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Abstract 

Natural killer (NK) cells were first identified by their ability to kill tumour or virally infected 

cells without prior sensitization. In spite of this, the actual role of NK cells in tumour 

immunotherapy remains controversial. This study therefore set out to investigate the potential 

of Streptococcus salivarius K12, a Gram-positive bacterium that has a history of commercial 

application as a probiotic in New Zealand, for use as a NK cell adjuvant, applying the therapy 

using B16.OVA melanoma as a model. To confirm that S. salivarius K12 was able to induce 

efficient activation of NK cells, I first screened a number of Gram-positive and Gram-negative 

bacteria for their ability to induce IFN  release from NK cells. Using ELISA and fluorescence 

activated cell sorting (FACS) I found that Gram-positive bacteria stimulated a rapid release 

(<24 hours) of IFN-  from dendritic cell: NK cell co-cultures. Cytotoxicity assays showed that 

despite optimal activation of NK cells by S. salivarius K12, their cytotoxic activity was not 

enhanced above that of naive NK cells. Dissecting NK cells into two subsets based on their 

CD27 expression using FACS, it was discovered that S. salivarius K12- NK activation was 

predominantly exerted on the mature CD27
high

 NK cell subset and was dependent on 

membrane-contact with DC and IL-12/IL-18 expression. NK cell activation was found to be 

independent of Ly49A expression, a marker that can be used in C57BL/6 mice to discriminate 

between ‘unlicensed’ NK cells, and those that had been ‘licensed’ through interaction with 

self MHC during development.  Therefore having a setting where the addition of S. salvarius 

K12 activates NK cells, in the presence of DC, to rapidly produce IFN-  but does not affect 

cytotoxicity, I investigated whether these NK cells were recruited to the draining lymph nodes 

where they could potentially influence the adaptive immune response. A range of adjuvant-

activated and S. salivarius K12-activated DC were injected subcutaneously into the flanks of 

mice and tested for their ability to recruit NK cells to the draining lymph node (LN). The 

adjuvants differed markedly in their ability to recruit NK cells with S. salivarius K12 being 

the most effective. To determine if activated NK cells would be of benefit in tumour 

immunotherapy, I investigated the ability of bacterially activated-DCs to elicit anti-tumour 

responses in a B16.OVA melanoma model. Utilizing a therapeutic tumour model where 

treatment was started three days following tumour inoculation, I found a significant delay of 
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tumour growth in mice that were immunised with ovalbumin-pulsed DC that had been treated 

for 4 hours with S. salivarius K12 as opposed to other adjuvants tested. I also determined that 

in vivo depletion of NK cells completely abolished the benefit of DC immunotherapy. A 

therapeutic tumour experiment where DC were primed in the presence or absence of tumour 

antigen showed that while NK cells were critical for the antigen dependent anti-tumour 

response they did not appear to exert an effector function. To investigate the role of NK cells 

in priming the anti-tumour response I next utilised a prophylactic tumour setting, where mice 

were challenged with tumours sixty days after DC immunisation. By depleting CD4
+
/CD8

+
 T 

cells and NK cells before time of priming or at time of challenge, I tentatively showed that all 

three subsets of cells play a role in the anti-tumour response, although NK cells may play a 

greater role at time of challenge.   
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   Chapter 1: Introduction into the immune system 

Invading microorganisms are detected and eliminated by the host immune system capable of 

distinguishing „self‟ from „non-self‟, or „dangerous‟ from „safe‟ (1,2). Initial recognition of 

microbes as they enter the body allows the host immune system to determine the extent and 

scope of the challenge, and facilitate the adaptive immune response (3). The host defence is 

comprised of many components that are broadly divided into the innate and adaptive immune 

responses. The innate response is shared by most multi-cellular organisms, whilst the adaptive 

immune responses are restricted to vertebrates (3). The innate immune response is responsible 

for rapid initial defence, mediating the activation of phagocytosis, complement and 

coagulation cascades as well as the production of inflammatory signalling (4). The adaptive 

immune response involves the clonal expansion of T and B lymphocytes expressing a diverse 

range of immunoglobulin receptors (generated by somatic gene rearrangement) capable of 

recognizing a wide variety of antigens (5). 

The innate immune system 

The innate immune system includes all aspects of the host‟s immune defence mechanisms that 

are set in their mature functional forms by the germline genes of the host (6). Innate defences 

include physical barriers such as skin, mucociliary clearance mechanisms, tears, saliva and 

other secretions. The innate response also includes soluble proteins and bioactive small 

molecules that are either constitutively present in biological fluids or that are released from 

cells when they are activated (6,7). The cells of the innate immune system come from both 

hematopoietic and nonhematopoietic origin. Those from hematopoietic origin include 

neutrophils, macrophages, dendritic cells (DC), mast cells, eosinophils, natural killer (NK) 

cells and NK-T cells (7,8). 

The adaptive immune system 

Adaptive immunity involves a tightly regulated interplay between antigen-presenting cells 

(APC) and T and B lymphocytes. A key feature of the adaptive response is that it produces 

long-lived cells that persist in an apparently dormant state but that can re-express effector 
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functions rapidly after another encounter with their specific antigen (6). The antigens are 

recognized by receptors that are made and selected through a process of somatic 

recombination of a large array of gene segments, namely the V (D)J arrangements (9,10), 

(11,12). The process is mediated by the two recombinase proteins, recombinase-activating 

genes 1 and 2 (RAG1 and RAG2) (13). The resulting specific antigen receptors are capable of 

recognizing components of all potential pathogens. Another feature of the adaptive immune 

response is the generation of immunological memory. When a pathogen is first encountered, 

sets of long-lived T and B memory cells are established. Therefore, in subsequent encounters 

with the same pathogen, the memory cells will quickly be activated resulting in a more rapid 

and robust protective response (14,15).  

Recognition of microorganisms 

Pattern recognition receptors (PRRs) (16) recognize unique characteristics of microorganisms 

that are known as pathogen-associated molecular patterns (PAMPs) (17). PAMPs are widely 

distributed amongst microorganisms and are essential for the survival of the microorganism, 

making them difficult to alter. Examples of PAMPS include peptidoglycan and lipoteichoic 

acid (LTA) from Gram-positive (G+ve) bacteria, lipopolysaccharide (LPS) from the cell wall 

of Gram-negative (G-ve) bacteria, mannans from yeast and outer surface proteins that can be 

found on viruses (3). There are several classes of PRRs including Toll-like receptors (TLRs) 

that have been found to act as a major signalling receptor for PAMPs (17). Upon stimulation 

by microbial components, intracellular cascades are activated that rapidly induce the 

expression of a variety of genes involved in the inflammatory and immune responses (18). 

The major signalling receptors for PAMPs are the TLRs (19). TLRs are homologues to the 

Toll receptor family that were first identified in Drosophila (20). Initially, Toll was found to 

be essential for the establishment of dorso-ventral polarity in developing Drosophila embryos 

(1,21). Subsequently, a role for Toll in the defence against fungi and G+ve bacteria in 

Drosophila has been identified, resulting in the release of antimicrobial peptides specific for 

the class of pathogen (22,23). Since then it has been realized that there are striking similarities 

between the Drosophila Toll and the mammalian interleukin-1 receptor. All TLRs share a 
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common cytosolic Toll/Interleukin-1 receptor (TIR) domain and an extracellular leucine rich 

repeat region that mediates recognition of microbial PAMP (24,25). Some TLRs are localized 

to the plasma membrane such as TLR-1, 2, 4, 5, 6 and 11, whereas TLR-3, 7, 8 and 9 are 

preferentially expressed in intracellular compartments (25). Recognition of PAMP by TLRs as 

homodimers, or as heterodimers with other TLRs or non-TLR receptors, ultimately leads to 

the recruitment of specific adaptor molecules into receptor complexes, the initiation of kinase 

cascades and the induction of gene expression following the activation of transcription factors 

such as NF-κB and microbiocidal reactive oxygen species (ROS) (26,27). 

Subsequently, it has been shown that individual TLRs trigger specific biological responses. 

These tailored responses are dependent on the TIR domain-containing adaptor molecules 

recruited, which activate distinct signalling pathways. Examples include myeloid 

differentiation primary response protein 88 (MyD88), TIR-domain-containing adaptor protein 

(TIRAP), TIR-domain-containing adaptor protein inducing IFNb (TRIF) and TRIF-related 

adaptor molecule (TRAM) (28,17). TLR activation results in the maturation of DC, 

production of pro-inflammatory cytokines and chemokines and release of antimicrobial 

peptides (29,30,31). 

Recognition of a mouse cytomegalovirus (MCMV) protein by a germline-encoded NK cell 

receptor shows similarity to the recognition of PAMPs by TLRs (32). Given the critical role 

that NK cells play in early immune responses to viral infections it has been speculated that 

TLRs are also present and functional on NK cells (33).  The roles that TLR agonists play in 

NK cell activation have been investigated with reports that TLR-2 (34), TLR -3 (35,32) and 

TLR-9 (36) agonists can all stimulate NK cell functions (33). Hart et al. showed that human 

NK cells express TLR-3, -7 and -8 by Western blot and that these receptors are functional 

(33). Both Hart et al. and Schmidt et al. demonstrated that Poly I:C (TLR3 agonist) 

significantly augmented NK cell cytotoxicity and CD69 expression. In addition IL-12 was 

found to provide co-stimulation to dsRNA-activated NK cells inducing the secretion of IFN- , 

a key cytokine in anti-viral responses (33,32).      
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Alternative systems for recognizing pathogens that do not involve the TLRs, for example the 

detection of pathogens via other cytoplasmic PRRs have also been identified (2,28,37). C-type 

lectin receptors (CLRs) detect fungal PAMPs and are another type of membrane-bound 

receptor (38). Nod-like receptors (NLRs) respond to various stimuli including PAMPs, non-

PAMP particles and cellular stresses in the cytoplasm (39). There are thought to be over 20 

members of the NLR family including NOD1 and NOD2. The activation of NLRs and NODs 

in particular trigger the secretion of inflammatory cytokines and whose actions can synergize 

with TLR activation (40,41).  Finally, the retinoic acid-inducible gene-I (RIG-I)-like receptors 

(RLRs), including RIG-I, Mda5 and LGP2, detect viral RNA in the cytoplasm, initiating 

signal cascades that lead to the induction of type I IFNs (42). 

Natural Killer cells 

Natural killer (NK) cells are a subset of lymphocytes that principally participate in innate 

immunity but may also have important roles in determining the outcome of the adaptive 

immune responses (43,44,27). NK cells were first identified by their ability to kill cancer cells 

and virally infected cells without prior sensitization (45). NK cells recognize stressed, 

transformed or infected cells by integrating signals transduced by various activating and 

inhibitory surface receptors (46).  In both viral and bacterial models of infection, interferon-  

(IFN- ) production by NK cells has been shown to be a key event in the successful resolution 

of infection. NK cells utilize IL-12 that is produced early in infection by DC (47,48) in order 

to produce IFN-  (49,45). Diverse functional activities have been associated with NK cells, 

including „natural‟ (immediate) cytotoxicity and the capacity to promptly produce cytokines 

tumour necrosis factor (TNF) and IFN-  and chemokines that help to generate and sustain an 

inflammatory environment (50).  

Activation of NK cells can occur as a result of either a decrease in inhibitory signalling or an 

increase in the ligation of activatory receptors, as they monitor the expression of self-major 

histocompatibility complex (MHC) class I molecules on potential target cells using MHC 

class I-specific surface receptors (51,49,52).  Murine NK cells express many activatory 

receptors including the Ly49 molecules which recognise MHC-I, lymphocyte function-
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associated antigen (LFA-1), natural cytotoxicity receptors (NCRs), NKG2C and NKG2D 

(45,53). Examples of some human activatory receptors include DNAM-1 (CD226), CD16, 

NKp46 and NKG2D (54). These different receptors guide the development and effector 

function of NK cells and enable this cell type to respond appropriately to a variety of 

challenges faced from infectious organisms or malignancies (55). Understanding how NK 

cells develop into functional effector cells that are equipped with the potential to accomplish 

distinct roles in immunity remains a challenge, and will be important to harness the 

therapeutic potential of these innate lymphocytes (56,43). 

The development of NK cells 

While great advances have been made in understanding the receptors that guide NK cell 

specificity for their target cells, less is known about the in vivo stages of NK cell maturation, 

expansion and acquisition of receptors (57).  

Analogous to other cell lineages, NK cells are generated in a sequential development process 

involving a series of differentiation steps that are distinguishable by phenotypic and functional 

characteristics as summarized in table 1.1 for bone marrow-derived NK cells (57,49,58). 

Unlike most other cell lineages, there are multiple sites for NK cell development. NK cell 

precursors (derived from haematopoietic stem cells (HSC)) have been identified in many sites 

such as the thymus, bone marrow, lymph nodes, spleen as well as the yolk sac, aorta-gonad-

mesonephros region and liver in the embryo and fetus (59,43). While the main site of NK cell 

generation is hotly debated, committed NK cell precursors (NKPs) can be identified for any of 

the tissue sites mentioned above. By definition NKPs have the potential to develop into 

mature NK cells but not into any other haematopoietic lineage. Consistent with all other cells 

of the haematopoietic system, NK cells can be generated from HSCs and early lymphoid 

precursors (ELPs) (60,61,62,43). 

Bone marrow-derived NK cells 

In the mouse, the earliest lineage-committed precursors are characterized by the expression of 

the IL-2R and IL-15R common β subunit (IL-2/IL-15Rβ or CD122). Interleukin-15 promotes 
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NK cell development in vitro and is essential for the generation of normal numbers of NK 

cells in vivo (63,50,64). 

Rosmaraki et al. (63) characterized lineage-depleted bone marrow cells expressing the IL-15 

receptor components by FACS and found marked heterogeneity within the IL-2 receptor β 

chain (CD122
+
) subset, which included cells uniquely committed to the NK cell lineage. 

Although these cells were negative for markers used to identify mature NK cells (NK1.1 and 

DX5), in vitro culture of NKP generated mature lytic NK1.1
+
 cells at high frequencies (63), 

while the CD122
+
DX5

-
NK1.1

-
 population failed to demonstrate natural cytotoxicity against 

the NK-sensitive target cell YAC-1. RT-PCR using a consensus primer detecting multiple 

Ly49 family members confirmed that the NK1.1
-
DX5

-
 subset was Ly49 negative. The Ly49 

molecules recognize classical MHC class I. Consistent with the lack of cytolytic activity in the 

CD122
+
NK1.1

-
DX5

- 
subset, this population lacked transcripts for perforin, and granzyme B, 

two granule-associated proteins required for cell-mediated lysis of target cells (63). The 

CD122
+
DX5

-
NK1.1

-
 population contains the earliest NK committed precursor. The 

subsequent developmental stages, including functional maturation and the stages of NK cell 

receptor acquisition requires further investigation. As a number of tissue sites have been 

identified to as sites of NK cell production (65,66,67,68), it is tempting to speculate that local 

developmental processes could dictate the outcome of the developmental process and 

therefore site-specific NK cell subsets (46,69). 

Following the expression of CD122, the next step of maturation involves a sequential 

acquisition of NK1.1 and CD94-NKG2 receptors and the integrin αv subunit. NK1.1 is an 

activation receptor expressed by all mature and developing CD3
-
 NK cells in C57BL/6 (B6) 

mice. NK1.1 crosslinking leads to the production of interferon-  by large numbers of NK cells 

from wild-type B6 mice, but not from MHC class Ia- and Ib-deficient mice that lack β2 

microglobulin or from mice that lack MHC class Ia alleles (69,70,71,72) suggesting that 

NK1.1 is required for functional NK cell development. 
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Table 1.1: Developmental stages of NK cells in the bone marrow of mice. The table lists the 

expression of cell surface markers at different stages of NK cell development.  The terms low 

and high refer to expression levels. High or low expression levels in the case of CD27 indicate 

different subsets of NK cells. HSC, hematopoietic stem cell; NKP, natural killer cell 

precursor; iNK, immature natural killer cell. 

 

During the putative final stage of NK cell maturation, NK cells up-regulate Mac-1 (CD11b) 

and CD43 and acquire effector function, producing high levels of IFN-  and exerting high 

levels of cytotoxicity (73,57). The transcription factors, GATA-3, IRF-2, T-bet and Runx are 

thought to be involved in this process however the exact roles that they play in the 

development of NK cells are unknown (74).  

The functional pleiotrophy exhibited by NK cells provides the immune system with a „multi-

tasking‟ cell that could serve different biological roles under different conditions (43). While 

this would be advantageous to organisms, developing cells that are able to perform multiple 

tasks but at the same time are able to generate adequate effector functions under diverse 
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assaults might prove difficult. A method by which a diverse array of functions could be 

achieved is through NK cell diversification. Functional pleiotrophy exhibited by NK cells 

during immune responses could be governed by distinct NK cell subsets. 

The subdivision of NK cells into functional subsets was originally proposed in the early 

1980‟s by Lanier et al. (75)  and then revisited in the 1990‟s with the discovery that CD56 

expression levels distinguished functionally distinct human NK cell subsets. It was shown that 

human CD56
bright

 and CD56
dim

 NK cells are distinct in their functions, including cytotoxicity, 

cytokine production and migratory capacity (76,77). However, CD56 is not expressed in 

rodents and there was no clear evidence that distinct NK cell subsets could be present. Later 

Hayakawa et al. showed that in mice mature Mac-1
high

 NK cells could be further dissected 

into two functionally distinct CD27
high

 and CD27
low

 subsets (73). CD27 is a TNF receptor-

associated factor linked receptor, the expression of which correlates with sequential phases in 

NK cell development, discriminating phenotypically and functionally distinct subsets within 

the NK cell population (78,79). 

Based on CD27 expression, mature NK cells can be separated into subsets based on CD11b 

and Mac-1 expression (79). Hayakawa et al. (80) demonstrated that the Mac-1
high

 CD27
low

 NK 

cell subset demonstrated higher proportions of cells expressing Ly-49C and I (which 

recognize self MHC class I molecules in C57BL/6 mice) and KLRG1. By contrast, a reduced 

proportion of CD94/NKG2
high

 cells was observed in the Mac-1
high

CD27
low

 NK cell subset.  

Furthermore, the activation/differentiation marker expression was also distinct among these 

NK cell subsets with Mac-1
high

 NK cell subsets displaying higher CD62L expression, and a 

proportion of CD27
high 

NK cells, constitutively expressing CD69. Interestingly, Mac-

1
low

CD27
high

 NK cells specifically expressed IL-7Rα (CD127) and higher levels of c-kit, 

suggesting that Mac-1
low

CD27
high 

NK cells may represent an earlier stage of NK cell 

development (73). 

The tissue distribution of the lymphocyte subsets has been considered diverse and may be 

important for tissue-resident/specific immune responses in general. Therefore, the anatomical 

location of NK cell subsets in vivo may provide clues as to their involvement and role in 
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immune responses in their microenvironment. The distribution of Mac-1/CD27 NK cells was 

therefore examined in various lymphoid organs and other tissues. It was found that Mac-

1
high

CD27
low

 NK cells were comparatively excluded from LN, rather being the dominant 

tissue-resident NK cell population within the spleen. This population was also found to be the 

dominant population circulating within peripheral blood, lung and liver. BM NK cells were 

found to mainly consist of a mixture of immature Mac-1
low

CD27
high

 NK cells and mature 

Mac-1
high

CD27
high

 NK cells (73). 

Hayakawa et al. also examined the kinetics of the appearance of mature NK cell subsets in 

BM chimera assays using B6 Ly-5.2 congenic mice. Congenic BM was transferred into sub 

lethally irradiated B6 Ly5.1 (WT) mice. Donor-derived Ly5.2+ NK cells developed from the 

transferred BM progenitor cells and expressed an immature Mac-1
low

CD27
high

 NK cell 

phenotype one week post-transfer. After two weeks the appearance of Mac-1
high 

CD27
high

 NK 

cells were observed, and Mac-1
high

CD27
low

 NK cells began appearing four weeks post BM 

transfer. After eight weeks, a dominant proportion of Mac-1
high

CD27
low 

NK cells were 

observed in the spleens of host mice, indicating that the Mac-1
high

CD27
low

 NK cell subset 

appears as a relatively late stage of NK cell differentiation after BM reconstitution (73).  

