seal the contents into an autophagosome [71, 76]. There may be several 

mechanisms the autophagic machinery uses to recognize cytosolic pathogens. First, 

signalling through pattern recognition receptors such as TLRs, Nod-like receptors and 

RIG-I-like receptors as well as cytokine receptors such as IFN-γ, activate autophagy [71, 

77]. Reactive oxygen species produced in response to the pathogen’s presence also 

increase autophagy [78, 79]. Alternatively, microbial products may be marked for 

autophagy, for example by ubiquitination [76, 77]. Furthermore, specific proteins may be 
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Figure 1.6. Model of MHC II cross presentation. 
Endogenously synthesized proteins such as self or intracellular microbial or viral antigens 
are engulfed into autophagosomes that can fuse with late endosomes containing MHC II 
(MIICs). Here, antigen can be degraded, loaded onto MHC II and trafficked to the cell 
surface for presentation to CD4+ T cells. Reprinted by permission from Macmillan 
Publishers Ltd: [Nature Reviews Immunology] ([76])Copyright (2008). 

 

http://www.nature.com/nri/index.html
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targeted to the autophagosome through chaperone-mediated autophagy [71, 76]. In this 

pathway, proteins containing specific pentapeptide motifs are imported by a molecular 

chaperone complex that includes the lysosome-associated membrane protein 2 (LAMP2a) 

and heat shock protein (HSC70) [71].  Autophagosomes can fuse with MHC II containing 

late endosomes [76]. Here, proteolytic cleavage of antigens occurs and resultant peptides 

are subsequently loaded onto MHC II [71, 76]. The loaded complex traffics to the cell 

surface for presentation to CD4+ T cells [34]. 

 

1.2.3 DC subsets and antigen presentation 

Although all DCs can present antigen on MHC I and II, the different subsets may 

have distinct roles in the initiation of immune responses [9, 40]. DCs appear to present 

endogenous self or viral antigen on MHC I and II with equal ability [17, 75, 80-83]. 

However, the capacity to present exogenous antigens may be varied [9, 40]. Several 

studies indicate that CD8+ lymphoid-organ DCs and CD103+ migratory DCs are the most 

efficient at cross presentation [13, 40, 84]. In support of this, mice deficient for the 

transcription factor BATF3 lack these DCs and are unable to cross present; however, 

these mice are able to present exogenous antigen on MHC II and can mount CD4+ T cells 

responses [85]. During inflammation, monocyte-derived DCs may be able to cross 

present as well [40]. The ability to present exogenous antigen on MHC II appears to be 

more wide-spread. However, CD8- lymphoid-organ DCs and CD11b+ migratory DCs 

have been suggested to be specialized for MHC II presentation of exogenous antigen [13, 

86-90]. pDCs are generally considered to be poor presenters of exogenous antigen and 

their role in an infection setting is yet to be fully described [27]. Migratory DCs have 
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been suggested to play an additional role in antigen presentation. These cells may 

function as carriers delivering antigen to resident DCs in the lymphoid organs [13, 84].  

Several explanations have been provided for the difference in exogenous antigen 

presentation ability between different DC subsets [9, 40]. First, DC subsets may express 

specialized antigen presentation machinery [87, 91]. Variable expression of MHC I and II 

pathway components have been described in DC subsets [86, 91]. Also in support of this, 

Savina et al have described differential assembly of NOX2, a NADPH oxidase that 

allows production of reactive oxygen species for proton consumption and maintenance of 

an alkaline environment [92, 93]. In CD8+ but not CD8- DCs, Rac2 drives NOX2 

assembly on enodocytic compartments creating a less acidic environment favouring 

antigen preservation for cross presentation [92]. Second, presentation of exogenous 

antigen though the MHC I or MHC II pathway may depend on the mechanism of uptake 

[40, 94]. The endocytosis mechanisms utilized may introduce antigen into distinct 

organelles for antigen presentation [9, 40]. It has been suggested that pinocytosed antigen 

can reach both MHC I and MHC II pathways while antigens taken up by phagocytosis 

preferentially enter the cross presentation pathway [9, 94]. Following this, DC expression 

of endocytic receptors such as Fc receptors and C-type lectin receptors is subset-specific 

[40]. While subset differences are only beginning to be elucidated, it is clear that the 

heterogeneity of the DC population allows for the generation of immune responses to a 

diverse range of infections. 

 



 21 

1.2.4 Viral inhibition of antigen presentation 

As outlined above, DCs are indispensable for the generation of protective immunity 

against viruses [95]. They are positioned in the body at key points of viral entry including 

the skin, mucosal surfaces and blood [40]. Here, they can recognize viruses early and 

activate the adaptive immune system to mediate viral clearance [95]. Many viruses, 

including Human Immunodeficiency Virus (HIV), have evolved mechanisms to 

manipulate DC function in order to evade host recognition [96]. 

 

1.2.4.1 HIV 

HIV was first isolated in 1983 and was soon recognized to be the causative agent of 

acquired immune deficiency syndrome (AIDS) [97]. Two types of HIV, HIV-1 and HIV-

2, have been identified; however, these viruses are distinct from each other with HIV-2 

exhibiting lower transmission rates and a less pathogenicity [98]. In fact, many HIV-2 

infections result in a nonprogressive disease [99]. On the other hand, HIV-1 is 

responsible for the majority of the infection leading to the AIDS pandemic and has been 

the focus of much of the ongoing research [100]. Recent reports from 2008 estimated that 

33.4 million people were infected with HIV world-wide and 2 million AIDS-related 

deaths occurred that year [101]. Despite advances in understanding HIV and AIDS, many 

elements of disease pathogenesis remain unclear, including the mechanisms HIV uses to 

evade host immune responses which allow the disease to progress.  
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1.2.4.1.1 Immune responses to HIV 

HIV (HIV-1 referred to as HIV from this point) establishes itself as a persistent 

infection in the host. Left untreated, HIV will usually progress to AIDS within 10 years 

[102]. However, this rate varies between individuals and a rare population termed elite 

controllers’ (ECs) can control viremia levels remaining asymptomatic indefinitely [103]. 

This indicates that the immune system is capable of mounting a response against HIV and 

to some degree can function to control the infection [104].  

During viral infections, CTLs have the ability to recognize and kill virally-infected 

cells. This serves to prevent the risk of infection of surrounding tissues and reduces 

pathogen load leading to the eradication of the infectious organism [40]. Expectedly, this 

holds true for HIV infections as well [102]. Studies have demonstrated that increased 

CTL levels correlate with low plasma levels of HIV [105-107] and good CTL responses 

are found in HIV-infected individuals who are not progressing to AIDS [105, 108]. 

Furthermore, depletion of CD8+ CTLs from a rhesus monkey model of SIV (simian 

immunodeficiency virus) results in high viremia and rapid progression to an AIDS-like 

syndrome [109, 110]. These studies highlight the importance of CTL responses in 

controlling HIV infections. 

CD4+ T cell responses are critical in generating antibody responses against pathogens 

as well as play a role in controlling cytotoxic T cell activation [111]. Further to this, 

CD4+ T cells may take on cytotoxic properties and function to directly kill HIV-infected 

cells [104, 112]. In HIV patients, a correlation between the generation of efficient CD4+ 

T cell responses and the ability to control initial stages of an HIV infection to allow 

maintenance of low viral loads was observed [113-115]. In addition, ECs exhibit HIV-
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specific CD4+ T cells with strong proliferative potential [103]. Loss of these proliferating 

CD4+ T cells leads to disease progression [103]. Furthermore, analysis of patients 

infected with non-pathogenic HIV-2 revealed that in comparison to pathogenic HIV-1 

infected individuals, a strong, polyclonal, anti-HIV CD4+ T cell response is maintained 

[99]. In all, the generation of CD4+ T cell responses is required for HIV immunity [116].  

 

1.2.4.1.2 HIV interaction with DCs 

Efficient activation of antiviral CD8+ and CD4+ T cell responses for control of HIV 

infection needs to be initiated by DCs. However, HIV interacts with DCs to facilitate 

viral transmission while impairing immune activation to escape surveillance [96, 117]. At 

infection sites, immature DCs residing in the skin and mucosal surfaces have been 

proposed to be the first cells to encounter HIV [117, 118]. From here, DCs can migrate to 

lymphoid tissues and may function to mediate viral spread to CD4+ T cells, the main 

cellular target of HIV [117]. It has long been observed in vitro that HIV-pulsed DCs can 

enhance infection of T cells [119]. Recently, several mechanisms have been proposed to 

explain this phenomenon [117].  

DCs can be directly infected by HIV and the progeny produced may be transferred to 

CD4+ T cells though cis-infection. Both cDCs and pDCs are targets of HIV infection 

[118]. They express the HIV receptor CD4 and co-receptors including CXCR4, CCR5, 

required for HIV infection; therefore, direct infection of DCs can occur [117 , 120]. 

Infected cDCs and pDCs have been isolated from the blood of HIV-positive individuals 

[95, 117, 118]. However, the frequency of HIV infection in DCs in vivo appears to be 10-

100 times lower than in CD4+ T cells [121] and only 1-3% of DCs can be productively 
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infected in vitro [122]. Interestingly, susceptibility to HIV infection has been shown to 

increase when DCs are co-infected with sexually transmitted pathogens such as Neisseria 

gonorrhoeae and Candida albacans [123, 124]. Furthermore, exposure of DCs to the 

recreational drug, methamphetamine, led to increased HIV infection that correlated with 

increased expression of HIV co-receptors CCR5 and CXCR4 [125]. Despite reduced 

frequency and productivity of infection, direct infection of DCs likely plays a role in viral 

pathogenesis. HIV-2 is much less proficient at infecting DCs and this has been proposed 

as one factor leading to its reduced virulence compared to HIV-1[124, 126].  

DCs can also capture HIV and transfer whole virus to CD4+ T cells by trans-

infection [reviewed in [117]]. DCs can capture and internalize HIV through several 

receptors including the C-type lectins, DC-SIGN, mannose receptor and langerin, and 

heparin sulfates [117, 127]. DC-SIGN is the best studied receptor for mediation of trans-

infection. DC-SIGN interaction with the HIV surface glycoprotein, gp120, leads to rapid 

internalization of HIV into a low-pH, non-lysosomal compartment where it can remain 

infectious for several days [95, 117]. However, DC-mediated trans- infection can occur 

independently of DC-SIGN [117, 118]. When DC-SIGN was blocked with a specific 

antibody or DC-SIGN expression was inhibited with small interfering RNA, DCs could 

still mediate trans- infection [128]. Langerin, a LC-specific C-type lectin, was originally 

hypothesized to support trans- infection and could compensate in the absence of DC-

SIGN; however, further studies suggested that Langerin not only mediates HIV 

internalization but also subsequent degradation thereby inhibiting transmission [118, 

129]. Recently, syndecan-3, a DC-specific heparin sulfate proteoglycan, has been shown 

to bind HIV and mediate efficient transmission [130]. 
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Upon uptake of HIV, DCs migrate to secondary lymphoid organs where the virus is 

transferred to interacting CD4+ T cells via cis- or trans- infection [95, 117]. For efficient 

trans-infection, DC and CD4+ T cell contact must occur [131]. DCs and T cell conjugates 

are thought to form an infectious synapse that is structurally similar to the immunological 

synapse [117]. Interaction between ICAM-1 on DCs and LFA-1 on T cells supports the 

transmission of HIV and may be important for infectious synapse formation [132]. Close 

contact mediated by the infectious synapse allows transfer of internalized HIV [117]. 

This has been suggested to occur through DCs release of virus within exosomes [133, 

134]. Alternatively, HIV may travel along membrane nanotubules or filopodia that have 

been shown to connect infected cells to uninfected cells [124, 135]. Infected DCs can also 

release HIV progeny for cis-infection of T cells. In fact, long-term HIV transmission has 

been proposed to involve de novo replication of virus in DCs. A model by Wu et al. 

proposes a scenario in which DC transfer captured HIV to CD4+ T cells within the first 

24 hours following infection. At this point, HIV internalized into the DCs’ 

endolysosomal pathway is degraded; therefore, productively infected DCs become HIV 

reservoirs and replicate virus for dissemination for several days [117, 124]. In essence, 

HIV has evolved efficient mechanisms to “hijack” DCs to advance infection.  

HIV not only uses DCs as viral reservoirs, it also appears to manipulate DC function 

to control immune responses. HIV manipulates host innate and adaptive immune 

responses causing a progressive immune suppression leaving the HIV-infected host 

susceptible to secondary infections [95]. Gradual loss of CD4+ T cells, CD8+ T cell 

dysfunction and decreased NK cell numbers and function have all been noted [136]. As 

DCs are essential regulators of immune responses, these observed deficiencies may be a 



 26 

result of impaired DC number and function [136]. More specifically, DC numbers in the 

blood of HIV-infected individuals progressing to AIDS are significantly decreased when 

compared to non-progressing HIV-infected patients [137, 138]. The DCs that are present 

in HIV-infected individuals have low allogeneic or autologous immunostimulatory 

function demonstrating an HIV-directed functional impairment [136, 139-141]. In 

support of this, DCs infected in vitro have an impaired ability to mature and DCs from 

infected individuals have reduced surface levels of co-stimulatory molecules, CD80 and 

CD86 [140, 142, 143]. Immature DCs induce tolerance rather than immunity suggesting 

that HIV infected DCs may have difficulty generating immune responses following 

infection [136]. Taken together, HIV’s ability to infect, deplete and impair DCs is likely 

an important factor leading to immunosuppressive characteristic of AIDS.  

 

1.2.4.1.3 HIV-Nef  

The HIV genome consists of 9 open reading frames. Like all retroviruses, HIV 

encodes for three standard retroviral polyproteins: Gag, Pol and Env. Gag and Env 

polyproteins are cleaved to form the structural proteins that make up the viral core and 

outer membrane. The cleaved Pol polyprotein products are enzymes needed for viral 

integration and replication [144]. HIV also encodes six additional proteins: Tat, Rev, Vif, 

Vpr, Vpu and Nef. Tat and Rev provide gene regulatory function and are essential for the 

viral lifecycle [144]. The remaining four are accessory proteins that allow for efficient 

production of virus in vivo [144]. Nef is of particular interest to this thesis as it central for 

HIV pathogenesis and replication in vivo and for the development of AIDS [reviewed in 

[145]].  
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Nef (Negative Factor) was originally identified as a factor negatively influencing 

HIV replication [146]; however, it is now recognized as an important virulence factor 

[145]. The role of Nef in vivo was first observed in 1991 when Kestler et al. noted that an 

SIV-nef deletion severely reduced pathogenicity of SIV in rhesus macaques [147]. SIV 

viral loads remained low and AIDS rarely developed in contrast to wild type SIV 

infections [147]. Also, infections performed with SIV containing a premature stop codon 

inserted in the nef gene resulted in a quick restoration of the nef ORF [147]. Further in 

vivo SIV infection studies demonstrated that small deletions in the nef sequence were 

rapidly repaired by duplication events restoring the virus to its virulent form [148]. These 

studies point to an evolutionary drive for the maintenance of a functional Nef protein.  

Also in the early 1990s, live-attenuated vaccines were being evaluated. One vaccine 

candidate was SIV (SIVmac239Δnef ) with a 182 bp deletion in the nef gene [149]. In 

adult rhesus macaques, vaccination with SIVmac239Δnef was shown to protect against 

SIV challenge [149]. Further studies with an alternate nef mutant live-attenuated SIV 

vaccine candidates corroborated these initial observations [150]. Protection was seen 

against mucosal and intravenous challenges as early as 3 weeks and as late as 2.25 years 

post-vaccination [150]. It appeared that by simply mutating the nef gene a pathogenic 

virus was converted into a live-attenuated vaccine and hopes were high that a safe and 

effective AIDS vaccine could be developed [150]. However, this optimism was short 

lived. Vaccine trials in neonate macaques began as part of a project to prevent mother-to-

child transmission. Unexpectedly, oral vaccination of newborn monkeys resulted in high 

viral loads and rapid progression to AIDS [151, 152]. Although a vaccine was not 
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developed from these studies, the importance of Nef as a virulence factor was reinforced 

further.  

Deletions of nef have been associated with cases of non-progression to AIDS in 

humans [153]. The best studied long term non-progressors (LTNP) are the Sydney Blood 

Bank Cohort (SBBC). In the early 1980’s, prior to HIV-1 blood testing in Australia, eight 

individuals became infected with nef-deleted HIV when administered contaminated blood 

products originating from a common donor [154]. To date, there have been no AIDS-

related deaths observed in the SBBC [153]. Three patients are “elite” LTNPs and have 

lived over 20 years without symptoms of AIDS [153]. However, the others did eventually 

present with declining CD4+ T cells and detectable viral loads after 17 years and are now 

considered slow progressors [153]. From the SBBC, it is evident that Nef is an important 

factor for in vivo pathogenicity.  

 

1.2.4.1.4 Immune evasion mechanisms of HIV-Nef 

Nef is a 27 kDa myristoylated protein expressed early in the viral replication cycle. 

While the N- and C-terminus ends of the protein can be quite variable, the core domains 

of Nef remain relatively conserved [145]. Nef has no enzymatic function but does act as 

an adaptor protein, sequestering host proteins resulting in their aberrant function allowing 

viral immune evasion and efficient viral replication [153]. Relevant to this thesis, Nef has 

been shown to downregulate cell surface expression of both MHC I and MHC II 

molecules [136].  

Nef mediated downregulation of surface MHC I is a key element of HIV immune-

evasion. The importance of this mechanism was revealed in a study examining an SIV-
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nef allele with a point mutation disrupting MHC I downmodulation [155, 156]. This 

mutation was strongly selected against in vivo and a rapid reversion to the wild type form 

capable of downregulating MHC I occurred [155, 157]. Further in vivo studies 

demonstrated that nef alleles with the ability to downregulate MHC I are selected for 

early in HIV infection; however, in late stage infection when the immune system is 

almost non-existent, the selection for this Nef characteristic is reduced [157, 158]. This 

evolutionary drive for Nef to maintain the ability to downregulate MHC I implies this is 

important for Nef’s function.  

The decrease in surface MHC I was attributed to Nef fifteen years ago; however, the 

details of the cellular pathway still remain uncertain [159]. Two non-mutually exclusive 

pathways have been proposed (Figure 1.7). First, MHC I downregulation results from a 

Nef-mediated increase in MHC I internalization from the cell surface [160]. 

Alternatively, Nef blocks newly synthesized MHC I trafficking through the Golgi to the 

cell surface [156]. The net result of either model is an accumulation of MHC I in the trans 

Golgi Network (TGN) and the eventual transfer of MHC I to lysosomes for degradation 

[160].  

In the first model, Nef has been proposed to internalize surface MHC I through a 

multi-step pathway (Figure 1.8) [160-163]. Initially, Nef interacts with PACS-2 

(phosphofurin acidic cluster sorting protein-2), a sorting protein known to localize 

proteins to the secretory pathway. PACS-2 directs Nef to the TGN where Nef recruits a 

srk family kinase (SFK). The SFK binds and phosporylates ZAP70/syk which 

subsequently binds and activates phosphatidylinositide-3 kinase (PI3K). PACS-1 

localizes this complex (Nef-SFK-Zap-70/syk-PI3K) to the plasma membrane where 
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Figure 1.7. Proposed models of Nef-mediated MHC I downregulation. 
(A) Nef can interact with MHC I at the trans Golgi Network (TGN). (B) This may inhibit 
MHC I export to the plasma membrane. (C) MHC I that escapes Nef’s initial effects and 
traffics to the cell surface may experience decreased surface stability. (D) This is due to a 
Nef-mediated increase in MHC I turnover and mis-trafficking of MHC I to the TGN. (E) 
The MHC I accumulating in the TGN may eventually be directed to lysosomes for 
degradation. Amended from Microbiology and Molecular Biology Reviews, 2006, 
volume 70, 548-563, doi:10.1128/MMBR.00042-05 with permission from American 
Society for Microbiology [156]. 
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Figure 1.8. Model of Nef-mediated increase in MHC I internalization. 
(1) PACS-2 binds and localizes Nef to the trans Golgi Network (TGN). (2) Here, Nef 
recruits and activates SFK and Zap-70/syk (indicated by star). (3) The Nef- SFK-Zap-
70/syk complex binds and activates PI3K (as shown by arrow). (4) The Nef-SFK-Zap-
70/syk-PI3K localizes to the plasma membrane and generates PIP3. (5) ARNO is 
recruited to PIP3-containing membrane. (6) ARNO activates ARF6 (as shown by arrow). 
(7) The result is an increase in ARF6-dependent MHC I endocytosis from the cell 
surface. (8) Nef further block the recycling of internalized MHC I from the ARF6 
compartment to the cell surface, (9) and mediates delivery of internalized MHC I 
molecules to the TGN. Altered from: Cell, Vol 111, Issue 6, Anastassia D. 
Blagoveshchenskaya, Laurel Thomas, Sylvain F. Feliciangeli, Chien-Hui Hung, Gary 
Thomas, HIV-1 Nef Downregulates MHC-I by a PACS-1- and PI3K-Regulated ARF6 
Endocytic Pathway, 853-866., Copyright (2002), with permission from Elsevier. 
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phosphatidylinositol 3,4,5-trisphosphate (PIP3)-containing lipids are generated. Increased 

PIP3 at the plasma membrane recruits the guanine nucleotide exchange factor, ARNO, to 

the cell surface allowing GTP loading of ARF6. The end result is an acceleration of 

ARF6 mediated MHC I endocytosis and removal of MHC I from the cell surface. MHC I 

recycling back to the cell surface is blocked by Nef and internalized MHC I subsequently 

traffics to the TGN either by Nef linking MHC I to PACS-1 or directly to AP-1[163-165]. 

Despite much work defining this model, details are still disputed and independent results 

have been presented opposing Nef’s dependency on PACS-1 and ARF6 for MHC I 

downregulation [166, 167]. This leaves open the possibility that Nef uses an alternative 

method to increase MHC I recycling from the cell surface. 

Additional studies support a second model explaining the impediment of MHC I 

trafficking. Nef has been shown to affect the transport of newly synthesized MHC I to the 

cell surface [156]. Nef appears to stop MHC I trafficking within the TGN. Here, Nef has 

been proposed to directly interact with the cytoplasmic tail of MHC I and link MHC I to 

the adaptor protein, AP-1, known to sort proteins at the TGN [156, 164, 165]. The 

interaction with AP-1 eventually leads to the delivery of MHC I to lysosomes for 

degradation. This model does not take into account the observations that Nef increases 

MHC I internalization; therefore, both proposed mechanism likely function accounting 

for the dramatic perturbations observed in MHC I trafficking patterns that contribute to 

reduced CTL activity.  

Although considerably less work has been done to describe Nef’s interaction with 

MHC II, Nef has also been reported to interfere with MHC II trafficking and antigen 

presentation [160, 168]. Nef appears to cause increased immature CD74 associated MHC 
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II and decreased mature antigen-bound MHC II on the cell surface [169-171]. Further to 

this, Nef expression has been shown to reduce the movement of immature MHC II to 

lysosomes for degradation of CD74 while increasing the amount of mature MHC II in 

lysosomes [171]. Similar to the MHC I downregulation pathway, Nef may decrease the 

amount of mature MHC II on the cell surface by retarding delivery of newly synthesized 

MHC II to the cell surface [170] or by increasing endocytosis of surface MHC II and 

targeting it to lysosomal compartments [168, 170, 171]. As a consequence, reduced 

surface MHC II likely favours HIV survival by interfering with the ability of the host to 

generate CD4+ T cell responses.  

 

1.3 T cells 

In the body’s steady-state, a pool of T cells that express a diverse T cell receptor 

(TCR) repertoire is maintained in the periphery [172]. In the event of an infection, T cells 

can recognize the infectious antigen presented by DCs through their TCR and are induced 

to proliferate and differentiate into effector cells capable of clearing the pathogen. 

Effector T cells are usually maintained for a few weeks before they die most likely from 

neglect allowing the T cell population to be restored to its steady-state levels [173]. A 

few of the antigen-specific cells will survive indefinitely as memory T cells [174].  

 



 34 

1.3.1 T cell activation 

1.3.1.1  Proximal events in T cell activation 

A T cell becomes activated when its TCR recognizes cognate antigen presented on 

MHC by a DC. A series of signalling events ensue following ligation of the TCR. 

Depending on the strength of the TCR stimulus and the presence of costimulatory and 

cytokine signals, the T cell will be induced to survive or establish effector function [173]. 

The TCR is a complex of several proteins specialized for either ligand recognition or 

signalling [175]. The predominate αβ TCR contains the clonotypic αβ chains in a 

heterodimer that can recognize and bind MHC/peptide complexes. However, this 

heterodimer lacks signalling ability so for this purpose is linked noncovalently to 

nonpolymorphic TCR-ζ chain homodimer and CD3-γ,-δ,-ε chains [176]. It is generally 

thought that the total TCR complex is assembled as TCRαβ, CD3 γε, CD3δε and 

ζζ  (Figure 1.9) [176].  

The TCR complex recognizes and binds peptide-bound MHC on the surface of 

APCs. The CD4 coreceptor expressed on T helper cells or CD8 coreceptor on cytotoxic T 

cells helps in recognition by binding to MHC II or MHC I, respectively. The coreceptors 

bind to membrane-proximal sites of the MHC/peptide complex leaving the surface free to 

interact with the TCR [177]. Upon TCR ligation, the TCR-ζ chain and CD3-γ,-δ,-ε chains 

transduce signals through Immune receptor Tyrosine-based Activation Motifs (ITAMs) 

present in their cytoplasmic domains. ITAMs consist of two tyrosine residues in a 

consensus sequence, YXXL/I-X6-8-YXXL/I, where Y is tyrosine, L is leucine, I is 

isoleucine and x can be any amino acid [178]. The TCR complex contains at total of 10 

ITAMS with one on each CD3 chain and 3 in tandem on each ζ chain [175]. Two Src 
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Figure 1.9. The TCR complex. 
The TCR complex assembled as TCRαβ, CD3 γε, CD3δε and ζζ  interacts with MHC in 
complex with antigenic peptide. The CD4 or CD8 co-receptor stabilizes this interaction 
and brings the associated kinase, LCK, into proximity. LCK phosphorylates the 
Immunoreceptor Tyrosine-based Activation Motifs (ITAMs) present in the TCR complex 
to initiate signalling. Reprinted by permission from Macmillan Publishers Ltd: [Nature 
Reviews Immunology] ([179]), Copyright (2008).  

 

http://www.nature.com/nri/index.html
http://www.nature.com/nri/index.html
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family kinases, Lck and Fyn, are responsible for the phosphorylation of the ITAMs that 

serve as the initial signal that the TCR has recognized its MHC/antigen complex [176]. 

Lck and Fyn are localized to the membrane through myristoylate/palmitoylate 

posttranslational modifications [180]. Lck is further associated with the CD4 and CD8 

coreceptors through a di-cystiene motif [180]. Src-family kinases are regulated by 

conformational changes caused by the phosphorylation and dephosphorylation of 

inhibitory and activating tyrosine residues. In the inactive state, the inhibitory tyrosine is 

phosphorylated allowing an interaction with its Src homology (SH)2 domain and creating 

a non-functional protein conformation that is further stabilized by SH3 domain 

interactions [180]. Upon dephosphorylation by CD45, the Src kinase shifts to an ‘open’ 

conformation allowing transphosphorylation of the activating tyrosine in the catalytic 

domain and protein activation [180] 

Although it is clear that the initial step involves the phosphorylation of ITAMS by 

Lck and Fyn, it is still unclear how the engagement of the TCR complex leads to this 

phosphorylation event [176]. Several models have been presented as an explanation and it 

is likely that they are not mutually exclusive [176, 181]. TCR clustering has been a long 

standing model that proposes cross-linking of receptors allows transphosphorylation of 

CD3 and ζ chains by associated kinases [176]. Adhesion and accessory molecules may 

mediate close contact between the T cell and APC concentrating the TCR complex, co-

receptors and signalling molecules and excluding inhibitory phosphatases [176]. As 

antigenic peptide/MHC may be in minority compared to self-peptide/MHC on the surface 

of a presenting cell, cross-linking of antigen/MHC may not always be realistic. A 

pseudodimer or a dimerization between a self-peptide/MHC and an antigen/MHC may 
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initiate TCR signalling allowing for amplification of the TCR signalling cascade [176, 

182] Alternatively, a conformational change may be responsible for signal transduction 

[176]. In resting cells, the ζ or CD3-ε tails may be closely associated with the plasma 

membrane leaving Lck unable to access them for phosphorylation; however, upon TCR 

engagement, the tails may be released into a conformation favourable for Lck activity 

[183, 184]. Furthermore, the observation that TCR activation exposes a proline-rich 

region (PRR) on the CD3ε chain that allows recruitment of the adaptor protein, 

noncatalytic tyrosine kinase (Nck) before ITAM phosphorylation suggests that Nck may 

be responsible for the recruitment of kinases to mediate ITAM phosphorylation [176, 

185]. However, experiments with mice deficient for the CD3ε PRR domain eliminating 

the Nck/CD3 association maintained normal T cell development and function [186]. 

Therefore, further investigation is required for a clear understanding.  

Upon TCR engagement, the formation of the proximal signalling complex is initiated 

allowing the activation of downstream signalling pathways to occur (Figure 1.10). 

Phosphorylated ITAMs recruits ζ-chain associated protein of 70 kDa (ZAP-70) kinase 

which becomes phosphorylated and activated by the Src family kinase, Lck [180]. ZAP-

70, in turn phosphorylates the scaffold proteins linker for the activation of T cells (LAT) 

and SH2 domain-containing leukocyte phosphoprotein of 76 kDa (SLP-76). These two 

proteins function together to recruit and organize effector molecules for multiple 

signalling pathways [176]. LAT contains nine tyrosines that are phosphorylated and bind 

PLCγ1, PI3K, growth factor receptor-bound protein 2 (GRB2), and GRB2-realted adaptor 

downstream of shc (Gads) [176]. SLP-76 is constitutively bound to Gads and attaches to 

the signalling complex when Gads binds LAT. SLP-76 has three tyrosines that become 
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Figure 1.10. The proximal signalling events at the TCR complex. 
The formation of the proximal signalling complex is initiated when LCK phosphorylates 
(P) and activates ZAP-70. ZAP-70 in turn phosphorylates LAT recruiting Gads and its 
binding partner SLP-76. Here, ZAP-70 further phosphorylates SLP76. Together, LAT 
and SLP76 form a scaffold that recruits additional effector molecules (circles) and 
adapter proteins (octagons). These initial signalling events lead to the production of the 
second messengers inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) that 
initiate Ca2+ and RAS/PKCθ signalling, respectively. Used with permission of ANNUAL 
REVIEWS, INC., from T Cell Activation, Jennifer E. Smith-Garvin, Gary A. Koretzky, 
Martha S. Jordan, 27, 2009; permission conveyed through Copyright Clearance Center, 
Inc. 
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phosphorylated and interact with Vav1, Nck and IL-2 induced tyrosine kinase (Itk). SLP-

76 further interacts with PLCγ1 through a PRR domain and with adhesion and 

degranulation-promoting adapter protein (ADAP) and hematopoietic progenitor kinase 1 

(HPK1) through a SH2 domain [176].  

 PLCγ1 is an important molecules leading to several downstream effects of TCR 

activation. PLCγ1 is activated by the kinase, Itk [176]. Itk associates with the cell 

membrane via an interaction between its PH domain and PIP3 that is generated by PI3K 

activity [187]. Here Itk interacts with the LAT/SLP-76 scaffold through its SH2/SH3 

domain and becomes phosphorylated by Lck [187]. Once activated, Itk phosphorylates 

itself and PLCγ1 [187]. The active phospholipase hydrolyzes the membrane lipid 

phosphoinositol 4,5-bisphosphate (PIP2) generating the second messengers inositol 1,4,5-

trisphosphate (IP3) and diacylglycerol (DAG) [176]. These second messengers have 

several downstream effects. IP3 initiates an increase in intracellular calcium (Ca2+) while 

DAG activates two major pathways through Ras and Protein kinase C (PKC) θ  [176, 

187]. 

 

1.3.1.2 Calcium-mediated signalling  

Ca2+ is a universal second messenger important for T cell quiescence, differentiation 

and effector function [188, 189]. An increase in intracellular Ca2+ levels is initiated by IP3 

produced by PLCγ1. IP3 binds to IP3 receptors (IP3R) in the ER causing release of ER 

Ca2+ stores into the cytoplasm. In a mechanism termed store-operated Ca2+ entry (SOCE), 

depletion of ER Ca2+ stores triggers a sustained influx of extracellular Ca2+ through Ca2+ 
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release-activated Ca2+ (CRAC) channels in the plasma membrane [189]. The 

electrophysiological characteristics of the CRAC channel are well defined; however the 

identity and the mechanism of activation are not clear. There are several families of 

channels expressed on the plasma membrane of T cells [190]. Recently, using high-

throughput RNA interference screens, an ER Ca2+ sensing molecule stromal interaction 

molecule 1 (STIM1) and a pore-forming plasma membrane protein, ORAI1, have been 

identified as the CRAC channel. Transient receptor potential (TRP) channels have also 

been the focus of much attention and have been reported to activate by store depletion. 

IP3R, similar to the ER-associated Ca2+ channels, have been shown to be expressed at the 

plasma membrane. As well, the adenosine triphosphate (ATP) responsive purinergic P2 

receptors (P2X) have shown significant Ca2+ permeability. Finally, voltage-dependent 

Ca2+ channels (CaV), the focus of this thesis, have been identified in T cells [189-191]. 

 

1.3.1.2.1 Calcium channels in T cells 

1.3.1.2.1.1 ORAI1 and STIM1 

A recent discovery of STIM1 and a pore-forming plasma membrane protein ORAI1 

has led to the development of a popular model (Figure 1.11) [reviewed in [192]]. In this 

model, the ER transmembrane protein, STIM1, senses the depletion of Ca2+ stores. 

STIM1 exists as a monomer when Ca2+ is present, stabilized through an interaction 

between its luminal EF hand domain and sterile α –motif (SAM). When ER Ca2+ stores 

are depleted, the EF-SAM domain interaction in STIM1 becomes unstable resulting in the 

oligomerization of STIM1 molecules [193, 194]. STIM1 oligomers accumulate in puncta  
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Figure 1.11. CRAC channel activation. 
The 1,4,5-trisphosphate (IP3) produced by TCR engagement activates IP3 receptors 
(IP3R) in the endoplasmic reticulum (ER) to release Ca2+ into the cytoplasm. STIM can 
sense the depletion in ER Ca2+ stores through EF hand motifs that bind Ca2+. Without 
bound Ca2+, STIM molecules cluster and move to areas of the ER in close proximity to 
the plasma membrane. Here, STIM co-localizes with ORAI1 channels inducing their 
activation and the subsequent influx of extracellular Ca2+. Used with permission of 
ANNUAL REVIEWS, INC., from T Cell Activation, Jennifer E. Smith-Garvin, Gary A. 
Koretzky, Martha S. Jordan, 27, 2009; permission conveyed through Copyright Clearance 
Center, Inc. 
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in regions of ER 10-25 nm beneath the plasma membrane [195-197]. Here, ORAI1 at the 

plasma membrane can interact with STIM1 [198, 199]. ORAI1 has been suggested to 

exist as a dimer in the plasma membrane and upon STIM1 interaction forms tetramers 

that can function to import Ca2+ [200]. 

ORAI and STIM function has been analyzed in immunodeficient patients [reviewed 

in [192]]. Linkage mapping lead to the discovery of ORAI1 mutations in individuals 

experiencing symptoms similar to those associated with severe combined 

immunodeficiency (SCID) characterized by severe infections early in life [201-204]. 

Lymphocyte numbers were normal in these patients indicating normal development and 

peripheral maturation [192]. However, the lymphocytes had impaired SOCE and Icrac, the 

Ca2+ current gated by the CRAC channel [192]. As well, the peripheral T cells were 

unable to be activated as demonstrated in vivo by minimal responses in skin delayed-type 

hypersensitivity reactions and ex vivo by reduced proliferation upon stimulation [203-

205]. Further to this, these patients had no antigen-specific antibody responses following 

infection or vaccination [192]. Recently, a homozygous nonsense mutation in STIM1 was 

identified in three members of a family that suffer from severe immunodeficiency [206]. 

The clinical condition was reminiscent of the ORAI1 patients in that normal lymphocyte 

numbers and TCR repertoire could be seen; however, severe proliferation defects were 

observed in lymphocytes examined ex vivo [206]. Dissimilar to the ORAI1-deficiency, 

these patients also experienced lymphoproliferative and autoimmune disease [206]. This 

was seen as lymphadenopathy (enlarged lymph nodes) and hepatosplenomegaly (enlarged 

liver and spleen). Two patients suffered from Coombs-positive autoimmune hemolytic 

anemia (AIHA). In addition, all three presented with thrombocytopenia resulting from 
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autoimmunity towards platelets that were coated with autoantibodies against platelet 

glycoprotein Ib/IX [206]. It has been suggested that this autoimmunity observed in 

STIM1-deficient patients is a consequence of the reduced T regulatory (Treg) cell 

numbers found in the periphery [192, 206]. 

ORAI1 and STIM1 knock-out mouse models have also been developed. In contrast 

to the human patients, these mice die early postnatally for reasons that are still unclear 

[192, 207-211]; however, defects in skeletal muscle that contribute to a severely runted 

phenotype may play a role [192]. In mouse models lacking ORAI1, CRAC current 

measured in T cells is reduced; however, residual currents do remain [209]. ORAI1-

deficient mice have been shown to have impaired cytokine secretion [209]. However, a 

subsequent study found no defect in T cell proliferation [207]. Like the human studies, 

murine T cell development was found to be normal in the absence of ORAI1 [209]. 