Making a mature killer 

The process of education generates NK cells that are tolerant to self and have the capacity to 

„sense‟ MHC class I expression levels on target cells that may vary during infection, 

transformation or stress (62). Class I-specific inhibitory receptors expressed on the surface of 

NK cells prevent them from lysing target cells expressing a cognate class I ligand. Therefore 

cells with absent or low class I expression become targets (81,82,83).  

NK cell recognition is based on the balance and interactions between activatory and inhibitory 

receptors. A key issue in NK cell function is the strength of inhibitory signalling that a given 

NK cell is capable of generating upon encounter with host MHC class-I molecules (81). The 

inhibitory receptors are not uniformly expressed on NK cells and are germ-line encoded by a 

set of polymorphic genes that segregate independently from MHC genes (57,84). 
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In mice the only known NK cell receptors for classical class I molecules belong to the Ly49 

family (72,85). The Ly49 family are type-II glycoproteins that belong to the C-type lectin 

superfamily (86). The proteins are expressed as disulfide-linked homodimers, and individual 

Ly49s are found on subsets of the total NK cell population. The Ly49 MHC class-I receptor 

gene family is located on chromosome 6 in a region designated as NK gene complex (87,86). 

The Ly49 gene cluster has been studied extensively in C57BL/6 mice and it has been 

suggested that there are eleven active genes and five pseudo-genes, however further research 

indicates that the number present may be strain specific (88).  

How NK-cell self-tolerance arises in vivo is poorly understood (89), although the formation of 

the repertoire of mouse NK cell receptors for MHC class-I molecules has been the subject of 

many studies (86,81,90,57,85,91). Investigations have been conducted focusing on the 

developmental pattern of Ly49 receptor expression (90). Dorfman et al. found that the 

proportion of Ly49
+
 splenic NK cells gradually rises to adult levels during the first 6-8 weeks 

of life. The appearance of appreciable numbers of splenic Ly49
+
 NK cells coincides with the 

appearance of NK activity at 3-4 weeks (90). 

Kim et al. proposed the idea of NK cell „licensing‟ by self-MHC (class Ia) molecules. 

Licensing involves a positive role for MHC-specific inhibitory receptors and requires the 

cytoplasmic inhibitory motif originally identified in effector responses. The process results in 

two types of self-tolerant NK cells – licensed and unlicensed. NK cell functional maturation 

appears to require this specific interaction with host MHC class-Ia molecules (92) where 

licensed NK cells exert effector functions such as rapid release of cytokines and cytotoxicity 

to typical NK cell stimuli such as lack of MHC class I on target cells. Unlicensed NK cells are 

hypo-responsive to these signals, and require additional stimuli such as those that accompany 

pathogenic infection, to exert effector function (93). 

C57BL/6 (H-2
b
) mice express four characterized inhibitory Ly49 receptors, Ly49-A, -C, -G2 

and – I which are present on overlapping NK cell subsets. Kim et al. showed that licensing is 

related to recognition of self-H2 ligands by Ly49 receptors using deficient mice and analyzing 

NK cells for the expression of Ly49A and Ly49C. Using C57BL/6 mice, they showed that NK 
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cells that express Ly49C and/or Ly49I bind to H-2K
b
 and are licensed in H-2

b
 mice, whereas 

NK cells that express Ly49G2 or Ly49A, which do not efficiently bind to H-2
b
 are not 

licensed (88,94).  

The process of licensing is ITIM-dependent. The only known signalling motif in the Ly49A 

cytoplasmic domain is the immune-receptor tyrosine-based inhibitory motif (ITIM). Kim et al. 

showed that the process is ITIM dependent by creating a mutant with a Tyr-to-Phe change in 

the ITIM known to abrogate inhibitory signalling in effector responses. The ITIM mutant 

failed to confer licensing in MHC-congenic B10 mouse strains and results showed that the 

ITIM in the cytoplasmic domain of the inhibitory receptor is critical for the licensing effect, 

and that the receptor itself is responsible for the signalling that direct NK-cell licensing (57).    

Licensing pairs an inhibitory receptor with its cognate self-MHC class I ligand for functional 

development, thus providing a mechanism for how independently segregating genes for non-

arranged receptors and ligands give rise to tolerance of self antigens (57). NK cells that do not 

express self-MHC class I specific receptors do not become licensed, and were first thought to 

not be functionally competent. It has subsequently been shown that while unlicensed NK cells 

are hyporesponsive to some stimuli they are functionally competent, following infection with 

murine cytomegalovirus, unlicensed NK cells have been shown to be the main effector cells 

(94). MHC class I-dependent inhibition is therefore only relevant for licensed NK cells; they 

are inhibited by the same self-MHC-specific receptors that originally conferred licensing. 

Germline-encoded inhibitory receptors, related to the NK cell receptors, are broadly expressed 

on many leukocytes, suggesting that they might also be involved in self-tolerance mechanisms 

however further research is required  (92,95). 

NK cell development outside the bone-marrow 

As mentioned earlier NK cells have been identified in many sites. Whilst it is generally 

accepted that the BM would be required for the earliest stages of NK cell development, 

namely the production of NKPs, it has been proposed that the NK cell‟s differentiation 

process could be completed elsewhere (69).   
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The thymus is crucial for the generation of immunocompetent T cells however functional NK 

cells are also present. It has been postulated that „thymic‟ NK cells could simply represent 

mature peripheral NK cells that have re-entered the thymus. Alternatively, thymic NK cells 

could reflect a population derived from bipotent T/NK cell precursors with development 

relying on the expression of Gata-3 (69).  

Vosshenrich et al. (96) therefore investigated the development of thymic NK cells and 

identified a pathway of thymic NK cell development that is characterized by the expression of 

Gata-3 and CD127. Gata-3 is a transcription factor that controls many aspects of NK cell 

differentiation (97) and it was found that the presence of Gata-3 was crucial for thymic NK 

cells to produce IFN- , however did not affect their cytotoxic potential (98). Vosshenrich et 

al. (96) went on to show that thymic NK cells expressed more Gata-3 than did splenic NK 

cells, and that most thymic but not splenic NK cells expressed CD127, indicating that the 

expression of these factors may be unique to the development of thymic NK cells. 

CD127 (IL-7Rα) is thought to be a Notch-induced, Gata-3-dependent target gene in immature 

thymocytes.  BM NK cell development has been shown to independent of IL-7 for 

development and neither was IL-7 required in the homeostasis of the peripheral splenic NK 

cell pool (99,100). CD127 expression and therefore IL-7 is however essential for the 

development of thymic NK cells, suggesting that there may be two independent pathways of 

NK cell development, intrathymic and bone marrow-derived, in mice (96,101).  

The CD127
+
 thymus-derived NK cells were found to have a distinct phenotype and unusual 

functional attributes. The cells were found to express lower levels of markers such as CD11b, 

no CD16 expression and upregulated expression of CD44 and CD69 when compared with 

their bone marrow counterparts. This resulted in thymic NK cells having reduced cytotoxic 

abilities but considerably more cytokine production than bone marrow NK cells (96). 

Hepatic NK cells have also been investigated and found to be enriched in NK1.1
+
DX5

-
 NK 

cells and have characteristics in common with immature NK cells in the BM (66). Takeda et 

al. (66) showed using adoptive transfer experiments that hepatic immature NK cells could 

give rise to NK cells with a DX5
+ 

Ly49
+
 phenotype, suggesting that hepatic iNK cells are 
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precursors to mature NK cells. How hepatic NK cells mature or are educated remains 

unknown however hepatic NK cells have been found to express functional TNF-related 

apoptosis-inducing ligand (TRAIL) molecules on their cell surface and can eliminate tumour 

cells in a TRAIL-dependent fashion (66). 

Many questions still remain about NK cell differentiation, ranging from the distribution or 

export of NKP and the maturation of immature NK cells through to questions regarding 

recirculation of mature NK cells. It is likely that chemokine receptors and adhesion molecules 

expressed by developing NK cells could dictate their capacity to localize to different tissues, 

perhaps in a subset-specific manner, which could be different under steady-state and 

inflammatory conditions (101). 

 Linking the innate and adaptive immune responses 

Although NK cells are best known for their cytolytic function, upon stimulation NK cells 

secrete large amounts of pro-inflammatory cytokines including IFN-  and TNF-α as well as 

chemokines such as CCL3 and MIP1α (71,102) which are potent modulators of the adaptive 

immune response. 

Similarly, the recognition of Gram-negative LPS or its Gram-positive counterpart LTA, by 

TLR, expressed by antigen-presenting cells such as dendritic cells (DC), leads to the 

production of pro-inflammatory cytokines such as IFN-  and TNFα, IL-1, IL-12 and IL-18 as 

well as inflammatory effector substances such as nitric oxide to mediate inflammatory 

responses. Thus TLRs link the innate and adaptive immune responses (103,104,105) playing a 

role in DC maturation and the production of cytokines such as IL-12 and IL-18 that influence 

T cell responses.  

The pro-inflammatory cytokines classes as interferons (IFN) encompass types I (-α and –β) 

and II (- ) and were discovered by their ability to render cells resistant to viral infection (104). 

While type I IFN is produced by a wide variety of stromal and some haematopoietic cells 

(namely plasmacytoid DC) (106), IFN-  is produced predominantly by T cells, NK cells and 

NKT cells in response to mitogens or cytokines. It is thought that IFN-  release can enhance 
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Th1 polarization by two mechanisms. Firstly, it facilitates the production of IL-12 by DC 

primed with microbial products (1). Secondly, it synergizes with T cell receptor signals to 

maximally induce T-bet, a transcription factor that controls expression of the IL-12 receptor in 

naïve T cells and functions as a master regulator of Th1 differentiation(107,46). 

Studies by Sporri et al. (108) and Sawaki et al. (109)  have demonstrated that NK cells can 

become activated and are induced to produce IFN-  when MyD88 is expressed exclusively by 

NK cells. Sporri et al. (108) found that a MyD88-dependent IFN-  production by NK cells 

was critical for the control of Legionella pneumophila infection while Sawaki et al. further 

demonstrated that various TLR agonists could activate NK cells to produce proinflammatory 

T helper 1 cytokines and chemokines in synergy with IL-12, but not with IL-18 or IL-2, and 

these responses depended on the corresponding TLRs and MyD88 (109). 

Following microbial infection, tissue macrophages and DCs produce IL-12 in response to the 

microbial TLR ligands, and IL-12-stimulated NK cells become highly susceptible to these 

ligands. A positive feedback is therefore introduced between TLR-mediated IL-12 and TLR 

ligand responsiveness of IL-12 stimulated NK cells (109,110). 

Dendritic cell/NK cell interactions  

The signals for activation of adaptive immunity are largely provided by DCs. DCs are 

essential antigen-presenting cells that are sentinels of the immune system and have the ability 

to influence both the innate and adaptive immune responses (111,59).  Immature DCs reside 

in peripheral organs and at mucosal surfaces, where they continuously sample the 

environment for foreign antigens (112). Immature DCs are able to take up antigens via 

phagoctosis (113,114,115,116,117,118), macropinocytosis (119) as well as endocytosis  (120), 

which is receptor mediated (121,122). Maturation of DCs is induced by the recognition of 

microbial components, such as LTA and LPS, via TLRs, which in turn induces the expression 

of co-stimulatory molecules such as CD80/CD86 (123,124,125) and production of pro-

inflammatory cytokines such as IL-12 (126,127,128,129) and release of chemokines such as 

IL-8, MIP-1β and MIP-1α by T cells (130).  Mature DC also express TRANCE/RANK, a 

member of the TNF receptor family, that interacts with proteins expressed on activated and 
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memory T cells, leading to activation and also increased survival of DC (130,131,132). 

Activated T cells also enhance the stimulatory function of DCs through CD40/CD40L 

interactions which results in enhanced release of proinflammatory cytokines and upregulation 

of OX40L which interacts with OX40 on CD4
+
 T cells, enhancing survival and proliferation 

(133,134,135). 

Whole bacteria or bacterial components such as LPS are just some examples of factors that are 

capable of promoting DC maturation (136,137). Activation independent of TLR-triggering 

have also been investigated including DC activation by mineral salts (138) or debris from 

apoptotic cells (139). NK cells have also been shown to activate DC after recognition of MHC 

class I
low

 tumour cells (140) assisting in the T helper 1 (Th1) polarization of the primary 

immune response (141).  

Antigen-processing by DCs 

Ingested antigen is processed in two different ways during maturation, depending on its 

source. Phagocytosed antigen leads to processing in acidic, protease rich vesicles and 

presentation of ingested peptide on MHC class II molecules, which stimulates CD4
+
 T helper 

cells (142). However, if a cell is infected with a virus, proteins of the replication virus will be 

processed in the proteasome, peptides transported to the endoplasmic reticulum and loaded 

onto MHC class I molecules (143). MHC class I containing a bound peptide leaves the 

endoplasmic reticulum via vesicular transport and is then integrated into the cell membrane. 

Presentation of peptide antigen on surface MHC class I molecules leads to activation and 

differentiation of CD8
+
 T cells, which are able to kill virus-infected or tumour cells (144).  

DC are also able to cross-present exogenous antigen on MHC class I molecules which leads to 

activation of CD8
+
 T cells – a process first observed by Bevan et al. (145) who noted 

presentation of graft-derived, minor histocompatiblity antigens by host APC. During cross-

presentation, exogenous antigen is acquired by APC, processed and presented on MHC class I 

molecules (146). At least three mechanisms have been proposed to explain how exogenous 

antigen is processed for cross presentation. In the first mechanism, the endosomal model, 

proposes that exogenous antigen accumulates in the endosome, where it is processed and 
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loaded on MHC class I molecules (147), that are already present within the endosome 

(148,149). The second mechanism, the cytosolic pathway, proposes that the exogenous 

antigen is endocytosed and leaks into the cytoplasm where it is processed by the proteasome 

(150,151). Experiments using the model antigen ovalbumin (OVA) showed that DC and not 

macrophages promote cross-presentation (152). Furthermore, Albert et al. (153) demonstrated 

that human DC, but not macrophages, acquire antigen from apoptotic cells and present it to 

CD8
+
 T cells. Cross-presentation has also been shown for bacteria and viruses, particularly 

those that do not directly infect antigen presenting cells (154,155,156), tumours (157) and also 

self-tissue (158) which might play an important role in immune tolerance.  DC have also been 

shown to prime T cells in vitro to various antigens, including bacteria (114,115), tumours 

(159,160,161,162), auto- and allo-antigens and super-antigens (163).  

During maturation, DC migrate from the source of antigen to the T cell areas of secondary 

lymphoid organs (164) such as the spleen and the lymph nodes where they come into contact 

with T cells (165,166). This has been shown in vivo, where DC migrated to the T cell areas of 

the spleen after coming into contact with extracts of T. gondii or LPS (167). In the secondary 

lymphatic organs, DC complete their maturation (168), release cytokines to attract T cells and 

B cells (169)and promote viability of circulating T cells (170). As soon as a DC has matured, 

it shows reduced ability to take up antigen, by down-regulating the surface receptors involved 

in antigen capture (119). 

In contrast, mature DCs show an increased expression of co-stimulatory molecules such as 

CD40, CD80 and CD86 (171,172) as well as chemokine receptors such as CC chemokine 

receptor 7 which plays a key role in the localization of DCs to the secondary lymphoid organs 

where they can interact with T cells (173,174).  

DC subsets 

Several DC subsets have now been identified in both mouse and man based on receptors that 

are involved in pattern recognition and antigen presentation (175). These subsets have been 

found to vary in their ability to process and present antigen (including cross-presentation) and 

also secrete different cytokines and include plasmacytoid DCs, conventional DCs and 
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Langerhans cells (176). Langerhans cells have been shown to be long-lived DCs that are very 

efficient at cross-presenting antigen to CD8
+
 T cells (177,178). 

 Conventional DCs are relatively short-lived but have been shown to be specialized antigen-

processing and presenting cells (179). In mice the two major subsets are the CD8α
+
 and 

CD8α
-
 DCs with the CD8α

+
 DCs expressing a CLR DEC-205 (180). CD8α

+
 DEC-205 DCs 

have been shown to be particularly effective at cross-presentation to CTL precursors and 

furthermore produce IL-12p70 which also stimulates T helper 1 responses (181,182). In 

humans however these markers are less useful to distinguish between DC subsets as CD8α is 

not expressed and DEC-205 is expressed by a range of cell types (183). Recently, gene 

expression analysis of various mouse and human DC subsets identified BDCA-3
+
 DCs as 

being the human equivalent to murine CD8α
+
 DC (184). Like CD8α

+
 DCs, BDCA-3

+
 DCs are 

found in blood, bone marrow, lymph nodes and spleen, are efficient cross-presenters of 

antigen and produce IL-12p70 upon activation (185, 186). 

Plasmacytoid DCs (pDCs) are relatively long-lived cells that play important roles in the 

clearance of viral infections, producing type I IFNs. pDCs were first thought to be poor 

antigen-presenting cells but it has subsequently been shown that these cells continuously 

produce and turnover MHC-II molecules upon activation, thereby reducing their ability to 

present exogenous antigen (187). Nonetheless, pDCs are able to process and present 

exogenous antigens and have been shown to present antigens derived from viruses, immune 

complexes and apoptotic cells (188,189, 190). Studies investigating endocytic receptors in 

murine pDCs identified a pDC-specific receptor Siglec-H that was shown to mediate antigen-

presentation, where targeted delivery of antigen resulted in the activation of CD8
+ 

T cells 

(191), indicating that pDC subsets could be explored for targeted vaccination therapies (176). 

DC/NK cell cross-talk 

The cross-talk that occurs between NK cells and DCs is essential for mounting efficient 

immune responses and leads to NK cell activation and DC maturation. A pioneering study by 

Fernandez et al. (192) demonstrated that NK cell activation was induced by both cytokine 

signals and contact between NK cells and DCs. Other studies have subsequently found that 
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DC/NK cell interactions are bi-directional and complex, as there are a number of potential 

outcomes, including NK cell activation, but also in DC maturation or apoptosis, depending on 

the activation status of both cell types. The NK-cell-activating receptor NKp30 has been 

shown to play an important role in DC maturation induced by NK cells (126,193,194,195). 

Interactions between NK cells and DCs are suggested to occur in both inflamed peripheral 

tissues and lymph nodes, where both cell types are recruited by chemokines released in the 

early phases of inflammatory responses. The first event that would need to occur would be 

tissue damage or inflammation that results in the release of pro-inflammatory cytokines (this 

could result from viral or bacterial infection, or cellular distress caused by neoplasia or 

transplantation). Both recruited and resident DCs in the affected tissue could potentially 

promote NK activation, for example through the release of IL-12. A study by Granucci et al. 

(196) showed that murine splenic DC, after microbial challenge, could produce IL-2 

transiently at early time points. This IL-2 could be one of the factors that promote DC-

dependent NK-cell activation. Chemokines such as CCL3 and CXCL8 are also released by 

DCs after antigen uptake (197). Most NK cells express specific receptors for these factors. 

CCL3 and CCL5 are able to recruit NK cells to inflamed tissues (198).  

NK cell-DC interactions will promote NK cell maturation, inducing IFN-  production, as well 

as NK cell-mediated cytotoxicity. Depending on the level of activation of NK cells and the 

ratio of NK cells to DC (194), interactions enable NK cells to acquire cytolytic activity against 

surrounding immature DCs when there is a high NK:DC ratio (i.e. when increasing NK cell 

numbers increases cytolytic activity). The other outcome, depending on cytokines produced 

(requires TNF-α), is DC maturation (occurs when there is a low NK:DC ratio) (193,194).   

Subsequent studies have shown this interaction to be contact dependent.  Borg et al. (110) 

found that DC and NK cells formed stimulatory synapses involving cytoskeleton 

rearrangement and lipid raft mobilization in DCs. The synapse formation promoted the 

polarized secretion of preassembled stores of IL-12 by DCs towards the NK cell, thereby 

enabling NK cells to secrete IFN- . Other cytokines such as IL-18 and type I IFN have also 

been shown to be required for the induction of various NK cell functions (192,199,193,200). 
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Furthermore, additional substances such as transforming growth factor (TGF)-β and 

indoleamine 2, 3-dioxygenase (IDO) may modulate the function of recruited NK cells. TGF-β 

is an immunosuppressive cytokine that is able to inhibit the NK-cell-mediated killing of iDCs 

by affecting the surface expression of NKp30 and NKG2D (201). The surface expression of 

activating NK receptors is also down-regulated by L-kynurenine, a tryptophan catabolite 

induced by the enzymatic activity of IDO (202). 

Interactions between DC and NK cells in secondary lymphoid organs such as lymph nodes 

occur when maturing DCs arrive from sites of inflammation or infection and interact with LN 

NK cells. There is evidence to suggest, in humans, that NK cells are present within both 

inflamed and non-inflamed LN (203,204), however the location of the in vivo interactions in 

humans remains to be determined. In mice, the interactions between NK cells and DC have 

been proposed to take place in the paracortex of the LN. This location would allow NK cells 

to influence the adaptive immune responses involving DCs and DCs interacting with T cells in 

the same location (205).   

DC entry into the lymph node and interaction with NK cells is proposed to occur very early in 

the immune response, i.e. before antigen-driven T-cell activation (206). Interaction of DC and 

NK cells within the LN results in the prompt release of cytokines, such as IFN / , IFN , IL-

12, IL-15 and IL-18 (203,207,208)  to further induce maturation and activation of DCs, and 

the survival and proliferation of NK cells.  

In contrast to human LN, few NK cells are found in the LN of mice. They have however been 

shown to be recruited to LN in response to inflammation induced by an adjuvant. Martin-

Fontecha et al. (46) investigated the recruitment of NK cells to LN following LPS-matured 

DC injection, showing a rapid influx of NK cells. NK cells in CCR7
-/-

 mice failed to home 

efficiently to control LN, but migrated normally into inflamed LN. Investigation of other 

chemokine receptors showed that the migration of NK cells into inflamed LN instead required 

CXCR3 on NK cells. In addition, the production of CXCL10 by DC led to a retention of Th1 

lymphocytes in lymph nodes and may also be a trapping mechanism contributing to the 

increase in NK cell numbers (209,46). 
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Martin-Fontecha et al. (46) further showed that adjuvants that recruit NK cells induce Th1 

polarization. The effect was found to be mediated through the initial activation of DC by TLR 

ligands and the subsequent release of IL-12 stimulated the release of IFN-  by NK cells. 

Interestingly, when T cells were primed with adjuvants that did not recruit NK cells, fewer 

than 5% of the CD4
+
 T cells were capable of producing IFN- .  

Whatever the mechanism of DC-mediated activation of NK cells, the literature indicates that 

the interactions between DC and NK cells have important functional consequences on 

adaptive responses. A study conducted by Kos et al. established an absolute requirement of 

NK cells for the induction of virus-specific CD8
+
 T cells over CD4

+
 T cells (210). Treatment 

of C57BL/6 mice with NK cell-depleting antibodies demonstrated that in the presence of NK 

cells alloantigen-stimulated CD8
+
 T cells proliferated and differentiated into effector cytotoxic 

T lymphocytes (CTL), whilst the absence of NK cells resulted in cells that were able to 

proliferate but did not become effector CTL (211). This result indicated that NK cells could 

function as „helper cells‟  for the generation of effector CTL in a way similar to that proposed 

for CD4
+
 T cells (210,212).  

 

IFN-  produced by activated NK cells could also boost ongoing adaptive responses, 

promoting the Th1 polarization of antigen-specific T cells. NK cells may also boost the 

activation and T-cell stimulatory capacity of mature DCs. A study by Mailliard et al. 

demonstrated that activation of DCs by NK cells resulted in the differentiation of a DC 

capable of inducing a more efficient cytotoxic T lymphocyte response (128).  

 

T cells 

T cells recognize peptide fragments of antigens that have been processed and presented 

(complexed with MHC molecules) by APCs such as DCs. The major class of T cells is 

defined by its surface expressed of the αβ TCR. This TCR primarily recognizes peptide 

antigens presented in a complex with class I or class II MHC proteins. αβ T cells differentiate 

into several different subsets; CD8
+
 T cells, that act primarily to kill cells infected with 
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intracellular pathogens, including viruses and transformed cells and CD4
+
 T cells, that serve a 

helper function and regulate the cellular and humoral immune responses (9).  

NK-T cells 

A small subset of αβ T cells also express the NK1.1 (CD161) NK cell antigen and is termed 

NK-T cells. NK-T cells can be CD4
+
, CD8

+ 
(only found in humans) or CD4 and CD8 double 

negative and recognize glycolipid antigens presented by the non-classical MHC molecules of 

the CD1 family (213).  

NK-T cells have been broadly divided into two different types. Type I NK-T cells are defined 

as CD1d-restricted T cells that express an invariant T cell antigen receptor, typically Vα14Jα18 

in mice and Vα24Jα18 in humans, combined with a limited but not invariant TCR β-chain 

repertoire, usually Vβ8.2, Vβ7 or Vβ2 in mice and Vβ11 in humans (214,215). The TCR 

combination of type I NK-T cells enables these cells to recognize glycolipid antigens 

presented by CD1d, with the prototypic antigen being the glycosphingolipid α-

galactosylceramide (α-GalCer) (216,217). Type II NK-T cells recognize a range of 

hydrophobic antigens, including sulfatide (218), lysophosphatidlycholine (219) and some 

small aromatic (non-lipid) molecules (220). Like type I, type II NK-T cells also express biased 

TCR repertoires, favouring Vα3.2Jα9 or Vα8 with Vβ8 TCR β-chains and express NK1.1 in 

C57BL/6 mice (221). 

NK-T cells produce a broad range of cytokines and have been implicated in a wide range of 

immune responses ranging from transplant to tumors, various forms of autoimmunity, 

atherosclerosis, allergy, and infections (215,222,223). Attributed with roles in a variety of 

disease conditions, it is interesting to note that NK-T cell numbers can vary substantially 

between mouse strains and even more so between humans (224,225,226,227). This may be 

partly explained by the differences in location of development, i.e. intrathymic versus 

peripheral. The factors that regulate peripheral NK-T cell development and homeostasis are 

not well understood. What is known is that NK-T cell homeostasis is highly dependent on IL-

15 with IL-7 playing a bigger role in development than homeostasis (228,229). The regulation 

of peripheral NKT cell numbers also appears to be partly tissue specific, this has been found 
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to be particularly relevant to liver NKT cells where numbers of cells were found to be 

dependent on the expression of CXCR6 (230,231) and the integrin LFA-1 (232,233). NKT 

cells in other tissues such as thymus and spleen were not regulated by these factors. In 

addition to cytokine production, NKT cells can exhibit potent lytic activity. They 

constitutively express CD95L (Fas-L) and can kill CD95 (Fas
+
) target cells as well as tumour 

cells in a perforin-dependent manner (234,235). 

The anti-tumour activity of α-GalCer and therefore the involvement of NK-T cells was 

discovered in mice against a range of tumours including EL4 (thymoma), B16 (melanoma), 

RM-1 (prostate carcinoma) and 3LL (lung carcinoma) (236,237,238,239). The α-GalCer anti-

tumour response is reliant on its ability to bind CD1d and specifically activate type I NK-T 

cells (240), thereby causing rapid production of IFN- . DCs would respond to NK-T cell-

derived IFN-  and produce IL-12. The expression of CD40/CD40L has been shown to be 

crucial for this process. Kitamura et al. (241) demonstrated using monoclonal antibodies 

directed against CD40/CD40L that IFN-  production by NK-T cells was greatly inhibited, 

indicating that interactions between DC and NK-T cells may be very similar to that of T 

helper cells and DC (242,243) where contact between cells is essential for cytokine production 

by DCs (244).     

IL-12 has been shown to possess potent anti-tumour activity in a variety of mouse tumour 

models however the relative contributions and mechanisms of NK, NK-T and T cells has not 

been fully elucidated, where it is thought that the level of involvement is by cells is dictated 

by the amount of IL-12 present (245,246,247,248,249). The importance of type I NK-T cells 

for the anti-tumour effects of IL-12 was demonstrated using Jα18
-/-

 mice, which specifically 

lack type I NK-T cells. Cui et al. (250) showed that these mice were unable to mediate IL-12-

induced anti-tumour activity against a range of tumours including B16, LLC (Lewis Lung 

Carcinoma) and FBL-3 erythroleukaemia. Using C57BL/6 and RAG2
-/-

 mice (lack T cells and 

NK-T cells) Kodama et al. (251) showed comparable results in both types of mice that NK 

cells and perforin were sufficient for the anti-tumour effect of IL-12 against B16. 

Subsequently, both NK cells and NK-T cells have been found to be able to contribute to 

natural and IL-12-induced immunity against tumours. The role and contribution of each cell 
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(NK or NK-T) has been hypothesized to be tumour-model and therapy dependent. Smyth et 

al. demonstrated that in B16F10 and RM-1, where both NK and NK-T cells could contribute 

to tumour immunity, the amount of IL-12 was important. Lower amounts of IL-12 led to a 

greater role for NK-T cells, while higher doses dictated a greater role for NK cells (252), 

(253). In situations where NK-T cells play a greater role, IFN-  production may provide 

stimulation for NK cells, resulting in the upregulation of IL-12R on NK cells (254). 

Understanding the interactions between NK and NK-T cells will be important for the 

treatment of tumours.  

 T cells 

 Another subset of cells that recognize antigen presented by CD1 family is a small subset of T 

cells that express a  TCR (255).  T cells are mostly double negative for CD4 and CD8 and 

represent less than 5% of lymphocytes in most tissues, but are found in higher numbers in the 

gastrointestinal epithelium. These T cells have been found to become activated and may 

respond to the presence of mycobacterial infection (256,257). In addition to recognizing 

peptide antigens, the  T cells can bind to small molecules, including phospholipids and alkyl 

amines. They have also been shown to produce cytokines that regulate pathogen clearance, 

inflammation and tissue homeostasis in response to tissue stress (258). 

αβ T cells 

The largest group of T cells in the body is the CD4
+
 αβ TCR population (T helper cells), 

critical in combating pathogens and maintaining immune homeostasis. T helper (Th) cell 

differentiation is characterized by the acquisition of cytokine production. Since the 

establishment of the Th1-Th2 paradigm by Coffman and Mosmann (259), many types of Th 

cells have been identified including Th1, Th2, Th17, follicular Th and regulatory T cells.  

Th1 cells 

Th1 cells are characterized by their ability to produce cytokines such as IFN-  along with 

TNF-α and TNF-β to stimulate immune responses. The most important function of Th1 cells 

is to promote cell-mediated immunity characterized by cellular cytolytic activity. The Th1 
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cells are important in protection of the host from intracellular pathogens and virally infected 

targets (260,261,262,263,264). However, control is essential as too great a pro-inflammatory 

response by Th1 cells can cause tissue damage and elicit unwanted inflammatory disease 

(265), graft-versus-host disease (266) and autoimmune diseases (267) such as insulin-

dependent diabetes mellitus (268). 

Aside from being a Th1 signature cytokine, IFN-  has been suggested to be important for the 

differentiation of Th1 cells (269,270), though this direct role in Th1 differentiation remains 

controversial. Wenner et al. (271) found, using a TCR-transgenic system to examine the 

actions of IFN-α and IFN-  on CD4
+
 T cell phenotype development, that IFN-  significantly 

augmented IL-12 priming for subsequent IFN-  production by T cells. Their data suggests that 

IFN-  provides a direct co-stimulatory signal to T cells to up-regulate IL-12-induced Th1 

development and may operate by inducing IL-12 responsiveness in naïve T cells (271). 

IL-12 is accepted as being a potent inducer of Th1 differentiation (272,273). The IL-12 and 

IFN-  signalling ultimately results in promoting the expression of Th1-specific transcription 

factors. T-bet, also known as Tbx21 (274), is recognized as the master regulator of Th1 

differentiation since it is rapidly and specifically induced in developing Th1 cells and is 

critical for initiating Th1 development (274). 

Th2 cells 

Th2 cells are characterized by their ability to produce cytokines such as IL-4, IL-5, IL-9, IL-

10 and IL-13 that enhance antibody production. The Th2 response is important in resistance 

against extracellular forms of pathogens and is also important for mucosal immunity in the 

lung (275). Control of immune responses are again essential as unusual elevation of Th2 

responses can lead to chronic inflammatory airway diseases, such as atopic asthma and allergy 

(276,277,278). The presence of IL-4 is essential for Th2 differentiation (279) with GATA 

binding protein 3 (GATA-3) regarded as the master regulator (280,281). Signal transducer and 

activator of transcription 6 (STAT-6) activated by IL-4 stimulation is the major signal 

transducer in IL-4 mediated Th2 differentiation in vitro (282). One of the mechanisms for 

STAT-6 to promote Th2 differentiation is through inducing high levels of the transcription 
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factor GATA-3 (283). Generally Th1 and Th2 cytokines work as antagonists, for example IL-

4 and IL-2 inhibit the generation of Th1 and Th2 vice versa (284,285). However, Sad et al. 

(286) showed that IL-2 producing CD4
+
 T cells can develop into either Th1 or Th2 like cells, 

and it seems that other factors, like antigen dose and signal strength of the T cell receptor can 

contribute to the differentiation into either sub-type (287,284).  

Th17 cells 

Th17 cells are named due to their high level expression of IL-17, a group of 5 homologous 

molecules IL-17A-F (288). Th17 cells produce mainly IL-17A and IL-17F and form a 

separate lineage of Th cells. Th17 cells are induced by IL-6, IL-23 and TGF-β and express the 

transcription factor retinoic acid receptor related orphan receptor t (ROR t) (289). Other 

cytokines expressed by Th17 cells include IL-6, TNF-α, IL-21 and IL-22 (290,291,292). Th17 

cells have been shown to play a protective role in immunosurveillance (293,289) where the 

release of IL-17 at the site of infection is proposed to induce local cells to secrete cytokines 

and chemokines that attract neutrophils, amplifying the innate immune response. These cells 

are however also thought to play a role in autoimmune diseases (294). The expression of IL-

17 has been found in the inflamed tissues of patients with arthritis, multiple sclerosis and 

system lupus erythematosus and is also prominent in chronic allergic inflammatory processes 

such as asthma (295,296). 

Regulatory T cells (Tregs) 

Regulatory T cells (Tregs) are subsets of T cells involved in the maintenance of peripheral 

self-tolerance by actively suppressing the activation and expansion of autoreactive T cells. 

Tregs can either develop in the thymus (naturally occurring Treg) or are differentiated from 

naïve T cells in the presence of TGF-β following TCR stimulation (induced Treg) (297,298). 

These Tregs are CD4
+
CD25

+ 
(they constitutively express the IL-2 receptor α chain (CD25)) 

and express cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) and transcriptional 

regulator Foxp3, that acts as a master switch gene for their development and function 

(299,300,301). Other subsets of Treg cells that play important roles in maintaining peripheral 

tolerance include the IL-10-secreting regulatory T cells. These Tregs encompass a 
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heterogeneous group of Treg cells that are induced in the periphery in response to antigenic 

stimulation and are characterized by the secretion of large amounts of IL-10 (302). Treg type 

1 (TR1) cells are a subgroup or IL-10 Tregs and secrete IL-10, IL-5 and IFN-  but little IL-2 

and exert their suppressive function through an IL-10-dependent mechanism. These cells are 

thought to play a critical role in limiting pathologies associated with a high antigenic load, 

such as infections and severe inflammation (303,304,302). Finally, Th3 regulatory cells 

primarily secrete TGF-β and are thought to play an important role in oral tolerance (305).  

The relationship between the different Treg populations remains to be elucidated. It has been 

suggested that the IL-10-secreting Tregs, with their anti-inflammatory capability infiltrate 

injured tissues to control inflammation and tissue destruction through the use of IL-10 and 

TGF-β, whereas the CD4
+
CD25

+
Foxp3 Tregs have a central homeostatic function to regulate 

T-cell proliferation through direct cell-cell contact mechanisms (306). These Tregs may also 

play a role in tempering immune responses against infectious agents and in re-establishing 

immune homeostasis following pathogen clearance (307). A study by Lund et al. (308) 

investigated the role of CD4
+
CD25

+
Foxp3 Tregs during mucosal herpes simplex virus 

infection in mice (utilized Foxp3
DTR 

and Foxp3
gfp

 mice). Ablation of Tregs resulted in 

increased viral load in the mucosa and central nervous system, paired with accelerated 

infection. Interferon production was found to be enhanced in the draining lymph nodes of the 

Treg-depleted mice, but profoundly reduced at the infection site. This was associated with a 

delay in the arrival of NK cells, DCs, and T cells to the site of infection and a sharp increase 

in pro-inflammatory chemokine levels in the dLNs. Their results suggest that Tregs may 

facilitate early protective responses to local viral infection by allowing a timely entry of 

immune cells into infected tissue (308). 

CD8
+
 T cells 

CD8
+
 T cells represent another fraction of circulating T cells and act to remove cells 

harbouring intracellular pathogens, including viruses and some bacteria, as well as 

transformed cells (9). CD8
+
 T cells primarily recognize antigenic peptides derived from 

cytosolic proteins expressed on MHC class-I. Recognition of foreign cytosolic peptides of the 
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target cell in the context of MHC-I by the CTL TCR leads to the formation of a conjugate 

with an immunologic synapse (IS) thereby activating apoptotic cell death in the target cell. 

This process is mediated by rapid mobilization of CTL granules to the IS, where the cytotoxic 

granule membranes fuse with the killer cell plasma membrane, resulting in exocytosis of the 

granule contents, including granzymes and perforin (309).  

 Granzymes are serine proteases that target a number of proteins in the host cell, leading to the 

activation of apoptosis and perforin are membrane perturbing proteins (310). Although killer 

cells can also destroy their targets by engaging death receptors such as Fas, studies using 

perforin knockout mice have clearly shown the importance of the granule exocytosis pathway 

for controlling viral infection and tumours (311,312,313). The role of CTL in anti-tumour 

responses will be discussed later.  

Stages of T cell responses 

T cell responses can be divided into three stages, namely expansion, contraction and memory.  

During the „expansion‟ phase naïve T cells encounter antigen which leads to proliferation and 

differentiation to effector T cells (314).  The context in which the T cell recognizes antigen, 

the abundance of antigen and the duration of antigen exposure are important parameters that 

can affect the speed and nature of the T-cell response. Both CD4
+
 and CD8

+
 T cells need a 

minimal threshold of antigen stimulation provided by APC such as DC to enter into the clonal 

expansion phase (314,315,316,317,318,319). Differentiation into CD4
+
 or CD8

+
 T cells is 

dependent on the type of pathogen and the nature of the infection (320,273,314,317). CD8
+
 T 

cells have been found to require a lower threshold to initiate proliferation than CD4
+
 T cells; 

they also enter this phase earlier and proliferate faster (321). This may be explained by the fact 

that expression of MHC class I is nearly ubiquitous, whereas MHC class II molecules are 

expressed on a more limited set of cells. This difference might provide CD8
+
 T cells with 

more opportunities to encounter antigen than CD4
+
 T cells, which causes CD8

+
 T cells to 

reach their threshold of activation faster than CD4
+
 T cells (314). Furthermore naïve CD8

+
 T 

cells have been found to start differentiation after only two hours of antigen exposure (317). 

Initially activated CD8
+
 T cells have been found to expand even in the absence of prolonged 
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antigen exposure, suggesting that further signalling through the antigen receptor after the 

initial stimulation is not required (322). The duration of antigen stimulation as well as the 

presence of cytokines such as IL-2 and IL-15 may be linked to the quality of effector T cells 

produced (318,323).  