STIM1-/- mice, similar to ORAI1-/- mice, have no CRAC channel function or SOCE and no 

subsequent activation of the nuclear factor of activated T cells (NFAT) transcription 

factor [212]. In addition, T cells from these mice have impaired cytokine secretion [212]. 

T and B cell development appears normal; however, CD4+Foxp3+ Treg cells are severely 

reduced. This presumably results from reduced Ca2+/NFAT dependent induction of 

Foxp3 expression and the subsequent impairment in Foxp3/NFAT DNA-binding complex 

formation [212-214]. The impaired Treg development and function in these mice results 

in autoimmune and lympho-myeloprolifertaive syndromes similar to those observed in 

STIM1-deficient human patients [212].  
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1.3.1.2.1.2 Transient receptor potential (TRP) channels 

The role of TRP channels in lymphocyte Ca2+ signalling has also been investigated. 

The first TRP family member was discovered in Drosophila and was found to have a role 

in visual transduction [215]. Subsequently, twenty-eight mammalian TRP channel 

proteins have been identified [215]. These are grouped into six subfamilies based on 

amino acid sequence similarities: the classical TRPs (TRPCs) that are most similar to 

Drosophila TRP; the vanilloid receptor TRPs (TRPVs); the melastatin TRPs (TRPMs); 

the mucolipins (TRPMLs); the polycystins (TRPPs); and ankyrin transmembrane protein 

1 (TRPA1) [215]. The 6 transmembrane domain TRP channels form pores that are 

permeable to cations including Ca2+ [215]. TRPC1, TRPC3, TRPC6, TRPM2, TRPM4, 

TRPM7, TRPV5 and TRPV6 have been shown to be expressed in cultured or primary T 

cells [189, 216].  

TRP channels have been investigated as candidates for the CRAC channel. TRPV6 

channel is highly permeable to Ca2+ and has been shown to be activated by store-

depletion [217]. In addition, when a dominant-negative pore-region mutant of TRPV6 

was expressed in Jurkat T cells, the Icrac was diminished [217]. However, subsequent 

studies could not confirm TRPV6 role as a CRAC-like channel [218, 219] and the CRAC 

channel inhibitor, BTP2, had no effect on the TRPV6 channel activity [220, 221]. TRPC3 

channels have also been under consideration as CRAC channels following the discovery 

that Jurkat T cell lines with mutated TRPC3 channels had reduced Ca2+ influx following 

TCR stimulation. This impairment could be overcome by overexpression of a wild type 

TRPC3 [222, 223]. TRPC3 has been shown to be activated in response to store-depletion 
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[224]; however, the major stimuli gating TRPC3 seems to be DAG [225]. The current 

role of TRP receptors in SOCE is still under investigation. 

The TRPM2 channel in T cells has also been extensively examined. TRMP2 is a 

non-selective Ca2+ channel that is activated by intracellular second messengers ADP-

ribose (ADPR), nicotinamide adenine dinucleotide (NAD+), H2O2 and cyclic ADPR 

[226-228]. TRPM2 has been proposed to be associated with cell death in that activation 

of T cells can increase endogenous ADPR levels in T cells activating TRPM2 and cell 

death [229]. In addition, it has been proposed that H2O2 activation of TRPM2 links 

reactive oxygen species production with cell death [230]. Taken together, TRPM2 can 

contribute to some degree to Ca2+ signalling in T cells. 

 

1.3.1.2.1.3 IP3 receptors (IP3R) 

The IP3Rs, similar to those found in the ER, have been suggested to function as Ca2+ 

channels at the plasma membrane [190, 231]. IP3 dissipates rapidly after TCR 

engagement; therefore, IP3 induced activation of plasma membrane receptors would only 

contribute to short-term Ca2+ signalling [190]. Alternatively, it was suggested that IP3Rs 

in the ER, known to bind IP3 to deplete ER Ca2+ stores, change conformation upon ER 

store depletion and signal to surface IP3Rs to open [232]. IP3R have been detected on the 

cell surface of cultured T cells [231, 233]. However, IP3 induced Ca2+ currents across the 

plasma membrane could not be detected [234]. As an alternate function based on the 

numerous protein binding sites present in the modulatory domain of the channel, IP3Rs 

have been proposed to operate at the plasma membrane as scaffolds [235]. Further work 

is required to clearly fit the IP3R into the Ca2+ signalling network in T cells.  
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1.3.1.2.1.4 P2X receptors 

Seven ATP-gated Ca2+ permeable channels have been identified: P2X1-P2X7. These 

channels were found to form homo- or heterodimers [236]. Four P2X channels (P2X1, 

P2X2, P2X6 and P2X7) were found to be expressed in thymocytes [236] These channels 

allow thymocytes to increase intracellular Ca2+ levels in response to extracellular ATP 

[236]. As well, ATP generated through TCR stimulation has been shown to activate the 

P2X7 channel [237]. Analysis of P2X receptor deficient mice revealed no major defects 

in T cell development or function [189, 238]. Therefore, the role of P2X channels in T 

cell Ca2+ signalling and function remains to be determined.   

 

1.3.1.2.1.5 CaV channels 

CaV channels function in excitable cells such as nerve, muscle and endocrine cells 

where they open in response to membrane depolarization to allow Ca2+ entry [239]. 

However, pharmacological and molecular genetic studies have demonstrated the 

existence of CaV in T cells [240-245]. The CaV channels were initially classified based on 

the voltage required for activation into the subgroups high-voltage activated (HVA) and 

low-voltage activated (LVA) channels. Further analysis of the Ca2+ channels allowed for 

additional classification of the channels into groups with distinct biophysical and 

pharmacological properties: T (tiny/transient) - , N (neuronal) - , P/Q (Purkinje) - , R 

(toxin-resistant) - , L (long-lasting) -type channels [239, 246].   

The CaV channels are heteromultimeric protein complexes composed of 5 subunits: 

α1,  α2, β, δ and γ  (Figure 1.12A). The α2 and δ subunits are linked together though 

disulfide bonds to form a single unit referred to as α2δ.  The α1 subunit of the channel is 
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Figure 1.12. Structure of CaV1 Ca2+ channels. 
(A) The CaV1 Ca2+ channels are composed of 5 subunits: α1, α2, β, δ and γ. The α2 and δ 
subunits are linked by disulfide bonds into a single unit. The α1 subunit forms the pore 
structure and is responsible for the channel’s properties. The additional subunits regulate 
the location and activation of the α1subunit. (B) The α1 subunit is composed of 4 motifs 
(I-IV) that consist of 6 transmembrane domains (S1-S6). The pore-forming (P) loop is 
located between S5 and S6. The positively charged (+) S4 domain makes up the 
channel’s voltage sensor. The high-affinity β subunit interaction site or α interaction 
domain (AID) is located in the loop between motif I and II. Used from with Zafir Buraei 
and Jian Yang, Physiological Reviews, 2010, with permission from Am Physiol Soc. 
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the pore forming component responsible for the channel’s unique properties while the 

α2δ, β and γ subunits regulate the structure and activity of α1 [239]. The α1 subunit 

consists of four homologous repeated motifs (I-IV) each composed of six transmembrane 

segments (S1-S6) with a reentrant pore-forming loop (P-loop) between S5 and S6 

(Figure 1.12B). The P-loop contains four highly conserved negatively charged amino 

acids responsible for selecting and conducting Ca2+ while the S6 segments form the inner 

pore [239]. The S4 segments are positively charged and constitute the voltage sensor. The 

pore opens and closes through voltage mediated movement of this sensor [246]. 

Ten mammalian α1 genes subunits are divided into three subfamilies based on 

similarities in amino acid sequence. The CaV1 family contains L-type channels; the CaV2 

family consists of N- P/Q-and R-type channels; and the CaV3 family are T-type channels 

(Table 1.1) [239]. Pharmacological and genetic studies have demonstrated the existence 

of CaV1 or L-type channels in T cells (Table 1.2) [190]. The CaV1 channels exist as four 

isoforms: CaV1.1, CaV1.2, CaV1.3, and CaV1.4. In excitable cells, L-type Ca2+ channels 

require high voltage activation and have slow current decay kinetics. They have a unique 

sensitivity to 1,4-dihydropyridines (DHPs), a wide drug class that can either activate (for 

example: Bay K 8644) or inhibit (for example: nifedipine) the activity of the channel 

[246]. CaV1 in T cells share elements of molecular structure and drug sensitivity in the 

classically defined L-type channel; however, the T cell channels are thought not to be 

gated by membrane depolarization [190]. 

Recently, in the Jefferies lab, analysis of CaV1.4 in T cells was performed [240, 241]. 

The CaV1.4 α1 is encoded by the CACNA1F gene. This gene was originally cloned from 

human retina [247]. Here, CaV1.4 mediates Ca2+ entry into the photoreceptors promoting 
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Table 1.1. CaV1 Ca2+ channel family members. 
The CaV1 Ca2+ channel family consists of 3 members each with characteristic currents 
and corresponding α1 subunits that contribute the channels unique characteristics. Used 
from Zafir Buraei and Jian Yang, Physiological Reviews, 2010, with permission from 
Am Physiol Soc.  
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CaV subtype Cell type and tissue distribution Expression Refs 
CaV1.1 Human Jurkat T cell line mRNA [248] 
 Mouse effector CD8+ T cells mRNA/Protein [249] 
 Mouse CD4+ T cells mRNA/Protein [250] 
CaV1.2 Human Jurkat T cell Line mRNA [251] 

 
Human peripheral blood T cells  
Human Jurkat T cell line 
MOLT-4 and CEM T cell lines 

mRNA/Protein [244] 

 Mouse CD8+ T cells mRNA [249] 
 Mouse CD4+ T cells mRNA/Protein [250] 
CaV1.3 Human Jurkat T cell line mRNA/Protein [244] 
 Mouse CD8+ T cells mRNA [249] 

CaV1.4 
Human Jurkat T cell line 
Human spleen 
Human peripheral blood CD4+/ CD8+ T cells 

 [240, 
241] 

 Human spleen and thymus 
Rat spleen and thymus mRNA/Protein [251] 

 Mouse naïve CD8+ T cells mRNA/Protein [249] 
 Mouse CD4+ T cells mRNA [250] 
CaV1 
(unspecified) 

Mouse 2G12.1 T cell hybridoma 
Mouse CD4+ Th2 cells 

mRNA 
mRNA 

[242] 
[252] 

 

Table 1.2. CaV1 Ca2+ channels identified in T cells. 
T cell specific CaV1 Ca2+ channel expression has been demonstrated through analysis of 
mRNA and protein in various rat, mouse and human cell lines and primary tissue and cell 
populations. Adapted from Trends Pharmacol Sci, 27/7, Kotturi, M. F.Hunt, S. V., 
Jefferies, W. A. Roles of CRAC and Cav-like channels in T cells: more than one 
gatekeeper?, 360-7., Copyright (2006), with permission from Elsevier. 
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tonic neurotransmitter release [253]. Kotturi et al. identified the CaV1.4 α1 subunit 

mRNA and protein in Jurkat T cells as well as in human peripheral blood T cells [240, 

241]. Pharmaceutical analysis was further performed to demonstrate the contribution of 

L-type Ca2+ channels to T cells Ca2+ signalling [240]. Treatment of Jurkat T cells and 

human peripheral blood T cells with the DHP agonist Bay K 8644 increased intracellular 

Ca2+ and induced ERK 1/2 phosphorylation while treatment with the DHP antagonist 

nifedipine blocked Ca2+ influx, ERK 1/2 phosphorylation, NFAT activation and IL-2 

production. In addition, nifedipine blocked T cell proliferation [240]. Sequence analysis 

revealed that the CaV1.4 expressed in T cells exists as two novel splice variants (termed 

CaV1.4a and CaV1.4b) distinct from the retina [241]. CaV1.4a lacks exons 31, 32, 33, 34 

and 37 which results in a deletion of transmembrane segments S3, S4, S5 and half of S6 

in motif IV (Figure 1.13A,B). As a result, the voltage sensor domain and part of the DHP 

binding site and EF-hand Ca2+ binding motif are deleted from the channel. Removal of 

the voltage sensor may alter the voltage-gated activation of this channel. Instead, gating 

in T cells may be through alternate mechanisms such as ER store-depletion or TCR 

signalling [254]. Partial deletion of the DHP binding site may decrease the sensitivity of 

T cell-specific CaV1.4 channels providing an explanation why large doses of DHP 

antagonists are required to completely block Ca2+ influx through CaV channels in T cells 

[255]. Furthermore, the splice event caused a frameshift that changed the carboxy-

terminus to a sequence that resembles (40% identity) the CaV1.1 channel found in 

skeletal muscle [241]. The second splice variant, CaV1.4b, lacks exons 32 and 36 causing 

a deletion of the extracellular loop between S3 and S4 in motif IV (Figure 1.13C,D). The 

voltage sensing motif is not spliced out; however, it has been proposed that removal of 
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Figure 1.13. CaV1.4 mRNA splice sites and putative protein topology.  
(A) CaV1.4a mRNA is alternatively spliced eliminating exons 31–34 and 37. This leads to 
the deletion of exons in Motif IV that encode S3, S4, S5 and half of S6. (B) The putative 
CaV1.4a channel topology is shown. (C) CaV1.4b mRNA is alternatively spliced 
eliminating exons 32 and 37. This leads to the deletion of a portion of motif IV that 
encodes the extracellular loop linking segments S3 and S4 and half of the transmembrane 
segment S6, respectively. (D) The putative CaV1.4b channel topology is shown. Bolded 
boxes represent exons encoding transmembrane segments. The segment number is 
written below the respective box. Lines connecting exon boxes represent introns. 
Transmembrane segments are purple except for the S4 voltage sensor domain which is 
red. Reprinted from Mol Immunol., 42/12, MF Kotturi and WA Jefferies. Molecular 
characterization of L-type calcium channel splice variants expressed in human T 
lymphocytes, 1461-74, Copyright (2005), with permission from Elsevier. 
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the extracellular loop may alter the voltage sensing function of this channel [241]. Upon 

membrane depolarization, the S4 voltage sensor domain moves and this splicing event 

may leave the domain in a conformation that prevents S4 movement [256, 257]. Like 

CaV1.4a, the carboxy-terminus of CaV1.4b also shares 40% amino acid identity with the 

CaV1.1 due to a frameshift. In addition, an early stop codon prematurely truncates the 

channel [241]. 

Although the expression of CaV1 channels in T cells has been established, the 

functional role they play is less clear. Recently, the regulatory β subunits that mediate 

CaV channel assembly, plasma membrane targeting and activation were assessed in T 

cells [239].  The β3 and β4 family members have been shown to be expressed in CD4+ T 

cells. Upon TCR cross-linking CD4+ T cells from β3 or β4-deficient mice showed 

impaired Ca2+ influx, NFAT nuclear translocation and cytokine secretion [250]. Cav1.1 

expression was found to be reduced in the β4-deficient T cells providing a possible role 

for CaV1 in lymphocyte function [250]. β3-deficiency has also been analyzed in CD8+ T 

cell populations [249]. β3-/- mice have reduced numbers of CD8+ T cells possibly due to 

increased spontaneous apoptosis induced by higher expression of Fas. Upon activation, 

these CD8+ T cells have decreased Ca2+ entry, proliferation and NFAT nuclear 

translocation. β3 was found to associate with CaV1.4 and several TCR signalling proteins 

suggesting its role in TCR gated Ca2+ signalling [249]. CaV1 channels have also been 

suggested to play a role in survival [254]. CaV1.2 expressed in mast cells has been 

reported to protect against antigen-induced cell death by maintaining mitochondria 

integrity and inhibiting the mitochondrial cell death pathway [258]. It has been proposed 

that Ca2+ influx through CaV1.2 at the plasma membrane is important for maintenance of 
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the mitochondrial Ca2+ concentration [Ca2+]m thereby providing the cell with prosurvival 

signals [254]. Although CaV1 function is vital for T cell Ca2+ signalling, the exact 

function they play is still unclear. Further work is required to clarify the role each Ca2+ 

channel family plays in shaping the Ca2+ signal.  

 

1.3.1.2.2 Downstream effects of calcium  

The sustained entry of Ca2+ into the cell results in the activation of signalling 

molecules and transcription factors that induce expression of genes required for T cell 

activation, proliferation, differentiation and effector function [191, 259]. In T cells, Ca2+ 

can activate a variety of targets including the serine/threonine phosphatase calcineruin 

and its transcription factor target NFAT, Ca2+-calmodulin-dependent kinase (CaMK) and 

its target cyclic AMP-responsive element-binding protein (CREB), myocyte enhancer 

factor 2 (MEF2) targeted by both calcineruin and CaMK, and NFκB [189, 259]. 

The best studied downstream effect of Ca2+ is the calcineruin- NFAT pathway [189, 

259]. Increased Ca2+ levels promote the binding of Ca2+ to calmodulin inducing a 

conformation change that allows calmodulin to bind and activate the serine/threonine 

phosphatase calcineurin [259]. Calcineurin dephosphorylates serines in the amino-

terminus of NFAT exposing a nuclear localization signal. This results in the transport of 

NFAT into the nucleus. Here, NFAT can interact with other transcription factors, 

integrating signalling pathways and inducing gene expression patterns dependent on the 

context of the TCR signalling [176]. In particular, NFAT can complex with AP-1 induced 

through Ras signalling (see below) to initiate transcription of genes such as IL-2 

important for T cell activation [260]. NFAT can also interact with FOXP3 in Treg cells 
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and has been shown to cooperate with STAT proteins to induce Th1 or Th2 

differentiation through T-bet or GATA3 transcription factor expression [259]. NFAT-

dependent transcription appears to be highly dependent on sustained Ca2+ levels [189]. A 

drop in intracellular Ca2+ levels immediately results in NFAT rephosphorylation by 

NFAT kinases such as glycogen synthase kinase 3 (GSK3), casein kinase 1 (Ck1) and 

dual specificity tyrosine-phosphorylation regulated kinase 1A (DYRK1A) [261-263]. 

This masks the nuclear localization signal leading to export of NFAT from the nucleus 

and termination of NFAT-dependent transcription. The importance of Ca2+/NFAT 

signalling is emphasized in studies using T cells treated with pharmaceutical inhibitors of 

calcineurin or using T cells with genetic defects in Ca2+ influx. These studies showed 

impaired expression of cytokines as well as hundreds of other genes [222, 264-266] 

Ca2+ influx can also activate the kinase, CaMK. In T cells, two CaMK family 

members, CaMKII and CaMKIV have been shown to function in TCR signalling. [267]. 

CaMKII acts to inhibit TCR signalling through a mechanism that has yet to be 

completely defined. It has been proposed that CaMKII may function to compete against 

calcineurin by phosphorylating NFAT. [268]. Alternatively, CaMKII may directly 

phosphorylate calcineurin inhibiting its activity [267]. On the other hand, CaMKIV 

functions as a positive regulator of TCR signalling. CaMKIV is thought to function by 

phosphorylating the transcription factor CREB. CREB in turn induces expression of 

immediate early genes including Jun and Fos, which cooperate with NFAT to drive 

expression of genes important for activation such as IL-2 [269]. 

The transcription factor Mef2, has also been identified to play a role in Ca2+ 

signalling. Binding sites for Mef2 are located in the promoter regions of several cytokines 
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including IL-2. In an unstimulated state, Mef2 is constitutively bound to these sites and 

interacts with Cabin1 along with its associated class I histone deacetylases (HDACs) and 

a histone methyltransferase or class II HDACs forming a complex that functions to 

silence promoter activity [270, 271]. Upon an increase in intracellular Ca2+, a nuclear 

subset of calmodulin becomes activated and binds Cabin1 and class II HDACs inducing 

them to disassociate from Mef2 [272, 273]. The transcriptional coactivator p300 can then 

bind Mef2 allowing cytokine expression [272, 273]. Additionally, in the presence of 

increased Ca2+, HDACs associated with Mef2 may directly bind calmodulin and be 

induced to dissociate from Mef2. Alternatively, HDACs and Cabin1 may be directly 

phosphorylated by CaMK and other kinases inducing dissociation from Mef2 [267, 274]. 

To increase the transactivation function of Mef2 and induce robust gene expression, 

additional transcription factors are also recruited. Through Ca2+-induced calcineurin 

activation, NFAT enters the nucleus and binds to the Mef2-p300 complex increasing 

stabilization and upregulating transcription [267].  

NFκB activation has also been shown to depend on Ca2+ levels [275]. Studies using 

pharmaceuticals to inhibit calcineurin activity have reported an inhibition of NFκB 

activation [276-280]. In addition, SKF96365, a chemical inhibitor of Ca2+ channels 

blocking Ca2+ entry into T cells leads to reduced NFκB activity [280]. It has been 

proposed that calcineurin might function to dephosphorylate inhibitor of NF-κB (IκB) at 

its PEST domain promoting its instability and degradation. IκB is found associated with 

NF-κB localizing in the cytosol. Upon IκB degradation, NFκB is released and can enter 

the nucleus to activate gene transcription [281]. 
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Taken together, Ca2+ plays a vital role in many aspects of T cells signalling through 

the TCR receptor. It is clear that the TCR signal transduction pathways are not linear but 

function as an intricate network with extensive cross-talk between Ca2+ signal 

transducers.  

 

1.3.1.3 DAG-mediated signalling 

DAG production leads to the recruitment of cellular proteins and the propagation of 

the TCR signalling pathway (Figure 1.14) [282]. One protein recruited to the membrane 

is the GTP-exchange factor (GEF), Ras guanyl nucleotide-releasing protein (RasGRP). 

Here, RasGRP can activate Ras by inducing the release of GDP and the binding of GTP 

[282]. A second GEF, son of sevenless (SOS), is also expressed in T cells. SOS is 

associated with GRB2 and is recruited to the TCR signalling complex through this 

adaptor protein [176]. RasGRP and SOS have been proposed to function together for Ras 

activation. In a positive feedback mechanism, RasGFP created by RasGRP catalyzes SOS 

activity, increases Ras activation and amplifies the TCR signal [283]. Ras is required for 

the activation of Raf-1, a MAPK kinase kinase (MAPKKK), that in turn activates the 

MAPK kinase (MAPKK) and then the MAPK, extracellular signal-regulated kinase 

(ERK) 1 and 2 [176]. Activated ERK can phosphorylate a transcription factor Elk-1 

leading to the transcription of Fos. Fos combines with Jun to form the transcription 

factor, activator protein-1 (AP-1), to induce gene expression required for proliferation 

and differentiation [284]. ERK can also target and activate STAT3 that contributes to 

increased transcriptional activity [284]. 
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Figure 1.14. TCR-induced Ras activation. 
DAG produced by TCR engagement recruits RasGRP to the membrane where it is 
phosphorylated and activated by PKC. RasGRP induces Ras to exchange GDP for GTP 
and so become activated. RasGTP can then bind SOS catalyzing its GEF activity and 
increasing Ras activity and the propagation of the TCR signal. Used with permission of 
ANNUAL REVIEWS, INC., from T Cell Activation, Jennifer E. Smith-Garvin, Gary A. 
Koretzky, Martha S. Jordan, 27, 2009; permission conveyed through Copyright Clearance 
Center, Inc. 
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Ca2+ has been proposed to regulate the Ras/MAPK pathway in T cells [260]. 

RasGRP that activates Ras activity not only has a DAG binding domain but also has a 

pair of EF hand motifs that can directly bind Ca2+ [285]. Through this interaction, Ca2+ 

and DAG can control activation and membrane localization of RasGRP. One model 

proposes that upon weak TCR stimulation, cytosolic Ca2+ and DAG is generated slowly 

resulting in the localization of RasGRP to the DAG-rich Golgi membrane [286]. 

However, strong TCR signalling results in a robust rise in intracellular Ca2+ leading to the 

generation of large quantities of DAG at the plasma membrane allowing RasGRP 

recruitment to this location [286]. The site of activation may play a role in what ERK can 

target downstream thereby contributing to differential signalling dependent on the 

stimulus [286]. Ca2+ also contributes to ERK/MAPK deactivation. Ras is inactivated by 

GTPase activating proteins (GAPs) including CAPRI (Ca2+-promoted Ras inactivator). 

CAPRI is recruited to the plasma membrane and activated in a calcium dependent 

manner, reducing RasGTP levels and subsequent signalling through the ERK/MAPK 

pathway [285]. 

DAG production also recruits PKCθ to the plasma membrane to initiate a pathway 

leading to NF-κB activation. At the membrane, PKCθ phosphorylates a scaffold protein 

called CARMA1 (caspase recruitment domain and membrane-associated guanylate 

kinase-containing scaffold protein), which subsequently binds two proteins, Bcl10 and 

MALT1 (mucosa-associated lymphoid tissue lymphoma translocation gene 1) [176]. This 

membrane bound complex can activate IκB kinase (IKK) that phosphorylates IκB. IκB is 

found associated with NF-κB in the cytosol; however upon phosphorylation, IκB 

becomes ubiquitinated and degraded allowing NF-kB to translocate to the nucleus to 
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stimulate transcription of genes involved in T cell survival, effector function and 

homeostasis [176]. 

 

1.3.2 T cell homeostasis 

The maintenance of the peripheral T cell pool occurs through complex homeostatic 

mechanisms [174]. The major T cell homeostatic signals are through the TCR and 

interleukin-7 receptor (IL-7R) (Figure 1.15) [172]. Naïve T cells emerge from the 

thymus after under going a series of developmental and selection processes. Positive 

selection ensures that T cells can receive signals through their T cell receptor (TCR) 

when low affinity contact occurs with self peptide-MHC. On the other hand, T cells with 

high affinity for self peptide-MHC will be deleted through negative selection [287]. 

Therefore, peripheral T cells will not become activated through self peptide-MHC 

interaction. Instead, contact with a diverse repertoire of self peptide-MHC provides 

survival signals [174]. Despite the requirement of TCR signalling, the exact intracellular 

survival signalling pathway remains unclear. 

IL-7 also plays an essential role in naïve T cell survival. This was demonstrated in 

several studies where naïve T cell survival was impaired when contact with IL-7 was 

blocked either by injection of an IL-7 monoclonal antibody or adoptive transfer of T cells 

into an IL-7 deficient host [288-291]. Furthermore, overexpression of IL-7 in a murine 

model was shown to increase the naïve T cell pool [292, 293]. IL-7 signals through the 

IL-7R composed of two chains: a unique α chain, CD127 and a common cytokine 

receptor γ chain, CD132. IL-7R signalling is mediated through the Janus kinase signal 

transducer and activator of transcription (JAK-STAT) signalling pathway [174]. Binding 
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Figure 1.15. Naïve T cell survival signalling. 
For survival, naïve T cells require signals generated when IL-7R binds IL-7 and TCRαβ 
contacts self-peptide/MHC. The exact details of TCR signalling in homeostasis are not 
yet clear. IL-7R signalling involves activation of receptor-bound JAK1/3, which in turn 
activates the STAT5a/b dimer. The result is initiation of synthesis of several anti-
apoptotic factors proteins including BCL-2 and MCL1 and subsequent inhibition of 
various pro-apoptotic factors such as BAD, BAK, BAX, BIM and BAD. Adapted from 
Immunity, 29/6, Charles D. Surh and Jonathan Sprent, Homeostasis of Naive and 
Memory T Cells, 848-862, Copyright (2008), with permission from Elsevier.  
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of IL-7 activates JAK1 and JAK3, which are associated with CD127 and CD132, 

respectively. Activated JAK1/3 phosphorylates the IL-7 receptor recruiting STAT5a/b 

that in turn becomes phosphorylated. STAT5a/b subsequently dimerize and then can 

enter the nucleus to regulate gene transcription [174]. In response to IL-7R signalling the 

expression of the anti-apoptotic factors B cell lymphoma 2 (BCL-2) and myeloid cell 

leukemia sequence 1 (MCL1) are induced. BCL-2 and MCL1 are thought to block the 

death effector activity of Bcl-2–associated X protein (BAX) and Bcl-2 homologous 

antagonist/killer (BAK) that induce apoptosis by causing release of cytochrome c and 

other pro-apoptotic factors that induce the caspase pathway [174]. In addition, the activity 

of the pro-apoptotic proteins BH3-interacting domain death agonist (BID), BCL-2 

interacting mediator of cell death (BIM) and BCL-2 antagonist of cell death (BAD) is 

inhibited [174]. In this way, IL-7 supports naïve T cell survival by preventing induction 

of apoptosis.  

 

1.4 Specific aims 

1.4.1 Dendritic cells 

1.4.1.1 CD74 and cross presentation in DCs 

To initiate an effective immune response against an invading pathogen, DCs must be 

able to cross prime naïve T cells. For cross presentation to occur, exogenous antigen and 

MHC I must localize to the same phagolysosomal or endolysosomal compartment. 

Previously, the Jefferies lab has shown that cell surface MHC I can enter such a 

compartment and this is mediated by a conserved tyrosine motif in the cytoplasmic tail 
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[59, 65]. Alternatively, newly synthesized MHC I may traffic straight from the ER 

directed by the chaperone protein, CD74. The first portion of my thesis will address the 

role of CD74 in MHC trafficking and cross presentation in vivo. These observations 

define a new model of MHC I antigen presentation and highlight the significance of the 

endolysosome as the organelle for cross presentation in DCs.  

 

1.4.1.2 HIV-Nef immune evasion in DCs 

Given the critical role that cross presentation plays in the generation of immune 

responses, it is understandable that viruses would employ mechanisms to interfere with 

its function. HIV can infect DCs and is in a position to disrupt important antigen 

presentation pathways [117]. Nef, a protein expressed early in the HIV replication cycle, 

has been shown to interfere with MHC I trafficking causing a downregulation of surface 

expression; however, the impact of this on DC antigen presentation has not been 

sufficiently assessed [136, 294]. The second portion of this thesis examines the impact of 

Nef-mediated disruption of MHC I trafficking in DCs with particular focus on the impact 

of Nef on the cross presentation pathway. DC cross priming is essential for activation of 

immune responses against HIV and secondary infections that are fatal to HIV-infected 

individuals. HIV’s potential to infect and impair this pathway could potentially be a 

factor leading to immunosuppressive characteristic of AIDS.  
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1.4.2 T cells 

1.4.2.1 CaV1.4 channels in T cells 

In order for DCs to initiate immune response, naïve T cells need to be present and 

poised to interact with the cross presenting DCs [172]. One key signal regulating naïve T 

cell homeostasis is through the TCR [174]. The TCR can initiate several signalling 

pathways through various second messengers including Ca2+ ions. In lymphocytes, Ca2+ 

signals serve to regulate cell activation, proliferation, differentiation and apoptosis [188, 

189]. Previously in the lab, the existence of an L-type Ca2+ channel, CaV1.4, in T cells 

was demonstrated [240, 241]. However, the function of CaV1.4 in T cell biology remains 

unclear [188, 189]. The final section of this thesis investigates the physiological role 

CaV1.4 plays in T cell homeostasis. Collectively, this study provides a new framework 

for the function of L-type channel in the storage of intracellular Ca2+ within T cells and in 

operative Ca2+ regulation of antigen receptor-mediated signal transduction. 
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CHAPTER 2.  MATERIALS AND METHODS 

2.1 In vitro studies 

2.1.1 Cell lines and culture conditions 

The DC2.4 [295], B3Z cells (a T cell hybridoma expressing a TCR recognizing 

OVA257-264 in the context of H-2Kb with a beta-galactosidase reporter driven by NFAT 

elements from the IL-2 promoter) [296] and RMA-S cells were maintained in completed 

RPMI (Roswell Park Memorial Institute) 1640 medium (Invitrogen) supplemented with 

10% fetal bovine serum (FBS) (Invitrogen), 2 mM L-glutamine, 20 mM 4-(2-

hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), 1 mM sodium pyruvate, 0.1 

mM nonessential amino acids (NEAA) and 5 x 10–5 M 2-mercaptoethanol.  

 

2.1.2 Molecular biology 

2.1.2.1 Cloning of Nef pMX-pie 

The coding sequence of nef (Accession number: AF324493) was amplified by PCR 

from the pNLV102 vector [297] with BamHI containing sense primer 

(5’GATCGAGGGATCCCCTCCTGGAACGCCC3’) and EcoRI containing anti-sense 

primer (5’GATCGAGGAATTCGCAACATACCTACAA3’). The PCR reaction was 

conducted with Platinum Pfx DNA Polymerase (Invitrogen) in the Whatman Biometra 

UnoII Thermocycler using the following conditions: 94°C for 2 min; 94°C for 15 sec, 

55°C for 30 sec, 68°C for 45 sec for 35 cycles; 68°C for 10 min. The PCR fragment was 
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resolved on a 1% agarose gel and visualized by SYBRSafe (Invitrogen) staining. The 

fragment was gel purified using the Qiaex II Purification Kit (Qiagen). The nef fragment 

and pMX-pie vector (Figure 2.1) were digested with BamHI and EcoRI restriction 

enzymes (Invitrogen) at 37°C for 3 hours and the digestion products were resolved on a 

1% agarose gel with SYBRSafe (Invitrogen). The digested nef fragment and pMX-pie 

vector were gel purified using the Qiaex II Purification Kit (Qiagen) and incubated in a 

1:5 (vector: insert) ratio with T4 DNA ligase (Invitrogen) at room temperature for 1 hr. 

Correct insertion of the nef sequence into the pMX-pie vector was confirmed by 

sequencing (NAPS, UBC).   

 

2.1.2.2  Cell transfection  

DC2.4 (5 x 106) cells were combined in a 4-mm diameter electroporation cuvette 

with 30 µg of DNA in 0.7 ml of Opti-MEM media (Invitrogen). The mixture was 

incubated on ice for 10 min then electroporated at 280 V and 950 µF. The mixture was 

incubated on ice for another 5 min then at room temperature for 5 min. The cells were 

transferred to 24-well plates in RPMI completed media. After 24 hours, the media was 

supplemented with 20 µg/ml of puromycin (Calbiochem). Following selection with 

puromycin, cells were sorted for GFP expression in bulk by FACS (BD FACSVantage). 

The stably transfected cell cultures were maintained in RPMI completed media with 10 

µg/ml puromycin (Calbiochem).  
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Figure 2.1. The pMX-pie vector map. 
The pMX-pie vector contains a long terminal repeat (LTR) promoter, a multiple cloning 
site (MCS) followed by an internal ribosomal entry site (IRES) linked to the GFP coding 
sequence.  The Nef sequence was ligated into the MCS through BamHI and EcoRI 
restriction enzyme sites. The pMX-pie vector contains the drug-resistant genes, 
ampicillin (Amp) for bacterial selection and puromycin for selection in mammalian cells. 
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2.1.2.3 RNA isolation and cDNA generation 

RNA was isolated from cell lines or single-cell suspensions prepared from tissue 

samples. RNA was isolated from 5-10 x 106 cells using Trizol reagent (Invitrogen) 

according to manufacturer’s directions. Contaminating DNA was removed from RNA 

preparations by digestion with 1 unit of RNA-free DNAse I (Fermentas) per 1 µg of RNA 

for 30 min at 37°C.  The digestion was inactivated by incubation at 65°C for 10 min with 

1µl of 50mM EDTA per unit of DNase I. cDNA was synthesized from 1 µg of digested 

RNA using the RevertAid First Strand cDNA Synthesis Kit (Fermentas). This cDNA was 

used as a template in PCR reactions with Taq DNA Polymerase (Fermentas) using the 

Whatman Biometra UnoII Thermocycler. PCR fragments were resolved on a 1% agarose 

gel and visualized by SYBRSafe (Invitrogen) staining. 

 

2.1.2.4 PCR 

Nef was detected by amplification of a 500 bp sequence with sense primer: NefF2 

(5’TGATTGGATGGCCTGCTGTAA3’) and anti-sense primer: NefR2 (5’TCTTGAAG 

TACTCCGGATGCA). The primer design was based on the nef published sequence 

(Genbank accession number AB023804). PCR reactions were conducted with conditions 

as follows: 94°C for 5 min; 94°C for 30 sec, 56°C for 30 sec, 72°C for 30 sec for 35 

cycles; 72°C for 10 min. The PCR product was sequenced at NAPS DNA Sequencing 

Facility of UBC. 

 CD4 expression was detected by amplification of a 553 bp sequence with sense 

primer: mouse CD4 Set 2 Forward (5’TTCAAAGTGACCTTCAGTCCGGGT3’) and 

anti-sense primer: mouse CD4 Set 2 Reverse (5’TGATGCAGTGTCCCTTTGTCCA 
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GA3’). PCR reactions were conducted with the following conditions: 94°C for 5 min; 

94°C for 30 sec, 60°C for 30 sec, 72°C for 30 sec for 35 cycles; 72°C for 10 min.   