For the differentiation of CD4
+
 T cells to effector cells, prolonged antigen exposure as well as 

the presence of certain cytokines is required (319). This increases the expression of MHC and 

co-stimulatory molecules by APC, which are required for maximal T-cell stimulation. As 

previously discussed CD8
+
 T cells were found to only require two hours of antigen 

stimulation before committing to proliferation; CD4
+
 T cells on the other hand, in the presence 

of DCs, required a minimum of six hours of antigenic stimulation. The period of antigenic 

exposure needed to be extended to more than 24 hours to induce differentiation if co-

stimulatory molecules were not present, highlighting a requirement for CD28 (315,316, 

324,317).  Some naïve T cells were found to require more than 48 hours of continual antigenic 

stimulation to commit to the formation of polarized Th1 or Th2 effector phenotypes in vitro 

(325). Other studies (326,327,328) showed that CD4
+
 T cells become increasingly committed 

to a Th1 or Th2 phenotype with each successive cell division, showing that cells that had 

divided more than four times in Th1 polarizing conditions could not revert to a Th2 

phenotype. It was also found that the presence of polarizing cytokines significantly decreased 

the duration of antigenic stimulation required. In the presence of IL-12, Th1 effector 

functions, measured by IFN-  secretion, were present after 24 hours of stimulation compared 

with the 72 hours required when this cytokine was not present (325). A similar effect was 

observed for Th2-polarizing cytokines, except that a longer duration of stimulation was 

required for the development of a Th2 effector phenotype.  

As naïve T cells differentiate into effector cells, their migration patterns are altered. 

Alterations in the expression of lymph node-homing molecules such as CCR7 and CD62L and 

increased expression of β1 integrins, CCR5 and CCR2 result in a greater capacity to migrate 

to inflamed tissues (314). Chao et al. (329) have shown that the duration of stimulation of the 

TCR is linked to the expression of CD62L, where prolonged stimulation of the TCR leads to 

decreased expression of CD62L and therefore decreased trafficking to LN. Expression of 
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cytokines such as IL-2 and IL-15, might also affect T-cell migration patterns by decreasing or 

increasing the level of expression of CCR7 and CD62L (330,331). 

The second phase of T cell development is the contraction phase, limiting the duration of the 

T-cell responses by removing most of the effector cells. This happens after the antigen has 

been cleared and prevents immunopathology due to the high numbers of effector cells (314). 

Conversely, the extent of cell death may directly impact on the number of memory-T cells 

generated (332,333). Both positive and negative regulatory factors have been proposed to 

control the contraction phase. For example, as infection wanes, so to do the levels of cytokines 

that support clonal expansion and T-cell survival, triggering apoptosis of activated T cells due 

to the absence of growth-factors. In mice however, the presence of IL-2 has been found to 

reduce the rate of cell death (334) and increase the numbers of CD4
+
 T cells in vivo (335). 

Other examples of molecules involved in the contraction phase are members of the TNF 

receptor family, in particular CD154 (CD40L). Mice deficient in CD154 were found to have 

enhanced death of effector CD8
+ 

T cells and fewer memory cells generated (336). 

Additionally, IL-15 has an inhibitory effect on activation-induced cell death (337) and 

together with IL-17 is crucial for T cell homeostasis (338). 

Another proposed mechanism for the contraction phase is the decreasing-potential hypothesis. 

This hypothesis puts forward that the primary factor that distinguishes effector T cells that die 

from those that survive and differentiate into memory T cells is the duration and level of 

antigenic stimulation to which the T cells are exposed (339). This hypothesis has been 

strongly supported by the observed fates of T cells during periods of chronic antigen exposure. 

It has been observed that antigen-specific T cells are either deleted or persist but become 

exhausted in several mouse models including during chronic LCMV infection, in patients with 

HIV or hepatitis C or in melanoma (340,341,342,343,344). Understanding under what 

conditions memory T cells develop will be crucial for future vaccine strategies.  

There are at least two different theories to explain how memory T cells are generated and 

persist in order to elicit the appropriate secondary response to provide protection to a specific 

pathogen. One view is that cellular and molecular regulators control the lineage fate and 
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functional capacities of memory T cells early after priming, or alternatively, that populations 

of memory T cells are inherently plastic and subject to alterations in function and /or survival 

at many stages during their long-term maintenance (345).  

Memory CD8
+
 T cell formation 

The antigen-specific CD8
+
 T cell response is characterized by clonal expansion, followed by 

contraction and memory formation. Several models have been suggested for the 

differentiation path of naïve CD8
+
 T cells into effector and central memory T cells (346).  

Commonly memory T cells are divided into two main subsets; effector memory cells (TEM; 

CD62L
-
CCR7

-
) and central memory cells (TCM; CD62L

+
CCR7

+
) (347), (348) but other 

memory subsets defined by markers like CD27, CD28, CD43 also exist (349). As TEM do not 

express CCR7 and no or low concentrations of L-selectin (348), (350), they cannot enter 

lymphoid tissues and therefore localize in non-lymphoid tissues and mucosal sites. TEM have 

been found to possess a more rapid cytotoxic potential to confront the invading pathogen, 

whereas TCM, which express CCR7 and L-selectin, are mainly concentrated in secondary 

lymphoid organs and possess superior expansion potential (351). While both subsets are able 

to confer protection, protection may be linked to the anatomical location of the memory-T cell 

subsets and therefore linked to the route of infection. For example, during a peripheral 

vaccinia virus infection TEM provide protection, while during systemic LCMV infection TCM 

were more potent (352,353). 

One pathway proposed for memory T cell formation is a linear development of naïve T cells 

into memory cells in which most memory T cells pass through an effector phase. Various 

studies using either adoptively transferred effector T cells (354,355,356) or lab generated 

reporter mice (have CRE/LOXP marked effector cells) (357,358,359) have shown that the 

bulk of the CD8
+
 T (and CD4) memory cells arise from effector T cell progenitors.  This 

pathway however, does not discount the possibility that parallel development might occur. At 

the peak of a response after virulent infection, some CD8
+
 T cells have been found to already 

have gained the ability to undergo secondary expansion, a key property of memory cells 

(360). There has also been some evidence that indicates that naïve T cells can become 



31 

 

memory T cells quicker without going through full effector phase when under the influence of 

certain (minor inflammatory) stimuli. Badovinac et al. (361) showed  that L. monocytogenes-

specific
 
CD8

+
 T cell populations primed in antibiotic-pre-treated mice

 
underwent a brief 

effector phase, but rapidly developed phenotypic
 

(CD127
high

, CD43
low

) and functional 

(granzyme B
low

, IL-2-producing)
 
characteristics of memory CD8

+
 T cells. The early memory 

CD8
+ 

T cells were capable of substantial secondary expansion in response
 
to booster challenge 

at day 7 post-infection, resulting in significantly
 
elevated numbers of secondary effector and 

memory CD8
+
 T cells

 
and enhanced protective immunity compared with control-infected

 
mice 

(361).  

It appears that inflammation may enhance the formation of effector cells and therefore 

clearance of pathogens and at the same time delays the formation of memory properties such 

as responding to secondary challenge. Hence, strong inflammatory responses that accompany 

virulent microbial infections may be beneficial in clearing the pathogen (351). Differentiation 

of memory CD8
+
 T cells during chronic infection however has been found to be dissimilar to 

that during acute infection and results in functional impairment characterized by reduction of 

proliferative potential, cytotoxic capacity, and gradual loss of effector cytokines (IL-2 > TNF 

> IFN- ) (362). Furthermore, during chronic infection, cells respond poorly to IL-7 and IL-15, 

which are essential for CD8
+ 

T cell persistence following acute infection. Several studies (363, 

364,365,362,366,367) have shown that the CD8
+
 T cells from chronic infections acquire 

expression of a unique set of cell surface inhibitory molecules including PD-1, CTLA-4, 

CD160 and CD244. These exhausted memory cells that develop during high-titre chronic 

infections (for example LCMV) are principally maintained by extensive cell division triggered 

by continuous antigenic stimulation.  

Memory CD4
+
 T cell formation 

As for CD8
+
 T cells, memory populations can be subdivided into central memory T cells 

(TCM) and effector memory T cells (TEM) according to the expression of CCR 7 and CD62L 

(368,369). Factors that can affect the priming and development of memory CD4
+
 T cells are 

the duration/dose of antigenic priming. Prolonged antigen exposure during priming has been 



32 

 

shown to increase the proportion of memory CD4
+
 T cells generated (370,371). Also, 

increased IL-2 production during priming was found to correlate with an increased yield of 

memory CD4
+
 T cells and inhibited the apoptosis of effector CD4 T cells (372,373). CD44 

expression promotes Th1 effector cell survival and it has recently been shown to be required 

for the generation of memory CD4
+
 T cells from Th 1 effector cells, but not Th2 or Th17 cells 

(374). Differing requirements for priming and differentiation suggests that memory CD4
+
 T 

cell generation may involve multiple precursors, which remain to be defined.  

Maintenance of CD4
+
 T cells requires TCR engagement for their persistence/homeostasis. 

Requirements of antigen and /or non-cognate T cell stimulation for memory T cell 

homeostasis and turnover have been investigated (375,376). Bushar et al. (377) have shown 

that ablation of TCR signals, through conditional deletion of the gene encoding SLP-76, a key 

TCR-coupled linker-adaptor signalling molecule, resulted in almost complete inhibition of 

memory CD4
+
 T cell turnover in both steady-state and lymphopenic conditions as well as a 

reduction in their persistence.  

Consistent with CD8
+
 memory T cells, CD4

+
 effector memory (TEM) cells were identified as 

producing effector cytokines, with the central-memory (TCM) cells predominantly producing 

IL-2 (348,14). However, subsequent studies (378,353,379) have highlighted that both TEM and 

TCM populations have effector function, although the TCM subset has a greater proliferation 

capacity compared with the TEM subset in both humans and mice (14). In humans, memory 

CD4
+
 T cells have been found to differ in the expression of a variety of chemokine receptors 

(distinct from CCR7). The complexities of phenotypic variation in memory T cells could arise 

either during their initial generation from multiple precursors or through changes and signals 

perceived during their homeostatic maintenance (368,380). The range of homing/chemokine 

receptors expressed by the T cells may reflect their capacity for trafficking and homing to 

lymphoid and non-lymphoid tissues.  

Memory CD4
+
 T cell responses have been shown to maintain the effector functions from the 

primary response, based on studies showing conserved Th1 or Th2 cytokine profiles from 

populations of polarized Th1 or Th2 effector cells (381,382). Subsequent studies have 
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however demonstrated flexibility during the activation of secondary CD4
+
 T cell responses 

where environmental cues are able to adjust the functional outcome. Indeed, memory CD4
+
 T 

cells that produced predominantly IFN-  during the primary responses were still able to be 

differentially activated in the secondary response by changing the TCR stimulus to produce 

predominantly IL-4 (383). Furthermore, inflammation and cytokine environment are able to 

alter the outcome of memory CD4
+
 T cell responses with pro-inflammatory environments 

promoting Th1-like cytokines from populations of Th2 or uncommitted memory CD4
+
 T cells 

(384). Understanding the plasticity of memory T cell generation, persistence and recall for 

both CD4
+
 and CD8

+
 T cells will be important for developing protective immunity and 

memory modulation for both acute and chronic infections as well as tumours.  

Immunotherapy and the treatment of melanoma 

An ever-increasing understanding of immune system - tumour interactions have led to a 

variety of strategies being investigated for their ability to generate therapeutic immune 

responses to cancer. 

Melanoma is a very aggressive and deadly type of skin cancer that arises from transformed 

melanocytes (385).  Survival outcomes for patients with advanced metastatic melanoma are 

poor despite advances in immunotherapy and targeted therapy with the median survival 1 

year (386). Current treatment options include surgery in combination with chemotherapy, 

post-operative radiation therapy, adjuvant therapy with IFN alpha-2b or enrollment in a 

clinical trial (385,387).  

As melanoma is thought to be an immunogenic tumour, the development of vaccines have 

been investigated in the hopes of enhancing anti-tumour responses through the improvement 

of antigen presentation to naïve and memory T cells (388,389). The range of vaccines 

developed have included antigen-specific vaccines, peptide/protein-based vaccines, cytokine-

based vaccines as well as whole-tumour cell vaccines with a wide variety of delivery systems, 

adjuvants, injection frequencies and routes of administration being investigated (390).  
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To date, vaccines that have been trialed have been derived from melanoma-associated tumour 

antigens including gp-100, MART-1 (391), GM2-ganglioside (392), or from melanoma cells 

(393) and cell lysates (394). All vaccines however have not yielded an improvement in overall 

survival in patients with resected melanoma.  

DC-based vaccines 

A strategy that has been extensively investigated is that of DC-based vaccines. The discovery 

that DCs are the only cell type able to initiate de novo antigen specific T cell responses led to 

the development of vaccines where DCs were loaded with peptides, proteins, whole tumour 

cell lysates or mRNA and examined in clinical trials (175,395).  

Increasing the effectiveness of DC-based vaccines has been investigated using various 

strategies which will be discussed below, ranging from the development of new adjuvants to 

enhancing DC-T cell interactions (396). 

Adjuvants 

DCs must first be activated before they are able to induce immune responses, as activation 

results in improved antigen-presenting abilities as well as conferring migratory potential to 

DCs and increased expression of T cell costimulatory proteins (397).Immune adjuvants have 

already been shown to be useful in the treatment of early stage tumours, for example the use 

of bacilli Calmette-Guerin mycobacterium (BCG) in bladder cancer (398,399) and imiquimod, 

a TLR-7 agonist in epithelial tumours (400,401). A disadvantage of both of the adjuvants is 

that neither is suitable for systemic delivery. In most clinical trials, inflammatory cytokine 

cocktails have been used to mature DCs, although other approaches, including more TLR 

ligands have also been investigated (142,402). 

Antigen delivery is therefore a crucial field of research for vaccine development. Because 

antigen uptake, processing, and presentation dictate the type of induced T-cell response, a 

correctly designed delivery system offers a means of targeting antigens to the appropriate 

antigen-presenting cells (403,404). Adjuvants enhance antigen presentation and promote T 

cell differentiation. Adjuvants are applied to enhance the ability of a vaccine to elicit strong 
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and durable immune responses (405). To treat intracellular pathogens and cancer, adjuvants 

have to be able to induce strong cellular responses, including Th 1 cells and sometimes 

cytotoxic T lymphocytes in addition to antibodies (406). Until recently, aluminium salts have 

been the only adjuvant in use in vaccines. A disadvantage being that aluminium salts primarily 

enhance Th2-driven antibody responses and have little effects on Th1-type responses (407). 

Therefore for vaccines that rely on Th1 responses, the use of TLR ligands saponins and 

delivery vehicles such as immune stimulating complexes (ISCOMS) are being investigated for 

their ability to induce the appropriate Th1 responses  (408,409,410,411,412,413,414).  

Mechanisms of action of adjuvants 

The initiation of Th cell responses requires three signals, referred to as signal 0, signal 1 and 

signal 2. The two-signal hypotheses were first proposed in the early 1970‟s, the first by 

Bretscher and Cohn as a mechanism to maintain self-tolerance in the face of B cell 

hypermutation (415) and later a different two signal model was proposed by Lafferty and 

Cunningham to explain  MHC restriction and alloreactivity (416). Both models define signal 

one as that which occurs when a lymphocyte‟s antigen-specific receptor (Ab or TCR) contacts 

the appropriate antigen, i.e. native antigen for B cells and peptide/MHC complexes for T cells 

(415,416,417).  Both models also suggest that this is not enough for activation and that a 

second signal is required. In the Bretscher and Cohn model of self-tolerance this second signal 

is supplied by an antigen responsive cell (T helper cell) and was called help (415). The 

Lafferty and Cunningham model proposed that in order to activate naïve antigen-specific T 

cells, a second signal from an antigen-presenting cell is required and was coined co-

stimulation (416). Later this model was extended to explain how co-stimulatory molecules 

were induced on APC by Janeway (418) and Matzinger (417), the latter emphasizing the role 

of necrosis and cell stress as a „danger signal‟.  

Janeway introduced the concept of signal 0 (418). Signal 0 is generated by the recognition and 

binding of pathogens to TLRs, thereby alerting the body to the presence of infectious non-self. 

The activation of signal 0 will cause signal 2 (co-stimulatory molecules) to be produced. 

Matzinger (419) on the other hand proposed a concept that does not discriminate between self 
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and non-self, but rather between dangerous and non-dangerous. The danger theory supposes 

that the immune system is more concerned by the ability of the antigen to cause tissue damage 

than the origin of the antigen. In this context danger signals would be endogenous, non-

foreign alarm signals, i.e. released from damaged tissue, including mammalian DNA, RNA, 

heat shock proteins to name a few. However subsequently it has been found that both 

conserved bacterial motives and non-foreign alarm signals are recognized by the same TLRs 

on APCs, thereby highlighting some overlap between the two extensions of the two-signal 

hypothesis (419).  

There are currently three different classes of adjuvants, each having different effector 

mechanisms. Most of the recently developed specific adjuvants, such as TLR agonists, are 

called type A adjuvants. An example is monophosphoryl lipid A (MPL), which has recently 

been licensed for use in several anti-viral vaccines (420). MPL is isolated from the LPS of 

Salmonella minnesota R595 and acts as an agonist at TLR4 and TLR2 on APCs (421). It 

therefore acts primarily on signal 0 and indirectly on signal 2 by activating APCs and 

triggering the secretion of cytokines such as IL-12. Furthermore, TLR agonists can act on 

signal 1 by favouring efficient presentation of co-administered antigen (406).  

Non-specific adjuvants (for e.g. aluminium salts) and formulations that target APCs or favour 

antigen capture are called type B adjuvants (407). The exact mode of action of aluminium 

salts was poorly defined until recently. Morefield et al. (422) has proposed that antigens 

absorbed onto the aluminium salts are presented in a particulate multivalent form, making 

them more efficiently internalized by APCs. Their effect is therefore based on an 

amplification of signal 1. Subsequently, it has also been proposed that alum relies on the 

NACHT, LRR and PYD domains-containing protein-3 (NLRP3) inflammasome for 

adjuvanticity (423,424). The inflammasome is a high molecular weight complex that activates 

caspase-1, promoting the secretion of proinflammatory cytokines such as IL-1β (425). 

Engulfed alum particles were proposed to trigger lysosomal damage, leading to NLRP3 

activation via cathepsin B, resulting in pro-inflammatory immune responses (426). This 

mechanism has however been disputed by other reports showing that alum binds DC plasma 

membrane lipids, triggering DCs responses by altering the lipid structures (427) again 



37 

 

implying that the effect is based around signal 1. Type C adjuvants (for e.g. TGN1412; an 

anti-CD28 mAb) (428) are based on an enhancement of signal 2 through interaction with co-

stimulatory molecules on APCs. There have been efforts to introduce type C adjuvants into 

clinical use, but until now their applicability is estimated to be marginal.   

Whole bacteria as adjuvants for cancer 

The use of whole bacteria to treat malignancies has been around since the early 1700‟s. One of 

the most notable studies was conducted by William Coley, a surgeon, who injected 

streptococcal organisms into patients with inoperable cancer, yielding the best results on bone 

and soft-tissue sarcomas (429). Coley hypothesised that severe infection resulted in the 

regression of cancer. He proved his hypothesis by injecting a patient with live streptococcal 

organisms and shrinkage of a malignant tumour was observed. However, the injections were 

rather dangerous, and a few lives were lost to infection. The concoction that he worked with 

subsequently, known today as Coley‟s toxin, was heat-killed preparations of streptococcal 

organisms, combined with a second, gram-negative organism, called Serratia marcescens. By 

the end of his career, Coley had treated almost 1,000 patients. His greatest success was noted 

in patients with bone and soft-tissue sarcoma, accomplishing a cure rate of about 10%. The 

treatment was found to be less effective on other types of cancer such as melanoma and 

carcinoma. Controversies plagued Coley‟s work however, as there are more than 13 different 

preparations documented and also various routes of administration were utilized thereby 

making it difficult for others to gain similar results. Ultimately the development of radiation 

therapy and chemotherapy resulted in the decreasing use of Coley‟s toxin to treat cancer (430, 

429). 