To detect Cav1.4 in tissues an initial PCR was performed with sense primer (5′-CAT 

ACTGGAGGAAAGCCAGGA -3′) and anti-sense primer (5′-TGGAGTGTGTGGAGC 

GAGTAGA-3′). PCR reactions were conducted with the following conditions: 94°C for 5 

min; 94°C for 60 sec, 55.5°C for 30 sec, 72°C for 30 sec for 28 cycles; 72°C for 2 min. A 

subsequent nested PCR reaction amplified a 324 bp fragment with sense primer (5′-GAC 

GAATGCACAAGACATGC-3′) and anti-sense primer (5′-CAAGCACAAGGTTGAGG 

ACA-3′). PCR reactions were conducted with the following conditions: 94°C for 5 min; 

94°C for 60 sec, 55.5°C for 30 sec, 72°C for 30 sec for 28 cycles; 72°C for 2 min. The 

PCR product was subcloned into pCR2.1-TOPO vector (Invitrogen) and sequenced using 

the m13R primer at NAPS DNA Sequencing Facility of UBC. To detect the Cav1.4 

mutated mRNA the first round PCR was performed with sense primer (5’-

CATACTGGAGGAAAGCCAGGA-3’) and anti-sense primer (5’CGTCCCTCTTCAG 

CAAGAGAA-3’). PCR reactions were conducted with the following conditions: 94°C 

for 5 min; 94°C for 30 sec, 56°C for 30 sec, 72°C for 30 sec for 26 cycles; 72°C for 2 

min. A second nested PCR with sense primer (5’-GCCCATAACTTCGTATAA 

TGTATGC-3’) and anti-sense primer (5’-CAAGCACAAGGTTGAGGACA-3’) was 

performed to amplify the mutation cassette that introduces a premature stop codon in 

exon 7 of CaV1.4 mutated mRNA. PCR reactions were conducted with the following 

conditions: 94°C for 5 min; 94°C for 60 sec, 54°C for 30 sec, 72°C for 30 sec for 30 

cycles; 72°C for 2 min.  
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S15 was amplified as a positive control for template DNA integrity. A 361bp 

fragment was amplified using the sense primer (5’-TTCCGCAAGTTCACCTACC-3’) 

and the anti-sense primer (5’-CGGGCCGGC CATGCTTTACG-3’). PCR reactions were 

conducted with conditions as follows: 94°C for 5 min; 94°C for 30 sec, 56°C for 30 sec, 

72°C for 30 sec for 35 cycles; 72°C for 10 min. 

 

2.1.3 Protein analysis 

2.1.3.1 Western blot 

Primary antibodies used for Western blotting are as follows: rat anti-CD74 antibody 

(In-1, Fitzgerald), mouse anti-MHC Class I antibody (KH95; Santa Cruz Biotechnology), 

sheep anti-Nef polyclonal antibody (a kind gift from Victor Garcia, University of Texas 

Southwestern Medical Center; Dallas, Texas), rabbit anti-CaV1.4 polyclonal antibody 

(provided by Dr. John McRory), rabbit anti Phospho-p44/p42 MAPK antibody (9101, 

Cell Signalling), rabbit anti-ERK2 antibody (sc-154, Santa Cruz Biotechnology), rabbit 

anti Phospho-SAPK/JNK antibody (9251, Cell Signalling), rabbit anti-SAPK/JNK 

antibody (9252, Cell Signalling), mouse anti-p21Ras antibody (RAS10; Upstate 

Biotechnology), using mouse anti-NFATc1 (7A6, Thermo Scientific) antibody, mouse 

anti-GAPDH (MAB374, Chemicon), mouse anti-HDAC1 (10E2, Santa Cruz). To 

visualize primary antibody binding the following secondary antibodies were used: goat 

anti-rat IgG antibody conjugated to Alexa-680, goat anti-sheep IgG antibody conjugated 

to Alexa-680, goat anti-rabbit IgG antibody conjugated to Alexa-680 (Invitrogen); goat 

anti-mouse IgG antibody conjugated to Alexa-680, goat anti-mouse IgG antibody 

conjugated to IRDye-800CW (LI-COR Biosciences).   
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Cell lines or single-cell suspensions derived from tissue samples were lysed in RIPA 

buffer (10mM phosphate buffer pH7.2, 150mM NaCl, 1% NP-40, 1% sodium 

deoxycholate, 0.1% SDS, 0.2mM EDTA) containing a protease inhibitor cocktail (Roche) 

for 30 minutes on ice. The protein levels in the samples were quantified using the BCA 

Protein Assay according to the manufacturer’s directions (Pierce). Equalized amounts of 

protein for each sample were mixed with 5x sample buffer (250mM Tris pH6.8, 0.02% 

bromphenol blue, 50% glycerol, 10% SDS, 25% β-mercaptoethanol) and boiled for 5 

minutes. The samples were separated by SDS- polyacrylamide gel electrophoresis 

(PAGE) (10-12% separating/5% stacking). Proteins were transferred to a nitrocellulose 

membrane by wet transfer for 1 hour and 20 minutes at 70 Volts. The membrane was 

subsequently blocked with Odyssey Blocking Buffer (LI-COR Biosciences) for 1 hour at 

room temperature. The blots were probed with primary antibody overnight at 4°C. The 

blots were washed 3 times with TBS-T (Tris buffered PBS + 0.1% Triton-X) then probed 

for 1 hour with corresponding secondary antibody.  After 3 washes with TBS-T, the blots 

were visualized using the Odyssey Infrared Imaging (LI-COR Biosciences). Signal 

intensities were quantified using the Odyssey software  

 

2.1.3.2 Immunoprecipitation 

Bone marrow derived dendritic cells (BmDCs) or single cell suspension prepared 

from tissue samples (prepared as described in Section 2.2.4) were lysed in 0.5% Nonidet 

P-40 (NP-40) buffer (120 mM NaCl, 4 mM MgCl2, 20mM Tris-HCl pH 7.6) containing a 

protease inhibitor cocktail (Roche) and 40 µg/mL PMSF. Protein levels in the samples 

were quantified using the BCA Protein Assay according to the manufacturer’s directions 
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(Pierce). Samples normalized for protein concentration were precleared overnight with 

normal rabbit serum and Protein A-sepharose (Pharmacia). Immunoprecipitation with 

anti-I-A/I-E antibody (M5/114.15.2, Becton Dickinson), anti-H-2Kb antibody (AF6.88.5, 

BD Biosciences) recognizing fully-folded MHC Class I, anti-exon-VIII antibody (a kind 

gift of Professors David Williams and Brian Barber, University of Toronto, Canada) that 

recognizes all MHC Class I or anti-transferrin receptor (H68.4, Invitrogen) was 

performed overnight with rotation. This was followed by binding to Protein A/G agarose 

beads (Santa Cruz) for one hour with rotation at 4oC. Samples were analyzed on a 10-

12% SDS -PAGE. Proteins were transferred onto a nitrocellulose membrane and Western 

blot analysis was performed (as in Section 2.1.3.1) with anti-CD74 antibody (In-1, 

Fitzgerald). For the endoglycosidase H experiments, bmDCs cell lysates were 

immunoprecipitated with anti-CD74 antibody (In-1; Fitzgerald) and digested with 

EndoHf enzyme (200 mIUB, New England Biolabs) according to manufacturer’s 

directions. Western blot analysis was performed with an anti-MHC Class I antibody 

(KH95; Santa Cruz Biotechnology).  

 

2.1.3.3 Metabolic labelling and immunoprecipitation 

BmDCs (prepared as in Section 2.2.4) were used at 1x107 cells per sample. Cells 

were washed once in Cystine/Methionine-Free DMEM (Dulbecco's Modified Eagle 

Medium; CellGro, Mediatech) supplemented with 5% dialyzed FBS (Gibco) then starved 

for one hour at 37°C in the same media. Cell cultures were supplemented with ~100 uCi 

of EasyTag Express Protein Labelling Mix [35S] (Perkin Elmer) and incubated for a 

further 30 min at 37°C. Media was removed and DCs were lysed in 0.5% Nonidet P-40 
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(NP-40) buffer (120 mM NaCl, 4 mM MgCl2, 20mM Tris-HCl pH 7.6) containing a 

protease inhibitor cocktail (Roche) and 40 µg/mL PMSF. The amount of 35S labelled 

protein in each sample was quantified following TCA precipitation. Briefly, 5 µl of 

labelled protein reaction was added to 250 µl of 1M NaOH in a glass tube and allowed to 

incubate at room temperature of 10 min to deacylate charged 35S-Met-tRNA. Paper filters 

were soaked in 10% Trichloroacetic acid (TCA, Sigma) and allowed to dry. The NaOH-

treated reaction (20 µl) was spotted on the filter and the filter was incubated shaking in a 

beaker containing 100 ml of ice-cold 10% TCA for 15 min on ice. The TCA wash was 

repeated 3 times then followed by a wash with 100% ethanol. The filters were allowed to 

dry then counted in a liquid scintillation counter (Packard). Normalized amounts of 

labelled protein were precleared overnight with normal rabbit serum and Protein A-

sepharose (Pharmacia). Immunoprecipitation was performed with anti-H-2Kb antibody 

(AF6.88.5, BD Biosciences) recognizing fully-folded MHC Class I, anti exon-VIII 

antibody (a kind gift of Professors David Williams and Brian Barber, University of 

Toronto, Canada) that recognizes all MHC Class I, anti-I-A/I-E antibody (M5/114.15.2, 

Becton Dickinson) and anti-CD74 antibody (In-1, Fitzgerald). Samples were analyzed on 

a 10-12% SDS-PAGE. Gels were fixed by soaking overnight in Gel Fixing Solution 

(30% methanol, 10% Acetic Acid). To aid in amplification of the signal, the gels were 

soaked in Amplify (GE Healthcare) for 30 min then Gel Soaking Solution (1% glycerol, 

5% PEG8000) for 30 min.  The gels were dried and exposed to a film (Biomax MR, 

Kodak) at -80°C for 7-14 days. The film was developed using the Kodak M35A X-

OMAT processor. 
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2.1.3.4 Pulse chase experiments 

DC2.4 cells were seeded at 1x106 per 60mm tissue culture plates in RPMI complete 

media and were allowed to adhere overnight. Cells were metabolically labelled with 35S-

Cystine and Methionine as in Section 2.1.3.3. Following the 30 min labelling, cells were 

washed with RPMI completed media then incubated with RPMI completed media at 

37°C. At indicated time points, samples were placed on ice, washed with ice-cold PBS 

and then lysed in 1mL of RIPA buffer (10mM phosphate buffer pH7.2, 150mM NaCl, 

1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 0.2mM EDTA) containing a protease 

inhibitor cocktail (Roche) for 30 minutes on ice. Cell lysates were spun at 10,000xg at 

4oC for 15 min, and the supernatant was pre-cleared overnight with pre-washed Protein A 

sepharose beads (Amersham Biosciences). The amount of 35S labelled protein in each 

sample was quantified following TCA precipitation as described in Section 2.1.3.3. 

Normalized amounts of labelled protein from each sample were precipitated with a rabbit 

anti-H-2Kb polyclonal (P8) (courtesy of Jacques Neefjes, The Netherlands Cancer 

Institute) [298] overnight with rotation, followed by binding to Protein A sepharose beads 

for one hour with rotation at 4oC. Samples were washed three times with RIPA buffer and 

split into two samples. One sample was suspended in EndoHf buffer and digested with 

EndoHf enzyme (New England Biolabs) according to manufacturer’s protocol. The 

samples were then mixed with 5X protein sample buffer and separated by SDS-PAGE 

(12% separating/5% stacking) then fixed and analyzed as in Section 2.1.3.3. 
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2.1.3.5 Surface protein isolation 

T cells were isolated from splenocyte single cell suspensions (prepared as in Section 

2.2.4) using the using the EasySep Mouse T Cell Enrichment Kit (Stemcell 

Technologies) according to manufacturers` instructions. Cell surface proteins were 

biotinylated and isolated using the Pierce Cell Surface Protein Isolation Kit (Pierce). 

Protein levels between samples were normalized using the BCA Protein Assay (Pierce) 

and separated by SDS- PAGE (8% separating/5% stacking). Proteins were transferred to 

a nitrocellulose membrane and a Western blot analysis was performed as in Section 

2.1.3.1 using a rabbit anti-CaV1.4 polyclonal antibody (provided by Dr. John Mcrory).  

 

2.1.4 Immunofluorescence assays 

2.1.4.1 Flow cytometry 

Antibodies against H-2Kb (AF.6-88.5), I-Ab (AF6-120.1), CD86 (GL1), CD4 

(GK1.5), CD8a (53-6.7), CD11b (M1/70), CD11c (HL3), CD40 (3/23), CD44 (IM7), 

pan-NK (DX5), anti-Bcl-2 (3F11) were obtained from BD Biosciences. Antibodies 

against CD3ε (2C11), CD8b (53.58), TCRβ (H57-597), CD19 (ebio1D3), CD24 (M1/69), 

CD25 (PC61.5), CD62L (MEL-14), CD69 (H1.2F3), CD127 (A7R34), Thy1.1 (HIS51), 

Thy1.2 (53-2.1), CD45.2 (104), PD-1 (J43), PD-L1 (MIH5) and CCR7 (EBI-1) were 

purchased from eBioscience. Anti-TLR4 antibody (MDS510) was obtained from Santa 

Cruz Biotechnology. The H-2Kb/OVA257–264 (25.D1.16) antibody was purified from the 

supernatant of the 28.14.8S hybridoma [299] and directly conjugated to Phycoerythrin 

(PE) by the UBC antibody facility. The following reagent was obtained through the AIDS 
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Research and Reference Reagent Program, Division of AIDS, NIAID, NIH: HIV-1 Nef 

monoclonal antibody (AE6) from Dr. James Hoxie. 

All antibodies against surface proteins were incubated on ice with saturating amounts 

of antibody for 30 min except with anti-CCR7 (EBI-1, eBioscience) that was performed 

at 37° C for 30 min. The cells were then washed three times with cold PBS. For viability 

analysis, cells were labelled with relevant surface antibodies then incubated with Annexin 

V-Alexa-647 (Southern Biotech) for 15 min at room temperature in HEPES with 140 mM 

NaCl containing 2.5 mM Ca2+. For intracellular analysis of Bcl-2 expression, cells were 

fixed in 2% formaldehyde, washed with PBS, and then permeablized by incubation in 

90% methanol for 30 min on ice. Intracellular staining with anti-Bcl-2 (3F11; BD 

Biosciences) was conducted at room temperature for 30 min [300]. Data were acquired 

using either FACScan or FACSCalibur/CellQuest software (BD Biosciences) or 

LSRII/FACSDiVa software (BD Biosciences). Data were analyzed with Flowjo software 

(Treestar, Inc). 

 

2.1.4.2 Phospho-flow cytometric signalling analysis  

Thymocytes were incubated in Hank’s Balanced Salt Solution (HBSS; Invitrogen) 

with 10 mM HEPES for 30 minutes prior to stimulation. For stimulations, thymocytes 

were incubated for 15 minutes at 4°C with 10 mg/ml of biotinylated anti-CD3ε antibody 

(clone 145-2C11; eBioscience) then with 20 μg/mL streptavidin diluted in prewarmed 

PBS at 37°C for the indicated time. For determination of STAT5 phosphorylation, cells 

were fixed with 2% formaldehyde for 10 min, pelleted by centrifugation and 

permeablized overnight in 90% methanol at -20°C. Permeabilized cells were treated with 
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anti-STAT5- AlexaFluor647 (pY649), anti-CD8a-PE (53-6.7) and anti-CD4-PE-Cy7 

(GK1.5) antibodies (BD Biosciences) for 1 h at room temperature. For flow cytometric 

determination of ERK activation [301], cells that were activated in a 200 μl volume were 

fixed by adding 50 μl of 10% formaldehyde, and incubated for 10 min at 37°C. Following 

centrifugation, thymocytes were resuspended in ice-cold methanol and incubated on ice 

for 30 min. Permeabilized cells were incubated with anti-p-ERK1/2 (9101, Cell 

Signalling Technology) for 20 min at room temperature. Bound antibody was detected 

with anti-rabbit Ig F(ab′)2-PE (Jackson ImmunoResearch Laboratories) by incubation for 

20 minutes on ice. Cell surface labelling with anti-CD4 (GK1.5) and CD8a (53-6.7) 

antibodies (BD Biosciences) was carried out by incubation on ice for 20 min.  Data were 

acquired using either FACSCalibur/CellQuest software (BD Biosciences) or 

LSRII/FACSDiVa software (BD Biosciences). Data were analyzed with Flowjo software 

(Treestar, Inc). 

 

2.1.4.3 Confocal microscopy 

To aid in the adherence of cells, coverslips were coated with poly-D-lysine. Briefly, 

coverslips were incubated shaking at room temperature for 2 hours with 1 mg/ml poly-D-

lysine. The coverslips were washed 3 times with PBS then sterilized by autoclaving. For 

analysis of antigenic loading by immunofluorescence, splenic DCs isolated using CD11c+ 

magnetic beads following manufacturer’s directions (Miltenyi Biotech), were incubated 

with 5 mg/mL OVA or control protein, Bovine Serum Albumin (BSA), for 10 hrs in the 

presence of GM-CSF with or without 10 ng/mL TNFα. Cells preincubated with OVA or 

not, were allowed to adhere to the sterile coverslips by incubation in 10 cm plates for 18 
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hours in RPMI completed media. The coverslips were then washed with PBS. The cells 

adhering to the coverslips were fixed with 4% paraformaldehyde for 20 min at room 

temperature then permeabilized and blocked for 1hr with 0.1% saponin/1% BSA in PBS 

at room temperature. The cells were stained for 1 hour at room temperature with: rabbit 

anti-Giantin antibody (PRB-114C, Covance), rabbit anti-furin convertase antibody 

(ab3467, Abcam), goat anti-LAMP1 antibody (N19, Santa Cruz Biotechnology), mouse 

anti-H-2Kb antibody (AF6-88.5, BD Biosciences), mouse anti-H-2Kb/OVA257-264 

antibody (25.D1.16) [299], rat anti-CD74 antibody (In-1, Fitzgerald). Cells were washed 

five times with 0.1% saponin/1% BSA in PBS, then incubated for 1 hour at room 

temperature with secondary antibodies: rabbit anti-goat IgG (H+L) conjugated to 

Alexa488, goat anti-mouse IgG (H+L) conjugated to Alexa488, rabbit anti-mouse IgG 

(H+L) conjugated to Alexa568, goat anti-rat IgG (H+L) conjugated to Alexa568, goat 

anti-rabbit IgG (H+L) conjugated to AlexaFluor568, rabbit anti-goat IgG (H+L) 

conjugated to Alexa568 goat anti-mouse IgG (H+L) conjugated to AlexaFluor647, (all 

from Molecular Probes). Cells were washed five times in 0.1% saponin/1% BSA in PBS 

and incubated for 10min with Slow Fade (Molecular Probes) equilibration buffer. The 

coverslips were mounted in Slow Fade glycerol solution and sealed to the slide with clear 

nail polish. Confocal microscopy was performed on a Nikon TE2000 inverted 

microscope with EZ-C1 software version 3.0, with 633nm, 543 nm and 488nm laser 

lines. Data analysis was performed with ImageJ.1 to select single slices and Adobe 

Photoshop for colour merging.   

For studies with primary splenic DCs, 50 DCs were examined at 60X magnification 

using Openlab software to determine relative fluorescent intensity. The relative 
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fluorescent intensity of all individual colors was then expressed as percent of total 

fluorescence intensity (mean +/- SD). Alternatively for DC2.4 studies, co-localization 

was quantified by calculating the Mander’s coefficient using ImageJ Colocalization 

Threshold software (NIH).  

 

2.1.5 Signalling assays 

2.1.5.1 T cell receptor signalling analysis 

For signalling analysis, thymocytes were prepared as in Section 2.2.4. Thymocytes 

incubated for 15 minutes at 4°C with 10 mg/ml of biotinylated anti-CD3ε antibody (clone 

145-2C11; eBioscience) were stimulated at 37°C for the indicated time by the addition of 

20 μg/mL streptavidin diluted in prewarmed PBS. As a positive control for activation, 

thymocytes were incubated with 100 ng/mL PMA for 10 min at 37°C. Immediately 

following stimulation, the cells were lysed in RIPA buffer (10mM phosphate buffer 

pH7.2, 150mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 0.2mM EDTA) 

containing a protease inhibitor cocktail (Roche) for 30 minutes on ice. Protein levels in 

the samples were quantified using the BCA Protein Assay according to the 

manufacturer’s directions (Pierce). Equalized amounts of protein for each sample were 

separated by SDS-PAGE. Phosphorylated and total ERK and JNK were detected by 

Western blotting (Section 2.1.3.1). The fold increase in phosphorylation was expressed as 

a ratio of total protein and was normalized to the unactivated wild type control. 

Ras activity was assessed as previously described [302]. Briefly, thymocytes were 

stimulated as above and lysed in 1% NP-40 buffer (200 mM NaCl, 5 mM MgCl2, 50mM 

Tris-HCl pH 7.5, 15% glycerol) containing a protease inhibitor cocktail (Roche) and 40 
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µg/mL PMSF. Protein levels in the samples were quantified using the BCA Protein Assay 

according to the manufacturer’s directions (Pierce). Activated p21Ras (Ras-GTP) was 

affinity-precipitated from lysates that were normalized for protein concentration, using 

glutathione Sepharose beads coupled to a recombinant fusion protein of GST and the 

Ras-binding domain of Raf-1 (GST-RBD). The beads were washed in lysis buffer then 

boiled in sample buffer. The eluted proteins were resolved by SDS-PAGE and analyzed 

by Western blot (Section 2.1.3.1) using an anti-p21Ras antibody (clone RAS10; Upstate 

Biotechnology). Whole cell lysates were analyzed in parallel to quantify total Ras protein 

in each sample. The fold increase in activation was expressed as a ratio of total Ras 

protein and was normalized to the unactivated wild type control. 

 

2.1.5.2 NFAT mobilization assays  

Single-cell suspensions from thymi of wild type or CaV1.4-/- mice were prepared (as 

in Section 2.2.4) and incubated for 16 hours with plate-bound anti-CD3ε  antibody (145-

2C11, eBioscience; used at 10 µg/ml) and soluble anti-CD28 (used at 1 µg/ml) antibody 

or media alone. Whole cells were lysed for 10 minutes in RIPA buffer (10mM phosphate 

buffer pH7.2, 150mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 0.2mM 

EDTA) containing a protease inhibitor cocktail (Roche). Nuclear and cytoplasmic 

fractions were prepared using NE-PER Nuclear/ Cytoplasmic Extraction Kit as directed 

by the manufacturer (Thermo Scientific). Western blot analysis was performed as 

described above (Section 2.1.3.1) using anti-NFATc1 (7A6, Thermo Scientific) antibody 

and anti-GAPDH (MAB374, Chemicon) or anti-HDAC1 (10E2, Santa Cruz) as loading 
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controls. The fold increase in activation was expressed as a ratio of the appropriate 

loading control and was normalized to the unactivated wild type control.  

 

2.1.6 In vitro antigen presentation assays 

2.1.6.1 In vitro cross presentation assay 

For cross presentation analysis, DC2.4 cells or splenic DCs (isolated as in Section 

2.1.4.3) were examined. DCs were incubated for 18 hours with indicated concentrations 

of soluble ovalbumin (OVA) (Worthington Biochemical Corp) or 1 µg/ml of OVA257–264 

peptide in RPMI completed media then washed 3 times with PBS. Cells were incubated 

for 30 minutes on ice with Fc blocker (2.4G2 FcγIII/II blocker, BD Biosciences) to 

prevent non-specific binding of antibodies by FC receptors on the DC cell surface. Next, 

cells were stained with antibodies to detect total H-2Kb or H-2Kb/ OVA257–264 complexes 

and subsequently analyzed by flow cytometry (as in Section 2.1.4.1).  

For analysis of cross priming, DC2.4 cells incubated with OVA as above were fixed 

for 10 min with 0.005% glutaraldehyde. Primary splenic DCs were incubated with OVA 

as above in addition to 15 ng/mL GM-CSF (Sigma) with or without 10 ng/mL TNF-α, or 

10 ng/mL IFN-γ (both from R & D Systems). Next, 1 x 105 cells were incubated for 18 

hours in a 1:1 ratio with B3Z T cells. For analysis of primary DCs, 15 ng/ml GM-CSF 

was included during co-culture with T cells. Individual cultures were lysed by addition of 

100 µl of CPRG lysis buffer (100 mM 2-Mercaptoethanol, 9 mM MgCl2, and 0.125% 

Nonidet P-40, and 0.15 mM chlorophenol red ß-galactoside in PBS). Plates were read at 

595nm subtracting 655 nm background at 24 or 48 hours to obtain a measure of the 
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production of the β-galactosidase reporter under NF-AT elements by the B3Z TCR 

recognizing H-2Kb/SIINFEKL complexes [296]. 

 

2.1.6.2 In vitro classical MHC I antigen presentation assay 

For analysis of MHC I presentation of endogenous antigen, DC2.4 cells were 

infected with vaccinia virus-expressing OVA (VV-OVA). Briefly, DCs were incubated 

with VV-OVA at indicated MOI in 50 µl of RPMI completed media at 37°C for 2 hours. 

Then, RPMI completed media was added to bring the total volume to 2 ml and the cells 

were incubated at 37°C for 18 hours. The DCs were washed three times with PBS then 

assessed for total H-2Kb or H-2Kb/ OVA257–264 complexes on the cell surface as well as 

for the ability to prime B3Z T cells (as in Section 2.1.6.1).  

 

2.1.7 MHC I trafficking assays 

For analysis of the rate of MHC I internalization, cells were first incubated for 30 

minutes on ice with Fc blocker (2.4G2 FcγIII/II blocker, BD Biosciences) to prevent non-

specific binding of antibodies by FC receptors on the DC cell surface. Then, DCs were 

labelled with an H-2Kb specific monoclonal antibody (AF6-88.5, BD Biosciences) 

conjugated to biotin for 30 min on ice. Samples were placed at 37°C or for a negative 

control at 4°C. At indicated time points, the DCs were fixed in 2% paraformaldehyde, 

labelled with streptavidin-PE (Jackson Immunoresearch) for 30 min on ice then analyzed 

by flow cytometery (as in Section 2.1.4.1). The percent H-2Kb remaining on the cell 

surface was calculated by normalizing the MFU of the samples incubated at 37°C to the 
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MFU of the equivalent sample incubated at 4°C. A two-tailed Student’s T-test was 

performed at each time point to identify statistical differences. 

To determine the rate of MHC I trafficking to the cell surface, DCs were stripped of 

surface MHC I by acid wash and the return of H-2Kb was analyzed over time [303]. 

Briefly, DCs were washed in PBS containing 0.1% BSA and incubated in acid stripping 

buffer (0.2 M citric acid/0.2 M Na2HPO4 buffer; pH 3.0) on ice for 2 min. Excess ice-

cold PBS/BSA was added to neutralize the cell suspension. The cells were centrifuged 

then immediately stained for FACS analysis or recovered by incubating at 37°C in 

completed RPMI with or without 10 µg/ml of cycloheximide (Sigma). At indicated time 

points, DCs were harvested and fixed in for 10 minutes in 2% PFA at room temperature. 

To determine the amount of H-2Kb returning to the cell surface, the DCs were stained 

with anti-H-2Kb (AF.6-88.5, BD Biosciences) and analyzed by flow cytometery (as in 

Section 2.1.4.1). The amount of MHC I transported to the cell surface was calculated by 

subtracting the MFU of the samples immediately after acid stripping from the 

corresponding sample at each time point. The amount of newly synthesized MHC I 

transported to the cell surface was determined by subtracting the MFU of the 

cycloheximide-treated cells from the MFU of the untreated cells. This number was 

normalized by then subtracting the corresponding MHC I staining remaining immediately 

after stripping. A linear regression was performed and the slopes of the linear regression 

lines were analyzed to identify significant differences.  
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2.1.8 Ca2+ flux assay 

Splenocytes or thymocytes (107 cells/mL) in Hanks Balanced Salt Solution (HBSS) 

supplemented with 2% FCS were labelled with 1 μM Fluo-4, 2 μM Fura Red and 0.02% 

pluronic (all from Invitrogen) for 45 min at room temperature. Following washing, cells 

were stained with anti-CD44-APC (IM7), CD8a-APC-eFluor-780 (53-6.7) and anti-CD4-

PE (GK1.5) antibodies (BD Biosciences) for 20 min on ice. Samples were suspended in 

RPMI (contains ~0.4 mM Ca2+) and prewarmed for 15 min at 37° C. Thapsigargin         

(1 μM) and ionomycin (1 μg/mL) stimulations and the adding back of free extracellular 

Ca2+ (0.5 mM) were performed as described previously [304]. Chelation of extracellular 

Ca2+ was carried out by supplementation of RPMI media with 0.5 mM EGTA. For TCR 

stimulations, splenocytes pre-coated with 5 μg/mL of biotinylated anti-CD3ε antibody 

(145-2C11; eBioscience) were activated by the addition of 20 μg/mL streptavidin. Ca2+ 

flux data was acquired on a BDTM LSR II flow cytometer using FACSDivaTM software or 

BD FACSCalibur using CellQuest software and analyzed with Flowjo (Treestar, Inc), 

electronically gating on the indicated T cell subsets and plotting Fluo-4/Fura Red ratios 

versus time.  

 

2.1.9 Naïve T cell survival assays  

Single cell suspensions (prepared as described in Section 2.2.4) generated from 

lymph nodes and spleen of C57Bl/6 (Thy1.1+ -) and Cav1.4-/- (Thy1.2+) mice were stained 

with anti-CD44 (IM7), anti-CD4 (GK1.5) and anti-CD8a (53-6.7) antibodies (BD 

Biosciences) and subsequently, naïve (CD44lo) CD4+ and CD8+ T cells were isolated 

using a BD FACSAria. The vast majority (>99 %) of sorted T cells were considered 
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naïve as they expressed high levels of L-selectin. Purified wild type and mutant naïve 

CD4+ and CD8+ T cells were mixed at equivalent ratios (1:1:1:1) and 200,000 total cells 

per well were cultured in 96 well flat-bottom plates. Cells were treated either with the 

indicated dose of mIL-7 (eBioscience) or cultured in wells pre-coated with 10 µg/mL of 

anti-CD3ε  (145-2C11, eBioscience) antibody. After 24 hours, viability was determined 

by labelling samples with anti-CD8a (53-6.7) and anti-Thy1.1 (HIS51) antibodies and 

Annexin V (as described in Section 2.1.4.1) for analysis by flow cytometery.  

 

2.2 In vivo studies 

2.2.1 Mice 

C57Bl/6 and C3H mice were purchased from Charles River. Beta-2-microglobulin 

(β2m)-/-, transporter associated with antigen presentation (TAP)1-/-, OT-I T cell 

transgenic, B6.PL-Thy1a/Cy (Thy 1.1+), B6.SJL-Ptprca Pep3b/BoyJ (Ly5.1+), B6.Rag1-/- 

(Rag1-/- on a C57Bl/6 background) and BALB/c.Rag1-/- (Rag1-/- on a BALB/c 

background) were acquired from The Jackson Laboratory. OT-II T cell transgenic mice 

were a kind gift from Jan Dutz (Child and Family Research Institute, University of 

British Columbia). CD74-/- mice were a kind gift of Diane Mathis (C.U. Strasbourg, 

France and The Harvard Stem Cell Institute, Boston, MA). CaV1.4-/- mice were obtained 

from Torben Bech-Hansen (University of Calgary) [305]. All mice were bred and 

maintained at the University of British Columbia Small Animal Facility at South 

Campus. All studies followed guidelines set by both the University of British Columbia’s 

Animal Care Committee and the Canadian Council on Animal Care. 
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Nef transgenic mice were created for this thesis. The nef gene was amplified from 

the pNLV102 vector [297] with the upstream primer (5’-GATCGAGGTCGACGAATT 

CGCAATCATACCTACAA-3’) introducing the SalI and EcoRI restriction enzyme sites 

and the antisense primer (5’-GATCGAGCACGTCGACCCTCCTGGAACGCCCC-3’) 

introducing the SalI site. The PCR reaction was conducted with Platinum Pfx DNA 

Polymerase (Invitrogen) in the Whatman Biometra UnoII Thermocycler using the 

following conditions: 94°C for 2.5 min; 94°C for 30 sec, 65°C for 1 min, 72°C for 1 min 

for 35 cycles; 72°C for 10 min. The nef PCR product was purified using the QIAquick 

PCR Purification Kit (Qiagen). The purified fragment was digested with SalI restriction 

enzyme (New England Biolabs), resolved on a 1% agarose gel then purified using the 

Qiaex II Gel Extraction Kit (Qiagen). Simultaneously, the p783 vector (from Dr. Nigel 

Kileen, UCSF) containing the murine CD4 promoter, enhancer and silencer [306] was 

digested with SalI restriction enzyme (New England Biolabs), resolved on a 1.5% 

agarose gel, purified using the Qiaex II Gel Extraction Kit (Qiagen) then treated with Calf 

Intestinal Alkaline phosphatase (Invitrogen) to remove 5’ phosphate groups and prevent 

self-ligation. The digested nef transgene and p783 vector were ligated using T4 DNA 

Ligase (Invitrogen) and correct insertion of the Nef sequence into the vector was 

confirmed by sequencing (NAPS, UBC). The CD4/nef construct was microinjected into 

fertilized murine oocytes (derived from mating CBA and C57Bl/6) which were 

subsequently transplanted into the uteri of pseudo-pregnant female mice.  The transgenic 

pups obtained were examined for the incorporation of the CD4/nef transgene into the 

genome. Genomic DNA was isolated from ear clips. Briefly, the ear clips were incubated 

in 20 µl of digestion buffer (50mM Tris pH8.0, 2mM NaCl, 10mM EDTA, 1% SDS) plus 
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1 mg/ml Proteinase K (Invitrogen) for 20 min at 55°C. The samples were vortexed for 30 

seconds then incubated for another 20 min at 55°C. The digestion was diluted with 300 µl 

of MilliQ H2O then incubation at 95°C for 10 min to inactivate the Proteinase K. An 

additional 700 µl of MilliQ H2O was added to each sample and then used as a template in 

PCR reactions. PCR amplification using nef specific primers was performed as above. 

The transgenic offspring confirmed to contain the nef transgene were backcrossed to 

C57Bl/6 mice for ten generations. To create a homozygotic line, mice testing positive for 

the nef transgene were crossed to each other.  Real-time PCR was used to quantify the nef 

transgene copy number per mouse. Briefly, DNA was prepared from earclips as above 

and amplified using the LightCycler FastStart DNA MasterPlus SYBR Green I Reaction 

Mix (Roche) in the LightCycler System (Roche) according to manufacturer’s protocols. 

The CT (threshold cycle) value was determined and normalized to an S15 housekeeping 

gene control.  The fold differences between the normalized CT values were calculated to 

determine relative differences in nef gene copy number.   

 

2.2.2 Bone marrow chimeric mice 

To generate chimeric mice, bone marrow from 8 weeks-old donor mice was labelled 

with biotinylated anti-Thy1.1 (HIS51, eBioscience) or anti-Thy1.2 (53-2.1, eBioscience) 

antibodies for 30 min on ice and subsequently depleted with streptavidin-linked 

Dynabeads according to manufacturer’s instructions (Invitrogen). Next, 1x107 bone 

marrow cells were injected intravenously into sublethaly irradiated (1200 rad) recipients. 

Three months following reconstitution, chimeric mice were tested for complete graft 
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reconstitution by flow cytometry analysis (as in Section 2.1.4.1) following staining with 

anti-CD8a (53-6.7) and CD4 (GK1.5) antibodies (BD Biosciences).   

 

2.2.3 Depletion of CD4+ cell population from mice 

To deplete CD4+ cells, mice were injected intravenously with 100 µg GK1.5 

antibody immediately prior to challenge and 48 hours prior to T cell collection. 

Peripheral blood was analyzed to confirm depletion of CD4+ cells [307]. Briefly, 

peripheral blood mononuclear cells were isolated by centrifugation in Ficoll-PaqueTM 

Plus reagent (GE Healthcare). The cells were labelled with anti-CD8a (53-6.7) and CD4 

(GK1.5) antibodies (BD Biosciences) and analyzed by flow cytometry (as in Section 

2.1.4.1). 

 

2.2.4 Single-cell preparation from tissue 

Tissue samples (spleen, thymus, liver, and lymph node) were isolated from the 

appropriate mice. Tissue was mashed into a single-cell suspension through a wire mesh to 

disrupt the connective tissue. In the case of DC isolation from spleen, the spleen was 

chopped and incubated with 1mg/ml collaganase D for 1 hour at 37°C. The red blood 

cells contaminating the tissue preparations were next lysed with MRCRB buffer (0.15M 

NH4Cl, 0.01M Tris base PH 7.2) for 2-3 minutes at room temperature. The digestion was 

stopped by the addition of RPMI completed media. The mix was centrifuged and the 

resultant cell pellet was resuspended for use in further assays as a single-cell suspension. 
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Specific cell populations were isolated from the above tissue-derived single cell 

suspension. Briefly, the cells were stained with antibodies against cell-specific markers 

using the staining protocol for flow cytometry (as in Section 2.1.4.1) and the cells were 

isolated using a BD FACSAria or BD FACSVantage as above. If not otherwise indicated, 

the following markers were used to identify specific cell subsets: dendritic cells were 

sorted as CD11c+, macrophages were sorted as CD11b+ and T cells were sorted as CD3+. 

For isolation of bone marrow, the femur and tibia were first removed. The bone 

marrow was flushed out with RPMI completed media using a 25G5/8 needle. The bone 

marrow was washed twice with media and then used for further assays. Alternatively, 

bone marrow precursors were used to derive dendritic cells. Bone marrow was cultured in 

1% X63-Ag8-plasmacytoma-derived GM-CSF [308] (gift from David Gray, University 

of Edinburgh, UK) in RPMI completed media for 10-12 days. The purity of the culture 

was confirmed by flow cytometry (as in Section 2.1.4.1) using the following antibodies: 

anti - CD11c (HL3), anti- H-2Kb (AF.6-88.5), anti-I-Ab (AF6-120.1) (BD Biosciences). 

 

2.2.5 Immune challenges and infections 

2.2.5.1 Cell-associated ovalbumin 

C3H-derived bone marrow-derived DCs (prepared as in 2.2.4) were incubated with 

10 mg/ml ovalbumin (Worthington) overnight at 37°C. The cells were washed 2 times 

with PBS then injected intraperitoneally at 5 x 106 cells/mouse in 200 µl of PBS.   
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2.2.5.2 Vesicular stomatitis virus  

Vesicular Stomatitis Virus (VSV) was injected intraperitoneally at 1-2 x 105 TCID50 

(dose that infects 50% of a tissue culture cell monolayer) as indicated.  

 

2.2.5.3 Listeria monocytogenes 

The OVA recombinant form of Listeria monocytogenes (rLMOVA), derived from 

the wild type strain 10403s, expresses ovalbumin under the Listeriolysin O promoter 

[309, 310]. Bacteria were cultured overnight in brain heart infusion (BHI) broth at 37oC 

with constant agitation. Bacteria were cultured for a further 2 hours following a 1:10 

dilution to have bacterial growth in log phase for infections. The concentration of bacteria 

was estimated spectrophotometrically. Mice were inoculated intravenously with 1x102 - 

1x104 CFU/mouse in 100 µl PBS. Actual CFU were calculated following infection by 

plating dilutions of the inoculum.  

For evaluation of memory responses [311], mice were intravenously injected with 

1x104 CFU/mouse in 100 µl of PBS for a primary rLMOVA infection. After 14, 28 and 

64 days, a secondary infection was established by intravenous injection of 1x105 

CFU/mouse in 100 µl. 

 

2.2.6 Detection of immune responses  

2.2.6.1 Tetramer staining 

Spleens from challenged mice were harvested on day 7 post-challenge. Splenocytes 

were examine directly ex vivo or stimulated in vitro for 5 days in RPMI 1640 completed 
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medium plus 1 µM of the H-2Kb-restricted OVA257-264 (SIINFEKL) peptide or VSV 

nucleocapsid NP52-59 (RGYVYQGL) peptide. Splenocytes were stained with anti-CD8a 

(53-6.7, BD Biosciences), when required with anti-CD44 (IM7, BD Biosciences) 

antibodies and with H-2Kb-VSV-NP52-59 or H-2KbOVA257-264 tetramers (iTag MHC 

Tetramer, Beckman Coulter) to identify the VSV52-59 or OVA257-264- specific CD8+ T 

cells. Cells were examined using the FACSCalibur (Becton Dickinson) and analyzed 

using FlowJo software.  

 

2.2.6.2 Cytokine production 

Seven days following rLMOVA infection (1x104 CFU/mouse), antigen-specific T 

cells were detected through ex vivo peptide stimulations and cytokine secretion [312].  

Briefly, splenocytes (2x106 cells/well) were cultured for 5 h in 96-well, flat-bottom 

plates, in 0.2 ml of RPMI completed medium supplemented with 1 µl/ml of Golgi Plug 

(BD Biosciences) to block cytokine secretion. Cells were either left unstimulated in 

media alone or stimulated with 1 µM of the H-2Kb-restricted peptide OVA257–264 

(SIINFEKL), or 10 µM of the I-Ab-restricted Listeria monocytogenes-derived peptide 

LLO190–201. For anti-TCR stimulations, splenocytes were incubated in wells that had been 

precoated with 10 µg/ml anti-CD3ε antibody (145-2C11, eBioscience). As a positive 

control of T cell stimulation, splenocytes were incubated with 20 ng/ml phorbol 12-

myristate 13-acetate (PMA) and 2 µg/ml Ionomycin.  After culture, cells were stained 

with anti-CD4 (GK1.5) and anti-CD8a (53-6.7) antibodies (BD Biosciences) then fixed 

for 15 min in 2% paraformaldehyde/PBS solution at room temperature. The cells were 

subsequently permeabilized for 15 min with 0.2% saponin/PBS or 0.2% Tween-20/PBS 
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at room temperature and stained with anti-IFN-γ antibody (XMG1.2, BD Biosciences). 

Cells were analyzed by flow cytometry as above (Section 2.1.4.1).  

 

2.2.6.3 Proliferation assays 

CD8+ T cells were isolated from single cell suspensions of spleen and lymph node 

from OT-I transgenic mice using the EasySep Mouse CD8a Positive Selection Kit 

(StemCell Technologies). Alternatively, CD4+ T cells were isolated from single cell 

suspensions of spleen and lymph node from OT-II transgenic mice using the EasySep 

Mouse CD4 Positive Selection Kit (StemCell Technologies). Isolated cells were labelled 

with 2.5 µM CFSE (Molecular Probes) for 10 minutes at 37°C in 0.1% BSA/PBS.  

Labelled cells were washed 2 times with media then intravenously injected at 5 x 106 

cells/mouse in 100 µl of PBS on the same day as immune challenge. Three days later, 

splenocytes from mice injected with OT-I or OT-II CFSE-labelled cells were stained with 

either an anti-CD8a (53-6.7) or CD4 (GK1.5) antibody (BD Biosciences), respectively. 

Proliferation of CD8+ OT-I or CD4+ OT-II cells was assessed by CFSE dilution using 

flow cytometry (Section 2.1.4.1). 

 

2.2.6.4 Detection of CTL degranulation 

Detection of CD107a and CD107b on the surface of CD8+ cells was used to evaluate 

CTL degranulation [313]. Splenocytes were isolated seven days following rLMOVA 

infection (1x104 CFU/mouse) and incubated for 5 hours in 96-well flat bottom plates as 

in the cytokine production procedure with the addition of 1 µl/ml Golgi Stop (BD 
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Biosciences) and 0.1 µg anti-CD107a (1D4B) and 0.5 µg anti-CD107b (ABL-93) 

antibodies (BD Biosciences). Following incubation, the splenocytes were stained, fixed, 

permeablized and analyzed as in the cytokine production procedure (Section 2.2.6.2).  

 

2.2.6.5 CTL killing assays 

Cytotoxicity was assessed with a standard 51Cr release assay [59]. Splenocytes were 

isolated following a seven day infection with rLMOVA or VSV and either used directly 

ex vivo or incubated for 5 days in RPMI completed media supplemented with 1 μM of the 

H-2Kb peptide OVA257–264 (SIINFEKL) or VSV nucleocapsid NP52-59 (RGYVYQGL) 

peptide. For CTL assays with CaV1.4-/- mice, CD8+ T cells were isolated by staining 

splenocyte suspensions with rat anti-CD4 (GK1.5) and subsequently depleting CD4+ and 

Ig+ cells with anti-rat Ig-linked Dynabeads per manufacturer’s instructions (Invitrogen). 

RMA-S target cells were incubated with 1 μM OVA257–264 peptide and 100 µCi of sodium 

chromate (Amersham or GE Healthcare) for 1 hour at 37°C. The target cells were washed 

3 times with PBS then resuspended in RPMI completed media. Effector cells were 

incubated for 4 h at 37 °C with target cells (1 × 104 cells per well in 96-well plates) at 

various effector/target ratios. Spontaneous 51Cr release by labelled cells was measured in 

the absence of CTL, and maximum release was quantified by lysis of target cells in 2.5% 

Triton X-100 detergent. All experiments were done in triplicate, and specific 51Cr release 

was calculated as follows: % specific 51Cr release = [(experimental release – spontaneous 

release) / (maximum release – spontaneous release)] × 100%.  
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2.2.6.6 Clearance of bacterial infections 

The clearance of infection was analyzed by determining the bacterial load per spleen 

1, 3 and 5 days following infection with rLMOVA [311]. On indicated day, spleens were 

removed and mashed through a metal wire mesh. The splenocytes were lysed with 1 ml 

of 0.1% NP-40/PBS to release bacteria and lysates were serial diluted. Dilutions (100 µl) 

were plated on BHI plates and colonies counted to enumerate bacterial load. The limit of 

detection for this assay was 10 CFU’s per spleen.  

 

2.2.7 In vivo cross presentation assay 

C57Bl/6 and CD74-/- bmDCs (H-2Kb) (prepared as in Section 2.2.4) were incubated 

with 10 mg/ml OVA protein or 1 µM OVA257-264 peptide for 2 hours at 37°C. BmDCs 

were washed 3 times with cold PBS and injected at 1 x 107 cells/ mouse intravenously 

(iv) into RAG1-/- mice on a BALB/c background (H-2Db). After 24 hours, CFSE-labelled 

OT-I transgenic CD8+ T cells were prepared (as in Section 2.2.6.3) and injected iv at       

5 x 106 cells/mouse. Three days later, proliferation of OT-I derived (H-2Kb), CD8+ cells 

was assessed by CFSE dilution using flow cytometry (as in Section 2.2.6.3).  

 

2.2.8 Bone marrow repopulation assays  

Bone marrow cells were prepared from thigh bone extracts of Thy1.1 wild type 

(Thy1.1+CD45.2+) or CaV1.4-/- (Thy1.2+CD45.2+) mice. Mature T cells were stained with 

biotinylated anti-Thy1.1 (HIS51) or anti-Thy1.2 (53-2.1) antibodies (eBioscience) and 

subsequently depleted with streptavidin-linked Dynabeads according to manufacturer’s 
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instructions (Invitrogen). Wild type and mutant BM cells were then mixed 50:50 before 

being transferred intravenously into sub-lethally irradiated (1000 rads) CD45.1+ hosts 

(Thy1.2+CD45.1+). Cells from spleen and thymus were recovered 30 days after adoptive 

transfer. The cells were labelled with anti-Thy1.1 (HIS51), Thy1.2 (53-2.1) and CD45.2 

(104) antibodies (eBioscience) to discriminate wild type and mutant donor cells and anti-

CD8a (53-6.7), CD4 (GK1.5) and CD44 (IM7) antibodies (BD Biosciences) to identify T 

cell populations. Analysis was performed by flow cytometry (Section 2.1.4.1). 

 

2.2.9 Homeostatic proliferation assay  

For naïve T cell transfers, C57Bl/6 (Thy1.1+) and CaV1.4-/- (Thy1.2+) splenocytes 

(prepared as described in Section 2.2.4) were stained with anti-CD44 (IM7), CD4 

(GK1.5) and CD8a (53-6.7) antibodies (BD Biosciences). Naïve (CD44lo) CD4 and CD8 

T cells were isolated using a BD FACSAria and mixed at a 1:1:1:1 ratio. Isolated cells 

were labelled with 2.5 µM CFSE (Invitrogen) for 10 minutes at 37°C in 0.1% BSA/PBS. 

Labelled cells were co-injected intravenously into Rag1-/- hosts. One-week post-transfer, 

splenocytes were isolated and stained with anti-Thy1.1 (HIS51, eBioscience), Thy1.2 

(53-2.1. eBioscience), CD4 (GK1.5, BD Bioscience) and CD8a (53-6.7, BD Bioscience) 

antibodies to discriminate the donor wild type and mutant T cells. Proliferation of cells 

was assessed by CFSE dilution using flow cytometry.  
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2.3  Statistical analysis 

Two-tailed Student’s t-test was used to compare the difference between two 

populations as required. The difference was considered statistically significant if p < 

0.05. Error bars represent standard deviation (SD) or standard error (SE) as indicated. 
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CHAPTER 3.  IDENTIFICATION OF A CD74-DEPENDENT MHC I CROSS 

PRESENTATION PATHWAY 

 

3.1 Introduction 

During primary immune responses, dendritic cells (DCs) are the principal antigen 

presenting cells (APCs) that initiate adaptive immune responses predominantly through 

cross presentation and cross priming of T cells. This involves extracellular antigen 

uptake, digestion of cell-associated antigenic fragments and presentation of proteolytic 

peptide products on both MHC I and II molecules [314]. For MHC I molecules, two main 

pathways have been described that may explain how this process occurs: the cytosolic 

pathway [42, 52-54] shown to function convincingly in vitro, and the vacuolar pathway, 

shown to play a major role in vivo for select antigens [59, 62, 63]. In the vacuolar 

pathway, proteases generating antigenic peptides that are loaded onto peptide-receptive 

MHC I molecules have recently been identified [57]. However, the source of MHC I in 

the endocytic compartment, the mechanism of its transport and the site of peptide loading 

remain areas of active study [59, 65].  

Spontaneous internalization of MHC I into endosomes has been demonstrated [315, 

316]. Furthermore, studies from the Jefferies lab have demonstrated the importance of a 

tyrosine motif in the cytoplasmic tail of MHC I in directing MHC I to an endolysosomal 

compartment presumably from the plasma membrane [59, 65]. Therefore, the plasma 

membrane is thought to be one source of MHC I [56]. Likewise, transport of MHC I from  
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the endoplasmic reticulum (ER) to the endocytic compartment has also been proposed. 

This could occur by a mechanism of phagosome and ER fusion [51]. Alternatively, CD74 

(invariant chain) bound to MHC I could transport a fraction of the MHC I to the 

vacuolar-endocytic compartment [60, 61] using sorting signals present in the CD74 

cytoplasmic tail [317]. This mechanism would place peptide-receptive MHC I in the 

same or similar compartment with exogenous antigen and perhaps MHC II molecules 

[318], thereby facilitating antigenic peptide binding to the MHC I. This pathway could be 

independent of the TAP transporters as CD74 may occupy the binding groove of MHC I 

to avoid peptide loading on the passage to the endolysosome.  

MHC I interaction with CD74 and their coincident localization in the same 

compartment has been previously demonstrated in human cell lines [60, 61, 318]. Based 

on older paradigms, Tourne et al concluded that a CD74 interaction was unlikely to 

control the fate of MHC I transport to endosomes under physiological conditions [319]. 

However, subsequent studies demonstrated that CD74-transfected cells substantially 

increased surface expression of diverse MHC I alleles suggesting that the MHC I-CD74 

interaction may have functional significance [320]. In this chapter, the functional 

relevance of MHC I interaction with CD74 in vivo is investigated and a clear and critical 

role for CD74 in cross presentation of exogenous antigen and subsequent cross priming 

by DCs is described.  
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3.2 Results 

3.2.1 CD74 is required for the generation of primary antiviral immune responses 

DCs may be directly infected and utilize classical MHC I presentation to activate 

naïve CD8+ T cells. However, during infection with a low viral titre, direct infection of 

DCs is less likely and DC cross presentation is the dominant pathway responsible for 

generation of CD8+ T cell responses [59, 321]. In order to address the role of CD74 in 

cross presentation to generate primary anti-viral immune responses, a low dose of 105 

TCID50 Vesicular Stomatitis Virus (VSV) was used [59, 321]. In addition, this virus has 

been demonstrated to generate primary and memory CD8+ immune responses in the 

absence of CD4+ T cells [322, 323]. In this way, the role of CD74 in cross presentation 

can be tested regardless of the impact on CD4+ T cell responses. The percentage of CD8+ 

T cells generated against the VSV-NP52-59 immunodominant epitope on MHC I (H-2Kb) 

was detected following the VSV infection [324]. CD74-/- mice had a significantly reduced 

capacity (5.0% vs 19.0%; p<0.05) to generate antigen specific CD8+ T cells (Figure 

3.1A,B). In addition, CD74-/--derived CTLs had reduced killing capacity (14.0% vs 

34.0%; p < 0.05) relative to C57Bl/6-derived CTLs when the maximum effector: target 

ratio was assessed (Figure 3.1C).  

Bone marrow chimeras were constructed to further exclude the dependency of   

MHC I cross priming on T cell help in the CD74-/- mice following VSV infection [322, 

323]. Additionally, the chimeras would confirm whether the deficiency in generating 

immune responses is dependent on the haematopoietic derived DCs ability to cross 

present antigen and prime T cells. Normal levels of CD8+ and CD4+ cells were found in 

the periphery of C57Bl/6→C57Bl/6 and the CD74-/-→C57Bl/6 mice. However, reduced 
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Figure 3.1. CD74-/- mice generate weak antiviral primary immune responses. 
C57Bl/6, CD74-/- and TAP1-/- mice were infected with a low dose of VSV (2 x 105 
TCID50 per mouse). (A) Six days following viral infection, splenocytes were isolated and 
following a 5-day stimulation with VSV-NP52-59, the number of VSV-NP52-59-specific 
CD8+ T cells generated was assessed. Percentages of VSV-NP52-59-specific CD8+ T cells 
in representative mice are shown. (B) Mean percentages (± SD) of H-2Kb-VSV-NP52-59-
specific CD8+ T cells of three mice are shown. (C) The cytolytic capacity of CD74-/--
derived CTLs is severely impaired. Standard 51Cr-release assays were performed using 
CTLs generated following VSV infection and in vitro boosting. Error bars represent SD. 
* p<0.05. 
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CD4+ and somewhat increased CD8+ cell numbers were seen in the CD74-/-→CD74-/- and 

C57Bl/6→CD74-/- mice. This indicated that positive selection in recipient CD74-/- mice 

was impaired due to reduced levels of MHC II in the CD74-/- thymic epithelium (Figure 

3.2).  

To examine antiviral responses, chimeric mice were infected with a low titre of VSV 

and tetramer analysis was performed (Figure 3.3A). Remarkably, C57Bl/6→CD74-/- 

mice, with low CD4+ T cell numbers, were able to produce VSV-NP52-59-specific CD8+ T 

cells similar to wild type C57Bl/6→C57Bl/6 chimeras (1.1% vs 1.2%). However, the 

CD74-/-→C57Bl/6 mice were grossly impaired in the generation of VSV-NP52-59 specific 

CD8+ cells (0.2%; p<0.05) despite having normal CD4+ T cells. This suggests that the 

generation of VSV specific CTL response is independent of CD4+ T cell numbers. 

Importantly, bone marrow-derived APCs expressing CD74 were required and allowed 

CD74-/- mice to produce a robust antiviral immune response comparable with that of 

C57Bl/6 mice. The efficacy of elicited CTLs to lyse target cells was also tested. The 

CTLs obtained from C57Bl/6→C57Bl/6 and CD74-/-→CD74-/- showed very different 

ability to lyse their targets (18.0% vs 4.5%; p<0.05; Figure 3.3B). In addition, CTLs 

from CD74-/-→C57Bl/6 mice exhibited reduced killing capacity similar to CD74-/- mice 

(p<0.05). Conversely, C57Bl/6→CD74-/- mice generated CTLs with killing capacity 

comparable with the C57Bl/6→C57Bl/6 controls (16.8% vs 1.9%; p<0.05). 

demonstrating that CD4+ help is not required for the generation of primary antiviral 

responses [322]. Taken together, these data demonstrate that bone marrow-derived DCs 

(bmDCs) of CD74-/- mice are defective in initiating CTL responses indicating the 

requirement of CD74 for optimal cross presentation to generate anti-viral immunity.  
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Figure 3.2. Peripheral analysis of chimeric mice. 
(A) The CD8/CD4 profile in the blood of bone marrow chimera mice three months 
following reconstitution is presented. (B) C57Bl/6→CD74-/- chimeras were depleted of 
CD4+ cells by iv injection of an anti-CD4 antibody (GK1.5). Representative CD4/CD8 
FACS profiles are shown. 
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Figure 3.3. Deficiency of CD74-/- mice to elicit primary immune responses resides in 
their APCs. 
(A) Chimeras were injected with 1 x 105 TCID50 VSV and splenocytes were assessed for 
the generation of VSV-NP52-59 - specific CD8+ cells. (B) The mean percentage (± SD) of 
three mice assayed following in vitro boosting with VSV NP52-59 peptide is shown. (C) 
Cytolytic capacity of CTLs from chimeras containing CD74-/- deficient APCs is severely 
impaired. Cytotoxicity assays were performed as described. Error bars represent SD. 
*p<0.05. 
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3.2.2 Depletion of residual CD4+ cells in C57Bl/6→CD74-/- chimeras has no effect 

on anti-viral immune responses 

Next, to eliminate the possibility that residual CD4+ cells in the C57Bl/6→CD74-/- 

chimeras that result from dysfunctional positive selection in CD74-/- mice are 

contributing to the efficiency of anti-viral immune responses, during the course of the 

infection, the CD4+ cells of C57Bl/6→CD74-/- chimeras were depleted with anti-CD4 

antibodies. Although CD4+ cells were virtually undetectable over background (Figure 

3.2B), CD4+ cell depleted C57Bl/6→CD74-/- chimeras generated significantly more 

CD8+ VSV-NP52-59 specific T cells (13.5% vs 4.1%; p<0.05; Figure 3.4A,B) with 

increased lytic ability relative to CD74-/-→C57Bl/6 chimeric mice (14.0% vs 4.9%; 

p<0.05; Figure 3.4C). Taken together, these data confirm that C57Bl/6→CD74-/- 

chimeras mount stronger responses than CD74-/-→C57Bl/6 to viral infection. This is 

independent of CD4+ cells as the reconstitution of CD74-/- mice with wild type DCs 

allowed for the restoration of fully functional anti-viral CD8+ T cell responses.  

 

3.2.3 MHC I cross priming of cell-associated antigens is dependent on CD74 

It has been reported that cell-associated antigens derived from tumours are cross 

presented by APCs in vivo and that this process is TAP-dependent [325, 326]. In order to 

investigate the role of CD74 in primary immune response to cell-associated antigen, 

MHC I- mismatched OVA-pulsed DCs were used as a source of cell-associated antigen to 

activate antigen-specific CTLs in C57Bl/6, CD4+-depleted (GK1.5-treated) C57Bl/6 and 

CD74-/- mice as well as in reconstituted mouse chimeras. Mice with a C57Bl/6 immune 

system, challenged with cell-associated OVA, were able to induce proliferation of OT-I- 
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Figure 3.4. The deficiency of CD74-/- mice to elicit primary immune responses is 
independent of CD4+ T cells. 
C57Bl/6→CD74-/- chimeras were depleted of CD4+ cells by iv injection of an anti-CD4 
antibody (GK1.5) then assessed for immune function. (A) Mice chimeras infected with 
VSV were evaluated for the generation of H-2Kb-VSV-NP52-59-specific CD8+ T cells. (B) 
The mean percentage (± SD) of tetramer+CD8+ cells in the spleen of three mice is shown. 
(C) The lytic activity of these splenocytes was also assessed. Error bars represent SD.     
* p < 0.05.  
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derived CD8+ T cells (Figure 3.5). However, with the same challenge of cell-associated 

OVA, mice with the haemopoetic system deficient for CD74 had a substantially reduced 

ability to stimulate proliferation of OT-I CD8+ cells (Figure 3.5).  

 

3.2.4 CD74-dependent MHC I cross priming is independent of CD4+ T cells and 

CD74-mediated cell motility and homing 

To focus specifically on DC cross priming defects and eliminate extraneous factors 

including the requirement for CD4-help, CD74-/- and C57Bl/6 DCs incubated with OVA 

protein or OVA257-264 peptide were injected with CFSE-labelled purified CD8+ OT-I cells 

into T cell deficient RAG1-/- mice on a BALB/c background. The ability of the DCs to 

cross prime the OT-I cells was assessed (Figure 3.6). CD74-/- DCs incubated with OVA 

protein induced lower OT-I proliferation in comparison to the C57Bl/6 control DCs (18% 

vs 48%). However, when provided with the immunodominant peptide OVA257-264, as a 

positive control, CD74-/- DCs were as competent as C57Bl/6 control DCs at activating 

purified CD8+ OT-I cells (59.5% vs 60.0%). In addition, in this setting, this control 

eliminates a possibly confounding role for CD74 in DC motility and homing [327] from 

the site of injection to the spleen, where CSFE -labelled T cells were assessed. With these 

findings, we conclude that CD74 plays a critical role in MHC I cross presentation of cell-

associated antigen and CD8+ T cell priming in vivo and this is unrelated to CD4+ T cell 

help or CD74-mediated DC motility and homing. 
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Figure 3.5. CD74-/- mice are unable to cross present cell-associated antigens in vivo 
to generate an effective primary immune response.  
(A, B) OVA-pulsed C3H-derived bmDCs (H-2Kk haplotype) were injected (ip) then OT-I 
transgenic CFSE-labelled T cells were injected (iv) into mice and chimeras. CFSE/CD8+ 
populations were examined and data represent proliferating OT-I–derived T cells from 
spleen of representative mice or chimeras as indicated (n=3). (C) C57Bl/6→CD74-/- 
chimeras were depleted of CD4+ cells by iv injection of an anti-CD4 antibody (GK1.5) 
during immunization with cell-associated OVA then assessed for their ability to activate 
CFSE-labelled adoptively transferred OT-I–derived T cells. (D) The mean percentage (± 
SD) of OT-I cells proliferating is shown. Error bars represent SD. * p < 0.05  
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Figure 3.6. CD74-/- DCs are unable to cross present cell-associated antigens in vivo to 
prime antigen-specific CD8+ T cells.  
(A) OVA protein or OVA257-264 pulsed CD74-/- or C57Bl/6 DCs were injected with CD8+ 
OT-I CFSE-labelled T cells into RAG1-/- mice on a BALB/c background.  Three days 
later, H-2KbCD8+ T cells were assessed for proliferation. (B) Black histograms represents 
proliferating OT-I derived T cells from the spleens of representative mice (n=3).Grey 
histograms represent unproliferating OT-I T cells. 
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3.2.5 CD74-deficient DCs have an impaired ability to express MHC I/antigen 

complexes at the cell surface and prime T cells 

Spleen-derived DCs from different mouse strains were examined for their ability to 

cross present the well-characterized, H-2Kb-restricted ovalbumin epitope OVA257-264 in 

vitro. DCs were incubated with soluble OVA, with or without cytokines, and stained with 

anti-H-2Kb/OVA257-264 antibody or co-cultured with B3Z, a T cell hybridoma that is 

activated following recognition of H-2Kb in association with the OVA257-264 peptide 

[296]. Despite similar levels of total surface MHC I, CD74-/- DCs displayed substantially 

reduced levels of H-2Kb/OVA257-264 complexes following OVA incubation compared to 

C57Bl/6 DCs (11.7 MFU vs 19.9 MFU; Figure 3.7A). It has been shown that cross 

priming capacity of DCs is differentially regulated by inflammatory mediators that induce 

upregulation of costimulatory and MHC molecules, and reduce endocytosis [328, 329]. 

This results in an increased capacity of T lymphocyte priming but lowers the ability of 

DCs to capture and present soluble antigens on MHC molecules. To test T cell activation 

in a situation resembling in vivo conditions that involves co-stimulation, OVA-pulsed 

DCs were incubated with B3Z T cells with and without cytokines. In the presence of 

TNF-α and IFN-γ, a significant difference in the ability of C57Bl/6 and CD74-/- DCs to 

activate B3Z T cells was observed (TNF-α: 880 vs 543 units; IFN-γ: 811 vs 420 units; 

p<0.05; Figure 3.7B) suggesting an important role for CD74 in T cell priming. As 

expected, no T cell activation was detected following incubation with OVA-pulsed DCs 

derived from TAP1-/- in the presence of cytokines.  
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Figure 3.7. Cross presentation and cross priming is defective in CD74-/- derived DCs.  
(A) Formation of H-2Kb/OVA257-264 complexes on splenic DCs with (red) or without 
(grey) incubation with soluble OVA as well as total H-2Kb was measured by flow 
cytometry. Mean fluorescence intensities of one representative experiment are shown. (B) 
CD74-/- derived spleen DCs are less efficient in activating B3Z T cells. Spleen-derived 
DCs were incubated with soluble OVA as indicated, in the presence of GM-CSF plus 
TNF-α or IFN-γ.  Activation of B3Z T cells was measured using a chemiluminescent 
assay. Data depict means (± SD) of triplicate samples for each OVA concentration. 
Similar results were observed in 3 separate experiments. * p< 0.05 
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3.2.6 CD74-deficient DCs have reduced MHC I loading in cross priming 

compartment 

To better understand the mechanism of cross priming and presentation deficiency at 

a molecular level, comparative immunofluorescent confocal microscopy (ICM) was used 

to determine the intracellular localization, trafficking and distribution of OVA257-264 

loaded MHC I in C57Bl/6 and CD74-/- DCs with and without TNF-α. Intracellular 

staining was performed with antibodies against H-2Kb/OVA257-264 (red) and the late 

endosome marker, LAMP1 (green), following incubation with OVA protein. Of the 

C57Bl/6 splenic DCs staining positive for H-2Kb/OVA257-264 complexes, colocalization 

with the late endosomal marker was detectable in a considerable number of cells when no 

TNF-α was added to the culture (Figure 3.8). In the CD74-/- and TAP1-/- DCs, some H-

2Kb/OVA257-264 complexes were identified; however, colocalization with late endosomes 

was not observed. Following treatment with TNF-α, more than 80% of C57Bl/6 DCs 

demonstrated strong colocalization of H-2Kb/OVA257-264 complexes with late endosomal 

marker (Figure 3.8). In contrast, insignificant numbers of H-2Kb/OVA257-264 complexes 

were observed in late endosomal compartments in CD74-/--derived DCs indicating that 

the H-2Kb/OVA257-264 complex formation in late endosomes was reduced. Quantification 

of the ICM data indicated that in the presence of TNFα, CD74-/--derived DCs had 

significantly less OVA257-264 loaded onto H-2Kb in the late endosomes (62% vs 32%; 

p<0.05; Figure 3.8). In all, the data suggests that a CD74-dependent MHC I antigen 

processing pathway exists in DCs that is required for the cross presentation of exogenous 

antigens. 
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Figure 3.8. Cross presentation and cross priming is defective in CD74-/--derived 
DCs.  
(A) The presence of H-2Kb/OVA257-264 complexes in endolysosomal compartments of 
CD74-/--derived spleen DCs following overnight incubation with OVA is reduced 
compared to C57Bl/6 DCs. Mature spleen-derived DCs incubated with OVA were 
costained with H-2Kb/OVA257-264 specific antibody (red) and LAMP1 (green). The figure 
shows optically merged images representative of the majority of cells examined by ICM. 
Scale bar, 5 µm. (B) Quantitative assessment of Kb/OVA257-264 in late endosomes of DCs 
with TNFα treatment. Graph depicts individual color pixel percentages per total pixels ± 
SD. * p< 0.05  
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3.2.7 CD74 interacts with MHC I in the ER and directs transport to the cross 

priming compartment 

The interaction of CD74 with MHC I in DCs as a prerequisite of targeting MHC I to 

the cross priming compartment was investigated at the molecular level. Spleen-derived 

DCs were isolated from C57Bl/6 and CD74-/- mice for analysis by ICM. DCs were 

stained with antibodies against H-2Kb (green) and CD74 (red). H-2Kb molecules were 

found to be distributed at the cell surface and to localize intracellularly mainly to 

vesicular-like compartments. Importantly, the microscopy analysis showed that CD74 

molecules colocalized markedly with these intracellular compartments (Figure 3.9A, top 

panel). In the endolysosomes of TAP1-/- DCs, a reduced colocalization of H-2Kb with 

CD74 was observed, presumably due to the restricted availability of H-2Kb to traffic to 

the endolysosomes from the plasma membrane. To identify the compartment where these 

molecules colocalize, spleen DCs were co-stained with antibodies recognizing H-2Kb 

(green) and LAMP1 (red) that detects late endosomes. A considerable proportion of late 

endosomes contained H-2Kb in C57Bl/6 DCs, confirming that a substantial amount of 

MHC I reside in the endocytic compartment [59, 330]. In contrast, a reduced fraction    

H-2Kb colocalized with late endosomes in CD74-/- DCs (Figure 3.9A, mid panel). This 

was confirmed by quantification of ICM images and suggests that fewer MHC I 

molecules were targeted to the endolysosomal compartment in CD74-/- vs C57Bl/6 DCs 

(73% vs 47%; Figure 3.9B). Co-localization was even less evident in the TAP1-/- DCs 

possibly due to the impaired targeting of H-2Kb molecules to endolysosomes in the 

absence of TAP1. From the data, it can be concluded that a substantial fraction of MHC I  
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Figure 3.9. CD74 controls MHC I localization to endolysosomes in DCs.  
(A) A small fraction of MHC I reach late endosomes in CD74-/- DCs. Mature splenic DCs 
were stained with anti-H-2Kb (green) and anti-CD74 (red) or anti-LAMP1 (red) 
antibodies. Representative images as examined by ICM are shown. Scale bar, 5 µm. (B) 
Quantitative assessment of MHC-I in LAMP1+ compartments was performed (50 
DCs/mouse strain). Graphs depicts individual color pixel percentages/total pixel (mean ± 
SD). * p< 0.05 
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molecules interact with CD74 facilitating their transport to the endolysosomes 

compartment of DCs likely from the ER. 

 

3.2.8 CD74 and MHC I molecules form a molecular complex in DCs 

Demonstration of a direct molecular interaction between MHC I and CD74 in DCs 

would further strengthen the argument that this is a yet undescribed pathway of antigen 

presentation in DCs. To this end, bmDCs from various knock-out and wild type mice 

were 35S-labelled, and MHC I (H-2Kb), MHC II (I-Ab) or CD74 bound complexes were 

co-immunoprecipitated and proteins in these complexes were identified based on 

apparent molecular weight. MHC II co-immunoprecipitated with the abundant 41 and 31 

kDa isoforms of CD74 (Figure 3.10A). Importantly, the anti-H-2Kb antibody also co-

precipitated these same proteins corresponding to the CD74 isoforms (Figure 3.10A). 

These 41 and 31 kDa proteins were not present in the CD74-/- DCs (Figure 3.10A) 

demonstrating that they are indeed the previously reported isoforms of CD74 that have 

been shown to co-immunoprecipitate with MHC II molecules. In addition, the CD74 

isoforms were co-immunoprecipitated with H-2Kb in TAP1-/- DCs, showing that CD74 

binding to MHC I is “TAP independent”. Finally, we demonstrated that there is a greater 

amount of 31 kDa CD74 isoform co-precipitated with MHC I from β2m-/--derived DCs 

suggesting that while CD74 binds the folded β2m-associated MHC I complex there exists 

a preference for unfolded and peptide-free MHC I heavy chain of newly synthesized 

MHC I molecules (Figure 3.10A). This suggests a complex cycle of MHC I-CD74 

interaction in which stable β2m-dependent peptide loading is not required for the 

formation for the CD74-MHC I complex. 



 123 

 

 



 124 

Figure 3.10. CD74 controls MHC I ER-to-endolysosome trafficking in DCs. 
(A) CD74 associates with MHC I. Immunoprecipitation using anti-H-2Kb, anti-I-A/I-E 
and anti-CD74 antibodies was performed on [35S]methionine-labelled bm-derived DC. 
The CD74 41 and 31 kDa protein bands are indicated. (B) Immunoprecipitation with 
antibodies against I-Ab, H-2Kb (conformationally dependent), H-2Kb cytoplasmic domain 
(e-VIII; conformationally independent) and transferrin receptor (TFR) was performed 
with C57Bl/6 DC lysates. The identity of the co-immunoprecipitated proteins was 
confirmed by blotting with anti-CD74 antibody. Whole cell lysate (WCL) was blotted as 
a control. (C) DC lysates were immunoprecipitated with an anti-CD74 antibody and 
digested with endoglycosidase H. Western blotting with anti-MHC I antibody was used to 
assess the MHC I fraction precipitated by CD74 antibody and to visualize the acquisition 
of EndoH resistance of the MHC I subset interacting with CD74. (D) DCs labelled with 
an anti-H-2Kb antibody were assessed overtime for MHC I internalization measured by 
flow cytometry as a reduction in mean fluorescence intensities over time. Error bars 
represent SD. 
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Western blotting was then performed to confirm the identity of the CD74 isoforms 

bound to MHC I molecules. Immunoprecipitation with antibodies against I-Ab, H-2Kb 

and the exon-VIII region of the MHC I molecule as well as an irrelevant antibody against 

transferrin receptor (TFR) was followed by blotting with an anti-CD74 antibody. CD74 

was precipitated with H-2Kb confirming that this interaction is detectable and stable 

(Figure 3.10B). 

 

3.2.9 CD74 and MHC I form a complex in a pre-Golgi compartment rapidly after 

synthesis 

Next, in order to unequivocally demonstrate the kinetics and origin of the MHC I-

CD74 interaction, we used biochemical means to further deduce the intracellular 

compartment where the CD74 and MHC I interaction takes place. Proteins within the 

secretory pathway acquire Endo H resistance as they traffic from the endoplasmic 

reticulum through the Golgi compartment and there, undergo cleavage by mannosidase II 

[331]. It is well accepted that Endo H sensitivity acts as an indication that proteins are 

localized to the ER or in “transitional elements” between the ER and cis-Golgi. CD74-

bound MHC I was immunoprecipitated from C57Bl/6 bmDCs with an anti-CD74 

antibody and treated with Endo H. Western blotting was performed with an anti-MHC I 

antibody to visualize the Endo H sensitivity of the CD74-bound MHC I subset. We 

clearly identify that a significant fraction of MHC I that associates with CD74 is Endo H 

sensitive as determined by the presence of a 38 kDa MHC I band (Figure 3.10C). This 

suggests that the CD74 interaction with the MHC I originates in the ER where the CD74 

binds the ‘immature’ fraction of MHC I molecules and from here initiates trafficking to 
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the cross priming compartment. Altogether, these data confirm that a substantial amount 

of CD74 is bound to MHC I as a prerequisite to the transport of a subset of the ER pool 

of MHC I molecules to the endolysosomal compartment that plays a crucial role in cross 

presentation, T cell priming and primary immune responses [59, 65]. 

 

3.2.10 CD74 does not affect cell surface internalization of MHC Class I  

Lastly, to further examine the source of MHC I that binds CD74, the role of CD74-

mediated MHC I trafficking from the plasma membrane was examined. To determine if 

CD74 functions in surface receptor recycling, we followed the internalization of MHC I 

in C57Bl/6 and CD74-/- DCs. BmDCs were stained with anti-H-2Kb antibodies and flow 

cytometric analysis was used to follow internalization over time. As shown in Figure 

3.10D, C57Bl/6 and CD74-/- DCs have very similar dynamics of MHC I internalization. 