 Coley‟s toxin and its results inspired further research, although not until much later. 

Examples include the use of BCG in bladder cancer and Corynebacterium parvum against a 

range of solid tumours (431). Another example is that of a streptococcal preparation OK-432, 

a penicillin-killed and lyophilized preparation of a low-virulence strain of Streptococcus 

pyogenes (Group A) (432,433,434). This preparation has been used in Japan for more than 

twenty years although it‟s mechanism of action has only recently been addressed.  
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Recently, Okamoto et al. (435,52,436) and Fujimoto et al. (437) have more closely studied the 

mechanism of action of OK-432 as an adjuvant for cancer therapy. OK-432 and OK-PSA (a 

lipoteichoic acid (LTA)-related molecule isolated from OK-432) were found to augment the 

activity of neutrophils, macrophages, lymphocytes and NK cells as well as inducing multiple 

Th1 cytokines including IL-1, IL-2, IL-6, TNF-α and IFN- .  

OK-432 is a whole bacterial preparation and therefore contains many components. An 

important question that needed addressing was to investigate what the major effective 

component(s) are for cytokine induction, as well as for the anti-tumour effect of OK-432. In 

order to isolate and characterize the effective molecule, a mouse mAb against OK-432 was 

generated and named TS-2 (52).  TS-2 was found to neutralize the IFN- -inducing molecule 

called OK-PSA. Furthermore, OK-PSA was found to increase NK and lymphokine-activated 

killer (LAK; IL-2 activated NK cells) cell activities as well as IFN-  secretion on human 

PBMC and induced marked anti-tumour activity both on salivary gland tumour bearing nude 

mice and Meth-A bearing BALB/c mice. Twenty-four hour stimulation of PBMC with OK-

PSA resulted in a marked increase of the secretion of IFN- , IL-12 and IL-18. Additionally, 

the treatment with OK-PSA significantly accelerated killer cell activities of PBMC both 

against K562 (human erythroleukemic line) and against Daudi, a Burkitt‟s lymphoma cell 

line, in a dose-dependent manner compared with untreated controls. Okamoto et al. and 

Fujimoto et al. have also showed that TS-2 recognizes LTA derived both from S. pyogenes 

and from Enterococcus hirae. They then went on to determine that OK-PSA has a certain 

chemical structure common in LTAs (52,437).  

In most tissues, including tumour tissues, DCs are present in an immature state (438,439). 

Whilst both immature and mature DC are able to process and present antigen in the context of 

MHC – peptide complexes to T cells, mature DC are significantly better at CTL induction and 

therefore attractive for effective immunotherapy (440,441). A number of studies have 

therefore addressed the ability and mechanism of OK-432 and OK-PSA to stimulate DC (442, 

52,443,444).   
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Utilizing human DCs isolated from both donor-derived as well as head and neck cancer 

patients, in vitro experiments including cytokine and chemokine assays, cytotoxicity, mixed 

lymphocyte reactions as well as RT-PCR were used to assess the ability of OK-PSA to mature 

DC and determine which TLR was important (52). Wild-type or TLR-4 deficient mice bearing 

Lewis lung carcinoma (LL/2) tumours were then used to assess the anti-cancer effect of OK-

PSA administration following DC therapy.  

Results from the in vitro experiments showed that the expression of TLR 4 on DC was 

important for maturation with OK-PSA. Patient DCs not expressing the TLR4 gene did not 

respond to OK-PSA, unless they were transiently transfected with TLR4 cDNA. Transfected 

DC showed increased surface expression of DC maturation molecules including MHC-II, 

CD80 and CD86 as well as production of important cytokines such as IL-12 comparable to 

that of control samples in response to OK-PSA (52). The ability of OK-PSA to mature DCs 

has also been compared to other commonly used substances, including LPS and various 

cytokines including IL-1β and TNF-α and found to be superior (442). Injection of DC 

followed by OK-PSA intra-tumourally in mice bearing LL/2 tumours was found to 

significantly inhibit tumour growth in WT mice but not mice deficient in TLR4, again 

highlighting the importance of TLR4 for the presentation of this immunotherapeutic agent 

(52).  

In addition to maturing DC, resulting in the production of Th1 cytokines, the ability of OK-

432 to induce cytotoxic T cells has been investigated using tumour associated antigen-pulsed 

DC (443) as well as dendritic/tumour fusion cell vaccines (where OK-432 stimulated DC were 

fused to colorectal carcinoma cells) (441).  In both cases the DC were able to induce potent 

CTL responses specific to target cells presenting the correct antigen (441,443).  

OK-432 (Picibanil ) is currently being tested in a number of clinical trials (especially in 

Japan) against a range of diseases however mainly focusing on head and neck lymphatic 

malformations (445,446,447). Results obtained over the next few years could prove to be very 

exciting for the use of DC immunotherapy in the clinical setting. 
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Tumour Antigens and DC vaccines 

The presence of tumour antigens which are able to be recognized and targeted by both CD4
+
 

and CD8
+
 T cells, are essential for effective anti-tumour immune responses (396). Many 

studies have been conducted to identify tumour-associated antigens that could be targeted in 

melanoma (448,449,450) and these can be divided into categories based on whether they are 

strictly tumour specific (unique or neo-antigens) or if they are shared by both normal and 

tumour tissues (451).  

The discovery of these tumour associated antigens made it possible to develop vaccines where 

DCs were loaded with defined tumour epitopes, either in the form of peptide or protein, or 

incubated with tumour lysates and tested in clinical trials (452,453,451). Resulting clinical 

response rates to the DC vaccinations were however dissapointingly low despite substantial T-

cell responses and tumour regression noted in animal models  (452,454).  

A plethora of studies have subsequently been conducted proposing different strategies to 

improve responses by DC vaccines. Some of these include the addition of adjuvants as 

discussed above to enhance T cell responses (455,456) and the length of the peptide 

administered, as long peptides are able to present both cytotoxic and helper T-cell epitopes 

therefore allowing for display on both MHC-I and –II on DCs which may result in stronger 

immune responses (457). Other studies have investigated different DC subsets (discussed 

earlier) in order to see if targeting a specific subset controls the type of response that is 

induced (176) while further research has considered the tumour microenvironment and the 

development of tolerance (458,459,460) 

Tumour cells use multiple mechanisms to evade the immune response including inhibiting the 

function of effector cells by inhibiting the sentinel cells, recruiting regulatory immune cells to 

suppress the immune response or selecting tumour variants that evade recognition by CD8
+
 T 

cells by downregulating MHC-I (461,462,463), highlighting the need for new therapies that 

could be used in conjunction with T-cell based therapies.  
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NK cells are part of the first line defence against tumours and preferentially target cells with 

low MHC-I expression. Furthermore, DC-NK cell crosstalk has been shown to be crucial in 

shaping the innate and adaptive immune responses, resulting in recruitment, cellular 

activation, maturation and release of cytokines from both cell types (464,465). A valid option 

for new immunotherapeutic approaches may therefore be to develop strategies that target the 

activation of NK cells.    

Aims 

This thesis set out to investigate the potential of Streptococcus salivarius K12 as a NK cell-

activating adjuvant for DC-based immunotherapy. S. salivarius K12 was chosen due to its low 

pathogenicity. It is a member of the normal commensal microbiota of the oral cavity, upper 

respiratory tract and intestine (466) and is classified as a viridians streptococcus as it 

possesses no Lancefield type antigens. Group A Lancefield streptococci such as S. pyogenes 

are able to release toxins which can result in life-threatening systemic infections. The first 

results chapter compares the ability of a range of G+ve and G-ve bacteria, including S. 

salivarius K12, to activate NK cells, measuring IFN-  release. Flow cytometry is used to show 

that S. salivarius K12-induced IFN-  release from NK cells is dependent on interactions with 

DC.  The second results chapter examines whether these bacterially-activated NK cells are 

able to elicit effective anti-tumour responses in a therapeutic B16.OVA melanoma model. 

Depletion antibodies are also utilized to assess the requirement of NK cells for effective 

tumour immunotherapy. In the final results chapter the role that NK cells play in the anti-

tumour response are considered utilizing a prophylactic tumour setting.  
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Chapter 2: Materials and Methods 

Mice 

All animals were maintained in the HTRU animal facility at the University of Otago. 

Experimental procedures were carried out under the ethical approval of the University of 

Otago Animal Ethics Committee. The BALB/c and C57BL/6 were purchased from HTRU, 

University of Otago. All mice were used between 6 and 10 weeks of age and were euthanized 

by asphyxiation (CO2). 

Serum-free media 

Serum-free media (SFM) was adopted for use in prophylactic tumour experiments to avoid 

anti-FCS immune responses (See Chapter 5). The media was from Newman et al. (467)  and 

consists of nutrient rich DMEM/F12/RPMI 1640 (1:1:2; Gibco Invitrogen), 1 mg/ml BSA 

(Gibco Invitrogen), 5 µg/ml insulin (Sigma), 5 µg/ml transferring (Sigma), 5 pM 

triiodothyronine (Sigma), 10 nM sodium selenite (Sigma) and 50 nM hydrocortisone (Sigma).  

Dendritic cell-based anti-tumour therapy 

Growth of B16.OVA 

The B16F10 melanoma cell line transfected with the full length ovalbumin gene (B16.OVA) 

was obtained from Drs Edith Lord and John Frelinger. When grown in the presence of serum, 

B16.OVA was cultured in RPMI-1640 with 10% FCS (R10; PAA Laboratories, Austria) and 

supplemented with 50 µg/ml Geneticin (to select for transfected cells; Gibco Invitrogen) in 

culture flasks. Every 2-3 days when a confluent layer of cells had formed, cells were split 

either by scraping adherent cells off the sides of the flask or through the use of trypsin. When 

B16.OVA was grown in SFM supplemented with Geneticin (chapter 5) cells were split by 

scraping only in PBS, since tryptic activity is difficult to remove from cell cultures without 

inhibition by FCS, even with extensive washing steps (468).  
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Challenge of mice with tumours 

B16.OVA tumour cells were harvested either by scraping or by trypsinization as described 

above, washed twice with PBS (Invitrogen) and resuspended at 1 × 10
6 

cells/ml. Growth of 

B16.OVA in vivo using either method was identical (see chapter 5). Female mice aged 

between 6-8 weeks were implanted subcutaneously (s.c.) with 1 × 10
5 

B16.OVA cells in the 

right flank using a 31 Gauge needle (BD Biosciences).   

Therapeutic tumour setting 

Mice were implanted with 1 × 10
5
 B16.OVA tumour cells as described above. Three days 

following tumour implantation mice were immunized in the opposite flank with bone marrow-

derived dendritic cells (BMDC) that were pulsed for 18 hours with ovalbumin protein, (OVA; 

200 µg/ml; Sigma) and treated for the last 4 hours with either heat-killed whole Streptococcus 

salivarius at a 1:1 ratio for 4 hours or Salmonella Typhimurium LPS, Staphylococcus aureus 

LTA (1 µg/ml; Sigma), Pam3Cys (EMC microcollections) or CpG (GenScript USA; 10 

µg/ml). BMDC were washed twice in PBS to get rid of excess bacteria/adjuvants before being 

injected into mice. Two immunizations were administered in certain experiments, in this 

setting mice received therapy on days 3 and 10 or 7 and 14 post tumour implantation.  

Prophylactic tumour setting 

Mice were immunized with BMDC that had been OVA-pulsed and activated with bacteria as 

described in the therapeutic setting on day 0 in the left flank. Thirty or sixty days later mice 

were challenged with 1 × 10
5
 B16.OVA tumour cells in the right flank.  

Monitoring tumour growth 

Once palpable, tumours were measured 2-3 times a week using callipers. Tumour size was 

calculated as the product of bisecting diameters, with 2 mm subtracted from these values, as 

the surrounding skin is assumed to be 1 mm thick. Animals were euthanized when tumour size 

exceeded 150 mm
2
.  
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In vivo antibody depletion 

Depletion of NK cells 

The antibodies, rabbit anti-asialo GM1 (Wako) and PK136 (mouse monoclonal antibody that 

reacts with strain-specific mouse NK1.1; BD Pharmingen Cat # 553162, IgG2a) have been 

shown to eliminate NK cells in mice. Both means of NK cell depletion were tested and used 

as follows: 

One day before immunization or tumour implantation, NK cells were depleted by intravenous 

(i.v.) injection of 20 µl (± 0.54 mg) in 100 µl PBS for rabbit anti-asialo GM1 (ASGM1) or 25 

µg PK136 in 100 µl PBS. The concentration of rabbit anti-asialo GM1 was quoted in 

microlitres as the manufacturer does not supply the concentration of the product. However, 

protein concentration was estimated using coomassie blue spot test and found to be (± 0.54 

mg. Both the manufacturer‟s instructions and our initial pilot studies showed that the first 

injection of ASGM1 is effective for at least 3 days and so a further injection was administered 

3 days later. Effective in vivo depletion was shown by FACS analysis in the spleen, 3 days 

after administration of both ASGM1 and PK136 (figure 4.5). To control for non-specific 

effects of antibody administration, control mice were treated with rabbit or mouse IgG. 

Depletion of CD4
+
 and CD8

+
 T cells 

For the prophylactic tumour experiment summarised in figure 5.9, mice were depleted in vivo 

of either CD4
+
 or CD8

+
 T cells by intravenous injection on days -3, -1 and +2 relative to the 

time (d0) of priming or tumour challenge (100 µg/mouse) using either YTS191.1 (anti-CD4) 

antibody or 53-5-8 (anti-CD8) antibody, both produced and purified in our lab from the rat 

hybridomas. Effective in vivo depletion was shown by FACS analysis in lymph node, 3 days 

after administration of either antibody (figure 5.10). To control for non-specific effects of the 

antibody, control mice were treated with rat IgG (purified in our lab). 
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General ex vivo techniques 

Preparation of cells from lymph nodes and spleen 

Mice were sacrificed and the spleen, axilliary, brachial, cervical and inguinal lymph nodes 

aseptically removed as required, transferred into a Petri dish containing 10 ml HBSS (made in 

house), teased out with curved Watchmaker forceps, and filtered through a 70 µm sieve into a 

50 ml Falcon tube. The cells were then spun at 453 ×g for 5 min at room temperature. Cells 

were then either depleted of erythrocytes with ACK (made in house) or alternatively 

resuspended in R10 depending on the experiment.  

Preparation of bone marrow-derived dendritic cells (BMDC) 

Mice were sacrificed by CO2 asphyxiation, sprayed with 70% ethanol and the tibias and 

femurs excised using sterile scissors, freeing the bone from the flesh and placed in a Petri 

dish. Bones were sterilized in 70% ethanol for one minute and then washed twice in the same 

Petri dish with PBS. Using a 27 gauge needle attached to a 10 ml syringe filled with R10, the 

marrow was flushed out into a 50 ml Falcon tube. The contents of the tube were then filtered 

through a 70 µm filter and pelleted (453 ×g, 5 min). These cells were plated at a cell density 

of 5 × 10
6
 in 10 ml of R10 + 5% GM-CSF in Petri dishes (37°C, 5% CO2). Cells were fed at 

day 3 by addition of 10 ml of fresh R10 + 5% GM-CSF. BMDCs were harvested on day 7. 

For BMDC cultured in serum-free media (SFM), marrow was flushed out using SFM as 

described in chapter 5 and cultured as above except in SFM + 5% GMCSF.  

Isolation of spleen and lymph node DC for MACS sorting 

Isolated lymphatic organs were collected into petri dishes filled with 5 ml HBSS containing 

20 µg/ml DNAse I (Roche). Using curved watchmaker forceps, spleens were teased apart. 

Next, 400 µl heat inactivated FCS was added and disrupted tissues transferred into 50 ml 

Falcon tubes. Any remaining cells in the dish were rinsed with 5 ml HBSS into the tube. 

Collagenase P (Roche) at a concentration of 0.5 mg/ml was added and the tube incubated at 

37°C + 5% CO2 for 25min in a battery-powered tube rotator (MACS Miltenyi). Meanwhile, 

Petri dishes were filled with 5 ml ice-cold Wuerzburger buffer (PBS/0.3% BSA/5 mM EDTA; 
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McLellan et al. (469)) and stored on ice until later. After incubation, 200 µl 0.5M EDTA (pH 

7.2) was added and remaining fragments were pressed through a coarse metal sieve, or 

alternatively through a 70 µm filter into the original Petri dish using a rubber plunger. The 

filter and Petri dish were rinsed with Wuerzburger buffer and cells filtered through a 70 µm 

filter into a 50 ml Falcon tube. The tube was topped up to 50 ml with Wuerzburger buffer and 

spun 515 ×g for 6 min at 4°C. The pellet was slowly resuspended in 10 ml 14.1% Nycodenz 

(308mOSM; Axis-Shield), pipetted gently up and down to ensure that clumps of cells are 

separated and transferred into a 15 ml Falcon tube. The cell suspension was gently overlaid 

with 2 ml Shortman buffer (308mOsm) and spun at 652 ×g for 20 min at 4°C with the break 

switched off. Low density cells were harvested from all layers except for the pellet and red 

cells and washed once in cold Wuerzburger buffer. CD11c MACS isolation of splenic DC was 

then conducted (See section on assays). 

Depletion of MHC-II positive cells from splenocytes 

Splenocytes were prepared as above with cells being depleted of erythrocytes using ACK 

buffer (2min RT). The cells were then refiltered using a 70 µm filter into the 50 ml Falcon 

tube and topped up to 50 ml with 0.1% BSA/PBS/2mM EDTA and spun at 453 ×g for 5min. 

Cells were counted and resuspended at 2 × 10
7
/ml in 0.1% BSA/PBS/2mM EDTA. Rat anti-

mouse MHC-II antibody (I-A/I-E: clone 2G9 produced in house) at a concentration of 1 µg/ml 

and 0.5 ml of 12 mg/ml 10× magnetically concentrated BIOMAG goat anti-rat beads (Bang 

laboratories cat# BM560) were added for every 10
8
 cells. Cells were incubated for 45min at 

4°C, then, the tube was placed in a Dynabead magnet (Dynal, Sydney, Australia) for 3-5min 

until the solution cleared. Unlabelled cells were removed with a sterile plastic Pasteur pipette, 

counted and pelleted (453 ×g, 5min) and resuspended at 2 × 10
6
/ml in R10 or alternatively 

were resuspended in 0.1% BSA/PBS/2mM EDTA for FACS sorting.  

Cryopreservation of cells 

Cells were spun at room temperature for 5min at 453 ×g and the supernatant discarded. Cells 

were then resuspended in freezing media (FCS/10% DMSO; Sigma) and aliquoted into 

cryovials. Cryovials were placed into a controlled temperature freezing chamber (Nalgene 
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#5100-0001) and stored overnight at -80°C. The following day cryovials were transferred into 

liquid nitrogen. 

Thawing of cryopreserved cells 

Cells in cryovials were thawed by the addition of preheated (37°C) media containing 10% 

FCS. By transferring cells into Falcon tubes containing 10ml preheated media the 

concentration of DMSO was reduced. Cells were counted while being spun at 453 ×g for 5min 

at room temperature. The supernatant was discarded and cells resuspended at the desired 

concentration for the specific experiment.   

Cultivation of cell lines 

YAC-1 (NK cell sensitive T cell lymphoma), A20 (B cell lymphoma), YTS191.1 (anti-CD4) 

and 53-5-8 (anti-CD8β) cell lines were grown in RMPI 1640 + 10% FCS in culture flasks. 

Every 2-3 days cells were split and resuspended in fresh media. YAC-1 and A20 were used in 

JAM assays and the hybridomas were placed in bioreactors to produce antibodies which were 

purified by 45% sodium sulphate precipitation.  

Bacteria 

 Maintenance of bacterial strains 

 Stock cultures of all strains were stored onto beads at -80°C.  (A single colony is picked off 

an agar plate and added into an eppendorf containing beads and frozen) Strains not in regular 

use were sub-cultured from freezer stock cultures as required. Strains in regular use were sub-

cultured onto blood agar plates containing 0.1% CaCO3 (Fort Richard Laboratories Ltd, 

Auckland, NZ) and stored at 4 °C for two weeks. Neisseria gonorrhoeae was grown on 

chocolate agar. All strains apart from N. gonorrhoeae were grown in Todd-Hewitt Broth 

(THB; DIFCO, Fort Richard Laboratories, Auckland, NZ). For the growth of N. gonorrhoeae 

a fastidious broth (FB) modified from a method published by Cartwright et al. 1994 was used. 

Cartwright et. al. described an improved enrichment broth for the cultivation of fastidious 

organisms. The broth utilized Columbia broth base which was exchanged for enriched Brain 
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heart infusion (BHI; BD Biosciences) which contains more beneficial nutrients for neisserial 

species (470). Media was sterilized by autoclaving at 121°C for 15min. 

Mycobacterium bovis and Bacillus Calmette-Guèrin (BCG) were cultured in flasks by adding 

approximately 2 × 10
8
 CFU to 20 ml 7H9 broth. Bacteria were incubated at 37°C, 5% CO2. 

When cultures reached an optical density (OD600) of between 0.1 -0.2, bacteria were 

transferred into a new flask and topped up to 200 ml with fresh 7H9 media (BD Biosciences) 

and further incubated at 37°C, 5% CO2. Bacterial strains used are listed in Table 2.1. 

Purity check of Streptococcus salivarius K12 

A comparison between a standard curve of optical density (OD) and colony forming units 

(CFU) was conducted to check consistency of subcultures of S. salivarius K12. Fifty 

millilitres of THB broth was inoculated with 0.5 ml (1%) of a S. salivarius K12 overnight 

culture. A time zero sample was taken immediately and 1ml aliquoted into a cuvette and 

OD600 read. The sample was then diluted 1 in 10 in THB broth down to 10
-6

 and 20 µl drops 

placed onto a quarter of a blood agar plate for each of the 6 dilutions. Sampling was repeated 

at 30 min intervals until the OD readings reached a plateau which was defined as three similar 

readings. Plates were incubated overnight at 37°C, 5% CO2 before being counted and analysed 

using the following equation.  

CFU calculation = [Mean no. colonies/ amount plated (0.02)] × 1/dilution. 

Preparation of bacterial cultures 

Inoculated broth cultures were grown overnight at 37°C, 5% CO2, after which the bacterial 

cell count was calculated using optical density. Three 1 in 3 dilutions were made from the 

overnight culture into THB or FB and these measured at 600nm in a Jenway 6305 

spectrophotometer. Bacterial count was then calculated using the equation y = 3×10
-8

x
0.8416

 (as 

determined in previous plating experiments). One ml of the overnight culture was then 

centrifuged at 3220 ×g for 5min. Supernatant was collected and filtered for use in figure 3.1 

while the pellet was washed in 0.1%BSA/PBS/2 mM EDTA and spun for another 5min before 

being resuspended in media for use in experiments as described below.              
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Species & Strain Gram Stain Extracellular/Intracellular Source 

Streptococcus 

salivarius K12 

Gram-positive Extracellular DMCC 

Bacillus subtilis Gram-positive Extracellular DMCC 

Staphylococcus 

aureus 

Gram-positive Extracellular DMCC 

Streptococcus 

pyogenes F22 

Gram-positive Extracellular DMCC 

Enterococcus 

faecalis 

Gram-positive Extracellular DMCC 

Lactobacillus 

reuteri 100-23 

Gram-positive Extracellular Prof. Gerald 

Tannock 

Listeria 

monocytogenes 

Gram-positive Transiently intracellular DMCC 

Pseudomonas 

aeruginosa 

Gram-negative Extracellular DMCC 

Salmonella enterica 

serovar 

Typhimurium 

Gram-negative Transiently intracellular DMCC 

Proteus mirabilis Gram-negative Extracellular DMCC 

Escherichia coli Gram-negative Extracellular DMCC 

Klebsiella 

pneumoniae 

Gram-negative Extracellular DMCC 

Neisseria 

gonorrhoeae 

Gram-negative Transiently intracellular DMCC 

Mycobacterium 

bovis 

- Intracellular Dr Frank Aldwell 

Mycobacterium 

bovis BCG 

- Intracellular Dr Frank Aldwell 

DMCC = Department of Microbiology and Immunology Culture Collection, University of 

Otago, Table 2.1: List of bacterial strains used 
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Assays 

Stimulation of cells 

Splenocytes were prepared as described above and the concentration adjusted to 4 × 10
6
/ml. In 

most experiments 1 ml of this suspension was added to wells of either 24 well or 48 well flat-

bottom Nunc plates. Splenocytes were pulsed with bacteria at MOI of 10, 1 and 0.1 and 

incubated overnight at 37°C, 5% CO2.  

For assays where DCs and either MHC-II depleted splenocytes or sorted NK cells were used, 

DCs were harvested on day 7 (for BMDC) or splenic DC sorted using MACS. Cells (adjusted 

to the desired concentration) were added to wells of 96 well round bottom or 48 well flat 

bottom Nunc plates. MHC-II depleted splenocytes or sorted NK cells were then added along 

with bacteria at MOI of 10, 1 and 0.1.  The total number of cells present in the wells was 2 × 

10
6
/well, equivalent to that used in the splenocyte system. 

ELISA 

Flat bottom 96 well plates (Nunc maxisorp Cat# 442404) were coated with 100 µl/well 

purified coating antibody against IFN-  (BD Cat# 551216) at a final concentration of 2µg/ml 

in PBS and incubated overnight at 4°C or at 37°C, 5% CO2 for 1 hour. Plates were washed 

three times with PBS/0.05% Tween 20 using a plate washer (Thermo labsystems) before 

being blocked for 10min at room temperature with 200 µl/well PBS/1% BSA. The blocking 

solution was flicked out before supernatants from stimulated splenocytes or DC/NK cells were 

added (100µl/well). Standards were serially diluted (100 µl/well) in PBS/1% BSA ranging 

from 60 ng/ml to 0 ng/ml. Samples were incubated overnight at 4 °C. Plates were washed, and 

1 µg/ml biotinylated IFN-  capture antibody (BD Cat# 554410) in PBS/1% BSA added to 

each well (100 µl/well) for 45min at room temperature.  After the incubation, plates were 

again washed three times and streptavidin horse radish peroxidase (Dako cat# P0397) diluted 

1/5000 in PBS/1% BSA was added at 100 µl/well. Plates were incubated for 1 hour at 37 °C, 

5% CO2 and then washed. Tetramethylbenzidine (TMB; 100 µl/well; Zymed cat# 00-2023) 

was added and left until sufficient colour had developed after which 50 µl/well 1M H2SO4 
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was added to stop the reaction. The plates were read at 450nm using a Biorad 550 Microplate 

reader within 30min of stopping the reaction. The plate reader was connected to a PC with 

Microplate Manager (version 5.2.1). Data was analysed using Graphpad Prism. 

Magnetic bead sorting (MACS) 

Cells prepared as described were resuspended in 15ml Wuerzburger buffer, counted and 

pelleted at 453 ×g for 5min at 4°C. The pellet was resuspended in 150 µl Wuerzburger buffer 

and 1 µl anti-CD11c MACS beads (Miltenyi Biotech cat# 130-052-001) / 10
6
 cells added. 

Cells were mixed well and incubated at 4 °C for 30min.  While the cells were incubating, the 

large cell column attached to a magnet (with a 23 gauge needle attached) was washed through 

twice with 70% ethanol and four times with Wuerzburger buffer. After incubation, the cells 

were washed in 15 ml Wuerzburger buffer and spun at 242 ×g for 10min before being 

resuspended in 4 ml Wuerzburger buffer. Cells were then loaded onto the column. CD11c 

negative fractions were reloaded onto the column and the column washed with 4ml 

Wuerzburger buffer, this was done to ensure maximum yields. The column was then taken out 

of the magnet and labelled cells washed out with 4 ml Wuerzburger buffer by using a 5ml 

syringe plunger. Positive and negative fractions were counted, spun at 453 ×g for 5min at 4°C 

and resuspended at 2 × 10
6
/ml in R10 + gentamicin (Pharmacia). 

Staining of cells for flow cytometric analysis 

General protocol for staining cells for Flow cytometry 

Cells prepared from spleens or lymph nodes were washed in PBS/0.1% BSA/2mM EDTA 

(453 ×g, 5 min) and counted. The supernatant was discarded and cells resuspended in 

PBS/0.1% BSA/5% rat serum. 250,000 cells were aliquoted into microtitre tubes and pelleted. 

Cells were resuspended in 50 µl buffer and stained with 50 µl of diluted antibody (in general 

0.5-1 µg of antibody per 10
8 

cells); cells were incubated for 15 min at 4°C. Table 2.2 shows a 

list of antibodies used for flow cytometric analysis. Buffer was added directly into the tube 

and tubes were spun 453 ×g for 5min at room temperature. Supernatant was discarded and if 

biotinylated primary antibody was used, it was detected with 50 µl of 1 µg/ml streptavidin 
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conjugated to a fluorochrome. Cells were incubated for a further 15 min at 4 °C and washed in 

buffer and spun at 453 ×g for 5min at room temperature. Supernatant was discarded and pellet 

resuspended in 300 µl buffer (FACsfix). Cells were kept on ice until flow cytometric analysis. 

FACsfix buffer is made by dissolving 1%PFA + PBS at 70°C. The solution is cooled before 

10%BSA/PBS is added at 1/10 of the total volume. 

Flowcytometric analysis 

Cells were gated according to their FSC-SSC profile and events expressed as percentages of 

counted events per gate. In most experiments 20, 000 cells were acquired. Acquired data was 

analysed using Flowjo (version 6.4.7).  

FACS sorting of cells 

MHC-II depleted or whole cell suspensions prepared from lymph nodes or spleens were sorted 

to 92-99% purity on a FACSaria (BD). Cells were resuspended in PBS/0.1% BSA/2mM 

EDTA at 1 × 10
8
/ml and labelled with the appropriate antibody mixes for 10min at 4°C (table 

2.2). Cells that were stained with biotinylated monoclonal antibodies were washed in 

PBS/0.1% BSA/2mM EDTA (453 ×g, 5min) and then detected with a streptavidin labelled 

fluorochrome (table 2.2). Cells were incubated at 4°C for 15min before being washed in 

buffer and spun at 453 ×g for 5min at room temperature. Supernatant was discarded and pellet 

resuspended in 3ml buffer before being passed through a 70 µm cell strainer into a new Falcon 

tube. Cells were kept on ice until flow cytometric analysis.  

Flow cytometric sorting was performed on a FACSaria. Non-stained samples and samples 

stained with single antibodies were used to set fluorescence channel voltage and to 

compensate for any overflow of fluorescence into other fluorescent channels. 
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Antibody Clone Isotype Source 

FACS    

Anti-rat IgG-PE R35-95 Rat IgG2a BD Pharmingen 

Anti-rat IgG-APC R35-95 Rat IgG2a BD Pharmingen 

Anti-rat IgG-FITC R35-95 Rat IgG2a BD Pharmingen 

Anti-rat IgG-Cy5-PE R35-95 Rat IgG2a BD Pharmingen 

CD3-PE 145.2C11 Hamster IgG1 BD Pharmingen 

CD4-FITC RMA4-5 Rat IgG2a BD Pharmingen 

CD4-PE RMA4-5 Rat IgG2a BD Pharmingen 

CD4-Cy5-PE RMA4-5 Rat IgG2a,  BD Pharmingen 

CD4-APC RM4-3 Rat IgG2a,  BD Pharmingen 

CD8a-FITC (Ly2) 53-6-7 Rat  IgG2a,  BD Pharmingen 

CD11c-PE HL3 Armenian Hamster 

IgG1, 2 

BD Pharmingen 

CD25-bio 7D4 Rat(Lewis) IgM,  BD Pharmingen 

CD27-bio LG3A.10 Armenian Hamster 

IgG1,  

BD Pharmingen 

CD40-PE 1C10 Rat IgG2a BD Pharmingen 

CD49b/Pan NK-PE DX5 Rat IgM BD Pharmingen 

CD69-bio H1.2F3 Armenian Hamster 

IgG1, 3 

BD Pharmingen 

CD80-PE 1G10 Rat IgG2a BD Pharmingen 

CD86-PE GL1 Rat IgG2a BD Pharmingen 

I-A
d
-bio AMS-32.1 Mouse IgG2b BD Pharmingen 

IgG-bio - Rat IgG Homemade 

IFN -APC XMG1.2 Rat IgG1  BD Pharmingen 
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Ly49A-bio YE1/48.10.6 Mouse IgG2a,  BioLegend 

Strep-APC Streptavidin  BD Pharmingen 

TCRαβ-FITC H57-597 Armenian Hamster 

IgG2, 1 

BD Pharmingen 

    

Other    

Anti-asialo GM1 for depletion - Rabbit Wako 

Technologies 

Anti-NK1.1 for depletion PK136 Mouse (C3H × 

BALB/c) IgG2a,  

BD Pharmingen 

Anti-CD4 for depletion YTS191.1.2 Rat Ig Dr. Ulf Dittner 

Anti-CD8 for depletion 53.5-8 Rat Ig Prof. Geoff Hill 

Anti-mu IL-12 C17.8 Rat IgG2a Southern Biotech 

Anti-mu IL-18 93-10C Rat IgG1 MBL 

Anti-hamster-FITC - Goat Jackson 

ImmunoResearch 

Products 

MHC class II M5/114 Rat IgG2b ATCC 

CD3 145-2C11 Hamster IgG      ATCC 

CD28 37.51 Hamster Ig J. Allison 

Table 2.2: List of antibodies used in experiments. 
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Proliferation assays 

For proliferation assays, cells were incubated in round bottom plates (Nunc cat# 163320) 

containing serum free media (IMDM (Invitrogen) + βMe (Invitrogen) + 0.5% mouse serum). 

Cells from draining lymph nodes or spleen (0.5 ×10
6
) were added to wells in a volume of 200 

µl. Cells were then re-stimulated with varying concentrations (0-50 µg/ml) of keyhole limpet 

haemocyanin (KLH; Sigma). Cells were then incubated for 4 days at 37 °C, 5% CO2. After 4 

days, the cells were pulsed by adding 1 mCi/well sterile [methyl-
3
H] thymidine (GE 

healthcare cat# TRA120) and incubated overnight at 37 °C, 5% CO2. 

Just Another Method (JAM) cytotoxicity assays/ADCC assays  

Splenocytes were pulsed overnight with S. salivarius K12, LTA or LPS in a 24 well plate 

(Nunc) at 4 ×10
6
/ml. YAC-1 target cells (NK cell sensitive cell line), were resuspended at 5 × 

10
5
/ml in 24 well plates. Subsequently [methyl-

3
H] thymidine was added at 1 mCi/well to 

each 1 ml well. The following day YAC cells were counted, washed 2-3 times in PBS/0.1% 

BSA and resuspended to give a concentration of 5 ×10
5
/ml. 

One hundred and fifty microlitres of effector cells (resuspended at 10
7
/ml) were added to the 

wells of a V-bottom plate (Greiner-bio one). One in three dilutions, were made by transferring 

50 µl into a series of wells containing 100 µl IMDM-10 (Gibco Invitrogen). Targets (50 µl) 

were added to each well to give ratios of 100:1, 33:1, 11:1, 3:1 and 1:1. Fifty microlitres of 

YAC-labelled cells were added to three empty wells each on the same plate for spontaneous 

counts and to three wells on another plate for total counts. All plates were spun (1 min, 

400×g) in a centrifuge at room temperature. The „total‟ count plate was harvested immediately 

and the sample plate after 3.5 hours (37°C, 5% CO2). Cells were counted for incorporated 

radioactivity in a scintillation counter using techniques described below. Percentage 

cytotoxicity was calculated as [(S-E)/S] × 100 and spontaneous release as: [(T-S)/T] × 100. 

Spontaneous release values were calculated to ascertain the validity of the calculated % 

cytotoxicity values, since high spontaneous lysis can distort the experimental results (471). 
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Indirect killing or antibody dependent cell mediated cytotoxicity (ADCC) was also measured 

using JAM assays. In this setting, A20 cells (will have MHC-I present) were used as targets.  

Harvesting cells using a Tom Tec Harvester 

Cells used in both the proliferation and JAM assays were harvested onto pre-wetted filter mats 

(Wallac cat# 1450-421) using a Tom Tec Harvester, the day following pulsing with [methyl-

3
H] thymidine. The filter was placed into a sample bag (Wallac cat# 1450-437) and beta plate 

scintillation fluid (Wallac cat# SC/9200/4) was added and the bag sealed. Scintillation fluid 

was distributed evenly without generating bubbles. The sealed bag was placed into a cassette 

and radioactivity measured in a microbeta reader (Wallac 1450 Microbeta plus), connected to 

a PC with installed Wallac 50 microbeta windows workstation (version 4.00.001). 

Lysate preparation and Western Blotting 

B16.OVA grown in serum-replete or serum-free media were used to make lysates to 

determine the relative quantities of ovalbumin expressed by B16.OVA in each media. Cells 

were harvested, washed in PBS and lysed in 0.5% Triton-X, 0.25% CHAPS, Tris-HCl pH 8 

with complete
TM

 protease inhibitor cocktail (Roche) and incubated for 30 min on ice. Cells 

were pelleted at 1400 ×g for 10 min, 4 °C and supernatant harvested.  

Lysates prepared from the tumour cell lines and whole OVA protein as a control were 

separated by 12% Bis-Tris-PAGE (Invitrogen) and transferred to nitrocellulose membranes 

(Hybond-C extra) and blocked with 1% BSA/PBS. OVA expression was determined using 

anti-ovalbumin (OVA-14; 1/1000 of ascites; Sigma Cat # A6075) and detected with HRP-goat 

anti-mouse IgG (Sigma A-4416) and Sigma-FAST DAB. Equal loading was controlled by 

labelling with anti-actin mAb clone AC-15 (Sigma), used at 0.5 µg/ml.  

Recruitment assays 

BMDC were generated as described above and cultured in R10 + 5% GM-CSF. On day 7 DC 

were matured by overnight incubation (37°C, 5% CO2) in the presence of 1 µg/ml LPS, LTA, 

10 µg/ml Pam3Cys, CpG or 10
5
 heat-killed whole bacteria (S. salivarius K12). The next day, 
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cells were harvested, washed twice in PBS and 2 × 10
6
 cells (in 100 µl) injected s.c into the 

scruff of the neck of naive BALB/c mice. Forty-eight hours later draining lymph nodes 

(axillary, brachial and cervical) were harvested. Lymph nodes were processed and 

resuspended in 0.1% BSA/PBS/2mM EDTA and counted. Cells were stained with DX5-PE 

and TCRαβ-FITC.  

Coomassie Blue Protein Dot Test: 

This test enables estimation of protein of concentration for samples without interference from 

detergents present in the sample. Using Whatman no. 4 filter paper, 2 µl of a BSA standard 

(known protein concentrations) was dotted across the filter paper, starting at 1 mg/ml serially 

diluting ½ down to 16 µg/ml using milliQ (mQH2O) as a blank.  The sample of interest was 

diluted in mQH2O and 2 µl dotted underneath the standard. The filter paper was then allowed 

to dry before being stained with Coomassie blue stain. Following staining, the filter paper was 

de-stained for 20min on a rocker. The protein concentration was then estimated by matching 

the intensity of the dots from the standard with that of the samples, taking the dilution of the 

samples into account. 

Analysis and presentation of data:  

In most non-tumour experiments no statistical analysis was performed due to the nature of the 

experiments. Instead experiments were repeated multiple times on different days using 

different groups of mice and emphasis was placed on reproducibility and thus descriptive 

statistics was applied. Statistical analysis of such a small sample number would not have been 

valid as sample distribution cannot be applied. As these experiments were done in triplicates 

or duplicates, data is represented as average and standard deviation which shows the variation 

within the assay. The number of repeats carried out for each experiment is detailed in the 

figure legends. Data was expressed as mean ± standard deviation as indicated. In figure 3.9 a 

one-way ANOVA and Tukey-Cramer post test was applied to compare the recruitment ability 

of all of the adjvuants as described in the legend. 
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Data from the tumour experiments are represented as tumour growth curves showing mean 

tumour size ± standard error of the mean for all groups of mice. Measurements were stopped 

when one mouse from the group reached the maximal tumour size and had to be euthanized. 