This indicates that CD74 is not interacting with MHC I at the cell surface to cause 

internalization into an intracellular compartment for cross presentation. This contrasts our 

other studies that demonstrate a tyrosine-based motif in the cytoplasmic domain of MHC 

I molecules is crucial for internalizing MHC I molecules into the endolysosomal cross 

priming compartment from the plasma membrane [59, 65] and thus reveals a unique 

pathway of CD74-dependent MHC I trafficking. 

 

3.3 Discussion 

The dichotomy of MHC II molecules presenting exogenous peptides versus Class I 

molecules displaying cytosolic peptides has been revised [59, 62, 332, 333]. Not only 
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does MHC I cross presentation demonstrate the blurring of this division, but it also shows 

that for specific cell types such as DCs this phenomenon plays a major role in generating 

primary immune responses in vivo [59]. In addition, the presentation of endogenously-

derived peptides on MHC II molecules demonstrates that MHC I and II pathways likely 

intersect and that they may share the same antigen-loading compartments [334, 335]. 

Although CD74 is classically recognized as a major chaperone in MHC II presentation, 

MHC I and CD74 have also been shown to interact [60, 61, 336, 337]. However, the 

physiological contribution of CD74 to MHC I mediated immune responses in vivo has not 

been investigated and the previous identification of CD74-MHC I interaction was largely 

discounted as biological curiosity. Thus, to our knowledge, this is the first demonstration 

that CD74 contributes significantly to MHC I antigen processing pathways including 

cross presentation and cross priming in DCs. These studies demonstrate a major role for 

CD74-dependent cross priming in the generation of responses against viral and cell-

associated antigen.  

In order to undertake this work, previous work of others that demonstrated that CTL 

responses against viruses such as VSV are CD4-independent [322, 323] and thus 

independent of the function of MHC II/CD74 was confirmed. To dissect direct 

endogenous and cross presentation in T cell priming, low viral doses were used to mimic 

a physiological situation where DCs would presumably be spared from infection and 

other infected cells would act as antigenic peptide donors (Figure 3.1). The observation 

that mice lacking CD74 are significantly impaired in their ability to generate MHC I-

restricted CTL responses, particularly against low viral doses where cross priming is 

likely to dominate over direct priming by DCs, supports the conclusion that MHC I cross 
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presentation is the primary mechanism by which antiviral CD8+ T cell-mediated 

immunity is generated under physiological conditions in vivo [59, 338, 339].  

The generation of bone marrow chimeras made it possible to study the performance 

of myeloid CD74-/- derived DCs on a different host background (Figure 3.2). These 

studies led to the conclusion that CD74’s priming defect was of DC origin and indicated 

that the deficit lies at the level of DC cross presentation. Further, CD74-dependent cross 

priming was revealed as a major MHC I antigen presentation pathway as the absence of 

CD74 resulted in a greater than 50% decrease in the number of anti-VSV CTLs. (Figure 

3.1 and Figure 3.3). In addition, the findings obtained by mouse chimeras support the 

observations that the CD74 deficiency in generating primary immune responses against 

VSV, as previously shown, is independent of the reduced CD4+ T cells [322, 340]. This is 

in accordance with other recent data that demonstrate that TH cells are required for 

secondary, but not primary CTL expansion [341]. C57Bl/6→CD74-/- chimeras exhibited 

virtually no CD4+ T cells above the controls. However, they were able to generate 

significant numbers of VSV specific CD8+ T cells and produce effectors with a killing 

capacity equivalent to C57Bl/6→C57Bl/6 controls. In contrast, CD74-/-→C57Bl/6 

chimeras containing normal CD4+ numbers proved severely deficient in antiviral 

response supporting others’ suggestions that costimulation of the CD8+ CTL by B7 

molecules, along with TCR stimulation, can be sufficient to elicit CD8+ CTL without T 

cell help [322]. In addition, it is entirely possible that two distinct lineages of CD8+ CTLs 

precursors exist whereby the TH-independent population provides the predominant 

response to various viruses resulting in no loss of CTL function in the absence of CD4+ T 

cells [340].  
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As visualized by ICM, the loading of MHC I with the OVA epitope in 

endolysosomes of DCs was reduced by 50% when CD74 was absent (Figure 3.8). The 

deficiency of CD74-/- or CD74-/-→C57Bl/6 -derived DCs to cross present was confirmed 

by assaying the inability of CD74-/- or CD74-/-→C57Bl/6 -derived DCs to induce 

proliferation in OVA257-264 specific T cells in an in vivo model of cell-associated antigen 

(Figure 3.5). The activation of OVA antigen specific CD8+ T cells, however, could be 

rescued in C57Bl/6-repopulated CD74-/- mice despite their low CD4+ T cell numbers 

confirming that the deficiency resides with DCs and is TH independent [342, 343]. 

Additionally, the deficiency of CD74-/- DCs to activate CD8+ T cell in RAG-/- mice that 

completely lack CD4+ T cells, unequivocally demonstrates that the defect in DC cross 

priming function is due to the absence of CD74. This experiment further addresses 

previous observations that CD74 plays a role in cell migration as assessed using in vitro 

assays of motility that employ microfabricated channels that mimic the confined 

environment of peripheral tissues [327]. Here, it is demonstrated in vivo that CD74 

deficient and wild type DCs pulsed with exogenous peptide and injected iv were equally 

capable to prime CD8+ T cells transferred into RAG-/- mice as assessed by CFSE dilution 

in CD8+ cells recovered from the spleen (Figure 3.6). This data demonstrates that the 

CD74-deficiency does not alter DC homing and motility in our in vivo system and 

supports the conclusion that a CD74-dependent MHC I dendritic cell cross priming 

pathway is a physiologically important process.  

Using direct biochemical analyses, the first example of an association between MHC 

I molecules and CD74 under physiological conditions in DCs is provided. The CD74 

protein was consistently co-precipitated by anti-MHC I antibodies. Inversely, the MHC I 
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interaction was also confirmed by co-precipitation with anti-CD74 antibodies. 

Interestingly, the amount of CD74 protein was increased in DCs lacking β2m. This 

indicates that the conformational change following MHC I assembly with β2m is not an 

absolute requirement for CD74 binding with MHC I [60] suggesting that CD74 

association with MHC I is independent of stable peptide loading in the ER. It also 

suggests that upon CD74 dissociation in endolysosomes, the reassembly of MHC I heavy 

chain with β2m and antigenic peptides could then take place in the endolysosomal 

compartment [344] (Figure 3.8). In this context, we have directly demonstrated that the 

MHC I-CD74 complex remains localized in vesicular-like compartments identified as 

late endosomes (Figure 3.9). Furthermore, we have established that CD74 influences the 

presence of MHC I in endolysosomes confirming previous observations that an MHC I-

CD74 interaction results in targeting of a subset of MHC I molecules to the 

endolysosomal pathway [61], though in this case it was inferred, likely incorrectly, that 

they had entered this pathway from the cell surface (Figure 3.9). Similar to studies in 

human B cell lines, the 31 kDa isoform of CD74 was consistently co-immunoprecipitated 

with MHC I in TAP1-/- DCs (Figure 3.10) indicating that the MHC I-CD74 interaction 

occurs in the absence of TAP [60]. Nonetheless, our ICM studies showed that the overall 

presence of MHC I in late endosomes of TAP1-/- DCs was reduced. In contrast to the 

cytoplasmic tail tyrosine mutants we previously described [59, 65, 66], it is unlikely that 

a stable interaction between CD74 and MHC I molecules occurs at the plasma membrane 

as the absence of CD74 in DCs does not appear to influence MHC I internalization 

(Figure 3.10). Our results support a model that both MHC I recycling from the plasma 

membrane through recognition of the tyrosine internalization signal found in the MHC I 



 131 

cytoplasmic and those targeted from the ER through the binding of the CD74 chaperone 

contribute to the pool of MHC I molecules in the endolysosomal pathway that are 

receptive to exogenous antigenic peptides. Thus, in an analogous manner to MHC II 

molecules, the MHC I-CD74 complex is formed in the ER and may be held in a 

conformation that masks peptide binding as they transit to the cross priming 

compartment. In support of this, two independent studies have shown that CD74 peptides, 

including a smaller peptide derived from the core CLIP peptide, can be eluted from MHC 

I molecules [345, 346]. Such peptides are therefore strong candidates for the MHC I 

equivalents of CLIP (MRMATPLLM). This CLIP-derived (CLIPD) peptide may prevent 

premature peptide binding akin to MHC II situation [345, 347]. In this model, following 

CD74 digestion and removal, MHC I could be loaded with high affinity cathepsin S-

derived exogenous peptides and progress to the cell surface where they could efficiently 

prime T cell precursors to become activated. Finally, previous reports that a pool of MHC 

I transports to late endosomes in a TAP-dependent manner [318], suggests that CD74 

assembly with MHC I at a post-ER location, perhaps in a post-Golgi compartment can 

not be excluded. 

The dichotomy of MHC II molecules presenting exogenous peptides versus MHC I 

molecules displaying cytosolic peptides has been revised [59, 62, 332, 333]. Not only 

does MHC I cross presentation demonstrate the blurring of this division, but it also shows 

that for specific cell types such as DCs this phenomenon plays a major role in generating 

primary immune responses in vivo [59]. In addition, the presentation of endogenously-

derived peptides on MHC II molecules demonstrates that MHC I and II pathways likely 

intersect and that they may share the same antigen-loading compartments [334, 335]. 
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Although CD74 is classically recognized as a major chaperone in MHC II presentation, 

MHC I and CD74 have also been shown to interact [60, 61, 336, 337]. However, the 

CD74 contribution to MHC I mediated immune responses in vivo has not been 

investigated and the previous identification of CD74-MHC I interaction was largely 

discounted as biological curiosity. Thus, to our knowledge, this is the first demonstration 

that CD74 contributes significantly to MHC I antigen processing pathways including 

cross presentation and cross priming in DCs.  



A version of Chapter 4 is prepared for publication: Kyla Omilusik, Anna T. Reinicke, 
and Wilfred A. Jefferies. (2011). HIV-1Nef Impairs Dendritic Cell MHC I Cross-
Presentation. 
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CHAPTER 4. THE MOLECULAR EFFECTS OF HIV-NEF ON DC ANTIGEN 

PRESENTATION FUNCTION IN VITRO  

 

4.1 Introduction 

Activation of cytotoxic T-lymphocytes (CTLs) is essential for immune responses 

against viruses. This includes responses against Human Immunodeficiency Virus (HIV) 

and secondary infections that are fatal to HIV-infected individuals [103, 348]. This is best 

evidenced through examination of ‘elite controllers’ (EC), a group of individuals that test 

positive for HIV-1 yet have extremely low rates of disease progression and appear to 

control viral levels in the body [349, 350]. Maintenance of polyclonal anti-HIV CD8+ 

effector cells capable of degranulation and production of cytokines has been identified as 

one key distinguishing factor of ECs [103, 351-353].  

The process of activation, proliferation and differentiation of naive T cells into 

armed effector CTLs is dependent on activation by antigen presenting cells (APCs).  

Dendritic cells (DCs) are thought to be the key APCs in this process as they have the 

capacity to cross present antigen. The cross presentation pathway allows for the 

presentation of exogenous antigen and is critical for establishing CD8+ T cell responses 

against viruses [41]. The vacuolar model of cross presentation requires the trafficking of 

major histocompatability complex I (MHC I) from the cell surface or endoplasmic 

reticulum (ER) to an endolysosomal compartment where antigenic loading with 

exogenous peptides can take place [53, 59, 62]. From here, MHC I can travel to the cell 
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 surface for activation of effective CD8+ T cell responses. 

Many viruses have evolved effective immune-evasion mechanisms to survive in their 

host and HIV is no exception. HIV appears to have developed a means to disrupt CTL 

responses. In HIV-infected individuals, it has been documented that downregulation of 

human leukocyte antigen (HLA)-A and HLA-B but not HLA-C from the cell surface of 

infected cells occurs [354, 355]. HIV presumably uses this as an escape mechanism to 

avoid detection by CTLs and effectively persist in its host [103]. Nef, a HIV accessory 

protein that is not essential for replication but is important for viral pathogenicity [147, 

154], has been implicated in this function. In fact, the expression of Nef appears to reduce 

the susceptibility of HIV-infected cells to CTL lysis [356, 357]. Nef has no enzymatic 

activities but has been likened to an adaptor protein that binds host proteins and diverts 

them from their normal trafficking routes and subsequently disrupts their functions [358, 

359]. 

HIV predominately infects CD4+ T cells and macrophages; however, myeloid DCs, 

plasmacytoid DCs and Langerhans cells have been shown to be support HIV infection as 

well (reviewed in [117]). At infection sites, DCs are one of the first cells to encounter 

HIV [360]. Upon interaction with HIV, DCs migrate to lymphoid organs rich in CD4+ T 

cells that are susceptible to HIV infection [117]. It has been proposed that DCs may act as 

long-lived, motile HIV reservoirs disseminating virus throughout the blood and tissues 

[95, 117]. To allow HIV survival in DCs and subsequent transfer of virus to CD4+ T 

cells, HIV must interfere with the DC’s function. This has been observed in HIV positive 

individuals as deregulation of DC cytokine production [141, 361, 362], decreased 

costimulatory molecule expression [143] and a reduction in the ability to stimulate 



 135 

allogenic T cells [142, 363, 364]. DC modulation may function as a key viral immune 

evasion mechanism preventing activation of virus-infected CTLs and consequently 

facilitating viral persistence [365, 366].  

As the HIV protein, Nef, is an important molecule in HIV pathogenicity [147, 154] 

and functions as a virulence factor, it presumably plays a role in impairing the function of 

HIV infected DCs. Changes in DC morphology and function upon expression of Nef 

have been documented including the downregulation of surface MHC I [136, 169, 366-

368]. This suggests that Nef is influencing the trafficking of MHC I in DCs. One 

disconcerting consequence of this would be improper routing of MHC I through the 

antigen presentation pathways. Importantly, Nef may affect the efficiency of DC cross 

presentation and subsequent CD8+ T cell cross priming. Cross presentation to activate 

immune responses is a vital function of DCs and essential to the proper clearance of 

infection. Therefore, Nef-mediated interference of this pathway would be beneficial to 

immune evasion, allowing HIV persistence in the host.  

The role Nef plays in subverting recognition of infected cells that would normally be 

targets for CTLs has been described; however, the effects of Nef in DCs, the cells 

responsible for activating the CTLs in the first instance is unclear. In this chapter, a Nef-

expressing DC line was created to study the impact of Nef on MHC I classical and cross 

presentation in DCs. The results of this study collectively demonstrate that Nef exploits 

trafficking in DCs. Nef appears to manipulate the DC sorting pathways to block 

trafficking of newly synthesized MHC I-peptide complexes at the trans Golgi network 

(TGN) and to remove MHC I–peptide complexes from the cell surface. The result is that 

MHC I classical and cross presentation of viral antigen is disrupted and subsequent 
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priming of naïve immune responses is impaired. HIV’s potential to infect and impair this 

pathway could potentially be a factor leading to the immunosuppressive characteristics of 

acquired immunodeficiency syndrome (AIDS). 

 

4.2 Results 

4.2.1 Nef reduces the surface expression of MHC I, MHC II and co-receptors 

To study the role of HIV-1 Nef in DC function, a Nef-expressing DC line was 

created. DC2.4 cells [295] were transfected to stably express wild type HIV-1 Nef 

(pNL432; Nef accession number: AF324493) and GFP or with empty vector to express 

GFP alone. Bulk cell cultures of both lines expressed GFP at similar levels (Figure 

4.1A). Expression of the Nef protein was confirmed by both RNA and protein analysis 

(Figure 4.1B,C). Upon expression of Nef, the surface level of several receptors important 

for activation of immune responses decreased as compared to the vector alone control 

(Figure 4.2A). Nef-expressing DCs had a 1.4-fold dowregulation of surface MHC I 

(p<0.01) and a 1.5-fold downregulation of surface MHC II (p<0.05) while the co-

receptors CD40 and CD86 were reduced 2.2 (p<0.001) and 1.2 times (p=0.07), 

respectively (Figure 4.2B). When activated during an immune response, DCs upregulate 

costimulatory molecules and MHC. This allows for efficient priming of T cell responses 

[369]. To determine if Nef expression affects the degree of receptor upregulation, DCs  

were activated with interferonγ (IFNγ) [370] and examined by flow cytometry. Following 

DC maturation, overall surface expression levels were increased in the presence of Nef; 

however, distinct dowregulation of surface MHC I, MHC II and CD40 as compared to 
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Figure 4.1. Expression of Nef in DCs.  
DC2.4 cells were transfected with Nef pMX-PIE Vector (Nef) or pMX-PIE Vector alone 
(VA). Cells were selected with puromycin and bulk sorted for (A) GFP expression. Nef 
expression was confirmed by (B) RT-PCR with nef specific primers and by (C) FACS 
analysis. Black = Nef DCs; Grey = VA DCs; Shaded = untransfected DCs 
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Figure 4.2. Nef downregulates DC surface markers contributing to deficient 
immune activation.  
(A) FACS analysis was performed on unactivated (no IFNγ) and IFNγ activated Nef-
expressing and vector alone (VA) DCs to determine the degree of down-regulation 
associated with Nef expression. Black = Nef DCs; Grey = VA DCs; Shaded = Negative 
Staining Control. (B) The fold difference in mean fluorescent units (± SE) between Nef 
and VA DCs was calculated and expressed as the proportion of Nef DC surface 
expression compared to VA DCs. (no IFNγ: n=14-15; with IFNγ: n=3-4). *p<0.05; 
**p<0.01; ***p<0.001 
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control DCs was still maintained at 1.2 (p<0.05), 2.0 (p<0.05) and 1.4-fold (p<0.05) 

respectively (Figure 4.2). Deficient surface expression of immune receptors on Nef-

expressing DCs suggests a deficiency in activation of immune responses against HIV and 

secondary infections. 

 

4.2.2 Nef decreases antigen presentation and priming ability 

Dendritic cells function to efficiently capture and present antigen for T cell 

activation. Therefore, the effect of Nef on the DCs ability to present antigen and 

subsequently prime T cells was investigated. First, the ability of Nef-expressing DCs to 

cross present was examined. Nef and VA DCs were incubated overnight with graded 

doses of the well-characterized exogenous protein antigen, ovalbumin (OVA). To assess 

the ability of DCs to take up OVA and cross present it in the context of MHC I, the 

formation of OVA-MHC I complexes on the cell surface was evaluated (Figure 4.3A). 

VA DCs could present OVA on H-2Kb in a dose-dependent manner and this ability was 

almost completely abolished in the Nef-expressing DCs. The defect was quantified by 

determining the fold decrease of H-2Kb/OVA on the cell surface of Nef DCs compared to 

VA DCs. The Nef DCs presented 4.3 (p<0.01) to 4.1-fold (p<0.01) less H-2Kb/OVA on 

the cell surface with a high and low dose of OVA, respectively (Figure 4.3B). To 

account for the reduction of total surface MHC I on Nef DCs, the percentage of total H-

2Kb presenting OVA peptide was calculated. The fold decrease on Nef DC surface in 

relation to VA DCs is represented in Figure 4.3C. A reduction in cross presentation 

ability in Nef-expressing DCs was still observed (2.2-fold; p=0.05 to 3.3-fold; p=0.06). 



 141 

 

 

 



 142 

 

Figure 4.3. Nef-expressing DCs have decreased ability to cross present soluble 
ovalbumin and cross prime CD8+ T cells.  
(A) Nef-expressing (black) and VA DCs (grey) were incubated with soluble OVA with or 
without IFNγ. Flow cytometry was used to determine the number of H-2Kb/OVA 
complexes on the surface of the DCs. (B) The fold difference in mean fluorescent units 
between Nef and VA DCs was determined and expressed as the proportion of Nef DC 
surface H-2Kb/OVA complexes compared to VA DCs (no IFNγ: n=8-10; with IFNγ: 
n=3). (C) The difference in H-2Kb/OVA complexes normalized to total H-2Kb on the cell 
surface was calculated and represented as the proportion of surface expression on Nef 
DCs compared to VA DCs (no IFNγ: n=5-6; with IFNγ: n=3). (D) Activation of 
ovalbumin specific B3Z T cells was assessed using a colorimetric CPRG assay. Figure 
represents 3-6 experiments. Error bars represent SE. **p<0.01;*p=0.05 
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When DCs were activated with IFNγ to mimic an immune response situation, the cross 

presentation defect was still evident (Figure 4.3A-C). The fold decrease of H-2Kb/OVA 

on the cell surface of Nef DCs was 3.0 (p=0.07) to 6.9-fold (p<0.01) depending on OVA 

dose. The difference was still observed when evaluated against the total H-2Kb on the 

surface (1.6-fold; p=0.06 and 4.8-fold; p<0.01). 

Next, the ability of Nef-expressing DCs to cross prime T cells was evaluated. Nef 

and VA DCs were allowed to process and present soluble OVA overnight, as above. 

After 18 hours, the DCs were incubated with B3Z cells, a T cell hybridoma with a T cell 

receptor (TCR) that specifically recognizes the OVA257-264 peptide in the context of the 

MHC I allele, H-2Kb, and T cell activation was assessed [296]. Without IFNγ activation, 

both Nef and VA DCs were able to activate B3Z T cells at higher doses of OVA, in a 

dose-dependent manner. However, Nef DCs had significantly impaired cross priming 

ability when compared to the VA DC controls (Figure 4.3D; p<0.001). Matured DCs are 

more potent at priming T cell responses [369]. This is evident in the IFNγ treated DCs as 

VA DCs could prime T cells with lower doses of OVA. Similar results were obtained 

following IFNγ treatment whereby Nef-expressing DCs were inept at cross priming T 

cells (Figure 4.3D; p<0.001). This indicates that Nef significantly modulates primary T 

cell responses by interfering with the cross priming function of DCs. 

To examine the effect of Nef on direct or endogenous MHC I antigen presentation, a 

viral vector was used to introduce OVA into the cytosol of the DCs. Specifically, Nef-

expressing and VA DCs were infected with empty recombinant vaccinia virus (VV) or 

recombinant vaccinia virus expressing full-length ovalbumin (VV-OVA). After culture 

for 16 h, the DCs were evaluated for the formation of OVA-MHC I complexes on the cell 
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surface via FACS analysis as described above (Figure 4.4A). Nef-expressing DCs had 

reduced MHC I/OVA peptide complexes on the cell surface. The effect was most evident 

at MOI of 5; therefore, quantification was performed using this dose (Figure 4.4B). At 

MOI 5, 1.5-fold (p<0.01) more H-2Kb/OVA was presented on the cell surface of VA  

DCs. Furthermore, when the difference in total surface MHC I expression was 

considered, the percentage of MHC I presenting OVA peptide on the cell surface was 

reduced 1.4-fold when Nef was expressed (Figure 4.4C). To determine if the reduction in 

cell surface MHC I/OVA peptide complexes translates to reduced priming ability, the 

virally infected DCs were incubated with B3Z T cells, as above. As expected, the VV-

Vector (lacking OVA expression) infected DCs were unable to activate the OVA257-264 

peptide T cells (Figure 4.4C). Concurrently, both the VV-OVA infected Nef and VA 

DCs were able to active T cells in a MOI-dependent manner. Importantly, the Nef-

expressing DCs had significantly reduced levels of T cell activation at all MOI’s 

examined (Figure 4.4C; p<0.001). Taken together, the results show that both exogenous 

and endogenous MHC I responses are altered in DC’s when Nef is present.  

 

4.2.3 Nef alters MHC I trafficking and subcellular localization 

The effect of Nef on DC cross presentation is likely attributed to Nef ability to alter 

MHC I trafficking. To investigate this, the effect of Nef-MHC I interaction on the 

localization of MHC I in DCs was assessed. Nef-expressing and VA DCs were stained 

with an H-2Kb-specific antibody (blue) in combination with a Golgi-specific antibody, 

Giantin or Furin Convertase (red). Increased colocalization of H-2Kb and Golgi markers 

(pink) was observed in Nef-expressing DCs as compared to the VA controls 
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Figure 4.4. Nef-expressing DCs have decreased ability to present virus-associated 
ovalbumin and prime CD8+ T cells.  
Nef-expressing and VA DCs were infected with vaccinia virus-expressing ovalbumin 
(VV-OVA) and vaccinia virus vector alone (VV-Vector). (A) Flow cytometry was used 
to determine the number of H-2Kb/OVA complexes on the surface of the DCs infected 
with VV-OVA at various multiplicities of infection (MOI). Black = Nef DCs; Grey = VA 
DCs. (B) The fold difference in mean fluorescent units at MOI 5 was calculated (n=4). 
The difference in H-2Kb/OVA complexes out of total H-2Kb on the cell surface is 
represented (n=3). (C) Activation of ovalbumin specific B3Z T cells by VV-OVA or VV-
Vector infected DCs was assessed using a colorimetric CPRG assay. Figure represents 4 
experiments. Error bars represent SE. **p<0.01; ***p<0.001 
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(Figure 4.5A,B). Quantification of this colocalization indicated that when Nef was 

present 8% (p<0.05) and 17% (p<0.001) more MHC I molecules colocalized with Giantin 

and Furin Convertase, respectively (Figure 4.5C). This indicates that Nef can sequester 

MHC I in the Golgi compartment in DCs. 

To determine the origin of the Golgi-localized MHC I, MHC I internalization from 

the cell surface was investigated. Briefly, Nef-expressing and VA DCs were labelled with 

an anti- H-2Kb antibody and flow cytometric analysis was used to follow MHC I 

internalization over time. Nef-expressing DCs were found to have less MHC I remaining 

on the cell surface over 8 hours as compared to the VA control (Figure 4.6A; p<0.05). 

This indicates that Nef is interacting with surface MHC I to cause internalization into an 

intracellular compartment. 

The endogenous MHC I presentation and priming pathway was also significantly 

impaired by the presence of Nef indicating that the ER to cell surface trafficking of MHC 

I is altered by Nef. Therefore, the transport kinetics of newly synthesized MHC I 

molecules was next analyzed. Nef-expressing and VA DCs were acid-stripped by low pH 

treatment to destabilize and remove surface MHC I and then examined by flow cytometry 

for the appearance of MHC I on the cell surface over time. The rate of total MHC I, both 

newly synthesized and recycled, returning to the cell surface was reduced in Nef-

expressing DCs (Figure 4.6B; p<0.05). Cyclohexamide inhibits protein synthesis by 

blocking translational elongation [371]. DCs treated with cyclohexamide will not 

synthesize new MHC I so only recycling MHC I will traffic to the cell surface. To 

remove the effect of MHC I recycling to the cell surface, the difference in the amount of 

MHC I returning to the cell surface in cyclohexamide-treated and untreated cells over 
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Figure 4.5. Nef causes an accumulation of MHC I in a Golgi-like compartment. 
(A,B) Confocal analysis was used to colocalize (pink) MHC Class I (blue) with Golgi 
marker, Giantin (red) and trans-Golgi network marker, Furin Convertase (red). Scale bar 
= 10 μm. (C) Colocalization was quantified by calculating the Mander’s coefficient. 
Error bars represent SE. *p<0.05; ***p<0.001 
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Figure 4.6. Nef inhibits MHC I trafficking to and from the cell surface in DCs.  
(A) Surface MHC I on Nef-expressing and VA DCs was labelled with biotinylated anti-
H2-Kb antibody. At various time points, the cells were fixed and labelled with 
strepatavidin-PE. The percent of MHC I remaining on the cell surface was determined by 
flow cytometry (n=3). (B) MHC I on Nef-expressing and VA DCs was acid stripped. 
Cells were incubated with or without cycloheximide and MHC I recycling to the cell 
surface was monitored over time by flow cytometery. The total MHC I transported to the 
cell surface was calculated by normalizing the mean fluorescence units for each sample to 
the zero time point. By linear regression, the rates were determined to be statistically 
significant (p=0.028; n=4). (C) The amount of newly synthesized MHC I transported to 
the cell surface was calculated by subtracting the cyclohexmide-treated sample from the 
corresponding untreated cell sample. By linear regression, the rates were determined to 
be statistically significant (p=0.019; n=4). (D) Nef-expressing and VA DCs were labelled 
with 35S and chased for various amounts of time. MHC I was immunoprecipitated and 
treated or not with Endo H.  Samples were run on an SDS-PAGE gel. Treated (+ Endo H) 
samples were examined for the disappearance of an Endo H sensitive (Hs) and the 
appearance of an Endo H resistant (Hr) band. Untreated (-Endo H) samples were assessed 
for the disappearance of an immature MHC I form (IM) and the appearance of a mature, 
glycosylated form (M). Error bars represent SE. *p<0.05.  
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time was assessed (Figure 4.6C). The Nef-expressing DCs had a statistically reduced rate 

of transport of newly synthesized MHC I as compared to the VA DCs This shows that in 

addition to affecting MHC I internalization, Nef can also impair trafficking of newly 

synthesized MHC I. 

To locate the point of Nef-mediated MHC I trafficking impairment, the maturation of 

newly synthesized MHC I through the Golgi was examined. MHC I was 

immunoprecipitated from DCs that had been pulsed with 35S and chased for various 

amounts of time. Immature MHC I (IM) moves through the Golgi and acquires 

glycosylation so in its mature state (M), MHC I has a higher mass. This is evidenced by 

the appearance of a higher molecular weight band at about 10 minutes in Nef and VA 

DCs (Figure 4.6D). The mature form of MHC I appears at the same time whether Nef is 

present or not suggesting Nef does not affect MHC I movement through the Golgi. To 

further confirm this point, Endoglycosidase (Endo) H analysis of the immunoprecipitated 

MHC I was performed. Since proteins become Endo H resistant when they traffic through 

the Golgi compartment and undergo cleavage by mannosidase II [331], Endo H 

sensitivity of MHC I can be followed overtime (Figure 4.6D). The appearance of Endo H 

resistant (Hr) MHC I and the disappearance of End H sensitive (Hs) MHC I occurs 

similarly in Nef-expressing and control DCs. Taken together, Nef does not impair 

maturation of MHC I through the Golgi but impairs trafficking from the Golgi to the cell 

surface. 
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4.3 Discussion 

Dendritic cells are potent antigen presenting cells essential for initiating strong T cell 

responses [1]. However, persistent viruses can employ efficient mechanisms to 

manipulate DC function and circumvent the adaptive immune system [95, 372]. In this 

study, a murine bone marrow derived DC line, DC2.4 [295], was used to examine the 

effect of Nef on DC antigen presentation and priming ability. As previously reported    

[159, 168, 169, 373], Nef was found to downregulate the surface expression of MHC I 

and several other receptors important for activation of immune responses, including 

MHC II, CD40 and CD86. The new findings of this study show that Nef expression in 

DCs results in a significantly reduced MHC I endogenous and cross presentation capacity 

and diminished CD8+ T cell priming ability. These effects may be attributed to Nef’s 

ability to disrupt MHC I trafficking in DCs.  

The DC2.4 cell line is a convincing model of DC function. This cell line was 

originally made by transducing bone marrow derived DCs with a retrovirus expressing 

GM-CSF and the oncogenes, myc and raf [295]. They retain DC morphology including 

dendritic processes and ruffled edges and express MHC, costimulatory molecules and 

DC-specific molecules, DEC-205 and 33D1[295]. Functionally, these DCs are immature 

with the ability to phagocytose antigen; however, maturation can be induced with IFNγ 

leading to increased T cell priming ability [370]. Using DC2.4 cells rather than primary 

murine bone marrow-derived or splenic DCs in the current study allowed for high 

transfections rates and the establishment of a stable nef-expressing DC2.4 cell line. This 

way, multiple experiments comparing various effects of Nef on DC functions could be 

performed with the same cell line. Consistent with results previously shown, when Nef is 
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present in the DC2.4 cells, the expression of MHC I and costimulatory molecules is 

reduced [159, 168, 169, 373]. Upon treating the DCs with IFNγ and inducing maturation, 

the downregulation of MHC I, MHC II and CD40 is still evident when Nef is present 

(Figure 4.2). This confirms that Nef-expressing DC2.4 cells are a valid model with 

which to study the effects of Nef on DC immune function.  

Although it has been shown that Nef can influence the classical MHC I pathway 

[366], this is the first demonstration that Nef impacts the cross presentation of exogenous 

antigen on MHC I. Here, two model exogenous antigens were assessed. First, soluble 

OVA that enters the vacuolar pathway of cross presentation was used as a representative 

antigen [59]. In Nef-expressing DCs, fewer MHC I molecules were loaded with the OVA 

peptide showing cross presentation impairment by the HIV protein (Figure 4.3). Second, 

the recombinant viral system, VV-OVA, confirmed these findings. During vaccinia virus 

infections not only is direct MHC I presentation important for inducing CTL responses, 

cross presentation is also necessary for induction of immune responses for viral clearance 

[374]. Following infection with VV-OVA, Nef-expressing DCs were not proficient at 

expressing MHC I bound with OVA peptide on the cell surface (Figure 4.4). This 

demonstrates that VV-OVA proteins produced by the infected cell could not be presented 

on MHC I due to Nef’s manipulation of the classical MHC I pathway. Importantly, MHC 

I in Nef-expressing DCs could also not access cellular/viral debris resulting from 

infection-induced cell death and so cross presentation was blocked too. Lizee et al. 

demonstrated the importance of MHC I accessing exogenous antigen for cross 

presentation [59, 65]. In DCs, recycling MHC I lacking a conserved tyrosine motif in the 

cytoplasmic tail were unable to access the endolysosomal compartments and instead 
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remained stuck on the cell surface. The result was reduced loading of MHC I with 

exogenous antigen, minimal cross presentation and impaired cross priming [59, 65]. Nef-

expression may mimic this situation in that similar to the tyrosine motif mutation, Nef 

interaction blocks MHC I trafficking and subsequent contact with exogenous antigen. 

The end result is dysfunctional MHC I cross presentation. 

The current studies also revealed the novel finding that DC cross priming of CD8+ T 

cells is downregulated directly as a result of Nef expression. Nef appeared to impact T 

cell priming to a greater extend than antigen presentation itself (Figure 4.3 and Figure 

4.4). Generally, T cell priming was reduced to a greater degree and Nef’s effects on 

priming could be observed at lower OVA concentrations and MOI’s. This may be 

explained by the reduction in co-stimulatory molecules on Nef-expressing DCs. The 

combination of reduced peptide-loaded MHC I and co-stimulatory molecules on the 

surface of supposedly mature DCs would inevitably lead to reduced ability for DCs to 

activate anti-viral effector T cells. This is a break through in understanding the 

significance of Nef’s immune system inhibition since cross presentation and cross 

priming of CD8+ T cells has been shown to have great importance in alerting viral 

immune responses.  

The effect of Nef on costimulatory molecules has been previously investigated. One 

explanation for reduced expression may be that Nef prevents complete DC maturation 

promoting a generalized downregulation of surface immune receptors necessary to prime 

T cells. Recently, a hypothetical model was proposed suggesting that Nef activation of 

PAK2 and Rac1 via the signalling molecule DOCK180 may result in negative regulation 

of DC activation and the maintenance of a phagocytic immature phenotype [169, 375]. 
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Although consensus exists that Nef interacts and activates PAK2, the functional 

relevance of this is yet to be demonstrated [153]. Alternatively, Nef has been proposed to 

function as a viral adaptor protein trafficking host molecules to improper locations and 

promoting aberrant function [153]. Pathways of surface downregulation have been 

described not only for MHC I but also for costimulatory molecules. In monocytes 

expressing Nef, CD80 and CD86 have been observed to be rapidly internalized through a 

dynamin-independent pathway [376, 377]. From here, CD80/CD86-containing vesicles 

acquire Rab11 in a PI3K-dependent manner to localize to the Golgi region [377]. The 

exact mechanism Nef utilizes to impair costimulatory molecules in DCs is unknown but 

is the focus of future studies. 

Trafficking of MHC I in DCs was examined to provide insight into how Nef exerts 

its effects on MHC I. Nef-expressing DCs had an accumulation of intracellular MHC I in 

a Golgi-like compartment (Figure 4.5). This was evidenced as an increased in 

colocalization with Giantin, a marker of the cis and medial Golgi [378]. Nef-mediated 

MHC I Golgi localization was even more obvious when compared to the trans Golgi 

protein, Furin Convertase, an endoprotease that activates proprotein secretory pathway 

compartments [379]. Nef-expressing DCs were found to have an increased rate of MHC I 

internalization from the cell surface (Figure 4.6). Additionally, the rate of appearance of 

newly synthesized MHC I on the cell surface was found to be decreased when Nef was 

present. Further analysis of this showed that transport through the Golgi was unaffected 

indicating that transport from the Golgi to the cell surface is compromised. Therefore, 

Nef is having a two-pronged effect on DC antigen presentation. First, Nef blocks the 

classical MHC I pathway. Newly synthesized MHC I loaded with endogenous antigen in 
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the ER enters the secretory pathway but is blocked by Nef at the Golgi. MHC I that does 

escape and egresses to the cell surface is rapidly internalized by Nef back to the Golgi. 

Although MHC I can be loaded with endogenous antigen, Nef reduces the amount of 

endogenous antigen presented at the cell surface. Second, Nef blocks cross presentation 

by immobilizing MHC in the Golgi. MHC I can not traffic to an endolysosomal 

compartment to access exogenous antigen so MHC I can not be loaded for cross 

presentation. Ultimately, Nef’s manipulation of trafficking and immobilization of MHC I 

results in the reduced ability for DCs to present endogenous and exogenous antigens in 

complex with MHC I on the cell surface.  

This MHC I trans Golgi localization has been reported for other cell types distinct 

from DCs [159, 162, 294, 380-382]. Through analysis of T cells and other cell lines (for 

example HeLa cells), two models have been constructed to explain this phenomenon. 