Survival of mice is represented by Kaplan-Meier plots where the Mantel-Cox test was used to 

determine significance. 

All data was analysed using GraphPad Prism 5 (San Diego, CA).   
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Chapter 3: Whole Bacteria as Adjuvants 

Until recently, aluminium salts have been the only adjuvant in use in vaccines; the 

disadvantage being that aluminium salts primarily enhance Th2-driven antibody responses and 

have little effect on Th1-type responses (407). A growing understanding of the interactions 

that occur between the innate and adaptive immune responses during infection and cancer has 

highlighted the need for Th1-inducing adjuvants that are able to activate both arms of the 

immune response (472).  

Two cell types that play major roles in shaping the innate and adaptive immune responses are 

NK cells and DCs. Upon stimulation, the interactions that occur between these two cell types 

result in the production of IFN-  and IL-12, cytokines that are important regulators of Th1 cell 

development (473). The majority of adjuvant research has focused on antigen-presentation 

and maturation of DCs by adjuvants (420). An alternative approach however may be to 

develop adjuvants that target NK cells, thereby augmenting IFN-  production and promoting 

cell-mediated immunity (473). This chapter will investigate the potential of whole bacteria as 

adjuvants for NK cells.  

Previous work in our laboratory (Bouwer BSc(Hons) thesis (474) included in Appendix B) 

demonstrated that a G+ve bacterium Streptococcus salivarius K12 was able to stimulate a 

rapid release of IFN-  from murine splenocytes and human peripheral blood mononuclear 

cells. The response was found to be mimicked by LTA in all human and murine cell 

preparations tested, but not consistently by any of the other TLR ligands tested (data not 

shown).  

Preliminary experiments: Ability of Gram -positive and -negative bacteria 

to induce IFN-  secretion 

In order to investigate the potential use of whole bacteria as adjuvants we initially tested a 

range of G+ve and G-ve bacteria for their ability to induce IFN-  secretion. Whole bacteria 

were compared with supernatant (collected from overnight cultures and filtered) in two 
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models, namely a splenocyte and DC/MHC-II
-
 lymphocyte system (where MHC class II-

depleted lymphocytes were used as a preparation of T cells and NK cells. FACS analysis of 

this preparation can be found in Appendix B). Bacteria were grown to exponential (log) phase 

and different multiplicity of infection (MOIs) added to either splenocytes or co-cultures of 

DCs and MHC-II
-
 lymphocytes, e.g. 10 or 1 (figure 3.1). In both systems whole bacteria were 

found to be responsible for the large IFN-  release, rather than supernatant.  Small amounts of 

IFN-  release were noted in the supernatant of G-ve bacteria, which is not entirely surprising 

as G-ve bacteria are known to release exotoxins as well as outer membrane vesicles (OMVs) 

(475, 476). Overall, the results indicate that the surveyed G+ve bacteria were superior to G-ve 

bacteria in Th1 inducing potential and that the component is probably cell-wall associated 

rather than secreted. 

The selection of bacteria initially tested were all noted to be extracellular, so to determine if 

NK activation was a global feature of all bacteria, a range of transiently intracellular bacteria 

were tested for IFN-  production (figure 3.2). Infection with intracellular bacteria is thought to 

induce a strong pro-inflammatory phenotype (477). Overall however the intracellular bacteria 

tested produced similar levels of IFN-  to that seen in extracellular bacteria. It is interesting to 

note that Listeria monocytogenes released greater amounts of IFN-  as MOI of bacteria 

decreased. This was evident in most of the experiments where in a range of bacteria a MOI of 

10 yielded lower IFN-  than 1 suggesting that higher MOI were toxic or inhibitory to cells. 

Examination of the DCs under a microscope revealed that the cells appeared apoptotic and it 

would have been interesting to perform a live/dead stain. 

For this reason, unless otherwise stated a MOI of 1 was utilized for further experiments using 

S. salivarius K12.  

Whilst Streptococcus salivarius K12 did not produce the highest level IFN-  of the selected 

bacteria, (for example, see results for Streptococcus pyogenes, figure 3.1) the advantage is 

that, in New Zealand S. salivarius K12 has a nine year history of commercial application as a 

probiotic. A safety assessment by Burton et al. (478) found that S. salivarius K12 has very 

low pathogenic potential and is unlikely to cause disease in healthy individuals. 
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Unlike S. pyogenes, a Group A streptococcus that releases toxins capable of causing a range of 

human diseases including rheumatic fever and life-threatening systemic infections, S. 

salivarius K12 has no Lancefield typing and is a normal inhabitant of the upper respiratory 

tract. Due to its ability to induce large amounts of IFN , its low pathogenicity and current use 

commercially, S. salivarius K12 was selected as the whole bacterial adjuvant in all future 

experiments.   

Previous work conducted in our lab (described in figure 3.3) has attempted to ascertain the 

pathways involved in stimulating the IFN-  release. The response was maintained in both tlr2
-

/-
 and tlr4

-/-
 mice, suggesting that multiple TLR ligands are involved in the stimulation of IFN  

release from NK cells. Mice deficient in certain lymphocyte subsets were utilized to ascertain 

that the cell subset responding to the presence of the bacteria and releasing IFN-  were NK 

cells (Bouwer BSc (Hons) thesis, Appendix B). This result was supported using FACS sorted 

NK cells (figure 3.4), where IFN-  was only produced when S. salivarius K12 was co-cultured 

in the presence of NK cells and DC.  

Based on the findings that IFN-  production was reliant on interactions between DC and NK 

cells, splenic (Spl DC) versus bone marrow-derived DCs (BMDC) were compared to see if 

there were differences in ability to stimulate NK cells. A titration of DCs were incubated with 

MHC-class II depleted lymphocytes in order to observe differences in IFN-  production when 

activated with S. salivarius K12 (MOI 1) (figure 3.5). Splenic DCs were found to produce 

higher levels of IFN-  as opposed to BMDC in vitro across the range of concentrations tested. 

However, when splenic DCs were utilized in an in vivo B16.OVA melanoma (B16.OVA is a 

murine melanoma that has been engineered to express OVA, a protein that is used as a 

surrogate tumour antigen) therapeutic tumour setting, growth was not significantly delayed 

when compared to the untreated control (figure 3.5B and C). This result was observed in two 

separate experiments each with 5 mice per group. For that reason, the exact tumour 

experiment was repeated where C57BL/6 mice were injected s.c in the right flank with 1 × 10
5
 

B16.OVA at day 0. Three days later BMDC this time from C57BL/6 mice that were pulsed 



62 

 

with 200 µg/ml OVA protein overnight before being activated with either S. salivarius K12 at 

MOI 1, or TLR ligands (concentrations used are on pg 38) for 4 hours were injected s.c. into 

the opposing flank of the mice (2 × 10
5
 DC injected) (figure 4.1). Why BMDCs do not 

stimulate as much IFN-  production in vitro but appear to generate a better response in our 

tumour model has not been investigated but may relate to a superior ability of BMDC to 

cross-present whole ovalbumin (479,157) or alternatively to migrate to the draining lymph 

node, since splenic CD8α
+
 DC are the major crosspresenting DC subset for MHC class I 

restricted responses (480,481,482), yet may fail to traffic to draining lymph nodes (483).   
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Figure 3.1: Stimulation of IFN-  by bacteria.  Splenocytes (A) or MHC class-II depleted lymphocytes 

co-cultured with BMDC (B) from BALB/c mice were stimulated with a range of G+ve and G-ve 

whole bacteria (MOI 10, 1) or supernatants (collected from overnight cultures and filtered) and 

concentration of released IFN-  measured by ELISA after 24 hours. Data represented as mean ± SD 

from duplicates. Data representative of four experiments.  

A 

A 

B 
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Figure 3.2: IFN  production by splenocytes stimulated with intracellular bacteria. IFN-  

production in response to range of transiently intracellular bacteria- stimulated splenocytes 

(MOI 10, 1, 0.1) from BALB/c mice.  Results are representative of three experiments. IFN-  

levels were determined by ELISA after 24h. 
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Figure 3.3: IFN-  is produced by NK cells in response to S. salivarius K12 activated DC. 

Previous work (Bouwer BSc (Hons) thesis, Appendix B) has shown that upon stimulation 

with S. salivarius K12, IFN-  is released via DCs in a membrane-contact dependent but LFA-

1, NKG2D independent manner. The IFN-  production was dependent on the expression of 

IL-12 and IL-18. TNF-α and IL-1β were also shown to be produced. CD1d- and RAG1-

deficient mice were utilized to ascertain that the cell subset responding to the presence of the 

bacteria and releasing IFN-  were NK cells. Based on these results we proposed a feedback 

mechanism, whereby the S. salivarius K12-stimulated DC produced IL-12/IL-18 which 

augmented IFN-  production by the NK cell, thereby shaping a Th1 immune response.  
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Figure 3.4: DX5
+
 NK cells release large amounts of IFN-  in response to S. salivarius K12. (A) 

Splenocytes from a BALB/c mouse were depleted by immunomagnetic beads of MHC class-II
+
 cells, 

then stained for DX5-PE and TCRαβ-FITC and sorted into the indicated subsets. (B) IFN-  production 

in response to DC and S. salivarius K12 was determined by ELISA after 24 hours.  Data represented as 

mean ± SD in duplicate. Representative of three experiments performed. 
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Figure 3.5: Splenic DCs induce higher IFN-  production in vitro compared with BMDC but lacked 

anti-tumour activity in a therapeutic tumour setting. (A) Splenic DC (MACs sort) and BMDC were 

isolated from BALB/c mice. Differing concentrations of both splenic and BM DC were co-cultured 

with MHC-II-depleted lymphocytes in the presence of S. salivarius K12 (MOI 1). IFN-  levels were 

determined by ELISA after 24 hours (mean ±SD, representative of 3 experiments). (B)Tumour growth 

curve showing the mean tumour size (mean ± SEM) and (C) survival plot of a therapeutic tumour 

setting testing splenic DC against K12, LTA and LPS: Mice (5/group) were injected s.c. with 

B16.OVA at day 0. Three days later mice were primed with OVA, adjuvants and DC. Tumours were 

measured from day 7 and every second day thereafter. Mice were culled when tumours were >150 

mm
2
. Data representative of two experiments performed. 
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Can S. salivarius K12 enhance NK cell cytotoxicity? 

NK cells have been associated with a diverse array of functions including the lysis of certain 

tumour or virally-infected cells without prior sensitization and the release of soluble factors 

such as cytokines and chemokines that can influence the development of the acquired immune 

response. With the knowledge that S. salivarius K12 induced IFN-  production from NK cells, 

I next wanted to investigate whether the addition of S. salivarius K12 could enhance the 

cytotoxic activity of the NK cells.   

There are two mechanisms by which NK cells are known to kill. The first is direct killing. 

Activation of NK cells can occur as a result of either a decrease in inhibitory signalling or an 

increase in the ligation of activatory receptors as they monitor the expression of self-major 

histocompatibility complex (MHC) class I molecules on potential target cells using MHC 

class I –specific surface receptors.  Therefore when MHC class I is altered or absent, NK cells 

are activated and release granules inducing apoptosis in the target cell.  

The second mechanism is indirect killing or antibody dependent cell mediated cytotoxicity 

(ADCC). In this case antibody would have bound to the surface of the target cells. The 

destruction of these cells would have come about as the antibody interacts with the Fc 

receptors on the NK cell, resulting in the death of the cell.  

Both direct and indirect killing mechanisms were investigated using JAM assays to quantitate 

cytotoxicity. The JAM assay measures incorporated radioactivity which corresponds to intact 

DNA and is a reflection of the number of living (non-apoptotic) target cells that remain in 

each well.  For direct killing the targets used were YAC-1 (NK cell sensitive tumour cell line).  

For indirect killing ADCC, murine B cell lymphoma A20 cells that express MHC-I were used 

as target cells.   

Briefly, MHC class-II-depleted lymphocytes were isolated (method pg 41) and incubated with 

BMDCs in the presence of S. salivarius K12, LTA or LPS for 5 hours (Effectors). The target 

cells (either YAC-1, or A20) were labelled with 
3
[H]-Thymidine for the same time period. 
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Cells were then plated at different effector to target (E:T) ratios, ranging from 100:1 to 1:1 

respectively.   

Results for direct killing indicated that the addition of S. salivarius K12 or TLR ligands did 

not increase the cytotoxicity of NK cells against that of the untreated (nil) control (figure 

3.6A). The indirect (ADCC) killing method showed the same results in that the addition of S. 

salivarius K12 or TLR ligands did not appear to enhance the killing above that of the 

untreated control (figure 3.6B). Indirect killing assays were also conducted where IL-12/IL-18 

were added. These cytokines were first thought to upregulate NK cell lytic activity. The 

results however were the same as above where killing above the nil control was not observed 

(figures 3.6C and D). There are however limitations to these experiments. It has subsequently 

been shown that mature subsets of splenic NK cells (possibly subsets that S. salivarius K12 

act upon) are poorly cytotoxic. These cells instead show a preference toward cytokine 

production, with NK cell cytotoxicity only indirectly being increased, even in the presence of 

IL-12 (484). Furthermore IL-18 has since been shown not to enhance cytotoxicity but rather 

cytokine production. A better approach may have been to perform the JAM assays using NK 

cells sorted into subsets based on CD27 expression as discussed below or circulating blood 

NK cells to assess and compare cytotoxic potential.  

NK cell diversity 

Having established that the addition of S. salivarius K12 induced IFN-  production from NK 

cells, but did not affect cytotoxicity we attempted to further characterize the phenotype of the 

NK cells producing the IFN-  in response to the whole bacteria. We started by sorting NK cell 

into subsets based on CD27 expression. CD27 is a marker of lineage whose expression 

correlates with the sequential phases in NK-cell development enabling the distinction between 

different subsets (79). It has been reported that CD27
high

 and CD27
low 

subsets of NK cells are 

functionally distinct; where mature CD27
high

 NK cells display greater effector function and 

interact more productively with DC than CD27
low

 NK cells which appear to have a higher 

threshold to stimulation (80).  
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To improve sorting efficiency, BALB/c splenocytes were depleted of MHC class-II
+ 

cells. NK 

cells were then sorted for the expression of DX5 and CD27, in order to distinguish between 

the CD27
high

 and CD27
low

 cells. Fractions were collected and tested for their ability to release 

IFN-  when co-cultured with BMDC and S. salivarius K12 or the TLR-ligands LTA and LPS. 

IFN-  was measured by ELISA (fig 3.7). The CD27
high

 subset of NK cells were shown to 

rapidly produce large quantities of IFN-  in response to microbial stimulation. The CD27
low 

NK cells produced low or no responsiveness to the same stimulation, indicating that this 

subset may possess a higher threshold to activation (figure 3.7).  

  



71 

 

 

 

 

 

 

 

 

 

Figure 3.6: Effect of bacterial stimulation on the cytotoxic activity of NK cells. Cytotoxicity and % 

lysis (ADCC) measured by JAM assay. (A) BALB/c splenocytes (effectors) were cultured with S. 

salivarius K12, LTA or LPS and tested for killing activity against YAC-1. (B) BALB/c splenocytes 

were cultured as above and killing activity was measured against A20 (target). ADCC assay where IL-

12 (C) and (D) IL-18 were included. Effector:Target ratios of 100:1, 33:1, 11:1, 3:1 and 1:1 were used.  

Mock is a control where bacteria were added to media to ensure that no killing is occurring in the 

absence of effectors. % cytotoxicity and % lysis were calculated from triplicate samples using the 

calculation described in Materials and Methods pg 51. Representative of four experiments performed.  
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Figure 3.7: Superior response of CD27
high 

NK cells to stimulated DC.  (A) MHC-II
+
 depleted BALB/c 

splenocytes were stained for DX5-PE and CD27-APC and sorted by FACS into indicated subsets. (B) 

IFN-  production in response to S. salivarius K12, LTA or LPS using CD27
high

 NK and CD27
low

 NK 

cells co-cultured with BMDC was determined by ELISA after 24 hours. Data represented as mean ± 

SD in duplicate. Representative of three experiments performed. 
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NK cell licensing 

NK cells recognize and eliminate cells that lack MHC class I (“the missing self” hypothesis). 

However the mechanism by which self-tolerance arises in vivo is poorly understood. NK cell 

„licensing‟ was a concept proposed by Kim et al. (485) to explain the acquisition of functional 

competence in response to self-MHC molecules.  

Licensing involves a positive role for MHC-specific inhibitory receptors and requires the 

cytoplasmic inhibitory motif originally identified in effector responses. This process results in 

two types of self-tolerant NK cells: functionally competent (licensed) NK cells, whose 

effector responses are inhibited by self-MHC class I molecules through the same receptor that 

conferred licensing, and unlicensed NK cells that were first thought to be incompetent, but 

have subsequently been shown to be crucial for protection against viral infection (94) .   

NK cells in C57BL/6 (H-2
b
) mice express four characterized inhibitory Ly49 receptors, Ly49-

A, -C, -G2 and – I which are present on overlapping NK cell subsets. In C57BL/6 mice, NK 

cells that express Ly49C and/or Ly49I bind to H-2K
b
 and are licensed in H-2

b
 mice, whereas 

NK cells that express Ly49G2 or Ly49A, which do not efficiently bind to H-2
b
 are not 

licensed (88), (94).  

Kim et. al. (486) found that unlicensed (Ly49A
+
) NK cells were poor IFN-  producers, 

indicating that NK cell competence is important for cytokine production and cytolysis and is 

acquired via host MHC class I molecules.  In order to determine if licensing of NK cells was a 

prerequisite for activation by bacterial products, splenocytes were isolated from C57BL/6 

mice, and sorted for DX5
+ / Ly49A positive and negative cells (figure 3.8). The cells collected 

were then tested for their ability to release IFN-  when co-cultured with BMDC and S. 

salivarius K12 or the TLR-ligands LTA and LPS. Our results show that both subsets of NK 

cells produced similar levels of IFN-  when stimulated with DC in the presence of S. 

salivarius K12, LTA or LPS, indicating that stimulation is independent of NK cell licensing 

(figure 3.8B).  
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Figure 3.8: DCs stimulate both ‘licensed’ and ‘unlicensed’ cells. (A)MHC-II
+
 depleted C57BL/6 

splenocytes were stained for DX5-PE and Ly49A-APC and sorted by FACS into indicated subsets. (B) 

IFN-  production in response to S. salivarius K12, LTA or LPS using Ly49A
pos 

(unlicensed) and Ly 

49A
neg

 (licensed) NK cells co-cultured with BMDC was determined by ELISA after 24 hours. Data 

represented as mean ± SD in duplicate. Representative of three experiments performed. 
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Recruitment of NK cells to LN 

Thus far in our setting, stimulation of cells by S. salivarius K12 has resulted in IFN-  

production in a mechanism dependent on the presence of DCs and CD27
high

 NK cells and did 

not affect NK cell cytotoxicity.  

In 2004 Martin-Fontecha et al. (46) showed that NK cells are rapidly recruited to lymph nodes 

that are undergoing an immune response. The recruitment was induced by the injection of 

mature DCs and some but not all adjuvants, and correlated with the development a Th1 

response.  

Based on these results, I next wanted to compare the abilities of S. salivarius K12 and other 

TLR ligands to recruit NK cells to LN. Mice were injected subcutaneously with DC that had 

been pulsed with S. salivarius K12 or TLR ligands for 4 hours. Two days later, mice were 

sacrificed and draining LN harvested as increase in NK cells numbers has previously been 

shown to peak two days following DC injection (46).  