First, Thomas and colleagues propose a model in which Nef accelerates ARF6 mediated 

MHC I endocytosis then blocks the recycling of the MHC I back to the cell surface [161-

163]. Second, an interaction with Nef links MHC I to AP-1 interrupting trafficking to the 

plasma membrane and diverting MHC I to a paranuclear compartment [164, 165]. This 

second mechanism may intersect with the latter part of the first in that this interaction 

may be responsible for blocking recycling of MHC I [383]. The relative contribution of 

increased internalization and diminished egress to the plasma membrane seems to differ 

depending on the cell type studied [156]. A comparison between cell types concluded that 

blockage of MHC I export to the cell surface was more prevalent in T cells than in HeLa 

cells [162, 384, 385]. These differences have been attributed to the rate in which MHC I 
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traffics from the ER through the secretory pathway. The slower this occurs the more time 

Nef has to exert its effects [385].  

Dendritic cells function to efficiently capture and present antigen for T cell 

activation. DC cross priming is essential for activation of immune responses against HIV 

and secondary infections that are fatal to HIV-infected individuals. Therefore, 

manipulation of this pathway in DCs by Nef provides an advantage for escape of immune 

surveillance and for the establishment of persistence. HIV’s potential to infect and impair 

this pathway could potentially contribute to the immunodeficiency typical of AIDS. 
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CHAPTER 5.  CONSTRUCTION AND ANALYSIS OF A NEF TRANSGENIC 

MOUSE 

 

5.1 Introduction 

A small animal model would greatly help the study of Human Immunodeficiency 

Virus (HIV) and Acquired Immunodeficiency Syndrome (AIDS). However, rodent cells 

inefficiently support an HIV infection and obstruct HIV replication at several points [386, 

387]. The best studied barrier to HIV replication in rodent models is a blockage of HIV 

entry. To enter cells, HIV uses the glycoprotein gp120 to bind both the host cell surface 

receptor CD4 and a coreceptor, either CCR5 or CXCR4 [388]. Upon binding, a second 

HIV glycoprotein gp41 causes fusion of the cellular membrane and viral envelope 

allowing the viral genome and associated proteins to enter the cytoplasm [388]. HIV 

envelope proteins may bind mouse CD4 and chemokine receptors to some degree, but not 

with high enough affinity to induce virion fusion and HIV entry into the cell [387, 389, 

390]. Upon fusion, HIV cDNA integrates into the host chromosomal DNA in order to get 

viral mRNA transcribed. This is dependent on host factors in addition to viral enzymes. 

At this step, murine T cells have been shown to restrict HIV replication presumably due 

to incompatible host factors [387]. In addition, during viral mRNA production, HIV uses 

an accessory protein, Tat, that binds cyclin T1 to increase transcription efficiency [391, 

392]. Tat interacts with rodent cyclin T1 less effectively than with the human version 

leading to inefficient mRNA elongation [393-395]. Posttranslational blocks also occur. In 

murine cells, the viral structural proteins are not properly targeted to the membrane for 

viral assembly but become trapped in cytoplasmic vesicular structures. This leads to 
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incomplete processing of the viral structural protein, Gag, and the production of very few 

virulent viral particles [390]. Despite the generation of murine HIV disease models that 

express human factors to overcome these blocks, a HIV mouse model has yet to be 

established [396, 397].   

As an alternative method, HIV genes can be expressed in transgenic mice alone or in 

provirus constructs. Most pertinent to this thesis, several groups have expressed Nef in 

mouse hematopoietic cells and under the regulation of T cell specific regulatory elements 

with mixed success [386]. Despite varied phenotypes, all studies noted several similar 

effects due to Nef that paralleled in vitro and clinical results such as downregulation of 

CD4 from the cell surface [386]. These results demonstrate that at least some of the 

effects of cell perturbations caused by Nef can be studied using transgenic animals.   

In this thesis and previous studies, Nef has been shown to affect MHC I trafficking 

(reviewed in [153]). This disruption not only occurs in T cells but also in dendritic cells 

(DCs) important for immune activation [169, 366]. Specifically, this thesis demonstrated 

the inhibition of the MHC I cross presentation pathway in DCs that is essential for the 

activation of immune responses. Taken together, the expression of Nef in murine DCs 

would presumably affect the ability of DCs to activate immune responses against 

secondary viral and bacterial infections. Here, a Nef transgenic (Tg) mouse model was 

created in order to study the impact of Nef on the generation of immune responses in 

vivo. Due to HIV receptor requirements, HIV is targeted to T cells, macrophages and 

DCs. To mimic this tropism, nef was expressed under the control of a CD4 promoter. 

Using this model, Nef was shown to have some impact on the generation of immunity to 

viral and bacterial infections. 
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5.2  Results 

5.2.1 Construction of Nef Tg mice 

To examine the function of Nef in an in vivo setting, a Nef Tg mouse was created on 

a C57Bl/6 background. To model HIV viral tropism, the nef gene was expressed on a 

CD4 promoter for transgenic expression in the CD4+ cell lineage. This vector allows 

expression of nef in T cells, macrophages and DCs. To confirm insertion of the transgene, 

PCR was performed with nef-specific primers on genomic DNA isolated from the 

transgenic line (Figure 5.1A). The nef transgene was detected in the Nef Tg mice but not 

in the C57Bl/6 wild type controls. Next, a homozygotic mouse line was created to double 

the copy number of the transgene and increase Nef protein levels in the CD4+ cells. In 

addition, this aided in breeding because the mating of homozygotic animals would 

produce entire litters containing the nef transgene insertion. To generate homozygotic 

mice, heterozygotic animals were mated and pups with the nef transgene insertion were 

identified by genotyping as above. DNA from littermates testing positive were further 

analyzed using real-time PCR to quantify the amount of nef transgene present in their 

genome (Figure 5.1B). In this way, each mouse could be identified as having single or 

double amounts of the nef transgene in their genomic DNA. Mice with two times the 

amount of nef transgene were considered homozygotic. 

Next, correct expression of the transgene was examined. CD4+ cells were isolated 

from the spleen of Nef Tg and C57Bl/6 mice. The presence of the Nef protein was 

confirmed in the Nef Tg CD4+ cells by Western blot (Figure 5.2A). Nef expression was 

further examined by RT-PCR in mouse tissues and cell populations. As expected, spleen, 

thymus, lymph node, bone marrow and liver were all identified to have CD4-expressing 
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Figure 5.1. Presence of the Nef transgene in heterozygotic and homozygotic mice. 
(A) DNA was isolated from earclips of Nef Tg and C57BL/6 mice.  The presence of the 
nef transgene was confirmed by PCR with Nef-specific primers. (B) To create a 
homozygotic mouse, Nef Tg mice were mated and DNA from earclips was isolated from 
the litter (N1-N7). Relative nef transgene copy number was assessed by real-time PCR 
with nef specific primers. Nef transgenic pups with two times (x2) the amount of nef 
transgene were considered homozygotic.  
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Figure 5.2. Nef transcript and protein is selectively present in CD4+ tissues and cell 
populations of the Nef Tg mouse. 
(A) CD4+ cells were isolated from the spleen of Nef Tg mice and Western blot analysis 
was performed. GAPDH was detected as a loading control. (B) RNA from spleen (Sp), 
thymus (Th), lymph node (LN), bone marrow (BM) and liver (Liv) was isolated. CD4 
and nef transcripts were detected by RT-PCR using gene-specific primers. S15 primers 
were used as a loading control. (C) Dendritic cells (DC), macrophages (MØ) and T cells 
were sorted from the spleen using cell-specific markers. RNA was isolated and analyzed 
by RT-PCR as above.  
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cells (Figure 5.2B). In the Nef Tg mice the nef RNA was also detected to some degree in 

these tissues with the liver having the lowest amount. Further to this, DCs, macrophages 

and T cells were isolated from the spleens of Nef Tg and C57Bl/6 mice. These cells were 

confirmed to express CD4 and additionally, in the Nef Tg cells, nef transgene expression 

was detected (Figure 5.2C). 

 

5.2.2 Characterization of cell populations in Nef Tg mice 

To begin to characterize the effect of Nef on immune function, the thymic and 

splenic cell populations were examined.  In the Nef Tg mice, the thymi were smaller with 

1.5 times fewer thymocytes than the C57Bl/6 controls (Figure 5.3A). To account for this 

loss in cell number, the CD4+ and CD8+ populations were examined. The Nef Tg mice 

had a smaller CD4+ population (Figure 5.3B). This was most evident when the 

CD4+:CD8+ ratios were calculated with the Nef Tg mice having a significantly reduced 

ratio compared to the wild type controls (1.8 vs 2.6, p<0.05) (Figure 5.3C). Further to 

this, the cell numbers in the thymic populations were evaluated and the CD4-expressing 

cells (CD4+ and CD4+CD8+ cells) were found to be significantly decreased in the Nef Tg 

mice (Figure 5.3D). 

To see if this defect extended to the periphery, splenic populations in the Nef Tg 

mice were next assessed. Surprisingly, it was noted that the Nef Tg spleens were on 

average larger than the C57Bl/6 controls (Figure 5.4A). In an attempt to understand this, 

several cell populations were examined using flow cytometry. The percentage of cells 

expressing surface CD4+ and MHC I+ decreased and a population emerged in the Nef Tg 

that was CD4- and MHC I- (Figure 5.4B, C). As described in previous studies and in this 
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Figure 5.3. Nef expression results in a decreased CD4+ T cell population in the 
thymus.  
(A) Thymi were removed from C57BL/6 and Nef Tg mice and total thymocyte numbers 
were determined. (B) Flow cytometry was used to analyze the thymocyte cell subsets 
present. (C) The CD4+CD8-/CD4-CD8+ ratios were calculated. (D) Total numbers of cell 
populations were determined. Error bars represent SE. **p<0.01 
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Figure 5.4. Nef expression in the periphery results in decreased CD4+ and MHC I+ 
cell populations. 
(A) Spleens were removed from C57BL/6 and Nef Tg mice and cell numbers (± SE) were 
determined. Flow cytometry was used to analyze the proportion of (B) CD4+ cells, (C) 
MHC I+ cells, (D) NK cells and (E) CD11C+ DCs . *p<0.05 
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thesis, Nef is known to affect MHC I surface expression. Natural Killer (NK) cells 

recognize downregulation or absence of MHC I on infected cells and target these cells for 

death.  Therefore, the NK population was analyzed to determine if these cells were more 

abundant with Nef present. Using a pan-NK antibody (DX5), the NK population was 

found to be similar in Nef Tg and wild type controls. Finally, the CD11c+ DC subsets in 

the spleen were investigated (Figure 5.4D). CD8+ DCs appeared in similar proportion in 

the Nef Tg and C57Bl/6 spleen; however, the percentage of CD4+ CD11c+ cells was 

decreased with a corresponding increase in double negative CD11c+ cells.  

Immune dysfunction in HIV infections has been linked to T cell exhaustion resulting 

from chronic infection. In HIV-infected patients, the inhibitory receptor programmed 

death 1 (PD-1), a molecule associated with chronic infection, has been reported to be 

elevated on HIV CD4+ and CD8+ T cells [398-400]. Engagement of PD-1 with its 

ligands, PDL-1 or PDL-2, leads to impaired T cell function and a deficient immune 

response. Recently, Nef has been shown to be sufficient for PD-1 upregulation [401]. 

Furthermore, during chronic infection T cell dysfunction has been noted with the 

downregulation of the homing receptor, CD127, the migration receptor, CD62L, and 

activation marker, CD69 [402, 403]. Therefore, CD4+ and CD8+ peripheral cells from 

Nef transgenic mice were evaluated for activation and exhaustion markers. In this 

transgenic model of Nef function, there was no evidence of chronic exhaustion based on 

evaluation of the PDL-1, PD-1, CD69, CD127 and CD62L (Figure 5.5).  
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Figure 5.5. Nef Tg mice show no change to exhaustion or activation markers PDL-1, 
PD-1, CD69 and CD62L compared to wild type mice.  
Splenocytes were removed from Nef Tg (black) or C57BL/6 (grey) mice. FACS analysis 
was performed to examine the CD4+ and CD8+ cells for activation/exhaustion markers. 
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5.2.3 Nef Tg mice can cross present antigen in vivo 

In this thesis, Nef has been shown to inhibit DC cross presentation and subsequent 

cross priming in vitro. Nef is also expressed in DCs in the Nef Tg mouse; therefore, cross 

priming was investigated in vivo. MHC I mismatched bone marrow (bm) derived DCs 

(C3H-derived, H-2Kk) were incubated with model antigen, ovalbumin (OVA) and used as 

a source of cell-associated OVA. Nef Tg mice were injected intraperitoneally (ip) with 

OVA-pulsed DCs and the generation of OVA-specific CD8+ T cells was assessed by 

tetramer staining (Figure 5.6A,B). Nef Tg mice had a trend towards decreased ability to 

generate antigen-specific CD8+ T cells by cross presentation; however, this was not 

statistically significant (p=0.2, n=3). To confirm this observation, CFSE-labelled OT-I 

CD8+ cells were transferred into Nef Tg and wild type mice at the time of antigen 

injection. OT-I-derived CD8+ T cells recognize the OVA peptide when cross presented 

by host DCs in the context of H-2Kb. After 72 hours post-injection, OT-I T cell 

proliferation was detected in both C57Bl/6 and Nef Tg mice but not in the naïve controls 

(Figure 5.6C). The percent of proliferating OT-I cells was calculated and no significant 

difference was found between the Nef Tg and wild type mice (Figure 5.6D). 

 

5.2.4 Nef Tg mice make deficient immune responses to viral infections 

Although cross presentation was not inhibited in immune responses against cell-

associated antigen, Nef may have an effect during infections with pathogens. Viral 

secondary infections are common among HIV-positive patients [404-406]; therefore, the 

effect of Nef expression in CD4+ cells on anti-viral immune responses was next 
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Figure 5.6. Nef Tg mice can cross present cell-associated antigen and prime CD8+ T 
cells.  
(A) OVA-pulsed C3H-derived bmDCs (H-2Kk haplotype) were injected ip. Splenocytes 
were examined ex vivo for H-2Kb/OVA257-264 -specific CD8+ T cells. (B) The mean 
percentage ± SE is shown. (C) OVA-pulsed C3H-derived bmDCs (H-2Kk haplotype) 
were injected ip then OT-I transgenic CFSE-labelled T cells were injected iv into Nef 
transgenic and C57Bl/6 mice. CFSE/CD8+ populations were examined. (D) The mean 
percentage ± SE of proliferating OT-I–derived T cells is shown. 
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examined. Nef Tg mice and C57Bl/6 controls were infected with Vesicular Stomatitis 

Virus (VSV). After a seven day infection, splenocytes were removed and analyzed for the 

presence of CD8+ T cells against the H-2Kb immunodominant VSV-nucleocapsid (NP52-

59) epitope (Figure 5.7). Nef Tg mice had a reduced number of antigen-specific CD8+ T 

cells following infection. However, this trend was not statistically significant (p=0.18; 

n=13).  The CTLs were further examined for their ability to lyse target cells. At three 

different effector-to-target ratios, the Nef Tg CTLs had a significantly reduced ability to 

kill VSV NP52-59-specific target cells (p<0.05, n=3).   

 

5.2.5 Nef Tg mice make deficient immune responses to bacterial infections 

AIDS patients often succumb to secondary bacterial infections [406]. One such 

opportunistic infection associated with AIDS is Listeria monocytogenes [407]. To 

examine the impact of Nef on Ag-specific T cell responses to Listeria, a recombinant 

strain of Listeria (rLMOVA) that expresses OVA, was used to infect Nef Tg and C57Bl/6 

mice [309]. OVA is fused to the signal sequence and promoter of the hly virulence gene 

which controls the expression of OVA in these bacteria. An I-Ab immunodominant 

epitope in CD4+ T cell responses against Listeria, LLO190–201, is known to originate from 

the endogenous virulence factor, Listeriolysin O (LLO). However, an H-2Kb 

immunodominant epitope is not well defined. Therefore, the expression of OVA with the 

immunodominant epitope, OVA257-264, during infection allows detection of Listeria 

specific CD8+ T cell responses in vivo.  

 To begin to examine anti-bacterial immune responses, Nef Tg mice and C57Bl/6 

controls were iv infected with a range of doses (102 to 104) of rLMOVA and the ability to 
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Figure 5.7. Nef Tg mice are deficient in anti-viral CTL responses.  
Nef Tg and C57BL/6 mice were injected ip with VSV at 105 TCID50 /mice. Seven days 
post-infection, spleens were removed. Splenocytes were restimulated in culture for 5 days 
with the VSV-derived H-2Kb-restricted peptide, RGYVYQGL. (A) The splenocytes were 
co-stained with an H-2Kb- VSV specific tetramer and an anti-CD8 antibody to quantify 
the VSV-peptide specific CD8+ CTLs generated. (B) The mean percentage ± SE of VSV-
specific lymphocytes was determined. (C) 51Cr-release assays were performed to measure 
specific killing of target cells. Error bars represent SE. * p< 0.05 
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generate CD8+ T cells responses was assessed by tetramer staining (Figure 5.8). At each 

dose, Nef Tg mice produced fewer antigen-specific CD8+ T cells than the C57Bl/6 

controls. This was quantified and a 1.4, 1.7 (p=0.07) and 1.5 (p<0.05) -fold reduction was 

found in Nef at each increasing dose increments, respectively.   

As the generation of T cells appeared to be affected in the Nef Tg mice, the function 

of the T cells generated was next examined. First, CD4+ and CD8+ T cells were assessed 

for their ability to secrete IFNγ (Figure 5.9). Following a seven day infection with 

rLMOVA, antigen-specific T cells were stimulated with the immunodominant epitopes, 

LLO190–201 or OVA257-264.  As a positive control, general T cell stimulation with PMA and 

ionomycin or an anti-CD3 antibody to cross-link the T cell receptor was performed. 

Intracellular staining for IFNγ was analyzed by flow cytometry and the number of IFNγ-

secreting cells was calculated. There appeared to be no difference between the Nef Tg 

and C57Bl/6 CD4+ and CD8+ T cells to secrete IFNγ regardless of the stimulation used.  

Next, the ability for CD8+ T cells to lyse target cells was assessed (Figure 5.10). At three 

different effector-to-target ratios Nef Tg mice were found to have an impaired ability to 

kill target cells. This indicates that Nef-expression may have selective effects on immune 

cell function. Finally, it was determined if the immune cell defects observed had an effect 

on the ability of Nef Tg mice to clear an infection. Nef Tg and C57Bl/6 mice were 

infected with rLMOVA. One, three and five days post-infection, spleens were removed 

and analyzed for the presence of bacteria (Figure 5.11). Both Nef Tg and wild type 

controls had detectable bacterial loads at each time point analyzed. However, at each time 

interval, the bacterial counts decreased in a similar manner indicating that the mice had a 

comparable ability to clear a bacterial infection.   
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Figure 5.8. Nef Tg mice have a trend of impaired anti-bacterial CTL generation.   
Nef Tg mice and age-matched wild type mice (C57BL/6) were iv infected with a several 
doses of rLMOVA. Seven days post-infection, spleens were removed. Splenocytes were 
restimulated in culture for 5 days with the OVA derived H-2Kb-restricted peptide, 
SIINFEKL. (A) Following infection, splenocytes were co-stained with an H-2Kb-OVA 
specific tetramer and an anti-CD8 antibody to quantify the OVA-peptide specific CD8+ 
CTLs generated. (B) The mean percentage ± SE of OVA-positive lymphocytes was 
determined. *p<0.05. 
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Figure 5.9. Nef Tg CD4+ and CD8+ T cells secrete IFNγ following bacterial infection.  
(A) Nef Tg mice and age-matched wild type mice (C57BL/6) were iv infected with 
rLMOVA. Seven days post-infection, spleens were removed. Splenocytes were treated ex 
vivo with GolgiPlug and stimulated with PMA + Ionomycin, an anti-CD3 antibody, MHC 
I or MHC II-restricted peptide or left unstimulated. Following a 5 hour incubation, 
intracellular IFNγ staining was performed to quantify the antigen-specific CD8+ or CD4+ 
T cells, respectively. (B) Mean number ± SE of CD8+ or CD4+ lymphocytes producing 
IFNγ.  
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Figure 5.10. Nef Tg mice have impaired CTL function in response to Listeria 
infection.  
Nef Tg mice and age-matched wild type mice (C57BL/6) were iv infected with 
rLMOVA. Seven days post-infection, spleens were removed. 51Cr-release assays were 
performed ex vivo to measure CTL specific killing. Error bars represent SE. *p<0.05 
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Figure 5.11. Nef Tg mice reduce bacterial burden in spleen similar to wild type mice 
following Listeria infection. 
Following infection (1, 3, 5 days), splenocytes were lysed in 0.1% NP40. rLMOVA 
remaining in splenocytes was quantified by plating lysates on BHI media plates. Figure 
represents mean ± SE. Figures represent three experiments with at least three mice per 
group. 
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5.2.6 Nef Tg mice show impaired memory CTL killing ability following bacterial 

recall infection 

Primary CD8+ cytotoxic T cell responses to Listeria monocytogenes have been 

reported to be independent of CD4+ T cell help [311, 408]. However, CD4+ help is 

required for development of CD8+ memory [311, 408]. Because Nef transgenic mice 

show a decreased proportion of CD4+ cells in the periphery, memory development in the 

Nef transgenic may be affected. Therefore, the ability of Nef transgenic mice to resist a 

second challenge of Listeria monocytogenes was examined. Nef Tg and C57Bl/6 controls 

were infected with rLMOVA. On day 14, 28 and 64 post-infection, the mice were 

challenged a second time with rLMOVA and evaluated for the ability to clear the 

infection over three days (Figure 5.12). In the primary infection control, both Nef Tg and 

C57Bl/6 had similar detectable levels of bacteria in their spleens as seen previously. 

However, upon secondary infection, C57Bl/6 mice were able to clear the infection and no 

bacteria were detected regardless of the time the secondary infection occurred.  

Conversely, in the Nef Tg mice, bacteria could be detected following the secondary 

infection indicating that memory responses may be impaired.  

The memory responses against Listeria monocytogenes in the Nef Tg mice were next 

evaluated. First, the generation of CD8+ T cells following secondary infection was 

analyzed by tetramer staining at day 14, 28 and 64 following secondary infection (Figure 

5.13A). The number of antigen-specific CTLs was quantified and no significant 

difference was noted between the Nef Tg and C57Bl/6 controls (Figure 5.13B). Next, the 

function of the T cells generated during a memory response was evaluated. On day 64 

following a primary infection, mouse strains were infected with rLMOVA for a second 



 187 

 

 

 

 
Figure 5.12. Nef Tg mice have impaired ability to clear bacteria from the spleen in 
recall responses.  
Nef Tg mice and age-matched wild type mice (C57BL/6) were iv infected with rLMOVA 
at 1x104 CFU/mouse. Day 14, 28 and 64 post-infection, the mice were reinfected with 
rLMOVA at 1x105 CFU/mouse. Three days following the second infection, splenocytes 
were lysed in 0.1% NP40. rLMOVA remaining in splenocytes was quantified by plating 
lysates on BHI media plates. Figure represents mean ± SE.   
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Figure 5.13. Nef Tg mice generate memory CD8+ T cell against Listeria similar to 
wild type mice in recall responses.  
(A) Following the second infection, splenocytes were co-stained with an H-2Kb-OVA 
specific tetramer and an anti-CD8 antibody to quantify the OVA-peptide specific CD8+ 
CTLs generated. (B) The mean number ± SE of OVA-positive lymphocytes on Day 64 
post-primary infection was determined. 
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time. Following a seven day secondary infection with rLMOVA, antigen-specific T cells 

were stimulated with the immunodominant epitopes, LLO190–201 or OVA257-264, PMA and 

ionomycin or an anti-CD3 antibody to cross-link the T cell receptor as above. 

Intracellular staining for IFNγ was analyzed by flow cytometry and the number of IFNγ-

secreting cells was calculated (Figure 5.14). The ability to secrete IFNγ was similar 

between Nef Tg and C57Bl/6 mice. Finally, following a second infection on Day 64, 

CD8+ splenocytes were evaluated for their ability to kill target cells (Figure 5.15). At 

various effector-to-target ratios Nef Tg had a reduce ability to lyse target cells displaying 

OVA in complex with H-2Kb. Taken together, CD8+ memory responses are generated in 

Nef Tg mice but are functionally impaired when Nef is present.  

 

5.2.7 Evaluation of CD4+ T cell responses in Nef Tg mice  

CD4+ help has been suggested to play a role in initiation and persistence of CTL 

responses [409]. In several models, it has been shown that optimal CD8+ responses 

require the presence of antigen-specific CD4+ T cells [409]. Therefore, the ability of Nef 

Tg mice to generate CD4+ T cells against foreign antigen was investigated. Cell 

associated OVA (as described in section 5.2.3), was injected together with CFSE-labelled 

CD4+ OT-II cells. OT-II-derived CD4+ T cells will proliferate when they recognize the 

OVA peptide in the context with host I-Ab. In this study, Nef Tg and C57Bl/6 mice had 

comparable levels of CD4+ T cell proliferation when challenged with cell-associated 

OVA as visualized by the degree of CFSE dilution (Figure 5.16A). This finding was 

confirmed when the percentage of OT-II cells proliferating was quantified (Figure 

5.16B).
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Figure 5.14. Nef Tg mice generate recall responses with T cells that produce IFNγ 
following Listeria infection 
(A) Splenocytes from mice secondarily infected with rLMOVA on Day 64 were treated 
ex vivo with GolgiPlug and stimulated with PMA + Ionomycin, an anti-CD3 antibody, 
MHC I or MHC II-restricted peptide or left unstimulated. Following a 5 hour incubation, 
intracellular IFNγ staining was performed to quantify the antigen-specific CD8+ or CD4+ 
T cells, respectively. (B) The mean number ± SE of CD8+ or CD4+ lymphocytes 
producing IFNγ.  
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Figure 5.15. Nef Tg mice produce memory CTLs with impaired killing ability. 
51Cr-release assays were performed ex vivo on mice infected on Day 64 to measure CTL 
specific killing. Error bars represent SE. *p<0.05 
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Figure 5.16. Nef Tg mice can present cell-associated antigen to CD4+ T cells.  
(A) OVA-pulsed C3H-derived bmDCs (H-2Kk haplotype) were injected (ip) then OT-II 
transgenic CFSE-labelled T cells were injected (iv) in Nef transgenic and C57Bl/6 mice. 
CFSE/CD4+ populations were examined. (B) The mean percentage ± SE of proliferating 
OT-II–derived T cells is shown. 
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5.3 Discussion 

The HIV protein, Nef, is a potent virulence factor crucial for high viral persistence 

and host progression of disease [410]. In this study, a murine model of Nef function in 

CD4-expressing cells was created to examine Nef’s role in the modulation of immune 

responses to secondary infections. In this model, the CD4+ cell population in the thymus 

and the CD4+ and MHC I+ cell populations in the periphery were decreased. The cross 

presentation function of Nef Tg mice was examined and contrary to the deficiency found 

in vitro, these mice were able to cross present cell-associated antigen in vivo. However, 

when challenged with a bacterial or viral infection, the Nef Tg mice had some 

deficiencies in generating immune responses. 

The generation of Nef transgenic mice has previously been reported whereby the nef 

gene has been expressed using several promoter/enhancer systems including the CD3δ, 

CD2, TcR β chain and importantly CD4 elements [411-415]. The phenotypes of these 

mice included reduction in surface CD4, loss of T cells and some alterations in T cell 

activation but were by no means the same in terms of immune function [411-414]. The 

most striking phenotype was observed when nef was expressed using the CD4 regulatory 

elements. These mice had defects in their immune system as well as developed a wasting, 

multi-organ syndrome analogous to AIDS [415]. The disease course of this animal model 

correlated with the level of nef transgene expression [414, 415]. Differences in these 

animal models can be attributed to differences in nef alleles as well as variation in 

expression patterns and levels [386, 411, 412]. In the current study, a new Nef transgenic 

animal model with nef expression driven by a CD4 promoter/enhancer system was 

created in order to most accurately recapitulate the immune deficiency phenotype 
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associated with HIV infection. The model has been created to allow examination of 

specific effects of Nef on the essential immune function of antigen processing and 

presentation. The goal is to provide a model with which to examine in detail, Nef’s 

alterations to immune functions in the context of secondary infections, an essential aspect 

of HIV-induced disease. 

In our transgenic model, a severe wasting phenotype was not observed as described 

previously [414]. This is most likely due to lower levels of nef expression in our model 

and possibly due to differences in the transgene insertion sites. Despite this variation, a 

decrease in CD4+ populations in the thymus and periphery was noted as previously 

described [414]. The ability to downregulate CD4 from the surface of HIV-infected cells 

is one of the best characterized functions of Nef [reviewed in [410]]. Nef achieves this by 

linking CD4 to AP-2 adaptor complexes increasing endocytosis and directing CD4 to 

lysosomes for degradation [410]. This removal of CD4 from the cell surface is thought to 

promote the release and infectivity of HIV particles [410, 416, 417]. Considering this 

function, the decrease in the CD4+ cell population in the Nef Tg mice thymi and 

periphery may be a loss of CD4 receptor from the cell surface marking the cell population 

rather than a reduction in the number of cells themselves. However, it has been proposed 

that Nef can induce cell death. Restricted Nef expression in CD4+ T cells has been shown 

to induce apoptosis [418]. In addition, expression of Nef has been shown to induce CD95 

(Fas) that leads to apoptosis [419, 420]. It has also been noted that Nef can increase 

apoptotic responses by altering the expression of Bcl-2 and Bcl-XL [421]. Furthermore, 

Nef may manipulate T cell signalling and induce a state of constitutive activation which 
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is known to cause cell death [414]. Therefore, the consequence of Nef-expression in 

CD4+ cells could be a reduction in cell numbers.  

In this study, the reduction in the CD4+ population in the thymus was accompanied 

by a decrease in total cellularity, which is consistent with previous findings in transgenic 

models [411, 413, 414]. Considering this, cell death is a likely explanation of loss of cell 

numbers. In addition to direct cytopathic effects of Nef, aberrant selection in the thymus 

may also be occurring. Decreased CD4 on thymocytes would interrupt the interaction 

between the T cell receptor complex on developing thymocytes and MHC II on the 

thymic epithelium impairing positive selection resulting in fewer mature CD4+ T cells. 

Mice deficient in MHC II [422] or hemizygous for CD4 [423] have impaired CD4+ T cell 

development presumably due to reduced CD4-MHC II contact demonstrating the 

importance of this interaction.  

In HIV-infected individuals, CD4+ T cell depletion from the thymus is observed 

[424]. This study suggests that despite CD4+ T lymphopenia in the thymi of HIV infected 

adults thymopoiesis is still occurring [424]. Instead, direct viral lysis and activation 

leading to high turnover and exhaustion are proposed as the relevant mechanisms 

impacting the thymus [424]. On the other hand, loss of thymic function may be a major 

factor contributing to disease in paediatric HIV infections [425, 426]. In comparison to 

uninfected children, HIV-positive children have fewer T cell receptor rearrangement 

excision circles (TREC) indicating a reduced thymic output [427]. In this transgenic 

model, Nef is expressed throughout mouse development analogous to paediatric AIDS.  

In the periphery, a reduction in the CD4+ population is also evident. Surprisingly, 

increased cellularity was noted in the spleen of Nef Tg mice. In previous studies of Nef 
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Tg mice, enhanced apoptosis and reduced CD4+ T cell numbers were noted when Nef 

was expressed in the cell lineage [411-414, 418]; however, this was not consistent among 

all transgenic lines and a dose threshold was observed with lower transgene expression 

showing minimal or no alterations in the peripheral T cell populations [411, 412]. 

Additionally, splenomegaly was noted in several Tg lines [413, 415, 418]. Nef expressed 

under the control of the TCR β chain promoter had an expansion of B cell and NK cell 

numbers in the periphery [413] while Nef expressed in CD4+ lineages exhibited increased 

immature DC, B cell, macrophage, megakaryocyte and erythroid progenitor numbers in 

the spleen [415, 418]. Furthermore, enlarged spleens have been observed in SIV infection 

in rhesus macaques [428-432] and pigtailed macaques [433]. Spleen enlargement in this 

Nef transgenic model was accompanied with the appearance of CD4- and MHC I – cells. 

With the lack of MHC I, this cell population may have developed in the periphery 

without the detection of the immune system.   

As nef expression is driven by CD4 promoter/enhancer element, Nef protein was 

present in DCs in this transgenic model. Upon analysis of DC populations in the spleen of 

transgenic model, the proportion of CD4+CD11c+ population was decreased; however, 

the CD8+CD11c+ population was similar to wild type controls. This indicates that Nef is 

impacting the CD4+ DC population in which it is expressed possibly by direct 

cytotoxicity or altering DC phenotype. Nef-mediated alteration in DCs subsets has been 

noted in other Nef transgenic mouse models including impaired maturation and 

distribution in lymphoid organs [434]. Although murine DC populations are not 

equivalent to those in humans, general comparisons can be made. In HIV-infected 

individuals, a decreased number of DCs in the blood has been noted [138, 435, 436]. This 
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may be a result of altered migration of DCs with reduced localization in the blood as well 

as direct depletion of the DC populations [95].   

Interference with DC location, maturation-state and general health by HIV, will have 

an impact on DC function, including antigen presentation, and may represent a key aspect 

of viral immune evasion. DCs isolated from HIV-positive patients have been shown to 

have reduced ability to prime allogenic T cells in comparison to those from healthy 

donors [141, 364] In addition, DCs isolated from infected individuals have dysregulated 

cytokine production with reduced IL-12 and IFNα and upregulated IL-10 secretion [141, 

361, 362]. Furthermore, DCs from individuals with acute HIV have reduced surface 

expression of costimulatory molecules and DCs infected in culture have been shown to 

have reduced ability to mature [140, 142, 143]. Nef in particular may affect DCs and 

contribute to the immunodeficiency observed during HIV infections. Nef has been shown 

to downregulate MHC I trafficking in DCs possibly impairing antigen presentation [169, 

366, 367]. Specifically, in this thesis, Nef was shown to affect not only classical MHC I 

presentation but also cross presentation when expressed in DCs in vitro. When examined 

in vivo, Nef Tg mice had similar ability as wild type controls to cross present cell-

associated antigen. This discrepancy may be attributed to Nef expression levels. In vitro, 

Nef expression was driven by a viral promoter producing higher protein levels than 

achieved using the CD4 promoter in vivo. Nef-mediated MHC I manipulation has been 

shown to require a threshold level of expression [380]. Lower amounts of Nef can 

modulate CD4 cell surface location but have no affect on surface expression of MHC I 

[380]. Alternatively, Nef expression in DCs in vivo would occur in accordance with CD4 

promoter activity allowing Nef to be expressed only in CD4+ DCs and some 
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plasmacyotid DCs (pDCs) [9]. Analysis of precise function of individual DC subsets, 

although still limited, suggests that the CD8+CD4- DC subset is the most efficient at cross 

presenting exogenous antigen on MHC I while CD4+CD8- DCs appear to be better at 

presentation of exogenous antigens by MHC II [437]. In this way, Nef-expression in 

CD4+ DCs may not be a major inhibitor of cross presentation during immune challenge in 

vivo. 

Opportunistic infections are an important cause of disease in HIV infected 

individuals [438]. AIDS patients often succumb to secondary bacterial infections such as 

Listeria monocytogenes. Listeria infection is markedly increased in immunocompromised 

patients with AIDS patients having approximately a 100 to 300 fold higher risk of 

infection than the general population [407]. In addition, viral opportunistic infections are 

common in HIV-infected adults and cause considerable morbidity and mortality [439]. 

The impact of Nef on immune responses against bacterial and viral infection was 

examined in the Nef Tg mice. Nef Tg mice generated diminished CD8+ immune 

responses to VSV and Listeria infections evidenced by reduced CTL lytic activity. These 

novel results establish that Nef’s effects are directly responsible for immune deficiency 

towards two major secondary pathogens and suggest Nef is a major influencing factor of 

host-pathogen interactions in HIV infected individuals.  

There are several factors that may be involved in the Nef-mediated dampening of 

immune responses against secondary infections. First, this could still be attributed to Nef-

mediated reduction in MHC I antigen presentation as impaired generation of CD8+ T 

cells following infection was noted. CD4+ DCs have been shown to cross present in 

certain cases such as when antigen is in the form of immune complexes [440]. The cross 
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presentation pathway in Nef Tg mice was functional when evaluated with cell-associated 

protein. However, different antigens may use different cross presentation paths [86] and 

immune impairment in the Nef Tg mice may depend on the type of antigen encountered. 

Furthermore, Listeria monocytogenes has been shown to infect DCs directly [441] and 

VSV binds phosphatidylserine, a near-universal cell-surface component, giving VSV a 

broad tropism that would allow direct DC infection [442]. In this way, antigen would 

access the classical MHC I pathway for CD8+ T cell priming which may be compromised 

by Nef expression. Another possibility may be that Nef is affecting MHC II presentation 

and therefore reducing the CD4+ help available to activate efficient CTL responses. CD4+ 

T cells secrete cytokines and chemokines and also interact directly with the DCs 

‘licensing’ them to induce potent CD8 responses [409, 443, 444]. As mentioned above, 

CD4+ DCs, that are expressing Nef, appear to be most efficient at stimulating CD4+ T cell 

responses by utilizing the MHC II pathway. In several instances, including in vitro 

studies in this thesis, Nef has been known to influence MHC II trafficking [168-170]. 

Therefore, the generation of CD4+ T cell help may be impaired in the Nef transgenic 

mice during immune responses.   

Additionally, in this model, CD4+ T cells are expressing Nef which could cause 

reduced numbers and altered function [145, 368]. Nef has been documented to affect T 

cell function in several ways. Nef can downregulate chemokine receptors, CXCR4 and 

CCR5, which may affect migration and distribution of CD4+ cells [445, 446]. Interaction 

of CXCR4 with Nef may also cause T cell apoptosis contributing to T cell depletion [368, 

447]. Further to this, Nef alters T cell activation to create an environment to maximize 

viral replication and cell survival [145] as a result rendering CD4+ T cells against 
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secondary infections less than efficient. Nef has been shown to affect T cell signalling by 

interfering with events downstream of the T cell receptor (TCR) [412, 448]. Furthermore, 

it has recently been shown that Nef can interrupt the immunological synapse formation 

by misrouting Lck and TCR from the T cell-APC contact sites [449, 450] and instead aids 

in formation of a virological synapse for cell-cell mediated viral spread [451, 452]. In 

addition, Nef-mediated removal of cell surface molecules affects T cell activation. 

Downregulation of the costimulatory molecule, CD28, from the cell surface has been 

observed [453]. This would suppress the immune response and lead to T cell anergy. 

Again, reduction of CD4 on T cells weaken the T cell receptor complex interaction with 

MHC II on antigen presenting cells reducing activation of CD4+ T cell responses [410, 

454] Taken together, Nef can not only affect generation of CD4+ responses but also the 

function of CD4+ T cells themselves leading to poor anti-viral immunity. In most HIV-

infected patients, the acute phase of infection has an obvious lack of CD4+ proliferative 

responses and weak CTL activity [455, 456]. Conversely, long-term non-progressors 

have significant levels of CD4+ cell proliferation accompanied by strong CTL responses 

and low viral loads [457, 458]. This highlights the importance of CD4+ help for efficient 

CTL activity.  

Proliferation of CD4+ cells was evaluated in the Nef transgenic mice following 

inoculation with cell-associated antigen and no difference was noted between Nef 

transgenic mice and wild type controls. However, generation of CD4+ T cell immunity in 

an infection setting needs to be evaluated. The pathogens used here, VSV and rLMOVA, 

are not be ideal for examining CD4+ T cell responses. This thesis and other studies have 

demonstrated that VSV-specific primary and memory CD8+ immune responses can be 
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generated in the absence of CD4+ T cells. [322, 323, 459]. Furthermore, mice lacking 

CD4+ T cells generate primary CTL responses to Listeria monocytogene that are 

equivalent to wild type and can efficiently clear the infection [311]. However, protective 

memory is defective and wanes over time [311]. Following both VSV and rLMOVA 

infection, some deficiency in primary infection are observed likely due to compounding 

effects of Nef. Analogous to mice missing CD4+ help [311], Nef transgenic mice immune 

responses’ following secondary rLMOVA infection diminished over time resulting in 

suboptimal CTL killing function and incomplete bacterial clearance most prevalent at day 

64 following primary infection. The importance of CD4+ T cell help has been 

demonstrated in other HIV and Nef-specific murine models of fungal infection [418, 460, 

461]. Oropharyngeal candidiasis (OPC) is a common fungal infection plaguing patients 

with impaired cell-mediated immunity including those positive for HIV [462]. CD4+ 

helper T cells are directly required for recovery from OPC [463]. Expression of Nef in 

CD4+ cells results in increased susceptibility to OPC suggesting that Nef impairs CD4+ T 

cell function in vivo.   

In the absence of faithful small animal models for HIV, many of the details of Nef 

mediated immuno-subversion that contributes to a generalized immunodeficiency are yet 

to be fully appreciated. Analysis of DCs and CD8-mediated immunity in a Nef transgenic 

mouse model revealed functional impairment. Further analysis of DC priming and 

subsequent function CD4+ T cells will likely uncover further immune defects. Nef’s 

expression pattern and multifaceted manipulation of several distinct cell types culminates 

into a complex immune evasion strategy that likely contributes to the characteristics of 

AIDS. 



A version of Chapter 6 is currently accepted for publication at Immunity: Omilusik KD*, 
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HS, Tan R, Bech-Hansen NT, Waterfield D, Fedida D, Hunt SV, Jefferies WA, (2011), 
The CaV1.4 Calcium Channel Is a Critical Regulator of T Cell Receptor Signaling and 
Naive T Cell Homeostasis, Immunity, doi:10.1016/j.immuni.2011.07.011. (* denotes co-
first authorship). 
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CHAPTER 6.  THE LONG LASTING-TYPE CALCIUM CHANNEL CAV1.4 IS A 

CRITICAL REGULATOR OF T CELL RECEPTOR SIGNALLING AND NAÏVE 

T CELL HOMEOSTASIS 

6.1 Introduction 

Calcium (Ca2+) ions act as universal second messengers in virtually all cell types, 

including cells of the immune system. In lymphocytes, Ca2+ signals modulate the 

activation of calcineurin/NFAT and Ras/MAPK pathways, serving to regulate cell 

activation, proliferation, differentiation and apoptosis [188, 189]. TCR stimulation 

invokes rises in intracellular Ca2+ through the activation of PLCγ1 and the associated 

hydrolysis of phosphatidylinositol-3,4-bisphosphate (PIP2) into inositol-1,4,5-

trisphosphate (IP3) and diacylglycerol (DAG). Subsequently, IP3 binds IP3 receptors in 

the endoplasmic reticulum (ER) and induces Ca2+ release from ER stores, triggering 

store-operated Ca2+ entry (SOCE) from outside the cell via plasma membrane channels 

[188, 189]. For Ca2+ signalling to affect T cell fate or effector functions, sustained Ca2+ 

influx via plasma membrane channels is likely necessary for a number of hours, 

maintaining cytoplasmic Ca2+ concentrations higher than resting baseline levels [189]. 

The identity and number of plasma membrane channels mediating sustained Ca2+ 

entry into T cells are unclear [190, 464]. One well-characterized mechanism of entry is 

through Ca2+ release-activated calcium (CRAC) channels [465]. In the CRAC pathway, 

the Ca2+ sensor STIM1 responds to decreases in ER Ca2+ stores by associating with the 

http://dx.doi.org/10.1016/j.immuni.2011.07.011
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CRAC channel pore subunit ORAI1 and activating SOCE. However, loss of ORAI1 in 

naïve T cells has been found to have minimal effects on their ability to flux Ca2+ or 

proliferate upon TCR stimulation [207, 209]. Other candidate plasma membrane Ca2+ 

channels operating in lymphocytes include P2X receptor, transient receptor potential 

(TRP) cation channels, TRP vanilloid channels, TRP melastatin channels and voltage-

dependent Ca2+ channels (VDCC). It is unknown whether the repertoire of Ca2+ channels 

operating in T cells remains constant or changes during various stages of development or 

differentiation. 

VDCC are a group of plasma membrane voltage-gated Ca2+ (CaV) channels whose 

functions have been primarily characterized in excitable cells. CaV complexes are 

composed of a pore forming and voltage sensing α1 subunit along with auxiliary α2, β, δ, 

and γ subunits that modulate gating [466]. In mammals, ten CaV family members have 

been grouped into 5 groups (L, P/Q, N, R & T) based on electrophysiological 

/pharmacological properties, each likely serving distinct cellular signalling pathways. 

Previous work has described the discovery, expression and functions of L-type (long-

lasting) CaV channels in mouse and human T cells [240, 241]. L-type CaV channels 

(includes 4 subtypes: CaV1.1, CaV1.2, CaV1.3 & CaV1.4) are closed under resting 

conditions and open up, leading to Ca2+ entry into the cell, following their activation by 

strong membrane depolarization events. Findings describing CaV1.4, an α1 Ca2+ channel 

subunit encoded by Cacna1f, message and protein in the spleen, thymus and T cells of 

rodents and humans suggest that this particular L-type channel may be important in 

regulating Ca2+ signalling in T cells [240, 241, 249-251] In addition, L-type calcium 
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channels appear to facilitate entry of Ca2+ into mitochondria and thus may contribute to 

the spatial and temporal characteristics of Ca2+ signals in many types of cells [467]. 

To investigate the physiological functions of CaV1.4 in T cell biology, analyses on 

developing thymocytes and peripheral T cells from CaV1.4-deficient (CaV1.4-/-) mice 

were performed. In this chapter, it is demonstrated that CaV1.4 mediates critical roles in 

charging intracellular Ca2+ stores and regulating TCR-induced elevations in cytosolic free 

Ca2+ affecting TCR-induced Ras, ERK and NFAT activation. In addition, these studies 

demonstrate that CaV1.4 modulates naïve T cell survival and is essential for the 

generation of pathogen-specific T cell responses. Collectively, this study provides a new 

framework understanding the regulation of lymphocyte biology through the function L-

type channel in the storage of intracellular Ca2+ within lymphocytes and operative Ca2+  

regulation of antigen receptor-mediated signal transduction.  

 

6.2 Results 

6.2.1 CaV1.4 deficiency results in CD4+ and CD8+ T cell lymphopenia and 

spontaneous T cell activation 

To characterize CaV1.4 expression in wild type mice, RNA analyses revealed 

expression in thymus, spleen and peripheral CD4+ and CD8+ T cells (Figure 6.1A). The 

observation that CaV1.4 is expressed in developing and mature T cells led to an 

investigation of T cells in CaV1.4-/- mice. CaV1.4-/- mice were previously generated 

through gene targeting, inserting a stop codon and prematurely terminating Cacna1f 

translation [305]. To verify gene targeting in CaV1.4-/- mice, RT-PCR was performed 

detecting the disrupted CaV1.4 mRNA carrying a loxP site in the CaV1.4-/- mice 
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Figure 6.1. The expression of Cav1.4 in lymphoid tissue is disrupted in CaV1.4-/- 
mice.  
(A) CaV1.4 mRNA is expressed in lymphoid tissues and CD4+ and CD8+ T cells. 
Disruption of CaV1.4 mRNA in mutant mice was confirmed by RT–PCR analysis of 

thymic transcripts for the presence of the targeting cassette. S15 mRNA was detected as a 
loading control. (B) Immunoblot analysis of CaV1.4 protein in whole cell extracts of wild 
type and CaV1.4-deficient splenocytes. Weri retinoblastoma cells were used as a CaV1.4-
expressing positive control. Anti-GAPDH antibody staining is provided as a control for 
sample loading. (C) Surface proteins on wild type and CaV1.4-deficient splenic T cells 
were biotinylated and immunprecipitated with streptavidin sepharose beads. Equivalent 
amounts of protein were blotted with anti-CaV1.4 antibody. A non-specific low molecular 
size band on the same blot was used to confirm equal loading. 
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(Figure 6.1A). In addition, blotting experiments with anti-CaV1.4 antibody revealed the 

loss of protein expression in CaV1.4-/- splenic whole cell lysates (Figure 6.1B). 

Differences in size between CaV1.4 channels expressed in mouse lymphocytes relative to 

Weri retinoblastoma cells may be a product of alternative splicing [241] or cell-type 

specific post-translational modifications. To determine whether CaV1.4 is expressed at 

the T cell plasma membrane, the surface of wild type and CaV1.4-/- splenic T cells were 

biotinylated and immunoprecipitated with streptavidin-coupled beads (Figure 6.1C). 

These experiments detected the presence of CaV1.4 molecules at the plasma membrane of 

mature T cells. 

Examination of thymocyte development in mice lacking a functional CaV1.4 channel 

revealed changes to T cell differentiation in CaV1.4-/- mice. In CaV1.4-/- mice, the ratio of 

CD4+ versus CD8+ SP thymocytes is skewed slightly towards the CD8 lineage (CaV1.4-/- 

= 1.32 ± 0.15 vs CaV1.4+/+ = 2.34 ± 0.34; Figure 6.2A,B) and the proportion of mature 

thymocytes, distinguished by CD24loTCRβhi expression, were reduced relative to wild 

type (CaV1.4-/- = 3.3 ± 0.5 % vs CaV1.4+/+ = 5.7 ± 0.4 %; & Figure 6.2A). The effect of 

CaV1.4-deficiency on T cell development is also reflected in a two-fold reduction in 

numbers of mature CD4+ SP thymocytes (CaV1.4-/- = 4.1 ± 1.3 vs CaV1.4+/+ = 8.0 ± 1.9) 

whereas the number of CD8+ SP thymocytes is largely unchanged (Figure 6.2C). 

However, the expression of various maturation and activation markers on CaV1.4-/- DP 

and SP thymocytes closely paralleled levels seen on wild type subpopulations, expressing 

similar amounts of TCRβ, CD44, CD69 and CD62L (Figure 6.2D). Collectively, these 

findings suggest that CaV1.4-deficiency results in less efficient positive selection and that 
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Figure 6.2. CaV1.4 deficiency results in subtle developmental defect.  
(A) CaV1.4-/- thymi express a reduced fraction of mature SP thymocytes, as determined 
by electronic gating on TCRβhi and CD24lo cells (percentage is shown within rectangular 
gate on contour plot). (B) CaV1.4-deficiency reduces the proportion of CD4+ versus CD8+ 
SP thymocytes. (C) The abundance of various thymic subpopulations present in wild type 
(n = 6) and mutant mice (n = 7) was determined by staining with anti-CD4 and anti-CD8 
antibodies. (D) Expression levels of CD44, CD62L, TCRβ and CD69 on wild type and 
CaV1.4-/- DP and SP thymocyte subpopulations. Error bars represent the SD. **p<0.01.  
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CaV1.4 function may play a more critical role for the positive selection of CD4+ SP 

thymocytes relative to CD8+ SP thymocytes. 

The examination of peripheral lymphoid compartments, including spleen, lymph 

nodes (LN) and peripheral blood, revealed that CaV1.4-/- mice exhibit a decreased 

frequency of CD4+ T cells and a reduced ratio of CD4+ versus CD8+ T cells relative to 

wild type mice (Figure 6.3A). Furthermore, CaV1.4-/- mice were found to be strikingly 

lymphopenic for CD4+ T cell, CD8+ T cell and B cell subsets based on splenic and lymph 

node cell recovery (Figure 6.3B). The loss of peripheral CD4+ T cells (5.4-fold spleen; 

5.0-fold LN) in CaV1.4-/- mice is considerably more dramatic than for CD8+ T cells (2.5-

fold spleen; 2.4-fold LN). Associated with the drop in T cell numbers, both CD4+ TCRβ+ 

and CD8+ TCRβ+ T cells showed signs of spontaneous acute T cell activation, expressing 

increased levels of CD44, CD122 and PD-1 and reduced CD62L (Figure 6.3C). In 

summary, these findings demonstrate that CaV1.4-dependent Ca2+ signalling is essential 

for naïve CD4+ and CD8+ T cell homeostasis and quiescence. 

 

6.2.2 CaV1.4 is critically required for TCR-induced and store-operated rises in 

cytosolic free Ca2+ 

Wild type and mutant splenocytes, loaded with the Ca2+ indicator dyes, labelled with 

anti-CD4 and anti-CD8 antibodies plus anti-CD44 antibodies for the discrimination of 

Ca2+ responses by naïve (CD44lo) or memory (CD44hi) CD4+ and CD8+ T cells, were 

stimulated to investigate Ca2+ transport deficiencies in CaV1.4-/- mice (Figure 6.4A). To 

determine whether Ca2+ release from intracellular stores is competent for mediating Ca2+  
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 Figure 6.3. CaV1.4 deficiency results in CD4+ and CD8+ T cell lymphopenia and 
spontaneous T cell activation in the periphery.  
(A) Peripheral lymph organs including spleen, lymph nodes (LN) and blood of CaV1.4-/- 
mice display abnormal ratios of CD4+ versus CD8+ T cells. The percentage of cells 
residing within each quadrant is shown within the density plot. (B) Spleens and lymph 
nodes of CaV1.4-/- mice exhibit greatly reduced T cell (n ≥ 6) and B cell (n = 3) numbers 
as compared to wild type. Y-axis is a log scale. (C) Splenic CaV1.4-/- CD4+ and CD8+ T 
cells express markers of acute activation and T cell memory. Error bars represent the SD. 
**p<0.01, ***p<0.001.  
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Figure 6.4. Cav1.4 is critically required for both TCR- and thapsigargin-induced 
elevations in cytosolic free Ca2+ by naïve T cells.  
Wild type (red line) and Cav1.4-/- (blue line) splenocytes were loaded with the Ca2+ 
indicator dyes Fluo-4 and Fura Red, surface stained and suspended in RPMI. To 
minimize the effects of variation in dye loading samples, intracellular Ca2+ levels were 
plotted as a median ratio of Fluo-4/Fura Red (FL-1/FL-3) over time. (A) Electronic 
gating (boxed area) used to discriminate CD44lo and CD44hi CD4+ and CD8+ T cells is 
indicated within the contour plot. (B) Splenocytes were stimulated with thapsigargin (Tg) 
and extracellular Ca2+ chelated by EGTA addition at the indicated time point. (C) Splenic 
T cells pre-coated with biotinylated anti-TCR antibodies were treated with streptavidin 
(SA) or ionomycin (Im) at the indicated times (marked by arrows). (D) TCR stimulations 
were performed in the absence of free extracellular Ca2+. Sufficient EGTA (0.5 mM) was 
added to cell suspensions to chelate extracellular Ca2+ in RPMI (~0.4 mM Ca2+), blocking 
cellular uptake. 
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influx via plasma membrane channels, splenic T cells were treated with thapsigargin, an 

inhibitor of a Ca2+-ATPase of the ER (Figure 6.4B). Thapsigargin induces rises in 

cytosolic Ca2+ concentration by blocking the cell's ability to pump Ca2+ into sarco- and 

endo-plasmic reticula and secondarily, activates plasma membrane-bound Ca2+ channels, 

triggering Ca2+ entry from outside the cell. Remarkably, CaV1.4-/- CD44lo CD4+ T cells 

exhibited greatly diminished increases in cytosolic Ca2+ upon thapsigargin stimulation 

and both CaV1.4-/- CD44lo and CD44hi CD8+ T cells also showed marked reductions 

relative to their wild type counterparts (Figure 6.4B). On the other hand, Ca2+ efflux 

from CD4+ and CD8+ T cells does not appear to be compromised by CaV1.4 deficiency as 

demonstrated via addition of EGTA. In contrast to comparisons between naïve CD4+ T 

cells, wild type and CaV1.4-/- CD44hi CD4+ T cells displayed very similar Ca2+ responses. 

Together, these observations demonstrate that CaV1.4 channels are critically required for 

SOCE in CD44lo CD4+ T cells and to a lesser extent in CD44lo and CD44hi CD8+ T cells. 

The observation that CaV1.4-deficiency impacts the ratio of CD4+ SP versus CD8+ SP 

thymocytes suggests that CaV1.4 channels might regulate TCR signalling. To investigate 

this hypothesis, wild type and mutant splenocytes, pre-coated with biotinylated anti-CD3 

antibodies, were activated by streptavidin (SA) addition. In wild type T cells, TCR 

crosslinking induced cytosolic Ca2+ levels to rise rapidly and remain elevated for 

sustained duration (Figure 6.4C). Paradoxically to the responses observed for 

thapsigargin treatment, both CaV1.4-/- CD4+ and CD8+ T cells responded very weakly to 

TCR stimulus regardless of their surface CD44 phenotype. The basis for differential 

CD4+ and CD8+ T cell dependence on CaV1.4 function for thapsigargin but not TCR 

responses is unclear (Figure 6.4B). In addition, CaV1.4-/- T cells, particularly CD44lo 
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CD4+ T cell subset, reached greatly reduced peak Ca2+ levels relative to wild type upon 

treatment with ionomycin. Ionomycin increases cytosolic Ca2+ concentrations via its 

ionophoric properties releasing intracellular Ca2+ stores and subsequently, stimulating the 

opening of plasma membrane Ca2+ channels and Ca2+ influx from outside the cell. The 

findings that ionomycin responses are greatly blunted in CaV1.4-/- T cells suggests that 

CaV1.4 function contributes to the storage of intracellular Ca2+ or is critical for the 

importation of Ca2+ following its release from intracellular stores. 

To determine whether CaV1.4 mediates one or both of the aforementioned processes 

involved in Ca2+ responses, Ca2+ responses were monitored after TCR stimulation when 

extracellular Ca2+ was chelated by EGTA, preventing Ca2+ intake and thereby uncovering 

Ca2+ release from intracellular stores. The transient cytosolic Ca2+ elevation observed 

following TCR ligation in the presence of EGTA was found to be decreased in CaV1.4-/- 

T cells relative to wild type (Figure 6.4D). Furthermore, the repletion of extracellular 

Ca2+, facilitating Ca2+ influx across the plasma membrane, resulted in dramatic cytosolic 

Ca2+ surge in wild type T cells whereas climbs by CaV1.4-/- T cells were markedly less. In 

addition, CaV1.4 was found also to function in thymocytes and appears important for rises 

in cytosolic Ca2+ when TCR stimulations are performed in the absence of extracellular 

Ca2+ (Figure 6.5). Together, these data suggest that CaV1.4 is operated by TCR 

engagement and that it may serve to replenish intracellular Ca2+ stores in thymocytes and 

naïve T cells. 
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Figure 6.5. CaV1.4 is required for TCR-induced rises in cytosolic free Ca2+ during 
Ca2+ limitation. 
(A) Wild type and mutant thymocytes (Total), loaded with the calcium indicator dyes 
Fluo-4 and Fura Red and suspended in RPMI, were stimulated with thapsigargin (Thapsi) 
in the presence or absence of extracellular EGTA (0.5 mM) sufficient to chelate Ca2+ 
present in RPMI (~0.4 mM). To minimize the effects of variation in dye loading samples, 
cytosolic Ca2+ levels were plotted as a ratio of FL-1/FL-3 over time. At the indicated time 
point, extracellular Ca2+ (0.5 mM) or EGTA (0.5 mM) was added midway through the 
stimulation. (B) Fluo-4/Fura Red-labelled thymocytes, stained with anti-CD4 and anti-
CD8 antibodies for discrimination of thymic subpopulations, were activated with anti-
TCR antibodies in the presence and absence of extracellular EGTA (0.5 mM). Midway 
through the time course, a second stimulus, extracellular Ca2+ (0.5 mM) or ionomycin (1 
µg/mL), was added to samples.  
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6.2.3 CaV1.4 function regulates Ras/ERK activation and NFAT mobilization 

To address whether CaV1.4 channels affect Ras/MAPK signalling, a pathway heavily 

implicated in controlling T cell survival and differentiation [468], studies to measure the 

activation status of these downstream effectors following TCR stimulation were initiated. 

For Ras signalling, wild type and CaV1.4-/- thymocytes were stimulated with anti-TCR 

antibody and subsequently, Ras activation was assessed by precipitation of Ras-GTP with 

Raf-1/GST fusion protein (Figure 6.6A). CaV1.4-/- thymocytes were found to be about 

two-fold less efficient at inducing Ras-GTP as compared to wild-type cells (2.2 versus 

4.4 relative fluorescence intensities), normalizing to the amount of Ras in the whole cell 

lysate. By contrast, activated Ras levels were fairly comparable between genotypes when 

cells were stimulated with the DAG analog PMA. Next, an analysis was performed of the 

activation of downstream-acting MAP kinases ERK and JNK in total thymocytes at the 

indicated times post-TCR stimulation (Figure 6.6B). The intensity and duration of ERK 

activation following TCR crosslinking was reduced in CaV1.4-/- thymocytes relative to 

wild type. However, comparison of JNK phosphorylation between wild type and CaV1.4-/- 

thymocytes upon TCR stimulation revealed only marginal differences. By contrast, PMA 

treatment was found to induce strong ERK and JNK phosphorylation regardless of cell 

genotype. Collectively, these studies find that CaV1.4- deficiency selectively affects the 

activation of ERK following TCR engagement. 

To assess whether ERK activation is affected in CaV1.4-/- mature SP thymocytes, a 

flow cytometric-based assay was employed to combine anti-phospho-ERK antibody 

labelling along with cell surface staining as described previously [301]. Wild type and 

CaV1.4-/- thymocytes were stimulated for 2 minutes by either TCR crosslinking or PMA 
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Figure 6.6. CaV1.4 function regulates Ras/ERK activation and NFAT mobilization.  
(A) Activated Ras was measured in wild type and CaV1.4-/- thymocytes following 
stimulation with either anti-TCR antibody or the DAG analog PMA using RAF-1/GST 
pulldown assays. Whole cell lysates (WCL) were immunoblotted for total Ras to verify 
equivalent protein expression. (B) Total thymocytes were stimulated with anti-TCR 
antibodies for the indicated period of time. Phosphorylation of ERK and JNK MAP 
kinases was measured by immunoblotting. Band intensities were quantified using the 
Odyssey software and ratios calculated for P-ERK2/ERK2, P-JNK1/JNK1. Unstimulated 
wild type thymocytes were arbitrarily given a score of 1. (C) To assess ERK signalling in 
specific thymic subpopulations, ERK activation in wild type and mutant thymocytes 
following stimulation with either anti-TCR antibody or PMA treatment for 2 min was 
determined using flow cytometry. Mean Fluorescence Intensities (MFU) for unstimulated 
(grey), TCR stimulated (black) and PMA-treated (bold) cells are shown within each 
histogram. (D) Thymoctyes from wild type and CaV1.4-/- mice were incubated for 16 
hours with anti-CD3/CD28 or media alone. Immunoblotting for NFATc1 was performed 
on nuclear and cytoplasmic fractions and whole cell lysates (WCL). GAPDH or HDAC1 
was detected as a loading control. Band intensities were quantified and ratios calculated 
as above.  
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treatment and monitored for ERK activation. CaV1.4-/- CD4+ and CD8+ SP thymocytes 

exhibited reduced ERK activation upon TCR engagement relative to wild type (Figure 

6.6C; CD4 SP: 26 versus 47 mean fluorescence units (MFU); CD8 SP: 19 versus 27 

MFU). These results indicate that CaV1.4-deficiency impacts the strength of ERK 

signalling in SP thymocytes. 

To determine if deficient Ca2+ release following TCR ligation affected NFAT 

translocation and activation in CaV1.4-/- thymocytes, NFATc1 amounts in the cytosolic 

and nuclear fractions of wild type and CaV1.4-/- thymocytes was examined (Figure 6.6D). 

Following TCR stimulation for 16 h, CaV1.4-/- thymocytes had ~3.6 times less NFATc1 

in their nucleus as compared to equivalent wild type cells. These experiments 

demonstrate that CaV1.4-dependent Ca2+ entry is required for activation of the NFAT-

pathway. 

 

6.2.4 T cell intrinsic CaV1.4 function is required for normal T cell homeostasis 

To determine whether the loss of CaV1.4 function in T cells themselves contributes 

to the impaired T cell development and/or peripheral T cell maintenance, bone marrow 

transfer experiments were performed in which equivalent numbers of T cell-depleted wild 

type (Thy1.1+Ly5.2+) and CaV1.4-/- (Thy1.2+Ly5.2+) bone marrow was transferred into 

irradiated congenic (Ly5.1+) hosts. After one-month post-transfer, evaluation of donor 

cell frequencies (Ly5.2+) in the thymus and spleen revealed that CaV1.4-/- bone marrow 

cells competed very poorly with wild type for T cell reconstitution of the host (Figure 

6.7A). The frequency of wild type donor CD4+ and CD8+ T cells in the thymus and 

periphery was substantially higher than that of the CaV1.4-/- CD4+ and CD8+ T cells, 
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Figure 6.7. T cell intrinsic requirement for CaV1.4 function is required for normal T 
cell homeostasis. 
Irradiated recipient mice (Thy1.2+Ly5.1+) were repopulated with CaV1.4-/- 
(Thy1.2+Ly5.2+) and wild type (Thy1.1+Ly5.2+) bone marrow in a 1:1 ratio. (A) The 
origin of the Ly5.2+ cells in the thymus, and spleen were assessed (top panel). CaV1.4-/- 
cells (Thy1.2 gate) showed decreased survival in recipient mice as compared to wild type 
cells (Thy1.1 gate). Using Thy1 markers, donor lymphocytes were identified and the 
relative proportion of CD4+ and CD8+ T cells were determined (middle and bottom 
panel). The percentage of cells residing within each quadrant is shown within the density 
plot. (B) Percentage of donor wild type versus mutant T cells present in the thymus 
spleen of host mice one-month post bone marrow transfer (n = 5). Error bars represent 
SD. ***p < 0.001. (C) The relative proportion of CD44lo and CD44hi CD4+ and CD8+ T 
cells in donor lymphocyte populations are shown. The percentage of cells residing within 
each quadrant is shown within the density plot. 



 224 

respectively (Figure 6.7A,B). Furthermore, comparison of the ratio of CD44lo versus 

CD44hi CD4+ and CD8+ T cells populations showed that CaV1.4-/- splenic donor T cells 

were skewed towards a memory phenotype relative to wild type donor T cells (Figure 

6.7C). Moreover, these experiments suggest that the heightened frequency of CaV1.4-/- 

CD44hi T cells in CaV1.4-/- mice is not a consequence of lymphopenia but rather due to a 

failure of CaV1.4-/- CD44lo T cells to be maintained. Together, these results demonstrate a 

cell-intrinsic function of CaV1.4 in T cell progenitors and/or mature T cells that is 

necessary for efficient reconstitution of a recipient host.  

 

6.2.5 CaV1.4 is an important regulator of naïve T cell homeostasis 

The finding that CaV1.4-/- mice are lymphopenic and that a majority of the residual T 

cells possess an activated/memory surface suggested that CaV1.4 functions are essential 

for naïve T cell maintenance and quiescence. Moreover, comparison of naïve and 

memory phenotype T cells, using CD44 expression as a basis for discrimination, between 

wild type and mutant mice reveals that CaV1.4-/- mice exhibit a severe loss of naïve T 

cells (CD4: 16 ± 4% of wild type; CD8: 31 ± 7% of wild type; Figure 6.8A,B). By 

contrast, CD44hi T cell numbers were much less affected (CD4: 38 ± 10% of wild 

type;CD8: 84 ± 20% of wild type). To examine whether the paucity of CaV1.4-/- naïve T 

cells may be related to decreased survival, wild type and CaV1.4-/- splenocytes were 

stained with the apoptotic marker Annexin V to determine whether these cells had a 

heightened rate of cell turnover (Figure 6.8C). These experiments found that CaV1.4-/- 

CD44lo T cells exhibited enhanced reactivity to Annexin V than their wild type 

counterparts (CD4: 2.2-fold increase; CD8: 2.4-fold increase). By contrast, there was 
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Figure 6.8. CaV1.4 deficiency results in decreased survival of T cells in the 
periphery.  
(A) CD44 expression on splenic CD4+TCRβ+ and CD8+TCRβ+ T cells from wild type 
and mutant mice. (B) CaV1.4-/- mice exhibit a profound reduction in CD44lo CD4+ and 
CD8+ TCR β+ T cells. Error bars represent SD. (C) CaV1.4-deficient CD44lo CD4+ and 
CD8+ TCR β+ T cells show increased rates of spontaneous apoptosis.  
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greater correspondence in binding Annexin V between CD44hi T cells from CaV1.4-/- and 

wild type mice (CD4: 1.4-fold increase; CD8: 1.07 decrease). Examination of markers on 

CaV1.4-/- CD44lo T cells showed that they have a resting naïve surface phenotype, 

expressing wild type levels of CD62L and TCRβ (Figure 6.9A). Together, these data 

suggest that the limited number of CD44lo T cells in CaV1.4-/- mice is at least in part a 

consequence of their decreased fitness to survive.  

Signalling through the IL-7 receptor (IL-7R), a heterodimer of IL-7Rα (CD127) and 

the common γ-chain (CD132), plays a governing role in naïve T cell homeostasis and loss 

of either IL-7 or IL-7R in both mice and humans results in T cell lymphopenia and severe 

immunodeficiency [174]. Therefore, whether CaV1.4-/- CD44lo T cells expressed normal 

IL-7R, an essential requirement for naïve T cell survival, was investigated (Figure 6.9B). 

Although CaV1.4-/- CD44lo T cells possessed normal CD132 expression, both CaV1.4-/- 

CD44lo CD4+ and CD8+ T cells expressed only about 50% of wild type CD127 levels. 

Comparison of CaV1.4-/- mature CD4+ and CD8+ SP thymocytes with CaV1.4-/- CD44lo 

peripheral T cells revealed an almost identical phenotype including increased Annexin V 

reactivity and reduced CD127 (Figure 6.10). Despite reduced CD127 expression, CaV1.4-

/- CD44lo CD4+ and CD8+ T cells displayed normal levels of the pro- survival protein Bcl-

2 (Figure 6.9C). These findings indicate that CaV1.4 affects CD127 expression on mature 

SP thymocytes and peripheral naïve T cells.  
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Figure 6.9. CaV1.4 deficient CD44lo T cells have a naïve surface phenotype with 
reduced CD127 expression. 
(A) L-selectin levels on CD44lo CD4+ and CD8+ TCRβ+ T cells. (B) CaV1.4-deficient 
CD44lo CD4+ and CD8+ TCRβ+ T cells express reduced IL-7Rα levels. (C) Bcl-2 
expression by CD44lo CD4+ and CD8+ TCRβ+ T cells was measured by intracellular flow 
cytometry. 
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Figure 6.10. CaV1.4 deficiency results in decreased survival of thymic T cells with 
reduced CD127 expression. 
(A) CaV1.4-deficient CD4+ TCRβhi and CD8+ TCRβhi SP thymocytes show increased 
rates of spontaneous apoptosis. (B) CD127 levels on CD4+ TCRβhi and CD8+ TCRβhi SP 
thymocytes.  
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6.2.6 CaV1.4 promotes survival signalling and homeostasis-induced T cell 

expansion 

To determine whether CaV1.4-deficiency and its concomitant reduction in IL-7Rα 

expression is functionally significant, an assay was set up to monitor IL-7R signal 

transduction through the phosphorylation status of STAT5, a known downstream effector 

of IL-7R signalling. Wild type and CaV1.4-/- CD4+ and CD8+ SP thymocytes were 

stimulated with various doses of IL-7 for 5 min and STAT5 phosphorylation assessed 

using an anti-phospho-Y647 STAT5 specific antibody. CaV1.4-deficient CD4+ and CD8+ 

SP thymocytes showed a marked reduction in STAT5 phosphorylation at all doses of IL-

7 tested (Figure 6.11A). These results suggest that CaV1.4-/- CD4+ and CD8+ SP 

thymocytes are less sensitive to IL-7 stimulation in vitro than wild type cells. To test the 

hypothesis that CaV1.4-deficiency affects IL-7's ability to promote survival, wild type and 

CaV1.4-/- CD44lo T cells were isolated by sorting, placed into culture with the indicated 

concentrations of IL-7 and their viability measured 24 h later using Annexin V staining 

(Figure 6.11B). These experiments found that CaV1.4-/- CD44lo T cells were much less 

capable than wild type cells of utilizing IL-7 to support their survival. Next, the impact of 

CaV1.4-deficiency on the ability of CD44lo T cells to receive survival signalling was 

examined through 24 h ex vivo culture in anti-TCR antibody coated wells (Figure 

6.11C). CaV1.4-/- CD44lo CD4+ T cells were discovered to be impaired in receiving 

survival signalling through the TCR. Collectively, these findings suggest that CaV1.4 

channel protein impacts naïve T cell survival through the regulation of either IL-7 or 

TCR signalling. 
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Figure 6.11. CaV1.4 promotes survival signalling in T cells. 
(A) Wild type and CaV1.4-deficient thymocytes were stimulated with the indicated 
concentration of IL-7 for 5 min and subsequently, assessed for the capacity to 
phosphorylate STAT5. The frequency of phospho-STAT5-positive mature CD4+ and 
CD8+ SP thymocytes was determined by flow cytometry. (B) Wild type (Thy1.1+) and 
CaV1.4-/- (Thy1.1-) naïve CD4+ and CD8+ T cells, electronically gated (CD44lo) as shown 
in Fig. 5A, were purified by cell sorting, mixed at a 1:1:1:1 ratio and cultured with the 
indicated concentration of IL-7. After 24 h incubation, cell survival was determined by 
staining with Annexin V conjugated to Alexa647. (C) Wild type and mutant naïve T cells 
were isolated, prepared and cultured as in (B) except stimulated with anti-TCR antibody 
instead of IL-7. Viability was assessed after 24 h of ex vivo culture. 
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The two dominant forces controlling the size of the T cell compartment are the 

availability of self-peptides/MHC and the cytokine IL-7, providing TCR and IL-7R 

signalling respectively that is necessary for the maintenance of naïve T cells [174]. To 

examine the proliferative potential of CaV1.4-/- CD44lo T cells, wild type (Thy1.1+) and 

CaV1.4-/- (Thy1.2+) CD44lo CD4+ and CD8+ T cells were purified, mixed together at a 

1:1:1:1 ratio, labelled with CFSE and co-injected into congenitally lymphopenic Rag1-/- 

hosts (Figure 6.12A). After residing for 7 days in vivo, donor T cells were recovered and 

their cellular proliferation assessed via CFSE dilution (Figure 6.12B). Using the 

congenic marker Thy1.1, the proportion of donor wild type cells recovered was found to 

be considerably greater than CaV1.4-/- cells (78.5 ± 5.1%; 3.7 fold more CaV1.4+/+ than 

CaV1.4-/-). By electronically gating on donor T cells likely responding to cues from IL-7 

and self-peptides/self-MHC molecules [469], CaV1.4-/- CD4+ and CD8+ T cells were 

found to have undergone fewer cell divisions than wild type CD4+ and CD8+ T cells 

(Figure 6.12C). Collectively, our data strongly suggests cell-intrinsic CaV1.4 function is 

critical for T cells to respond appropriately to homeostatic and survival cues. 

 

6.2.7 CaV1.4 functions are necessary for functional CD4+ and CD8+ T cell immune 

responses 

To investigate the requirement of CaV1.4 function in an immune response, wild type 

and CaV1.4-/- mice were challenged with a recombinant Listeria monocytogenes strain 

expressing ovalbumin (rLMOVA) that possesses immunodominant CD4+ and CD8+ T 

cell epitopes. One week post-infection, splenocytes were examined for antigen-specific 

cells. CaV1.4-/- mice produced substantially reduced numbers of CD8+CD44+OVA/
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Figure 6.12. CaV1.4 promotes homeostasis-induced T cell expansion.  
Naïve T cells from wild type (Thy1.1+) and CaV1.4-deficient (Thy1.1-) mice were 
purified, mixed at a 1:1:1:1 ratio, CFSE-labelled and co-injected into Rag1-/- hosts. (A) 
The percentage of wild type and CaV1.4-/- CD4+ and CD8+ T cells is shown prior to 
injection. (B) CFSE dilution indicates proliferation of transferred T cells. Boxed region 
within dot plots indicates proliferation driven by self-MHC molecules and IL-7 
(homeostatic). (C) Histograms indicating homeostatic proliferation by wild type and 
mutant donor CD4+ and CD8+ T cells. 
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Tetramer+ cells in response to rLMOVA infection (14-fold decrease) (Figure 6.13A,B). 

To determine the functional ability of the antigen-specific cells, splenocytes were 

stimulated with the MHC class I-restricted antigen OVA(257–264) or the endogenous MHC 

class II-restricted antigen LLO(190-201) and intracellular IFN-γ production was monitored 

(Figure 6.13C,D). Numbers of both antigen-specific CD4+ (34-fold decrease) and CD8+ 

(12-fold decrease) secreting IFN-γ were drastically reduced in CaV1.4-/- mice relative to 

wild type (Figure 6.13E). To evaluate the numbers of effector T cells capable of 

producing IFN-γ, wild type and CaV1.4-/- splenocytes were also polyclonally activated 

with an anti-TCR antibody. Findings that CaV1.4-/- mice exhibited much smaller decline 

in numbers of IFN-γ producing (not-specific for LLO and OVA) effector CD4+ (1.4-fold 

decrease) and CD8+ (1.8-fold decrease) T cells argues that there is no intrinsic 

requirement for CaV1.4 function in eliciting IFN-γ production by activated T cells. To 

evaluate whether the decline in antigen-specific IFN-γ producing CD8+ T cells in  

CaV1.4-/- mice is associated with reduced cytolytic activity of activated CD8+ T cells, 

purified CD8+ T cells from the spleens of mice infected 7 days earlier with rLMOVA 

were incubated with 51Cr-labeled RMA-S targets that were either untreated or pulsed with 

OVA peptide (Figure 6.13F). Further to this, wild type or CaV1.4-/- CTLs from 

splenocytes of mice similarly infected with rLMOVA were stimulated with OVA peptide 

or polyclonally activated with an anti-TCR antibody and degranulation was assessed by 

CD107a/b surface staining (Figure 6.13G,H). These results uncovered that CaV1.4-/- 

mice exhibit greatly diminished capacity to generate antigen-specific killers and 

correlated with the reduced numbers of antigen-specific IFN-γ producing CD8+ T cells in 
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Figure 6.13. CaV1.4 is critically required for optimal antigen-specific CD4+ and 
CD8+ T cell immune responses. 
Seven days post-infection with recombinant L. monocytogenes-OVA, mice were 
sacrificed and antigen-specific T cell immune responses were assessed. (A) The 
percentage of CD44+ H-2Kb/OVA tetramer+ cells in the CD8+ population is shown within 
the density plots. (B) The mean number of antigen-specific CD44+ CD8+ cells is 
represented (n = 3). (C,D) Splenocytes from infected mice were stimulated with MHC 
class I-(OVA257-264)- and MHC class II-(LLO190-201)-restricted peptides and subsequently, 
assayed for IFN-γ secretion. To determine the frequency of T cells capable of secreting 
IFN-γ, splenocytes were separately stimulated with anti-TCR antibody alone. Numbers 
within density plots represent the percentage of IFN-γ secreting CD4+ or CD8+ T cells. 
(E) Cumulative data indicating the mean numbers of antigen-specific IFN-γ-producing T 
cells in wild type and CaV1.4-/- mice (n = 3). (F) CD8+ T cells from the spleens of 
infected mice were purified and incubated with 51Cr-labeled RMA-S targets that had 
either been untreated or pulsed with OVA257-264 peptide. (G) Splenocytes from infected 
mice were stimulated with MHC class I-(OVA257-264)-restricted peptide or anti-TCR 
antibody. The number of CD8+ T cells capable of degranulation was assessed by 
CD107a/b surface staining. Numbers within density plots represent the percentage of 
CD8+ CD107a/b+ cells. (H) Cumulative data indicating the mean numbers of CTLs 
degranulating following stimulation in wild type and CaV1.4-/- mice (n=3). Error bars 
represent the SD. *p=0.05; **p<0.01; ***p<0.001. 
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 these animals (Figure 6.13E). Together, our studies show that CaV1.4 is essential for the 

generation of functional CD4+ and CD8+ T cell responses.   

 

6.3 Discussion 

CaV channels are major passageways controlling Ca2+ entry in excitable cells and 

regulate numerous processes including muscle contraction, neuronal signal transmission 

and gene transcription [191]. However, the biological roles of CaV channels in non-

excitable cells such as lymphocytes are poorly defined. Identification of a mutation in the 

β4 subunit of VDCCs underlying the neurologic and immune system defects observed in 

the lethargic mouse line first implicated CaV function in immunoregulation [470]. In 

addition, subsequent to submission of the present study, a manuscript describing mice 

deficient in the β3 regulatory subunit has argued that CaV channels play a role in 

modulating TCR signalling and CD8+ T cell homeostasis [249]. To investigate the 

physiological functions of the L-type CaV1.4 channel in developing and mature T cells, 

mice deficient in its pore-forming α1 subunit were analyzed. CaV1.4 channels were found 

to be critical for both the survival of naïve CD4+ and CD8+ T cells and the generation of 

pathogen-specific CD4+ and CD8+ T cell responses. In addition, naïve CD4+ and CD8+ T 

cells were shown to be dependent on CaV1.4 function for SOCE, TCR-induced rises in 

cytosolic Ca2+ and downstream TCR signal transduction.  

The observation that CaV1.4 function affected SOCE suggests the possibility that it 

may function at the ER rather than the plasma membrane (Figure 6.4). Therefore, cell 

surface biotinylation and immunoprecipitation experiments were performed verifying that 

CaV1.4 molecules are indeed present on the plasma membrane (Figure 6.1). Consistent 
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with this notion, CaV1.4-/- deficiency was found to impair entry of extracellular Ca2+ 

(Figure 6.4 and Figure 6.5). In addition to our documentation of CaV1.4 residing on the 

T cell surface and regulating TCR-induced rises in cytosolic Ca2+ levels (Figure 6.1 and 

Figure 6.4), recent work indicates that CaV1.4 associates with TCR signalling 

components in lipid rafts [249]. However, neither our data nor the work of others 

currently precludes CaV1.4 from also functioning at intracellular membranes such as the 

ER. 

Analyses of CaV1.4-/- mice revealed that T cells of various stages of development and 

differentiation showed differing relative dependence on CaV1.4 for mediating Ca2+ 

responses. For instance, CaV1.4-/- SP thymocytes exhibited more moderate decreases in 

TCR- or thapsigargin-induced rises in cytosolic free Ca2+ relative to wild type than what 

was observed when peripheral naïve and memory CaV1.4+/+ and CaV1.4-/- T cells were 

compared (Figure 6.4 and Figure 6.5). Thus, our study hints at the great complexity 

involved in Ca2+ regulation, dynamically changing with T cell differentiation, and 

suggests that differential responses are important for functional outcomes upon TCR 

engagement. Alternative CaV splicing likely contributes to this complexity as different 

isoforms may yield channels with unique characteristics of Ca2+ regulation [240, 241]. 

For example, a specific isoform of CACNA1F mediates Ca2+ entry into the 

photoreceptors and promotes tonic neurotransmitter release [253]. Kotturi et al. found 

that two putative CaV1.4 splice isoforms (termed CaV1.4α and CaV1.4β) are expressed in 

Jurkat T cells and primary human T and B cells but are not present in human retina [241, 

251]. Furthermore, truncated CaV1.2 and CaV1.3 channels are expressed in human T and 

B cells [244, 471]. Moreover, it is likely that Ca2+ signalling biology in lymphocytes 
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cannot be fully explained by the function of CaV1.4 and ORAI1 and that a variety of Ca2+ 

channels and associated isoforms may be responsible for currents necessary for 

lymphocyte activation, differentiation, migration and apoptosis. 

CaV1.4-deficiency results in decreased positive selection, a reduced frequency and 

number of mature CD4+ SP thymocytes and defects in the TCR-activation of the 

Ras/ERK cascade (Figure 6.2 and Figure 6.6), a pathway heavily implicated in the 

differentiation of DP thymocytes into mature T cells [468]. CaV1.4 channels may regulate 

the Ras/ERK cascade through its effects on RasGRP1, a Ras-guanyl nucleotide exchange 

factor. RasGRP1's two “EF hand” domains function by binding Ca2+, dictating its cellular 

localization and the duration of Ras signalling [472]. In addition, the finding that the loss 

of CaV1.4 influences TCR signal transduction suggests that central or peripheral tolerance 

could be impaired in CaV1.4-/- mice. Although negative selection studies using CaV1.4-/- 

TCR transgenic mice have not been performed, CaV1.4-/- mice display a 2-fold reduction 

in splenic regulatory T cell numbers, defined as CD4+CD25+FoxP3+ cells, relative to wild 

type (CaV1.4-/- = 0.84 ± 0.23 x 106 vs CaV1.4+/+ = 1.75 ± 0.44 x 106). However, it appears 

that neither the deletion of autoreactive T cells in the thymus nor their suppression by 

regulatory T cells in the periphery is perturbed by CaV1.4-deficiency because old   

CaV1.4-/- mice, bred 13 generations onto a C57BL/6 background, appear healthy, lacking 

any gross histological abnormalities among various tissues examined, and remain 

lymphopenic.  

Mutations in the CACNA1F have been found to lead to incomplete X-linked 

congenital stationary night blindness type 2 (CSNB2) or Åland Island eye disease (AIED) 

[473-475]. However, no published report has examined the immune cell function of these 
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patients. In addition, the existence of several types of CACNA1F mutant alleles 

associated with variable disease penetrance could complicate such a study as many of the 

identified mutations may not necessarily result in a Null allele like described here for 

CaV1.4-/- mice [476]. The conclusions drawn from our study will be sure to stimulate 

investigation into the Ca2+ responses of CSNB2 patients' T cells as well as an assessment 

of their frequencies of memory relative to naïve T cells.  

The finding that CaV1.4 is critical for naïve CD4+ and CD8+ T cell homeostasis 

suggests that this channel modulates signals required for their survival: low grade TCR 

signalling upon contact with self-peptides/MHC molecules and IL-7R signalling 

following IL-7 exposure [477]. Previous work has suggested that naïve T cell TCR 

recognition of MHC molecules on DCs triggers small Ca2+ responses that are necessary 

for their survival [478]. As a result, we hypothesize that naïve T cells require CaV1.4 for 

tonic filling of intracellular Ca2+ stores and that charged stores are critical for low-level 

TCR survival signalling. Therefore, we suspect that at least two secondary factors may 

contribute to the Ca2+ release defects observed by CaV1.4-/- T cells upon stimulation 

(Figure 6.4): (i) decreased ER Ca2+ stores resulting in reduced SOCE and (ii) diminished 

inward Ca2+ flux through CRAC channels collaborating to impair Ca2+-dependent 

signalling. Notably, low-grade TCR signalling and naïve T cell homeostasis have been 

shown to be dependent on the Ca2+-responsive molecule RasGRP1 [212, 301]. As 

CaV1.4-/- T cells possess reduced IL-7R levels and are hyporesponsive to IL-7 (Figure 

6.9, Figure 6.10 and Figure 6.11), CaV1.4-dependent Ca2+ signals possibly mediated 

through TCR may be critical for maintaining IL-7R expression because, to the best of our 

knowledge, Ca2+ fluxes have not been implicated directly in regulating IL-7R signalling. 
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In conclusion, this study suggests that the Ca2+ current controlled by lymphoid-expressed 

CaV1.4 channels influence the viability of naïve T cells and may be essential for 

preserving a naïve T cell population that expresses a diverse repertoire of TCRs.  
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CHAPTER 7. CONCLUDING REMARKS AND FUTURE DIRECTIONS 

7.1 General conclusions 

7.1.1 Dendritic cells 

7.1.1.1 CD74 and cross presentation in DCs 

The results presented in the first section of this thesis describe a novel role for the 

chaperone protein, CD74 in the cross presentation pathway. Antigen cross presentation 

and cross priming of naïve T cells by dendritic cells (DCs) is the key event in stimulating 

most, if not all adaptive immune responses against foreign antigens [41]. Though 

critically important in harnessing the power of the immune system to eradicate disease, 

the cross presentation pathway in DCs is not yet clearly defined [41]. The existence of 

multiple cross presentation pathways have been hypothesized including a pathway 

leading major histocompatibility complex (MHC) I from the DC cell surface into an 

endolysosomal peptide loading compartment [59, 65]. The current studies establish an 

alternate route for MHC I to this loading compartment that involves and interaction 

between MHC I and CD74. 

Using a CD74 deficient mouse model, MHC I cross priming responses in vivo were 

shown to be impaired when challenged with a model virus, Vesicular Stomatitis Virus 

(VSV) and a model of cellular exogenous antigen, cell-associated ovalbumin (OVA). As 

CD74-/- mice have few CD4+ T cells in the periphery due to improper thymic selection, 

the possibility that incomplete CD4+ T cell responses are responsible for the inadequate 

immune responses was eliminated. Anti-VSV cytotoxic T lymphocyte (CTL) responses 

in wild type mice have been shown to be independent of CD4+ cells [322, 340]; therefore, 



 243 

the use of this virus allows exclusion of MHC II priming in this model of infection, so the 

MHC I/CD74 pathway can be examined in isolation. In addition, the creation of bone 

marrow chimeric mice allowed for the analysis CD74-/- derived DCs on a wild type host 

background. These studies led to the conclusion that the immune response defect was of 

antigen presentation cell (APC) origin. Using confocal microscopy analysis of DCs, 

CD74 was shown to route MHC I to the endolysosomes in DCs. This CD74-mediated 

trafficking was shown to be required for efficient loading of MHC I with exogenous 

OVA antigen in endolysomes. Finally, biochemical approaches demonstrated the 

interaction between MHC I heavy chain and CD74. This interaction appears to take place 

first in the endoplasmic reticulum (ER) before egress to the endolysosomal-loading 

compartment occurs. CD74 mediated MHC I cross presentation constitutes a new 

pathway of antigen presentation in vivo. The CD74 pathway adds to the functioning cross 

presentation pathways already known to exist in DCs. With multiple pathways, DCs can 

use the one best suited to the physical nature of the antigen allowing for efficient antigen 

processing of all exogenous antigens. 

In summary, the vacuolar pathway of cross presentation requires peptide loading of 

MHC I to take place within endolysosomal compartments [59, 479]. A significant subset 

of newly synthesized peptide-receptive MHC I can reach this compartment by a CD74-

dependent trafficking from the ER (Figure 7.1) Data from published peptide elution 

experiments suggests that a CLIP peptide may occupy the MHC I binding cleft, inhibiting 

other peptides from binding, during this part of intracellular transport to the 

endolysosomal compartment. These and previous data [59, 93] highlight the significance 

of the endolysosome as the principle compartment for cross presentation in DCs and the 
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Figure 7.1. Model of DC MHC I trafficking and cross presentation.  
Schematic representation of trafficking routes for MHC I molecules in DCs, depicting 
proposed intracellular sites of antigen acquisition. CD74 (blue) may bind a subset of 
MHC I molecules and re-route them from the secretory pathway directly into 
endolysosomal compartments. During cross presentation, exogenous protein antigens 
(orange) are internalized into endocytic vesicles, and then transported into 
endolysosomes, where they are degraded by resident proteases such as Cathepsin S into 
antigenic peptides. These peptides are then loaded onto the surface-derived MHC I 
molecules that are constitutively internalized by a tyrosine (Y) dependent mechanism. 
Alternatively, the high affinity exogenous peptides are loaded onto the ER-derived 
peptide receptive MHC I molecules shuttled through the endosomes/lysosomes by CD74 
during cell activation. Adapted from [65]. 
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present investigation establishes the structural and functional relevance of the CD74-

MHC I interaction on the intracellular routing of MHC I and cross presentation function 

of DCs. These observations define a new pathway (Figure 7.1) for priming immune 

responses and therefore the complete elucidation of this process is of significant 

importance.  

 

7.1.1.2 HIV-Nef immune evasion in DCs 

The activation of viral specific CTLs by DCs is essential for the elimination of viral 

infections [40]. Therefore, to evade the immune response and establish in a host, many 

viruses have evolved mechanisms to interfere with the MHC I antigen presentation 

pathways [372]. The second section of this thesis describes the immune evasion 

mechanisms employed by HIV. Specifically, the role that the HIV virulence factor, Nef, 

plays in interfering with MHC I trafficking in DCs thereby impairing MHC I classical 

and cross presentation is established.  

The effect of Nef on DC function was examined in vitro. Using a DC line, the 

expression of Nef was shown to downregulate the surface expression of MHC I, MHC II, 

CD40 and CD86. Using two model antigens, soluble OVA and vaccinia virus, Nef was 

shown to inhibit both the MHC I classical and cross presentation pathways by reducing 

the amount of antigenic-loaded MHC I on the DC surface. This corresponds with a 

significant decrease in the T cell priming ability of the DC. Nef appears to be exerting its 

effects by disrupting MHC I trafficking. By tracking MHC I through the DC, Nef was 

shown to interrupt the Golgi to cell surface transport of newly synthesized MHC I as well 
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as increase the internalization of surface MHC I. The result is an accumulation of MHC I 

in a Golgi-like compartment.  

To extend the analysis in vivo, a Nef transgenic (Tg) mouse line was constructed that 

maintained the tropism of HIV and allowed for expression of Nef in CD4+ T cells. In 

these mice, the CD4+ cell populations in the thymus and periphery were decreased 

including the splenic CD4+CD11c+ DC population. Viral and bacterial opportunistic 

infections are common among HIV-positive patients and often lead to death [438]. This 

Nef Tg model allowed for the investigation of the impact of Nef on immune responses 

against secondary infections. Nef Tg mice exhibit a marked decrease in CTL specific 

killing when challenged with the model virus, VSV, and bacteria, L. monocytogenes. 

As described for classical MHC I presentation, this thesis extends the consequences 

of Nef manipulation of MHC I to impairment of the cross presentation pathway. 

Endogenous antigen, such as viral or intracellular bacterial proteins, are processed by the 

proteosome and transported into the ER via the transporter associated with antigen 

processing (TAP). Here MHC I is loaded with peptide creating a stable complex that can 

egress through the Golgi to the cell surface. Nef may interact with this complex in the 

Golgi blocking the route to the cell surface (Figure 7.2A). Nef does not provide complete 

MHC I blockage at this point as a complete removal of MHC I from the cell surface of 

Nef-expressing cells is not seen. Any MHC I complexes escaping the block on the 

secretory pathway are subjected to a second disruption at the cell surface with Nef-

mediated internalization to the Golgi. This eliminates the opportunity for surface MHC I 

to recycle to endolysosomal compartments for presentation of exogenous antigen. 

Instead, MHC I is sequestered in the Golgi and is unable to participate in antigen 
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Figure 7.2. Model of Nef impairment in MHC I trafficking in DCs.  
Newly synthesized MHC I is loaded with antigenic peptide in the ER. From here, the 
stable MHC I-peptide complex may traffic through the secretory pathway to the (A) 
plasma membrane (PM) or (B) with the help of CD74 to an endolysosomal compartment 
(ELC) for loading of cross presented antigen. Nef appears to block the transport of MHC 
I in these pathways at the TGN. MHC I-peptide complex that escapes this blockade is 
further disrupted by Nef at the PM and (C, D) recycling MHC I is inhibited from entering 
the ELC to undergo cross presentation. Instead Nef appears to direct MHC I to the TGN. 
Adapted from [65].  
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presentation (Figure 7.2C,D). Nef may further obstruct cross presentation by blocking 

MHC I complexed with CD74 en route to the ELC from the ER (Figure 7.2B). The 

utilization of multiple pathways to block MHC I antigen presentation is not surprising 

and is consistent with findings for other cell types [161-165]. This would be 

advantageous for viral survival in a host. Since HIV has tropism for several cell-types 

having various mechanisms of MHC I antigen presentation disruption would ensure that 

immune evasion could occur in several cell types regardless of the rate of transit through 

the secretory pathway or the efficiency of MHC I recycling. The combined affect of Nef-

mediated impairment of antigen presentation ability and decreased costimulatory 

molecules cell surface expression impedes DCs from effectively activating CTLs to fight 

secondary infections likely contributing to the immune deficiency associated with 

Acquired Immunodeficiency Syndrome (AIDS). 

 

7.1.2 T cells 

7.1.2.1 CaV1.4 channels in T cells  

For DCs to initiate strong immune responses capable of clearing infections, naïve T 

cells capable of responding to their cognate antigen need to be present. To maintain 

peripheral T cells, complex homeostatic mechanisms including signalling through the T 

cell receptor (TCR) and IL-7 receptor (IL-7R) are required [174]. Key components of 

these signalling events are the universal second messenger calcium (Ca2+) and the 

calcium channels that regulate the intracellular Ca2+ levels [188, 189]. In the final section 

of this thesis, the importance of one long-lasting (L)-Type Calcium Channel, CaV1.4, was 

examined and its role in T cell homeostasis was established.  
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The CaV1.4 Ca2+ channel was found to be expressed on the cell surface of CD4+ and 

CD8+ murine T cells. This lymphocyte form was found to be smaller in size compared to 

a retinoblastoma version perhaps due to alternative splicing or cell-type specific post-

translational modifications [241]. Using a loss of function murine model knocking out the 

pore forming subunit of Ca2+ channel, CaV1.4 was shown to play a T cell-intrinsic role in 

the survival and maintenance of naïve CD4+ and CD8+ T cells in vivo. CaV1.4 was shown 

to be essential for TCR-induced regulation of cytosolic free Ca2+ and downstream TCR 

signalling, impacting activation of the Ras/ERK and NFAT pathways, IL-7 receptor 

expression and IL-7 responsiveness. The loss of CaV1.4 and subsequently naïve 

peripheral T cells resulted in deficient immune responses when challenged with the 

model bacteria, L. monocytogenes. Taken together, this channel likely provides calcium 

current that is a tonic or set point flux enabling T cells to be poised to respond to their 

cognate antigen in primary or secondary/memory immune responses. The absence of 

tonic survival signals provided by CaV1.4 results in failure of naïve T cells to thrive and 

perpetuates a state of immunological activation and exhaustion. 

Instead of being activated by store release as in the case of ORAI1, CaV1.4 may 

operate to create intracellular Ca2+ stores in the ER and perhaps mitochondria. Low-level 

TCR signalling through interactions with self-antigens (i.e. self-peptides/self MHC 

molecules) may result in CaV1.4-mediated Ca2+ influx from outside the cell, allowing the 

filling of intracellular stores and the initiation of a prosurvival program (Figure 7.3). The 

data in this thesis supports the concept that in the absence of CaV1.4, there is a reduction 

in the influx of extracellular Ca2+ coupled to self/MHC-TCR interaction, resulting in low 

cytoplasmic Ca2+ levels and depleted Ca2+ ER stores. Therefore, when CaV1.4-/- T cells 
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Figure 7.3. Model of CaV1.4 function in T cells.  
Ca2+ signals serve to regulate cell activation, proliferation, differentiation, survival and 
apoptosis (as reviewed in [188, 190, 191, 465]. (A) In a short-lived quiescent state, 
unactivated T cells with no antigen-MHC engagement have operative calcium stores in 
the ER while ORAI1 and CaV channels are closed. STIM1 resides in the ER membrane. 
(B) Strong T cell receptor (TCR) signalling through engagement by a foreign peptide-
MHC, triggers rises in intracellular Ca2+ through the activation of PLCγ1 and the 
associated hydrolysis of phosphatidylinositol-3,4-bisphosphate (PIP2) into inositol-1,4,5-
trisphosphate (IP3) and diacylglycerol (DAG) [188, 189]. Elevated levels of IP3 in the 
cytosol lead to the release of Ca2+ from IP3R Ca2+ channels located in the ER. TCR 
stimulation also leads to the generation of cyclic adenosine diphosphate ribose (cADPR) 
that binds and opens RyR Ca2+ channels located in the ER, leading to further Ca2+ 
release. After Ca2+ store depletion in the ER, STIM1 oligomers form at ER- plasma 
membrane junctions and STIM1 opens ORAI1 channels. Thus, Ca2+ release from the ER 
causes sustained Ca2+ influx from the extracellular space through store-operated Ca2+ 
entry (SOCEs) in the plasma membrane. During the activation phase STIM1 may become 
adjacent to CaV channels thereby inhibiting opening [480, 481]. Elevated intracellular 
Ca2+ activates the serine/threonine protein phosphatase, calcineurin that is responsible for 
dephosphorylating the cytoplasmic component of NFAT (NFATc), permitting the 
activated form of NFATc to translocate into the nucleus. NFATc associates with the 
newly synthesized nuclear subunit of NFAT (NFATn), and together the NFAT complex 
regulates the expression of several genes, through binding to response elements in gene 
promoter/enhancer regions, usually in association with activating protein-1 (AP-1). (C) 
Low-level TCR signalling through interactions with self-antigens (ie. self-peptides/self 
MHC molecules) results in CaV1.4-mediated Ca2+ influx from outside the cell, filling of 
depleted intracellular stores and induction of a signalling cascade to activate a pro-
survival program within the naïve T cell. Thus, the interaction with self-MHC stimulates 
the production of survival factors leading to momentary quiescence before re-engagement 
with cells presenting self-MHC or foreign-MHC. This model depicts STIM1 activating 
CaV and reciprocally inhibits ORAI1 in this pro-survival process but this presently is an 
open question. Adapted from Trends in Pharmacological Sciences, 27/7, Maya F. Kotturi, 
Simon V. Hunt, Wilfred A. Jefferies, Roles of CRAC and CaV-like channels in T cells: 
more than one gatekeeper?, 360-367 Copyright (2006), with permission from Elsevier. 
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are stimulated through the TCR, there is a defective Ca2+ release from the ER as a result 

of less stored Ca2+, decreased subsequent store-operated Ca2+ entry (SOCE), diminished 

inward Ca2+ flux through Ca2+ release-activated calcium (ORAI1/CRAC) channels 

leading to weakened Ca2+-dependent signalling. Collectively, our study provides a new 

framework for understanding the regulation of lymphocyte biology through the function 

of L-type Ca2+ channels in the storage of intracellular Ca2+ and operative Ca2+ regulation 

during antigen receptor-mediated signal transduction. These findings have direct 

implications in designing modifying T cell responses using drugs that are known to 

modulate CaV activities. This information could be useful for designing specific drugs 

that can be used to inhibiting autoimmunity or as increasing the efficacy of vaccines.  

 

7.2 Future directions 

7.2.1 Dendritic cells 

7.2.1.1 CD74  

The CD74-mediated cross presentation pathway is one of several proposed 

mechanism to explain the processing and presentation of exogenous antigen on MHC I 

[41]. As distinct DC subsets exist, these pathways may be specialized to function in 

specific DC populations. Therefore, the function of CD74-mediated cross presentation in 

the different DCs could be examined. Using specific FACS sorting protocols based on 

unique surface marker expression (Table 7.1), DC subsets could be isolated from CD74-/- 

mice. The sorted cells could then be examined by the ex vivo cross presentation protocols 

that were used in this thesis to analyze the DCs as a whole. Alternatively, DC cross 
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Table 7.1. Mouse DC subsets. 
The surface markers distinguishing the conventional DC subsets are listed. ǂ Absent in 
‘triple negative’ DCs [482, 483]. Adapted by permission from Macmillan Publishers Ltd: 
[Nature Reviews Immunology] [9], copyright (2007)  

http://www.nature.com/nri/index.html
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presentation pathways may function in a number of DC subsets, however, be specialized 

for a specific exogenous antigen. Therefore, using the ex vivo cross presentation 

protocols, different antigens could be used to examine the capacity of DCs lacking CD74 

to cross present. The antigens can be selected based on the route DCs use to internalize 

them and may include antigen that is phagocytosed such as bacteria (L. monocytogenes-

OVA or E.coli-OVA) [90, 484] or antigen that is internalized by receptor mediated 

endocytosis such as immune complexes (anti-OVA antibody bound OVA) that bind Fc 

receptors or antigen directed against C-type lectins (anti-DEC205/anti-DCIR2 antibody 

conjugated to OVA) [91, 440]. 

Recently, DC migration has been linked to CD74 expression [327]. For DCs to 

migrate through narrow spaces such as parenchymal tissue, actin contraction controlled 

by the motor protein myosin II is important [485]. CD74 has been shown to interact with 

myosin II in order to traffic MHC II to endolysosome [486, 487]; however, this 

interaction affects the ability of myosin II to participate in mobility reducing the 

migration speed of the DC. Presumably, this decrease in DC speed allows for DCs to 

better sample the environment and maximize antigen uptake. When CD74 reaches the 

endolysosomes and is cleaved by proteases, the CD74-myosin II interaction is disrupted 

and DC migration is restored [327]. In our in vivo analysis of cross presentation, DCs are 

injected iv with TCR transgenic T cells. To eliminate the possibility that CD74-deficient 

DCs are not migrating to the spleen as efficiently as wild type DCs in this assay, DCs 

could be tracked. Labelled CD74-deficient and wild type DCs could be injected iv and 

tracked through the mouse over time. If migration is equivalent, these results would 
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conclusively demonstrate that a cross presentation defect is independent of migration 

defects experienced by CD74-/- DCs. 

 

7.2.1.2 HIV-Nef  

In this thesis, HIV Nef was shown to interfere with the cross presentation of 

exogenous antigen. This was demonstrated by a decrease in the amount of MHC I loaded 

with exogenous antigen on the cell surface. To confirm this observation in greater detail, 

it would be useful to determine if MHC I can traffic efficiently to endolysosomal cross 

presentation compartment for antigenic loading in the presence of Nef. Using confocal 

microscopy techniques described in this thesis and previously [59], the amount of MHC I 

localizing to endolysosomes (LAMP1+ compartments) could be visualized. Furthermore, 

Nef-expressing and wild type DCs allowed to internalize antigen such as soluble OVA 

(or those listed above) could be analyzed for the formation of MHC I-OVA complexes in 

LAMP1+ compartments. These results would confirm that the Nef impairment of MHC I 

specifically inhibits the vacuolar pathway of cross presentation. 

HIV Nef is a virulence factor that has been likened to an adaptor protein that binds 

host proteins misdirecting them and thereby affecting their function in the cell. In this 

study of the effect of Nef on DCs, downregulation of MHC II was noted in addition to 

MHC I. This has previously been document in monocytes expressing Nef where MHC II 

delivery to the cell surface was retarded [170]. Further in monocytes, Nef has been shown 

to remove mature MHC II from the cell surface [168, 170, 171]. To expand on these 

findings, the role of Nef on MHC II function could be assessed in this DC model to 

determine if Nef impedes CD4+ T cell activation. Specifically, the ability of DCs to 
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present antigen such as Hen Egg Lysozyme (HEL) on MHC II and activate HEL-specific 

CD4+ T cells could be examined. Furthermore, using confocal microscopy the cellular 

localization of MHC II when Nef is present could be determined. The lack of co-

localization of MHC II with MHC II compartment components such as LAMP-1, Ii, H-

2M and H-2O would indicate that Nef affects the trafficking of MHC II in antigen 

presentation. 

In the analysis of Nef function in vivo, a Nef transgenic (Tg) mouse was constructed 

based on the tropism of HIV. Nef was expressed in CD4+ cells including DCs, 

macrophages and T cells. A defect in immune responses against viral and bacterial 

pathogens was noted; however, the exact cell population responsible for this deficiency 

could not be conclusively determined. In order to better assess the contribution of Nef-

mediated DC dysfunction to immune impairment, a transgenic mouse with a CD11c 

promoter driving Nef expression could be constructed. This would allow Nef expression 

almost exclusively in DCs. Using in vivo cross presentation assays previously described 

in this thesis, the effect on Nef on DC cross presentation could be better assessed to 

corroborate in vitro data.  

As mentioned above, Nef is expressed in CD4+ T cells in this transgenic model. In 

the current Nef Tg model, the affect of Nef on CD4+ T cells and the contribution to 

immune deficiency could be examined. The ability of Nef Tg mice to develop Th1 and 

Th2 responses in vivo could be assessed. For these studies, an infection model using the 

protozoan parasite Leishmania major could be used. When examining the early immune 

responses is C57Bl/6 mice, a low parasite dose induces a Th2 response while a high dose 

induces a Th1 response [488]. By administering differing doses of L. major to wild type 
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and Nef Tg mice and assessing cytokine production, the CD4+ T cell responses can be 

determined. Similarly, infection of C57Bl/6 mice with varying doses of the intestinal 

nematode Trichuris muris can lead to acute or chronic infection [489]. Following delivery 

of a high dose for acute infection, a protective Th2 response is generated leading to 

parasite expulsion. Conversely, following low dose chronic infection, a Th1 immune 

response dominates [489]. Therefore, use of a T. muris infection model would provide 

further insight into the affect of Nef on CD4+ T cell responses. Parasites are important 

opportunistic infections affecting HIV-infected individuals in developing countries [490, 

491]. Examination of these infections in the Nef Tg model would provide additional 

evidence that Nef has a direct role in immunodeficiency causing susceptibility to 

important opportunistic infections.  

 

7.2.2 T cells 

7.2.2.1 CaV1.4 

Cues for T cell homeostasis include signals through the TCR receptor and IL7R. 

Further to this, trafficking of naïve T cells through the T cell zone of secondary lymphoid 

organs (SLO) is important for T cells to receive these homeostatic signals [172]. The 

fibroblastic reticular cell (FRC) network in SLOs produce IL-7 and CCR7 ligands 

(CCL19 and CCL21) [174]. In addition, DCs and stromal cells in FRC networks provide 

self peptide-MHC complexes. Together, these provide survival signals to the naïve T cell 

as they move along the network. Here, CaV1.4-deficient mice were shown to have 

deficient T cell homeostasis. Therefore, it would be interesting to determine if T cell 

homing was also impaired. Labelled T cells isolated from wild type and CaV1.4-/- mice 
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could be injected into wild-type mice and tracked for their localization to SLOs [492]. In 

addition, in vitro chemotaxis assays could be performed where wild type and mutant T 

cells were assessed for their ability to migrate through a transwell plate towards a 

chemokine gradient [492]. A defect in homing would add to the already impaired ability 

of naïve CaV1.4 T cells to survive.  

During the analysis of CaV1.4 protein in murine T cells in this thesis, it was noted 

that the T cell form was smaller in size that the protein identified in the retinoblastoma 

cell line. In support of this, the existence of two unique CaV1.4 spice variants distinct 

from the retina form have been previously document in human T cells [241]. The splice 

forms differ at the carboxy-terminus removing a voltage sensor and a 1,4-

dihydropyridines (DHP) sensitive site [241]. It has been hypothesized that removal of the 

voltage sensor may alter the voltage-gating activation of this channel allowing the 

channel to be activated through an alternate method such as ligation of the TCR [241]. 

Using RT-PCR methods similar to those used to identify the alternate splice variants in 

human T cells, the identification of the CaV1.4 sequence in murine T cells could be 

performed [241]. Furthermore, upon identification of multiple splice variants, the analysis 

of the expression patterns in murine CD4+ and CD8+ T cells in various stages of 

development and activation might provide an explanation for the differential calcium 

responses noted in this thesis. In addition to CaV1.4 other CaV1 family members (Table 

1.1) have been shown to be expressed in mouse and human T cells, mRNA analysis of 

these channels may identify alternative splice variants and expression patterns as well 

[190]. Following identification of the sequence of the murine CaV1.4 splice variant(s), 

overexpression of the individual CaV1.4 channels in a T cell line could be carried out. 
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The contribution of each CaV1.4 channel to T cell function could be assessed using Ca2+ 

flux assays following thapsigargin or TCR ligation and TCR signalling analysis protocols 

previously described in this thesis. Analysis of the contribution of individual channels to 

the T cell Ca2+ signal will provide insight into the mechanisms of T cell homeostasis, 

activation and function. 

DCs and T cells play important coordinating roles during an immune response to 

successfully clear an infection. This thesis provides details highlighting the requirement 

for competent antigen presenting DCs and poised T cells in effective immune responses. 

DCs are recognized as potent APCs capable of priming primary immune responses [1]. 

Through interactions with the well-known MHC II chaperone, CD74, MHC I in DCs is 

able to access internalized exogenous antigen to initiate cross presentation a process 

essential for the activation of naïve T cells. Naïve peripheral T cells capable of 

responding to antigen are maintained through continual homeostatic signalling that 

includes mobilization of the second messenger, Ca2+, provided by plasma membrane 

channel such as CaV1.4. These T cells are activated by antigen presenting DCs and gain 

effector function essential for productive immune responses. Disruption of any of these 

processes leads to immunodeficiency. For example, HIV has evolved an effective 

mechanism to evade these immune responses in order to persist in the host. Through 

analysis of the mechanistics of cross presentation and T cell homeostasis, a better 

understanding of the basis by which we can manipulate the outcome of immunity for 

therapeutic intervention including those directed at HIV can be achieved. 
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