The percentage of DX5
+
TCRαβ

-
 NK cells was measured by FACS (figure 3.9). The number of 

NK cells in the DC-draining LN increased around two-fold when DC were matured with S. 

salivarius K12 (p<0.04). LTA-matured DC also yielded an increase in the recruitment of NK 

cells to the LN above that of the control where p<0.05. Consistent with the results from the 

Martin-Fontecha paper (46), not all TLR-ligands were equal in their ability to recruit NK cells 

to LN.  For example, CpG did not recruit NK cells to the LN above that of the control. While 

our increase of NK cells into the LN were not as dramatic as those observed by Martin-

Fontecha et. al. (2-fold as opposed to 10-fold), a possible explanation involves route of 

delivery. We injected our matured-DC subcutaneously in the flank and harvested the inguinal 

LN whereas Martin-Fontecha et al. used footpad injections and harvested the popliteal LN., 

since footpad immunisations may lead to better lymphatic drainage compared to other sites 

(487). 

A 
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Figure 3.9: NK cells are recruited to DC-draining LN. (A) Whole bacteria or TLR ligand-matured 

BMDC (2 × 10
6
) were injected into the scruff of the neck of BALB/c mice. Two days later the 

percentages of DX5
+
TCRαβ

-
 NK cells were measured in the control and DC-draining LN. Percentages 

for the upper left quadrant (DX5
+
 TCRαβ

-
 NK cells) are noted in the FACS plots. (B) Summary of the 

data (mean ± SD) of three separate experiments where 2 mice were used per group in duplicate. Data 

was analysed by one-way ANOVA, applying a Tukey-Cramer post test to compare all groups where 

K12-DC were better at recruiting NK cells to LN than both control and CpG-DC (p<0.04).  
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Summary 

This chapter set out to investigate the potential of Streptococcus salivarius K12, a G+ve 

commensal bacterium, as a NK cell activating adjuvant. Combining knowledge gained from 

previous in vitro experiments (474) as well as from this study, we have found that S. 

salivarius K12 induced a rapid IFN-  release from DC:NK cell co-cultures in an IL-12/IL-18 

dependent manner. Furthermore, the IFN-  produced by NK cells in response to S. salivarius 

K12 or TLR ligands was found to occur independently of NK cell „licensing‟ but dependent 

on lineage, as defined by CD27 expression. Importantly S. salivarius K12 was shown to be 

effective at recruiting NK cells to LN, indicating its potential as a NK cell activating adjuvant. 
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Chapter 4: Effect of S. salivarius K12 on DC-based 

immunotherapy in a melanoma model 

The intensity and quality of NK cell cytotoxic and cytokine responses depend on the cytokine 

microenvironment, as well as on interactions with other cells of the immune system, such as T 

cells, DCs and macrophages. In the previous chapter, NK cells were found to release large 

amounts of IFN-  (a key cytokine of Th1 cells and a crucial cytokine responsible for cell-

mediated immunity) when co-cultured together with S. salivarius K12 and DC.  

This chapter will investigate the ability of bacterially activated-DCs (as a therapy) to elicit 

effective anti-tumour responses in a B16.OVA melanoma model. Moreover this chapter will 

also assess the requirement of NK cells for effective tumour immunotherapy in the B16.OVA 

melanoma model. Transplantable B16 melanoma is widely used as a tumour model to 

investigate tumour immunity. The B16 line was first characterized as a spontaneously arising 

melanoma in C57BL/6 mice (488). B16.OVA is a mouse melanoma cell line that expresses 

the ovalbumin gene, is fast growing, difficult to treat and metastasizes well.  

Inhibition of tumour growth by bacteria or their cell wall components 

A therapeutic tumour setting was adopted (figure 4.1A) in order to see if these bacterially- 

activated NK cells could inhibit tumour growth; whole S. salivarius K12-activated cells were 

compared with TLR-ligands such as LTA, LPS, Pam3Cys and CpG. Additionally, 

experiments were conducted to deduce the optimal conditions required by DC and NK cells 

for effective tumour immunotherapy. Both single and double immunization protocols were 

tested, since most clinical trials use multiple immunizations to inhibit tumour growth.   

Single immunization strategy 

C57BL/6 mice were injected s.c. in the right flank with 1 × 10
5
 B16.OVA at day 0. Three days 

later bone marrow-derived DC from C57BL/6 mice that were pulsed with 200 µg/ml OVA 

protein overnight before being activated with either S. salivarius K12 at MOI of 1, or TLR 
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ligands (concentrations used are on pg 38) for 4 hours (figures 4.1, 4.2), were injected s.c. into 

the opposing flank of the mice (2 × 10
5
 DC injected).  

Tumours were measured from day 7 and every second day thereafter.  Figure 4.1B shows the 

growth curve of the tumours where measurements were stopped when the first mouse in the 

group reached the maximal tumour size and had to be euthanized. Mice that only received 

tumours, namely the untreated mice, reached the maximal size of 150 mm
2
 by day 20 as 

shown in figure 4.1C. Comparing the tumour growth observed in the rest of the groups, the 

LPS-treatment group was delayed slightly when compared with the control. Tumour growth 

was delayed in both the whole bacteria (S. salivarius K12) and LTA-treated groups with mice 

surviving significantly longer than that of the control (P<0.009) as shown in figure 4.1C.  

Continuing with the comparison of TLR ligands, tumour growth in the CpG-treatment group 

was similar to that of the untreated control (tumour only) group shown in figure 4.2A. The 

result was not entirely unexpected as CpG was previously found to be poor at recruiting NK 

cells to LN. Poor recruitment of NK cells to LN could affect the priming of T cells, as the 

early source of IFN-  that is required for Th1 polarisation would be diminished and would 

therefore affect anti-tumour responses. Tumour growth was again delayed in the whole 

bacteria (S. salivarius K12) group with these mice surviving significantly longer than control 

mice (p<0047) (figure 4.2B). Figures 4.2C and D indicate the variability that can occur in 

tumour growth within each group on days 11 and 16. These days were chosen as on day 11, 

growth in the S. salivarius K12 group showed great retardation in growth within the group 

when compared with the other groups.  
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Figure 4.1: Assessment of the adjuvant properties of TLR ligands or whole bacteria in therapeutic 

DC-based immunotherapy I. (A)Mice (6/group) were injected s.c. with B16.OVA at day 0. Three days 

later mice were primed with OVA, adjuvants and DC. Tumours were measured from day 7 and every 

second day thereafter. Mice were culled when tumours were >150 mm
2
. (B) Growth curve showing the 

mean size of tumour growth ± SEM. (C) Kaplan-Meier plot of the survival of the mice. Survival of the 

mice in the LTA-DC/OVA and K12-DC/OVA groups was significant when compared with the control 

(P<0.0094). Representative of two experiments performed.  
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Figure 4.2: Assessment of the adjuvant properties of TLR ligands or whole bacteria in therapeutic 

DC-based immunotherapy II. Mice (6/group) were injected s.c. with B16.OVA at day 0. Three days 

alter mice were primed with OVA, adjuvants and DC. Tumours were measured from day 7 and every 

second day thereafter. Mice were culled when tumours were >150 mm
2
. (A) Growth curve showing the 

mean size of tumour growth ± SEM and (B) Kaplan-Meier plot of the survival of mice. (C) and (D) 

Box and whisker plots showing distribution within each group on days 11 and 16 respectively. 

Survival of the K12-DC/OVA mice was significant when compared with the control (P<0.047). Data 

representative of two experiments performed. 
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Double immunization strategy 

To determine if growth could be delayed further an additional therapeutic immunization was 

added to the protocol. As previously described mice received tumours on day 0 and the first 

therapy immunization on day 3, the second immunization was introduced at day 10 (Figure 

4.3A).  The introduction of a second immunization however did not delay the growth any 

more than was observed when compared with previous experiments where only one 

immunization was administered (figure 4.3B). Results were consistent with previous 

experiments where the untreated or tumour only mice reached the maximal size the fastest, 

with growth curve of the PBS-DC/OVA treated mice lying between the untreated control and 

the mice that received TLR ligands or S. salivarius K12. Again, mice that received S. 

salivarius K12 pulsed-DC (with OVA) survived significantly longer (p<0.0001) when 

compared with the control tumour group (figure 4.3C), however the differences between the 

TLR ligand-activated DC and S. salivarius K12 activated-DC were not as marked as that 

observed when only one immunization was administered.  

As the addition of a second immunization did not appear to retard the growth of the tumours 

above that of the single immunization protocol, I next investigated if delaying the 

administration of the immunizations would still have a therapeutic effect. In this experiment 

the two immunizations were administered at days 7 and 14 (figure 4.4A) post-tumour 

implantation. The growth curve results (figure 4.4B) were surprising as delaying the 

immunizations appeared to abolish the protection previously observed, with all treatment 

groups developing tumours at similar rates to that of the untreated control and no groups 

surviving significantly longer than the untreated control (figure 4.4C). 

Taking the above results into account we decided that for future therapeutic experiments 

administering one therapy immunization administered at day 3 would be sufficient to observe 

significant delay of tumour growth.  
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Figure 4.3: Two immunizations did not delay growth further. (A)Mice (8/group) were injected s.c. 

with B16.OVA at day 0. Three and ten days later mice were primed with OVA, adjuvants and DC. 

Tumours were measured from day 7 and every second day thereafter. Mice were culled when tumours 

were >150 mm
2
. (B) Growth curve showing mean size of tumour growth ± SEM. (C) Kaplan-Meier 

plot of the survival of mice of one experiment performed. Survival was significantly slower in the 

K12-DC/OVA group compared with the tumour only control where P<0.0001. 
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Figure 4.4: Delaying the administration of DC-therapy does not enhance the anti-tumour effect. (A) 

Mice (8/group) were injected s.c. with B16.OVA at day 0. Seven and fourteen days later mice were 

primed with OVA, adjuvants and DC. Tumours were measured from day 7 and every second day 

thereafter. Mice were culled when tumours were >150 mm
2
. (B) Growth curve showing mean size of 

tumour growth ± SEM. (C) Kaplan-Meier plot of the survival of mice of one experiment performed. 
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Depletion of NK cells in vivo 

Having observed a delay in tumour growth using S. salivarius K12-activated DC pulsed with 

OVA, I next investigated the role of NK cells in the observed anti-tumour responses, utilizing 

rabbit anti-asialo GM1 (ASGM1) and anti-NK1.1 (PK136) for in vivo depletions. In C57BL/6 

mice it has previously been shown that ASGM1 depletes NK cells but not NK-T cells and 

anti-NK1.1 (PK136) depletes both NK and NK-T cell subsets (489). There is however no 

perfect way to deplete NK cells and both markers has been found on virus activated T cells. 

Whether the upregulation of ASGM1 is a feature of viral infection and if it occurs in DC 

immunization will be addressed in the discussion.  

Pilot experiments were conducted to determine the optimal dose required to deplete mice of 

NK cells. When ASGM1 was used the population decreased from ~4% to ~1% (figure 4.5A). 

This result was irrespective of dosage as the same result was achieved when using either 20 or 

50 µl of ASGM1 antibody (prepared as recommended; Wako Chemicals) which has 

previously been documented in the literature (490) (491). The population of cells that remain 

could represent non-depleted NK cells or more likely the non-specific staining of non-NK 

cells with the IgM isotype DX-5. This could impact on results as left-over NK cells could 

produce very low levels of IFN-  to induce IL-12. The results observed may therefore not be 

as dramatic as if all NK cells had been depleted. Anti-NK1.1 (PK136; BD Pharmingen) 

depletion results showed a reduction in the population from ~3% to <1% (figure 4.5B) again 

this result was irrespective of dosage. Therefore, 20 µl ASGM1 or 25 µg PK136 appear to be 

sufficient for effective NK cell depletions in PBS and these doses were used in future 

experiments.  

Role of NK cells in observed anti-tumour responses 

 To determine if NK cells play a role in the observed anti-tumour responses, a therapeutic 

tumour setting was again used where mice were administered whole bacteria (K12-DC/OVA) 

therapy on day three. However this time, NK cells were depleted using either ASGM1 (figure 
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4.6) or PK136 (figure 4.7) one day before receiving therapy and again two days post therapy 

(days 2 and 5 respectively). 

The results shown in the growth curve clearly shows that NK cell depletion abolished the 

benefit of DC immunotherapy (figure 4.6B).  Mice that received S. salivarius K12-activated 

DC pulsed with OVA and were depleted of NK cells produced tumours that grew at a similar 

rate to that of both control groups of mice that had only received tumours (untreated groups). 

The two untreated control groups (with or without NK cells) and the K12-DC/OVA group 

depleted of NK cells all reached the maximal size of 150 mm
2
 by day 16. Growth in the K12-

DC/OVA-treated group that had NK cells was significantly delayed when compared with the 

control, with the greatest differences observed at day 15 where P<0.0001. Furthermore, there 

was a significant delay in the onset of tumours in the whole bacteria (S. salivarius K12)-

treated group that has NK cells when compared to the untreated control groups (data not 

shown). Consistent with this data, these mice also survived significantly longer than that of 

the control where P<0.0005 as shown in figure 4.6C.   

To support the result that NK cell depletion abolished the benefit of DC immunotherapy, we 

repeated the experiment using anti-NK1.1 (PK136) to deplete NK (& NK-T) cells (figure 4.7). 

The results in this experiment were not as striking as those observed in figure 4.6 however the 

growth curve (figure 4.7B), which shows mean tumour size ± SEM, still highlights a role for 

NK cells in DC immunotherapy. The growth curve however appears to show that NK (& NK-

T) cells are important regardless of S. salivarius K12-treatment as, although not significant, 

the control tumour only mice that were depleted with PK136 developed tumours at a slightly 

greater rate than that of the undepleted controls. It is possible that, although not significant, 

tumour growth is enhanced in the absence of immunotherapy when PK136, rather than ASGM 

is used. Depleting NK (& NK-T) cells in mice that received therapy resulted in tumour growth 

similar to that of the untreated control (tumour only) mice and also affected the survival of the 

mice. Once again mice that still had NK (&NK-T) cells and received K12-DC/OVA therapy 

survived the longest (figure 4.7C) and showed the greatest lag in tumour growth when 

compared to the untreated control.  
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Figure 4.5: Depletion of NK cells in vivo. (A) Mice were injected with 20µl ASGM1 intravenously per 

mouse (in PBS for total volume of 100 µl) at day 0. (B) Mice were injected with 25µg PK136 

intravenously (in PBS for total volume of 100 µl) per mouse at day 0. Control mice were injected 

intravenously with rabbit or mouse immunoglobulins respectively. On day 3 mice were sacrificed and 

spleen cells isolated. Cells were labelled with DX5-PE and TCRαβ-FITC to determine effectiveness of 

NK cell elimination.  
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Figure 4.6: NK cell depletion abolishes protection. (A) Mice (6/group) were injected s.c. with 

B16.OVA at day 0. Two and five days later mice were injected i.v. with rabbit anti-asialo-GM1 or 

rabbit Ig to deplete NK cells. On day 3 mice were primed with OVA, adjuvants and DC. Tumours 

were measured from day 7 and every second thereafter. Mice were culled when tumours were >150 

mm
2
. (B) Growth curve showing the mean size of tumour growth ± SEM. (C) Kaplan-Meier plot of the 

survival of mice. Growth as well as survival was significantly retarded in the K12-DC/OVA group that 

had NK cells compared with the other groups where P<0.0001. Data is representative of two 

experiments performed. 
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Figure 4.7: Therapeutic setting depleting NK cells using PK136. (A) Mice (6/group) were injected s.c. 

with B16.OVA at day 0. Two and five days later mice were injected i.v. with anti-NK1.1 (PK136) to 

deplete NK cells. Control mice were injected intravenously with mouse Ig. On day 3 mice were primed 

with OVA, adjuvants and DC. Tumours were measured from day 7 and every second thereafter. Mice 

were culled when tumours were >150 mm
2
. (B) Growth curve showing the mean size of tumour 

growth ± SEM (C) Kaplan-Meier plot of the survival of mice. Data is representative of two 

experiments performed. 
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NK cells: directors or killers? 

Having established a role for NK cells in my tumour setting, I next wanted to further 

investigate what this might be. My hypothesis was that the activation of NK cells with S. 

salivarius K12-DC was resulting in NK cells that were priming the anti-tumour response 

instead of directly killing the tumour cells. A preliminary therapeutic tumour experiment was 

conducted where mice were primed with either S. salivarius K12-DC or S. salivarius K12-DC 

pulsed with OVA.  Immunisation with activated DC even in the absence of tumour antigen 

should still result in DC: NK interactions in the draining lymph node. Thus the point of this 

experiment was to distinguish if NK cells by themselves were able to control tumour growth 

or if the anti-tumour response observed was reliant on the presence of antigen-specific T cells. 

Bone marrow-derived DCs were left unpulsed or pulsed overnight with 200 µg/ml OVA 

protein. The following day, cells were activated with S. salivarius K12 (MOI 1) for 4 hours, 

before being harvested, washed and injected into the flanks of C57BL/6 mice previously 

injected with B16.OVA (figure 4.8A). The tumours in the group that received only whole 

bacteria (S. salivarius K12)-pulsed BMDC without OVA grew at a similar rate to that of the 

untreated (tumour only) control (figure 4.8B). Whereas the group that received S. salivarius 

K12 + OVA grew at a significantly slower rate compared to the non-OVA group.  These mice 

also survived significantly longer than the untreated and K12-DC (no OVA) groups (figure 

4.8C).   

This result does not completely rule out a contribution of NK cell tumour killing in the 

observed anti-tumour response as it is possible that killing by NK cells is dependent on the 

presence of antigen-specific T cell activation.  The results instead shows that the anti-tumour 

response is antigen-specific, indicating a role for T cells and suggesting that NK cells may 

play a role in priming T cell responses which will be investigated further in the next chapter. 

The significance of these results will be considered in the discussion. 
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Figure 4.8: Immune responses to the tumour are antigen-specific. (A) Mice (5/group) were injected 

s.c. with B16.OVA at day 0. Three days later mice were primed with (or without) OVA, adjuvants and 

DC. Tumours were measured from day 7 and every second day thereafter. Mice were culled when 

tumours were >150 mm
2
. (B) Growth curve showing the mean size of tumour growth ± SEM. (C) 

Kaplan-Meier plot of the survival of mice. Survival differences between the K12-DC/OVA group and 

both the untreated and no OVA groups showed significance p<0.026 respectively. Data representative 

of one experiment performed. 
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Summary 

This chapter set out to assess the impact of S. salivarius K12-activated DC/OVA on the 

growth of B16.OVA melanoma. Bacterially-activated DC were compared with a range of 

TLR-ligand adjuvants and the results clearly showed that growth of tumours were 

significantly delayed when mice received DC/OVA that were activated with whole bacteria. 

Using PK136 and ASGM1, I next went on to reveal that depletion of NK cells abolished 

protection that was gained by DC therapy, emphasizing that NK cells play a role in the 

observed anti-tumour response. A preliminary experiment conducted to see what role the NK 

cells might be playing in the anti-tumour response provided evidence to suggest that the anti-

tumour response is antigen-specific, indicating a role for T cells and a possible role for NK 

cells in the priming of the responses which will be further investigated in the next chapter.  

  



93 

 

Chapter 5: NK cell requirements at priming and challenge 

Three criteria are required for the effective destruction of established tumours: (i) sufficient 

numbers of immune cells capable of recognizing the tumour antigens must be generated; (ii) 

these cells must traffic to and infiltrate the tumour stroma, and (iii) the immune cells must be 

activated at the tumour site to enable appropriate effector mechanisms, such as direct lysis or 

cytokine secretion capable of causing tumour destruction (492).  

It is generally accepted that in most tumour models the predominant effector cell is the CD8
+
 

lymphocyte (492). However, the induction of CD8
+
 T cells with specific immune reactivity 

can depend on interactions with other cell types such as CD4
+
 T cells or APC. The aim of this 

chapter is to investigate the combined roles of NK and CD4
+
 or CD8

+
 T cells in my model. 

While NK cells have previously been shown to be required at tumour challenge, I was 

interested in investigating the role of NK cells at time of priming the immune response to 

assess if the presence of NK cells was required for the induction of antigen-specific CD8
+
 T 

cell responses.  

In the previous chapter, results suggested that NK cells were involved in the priming of the T 

cell immune response, rather than the direct killing of the tumour. To investigate this further, 

we utilised a prophylactic tumour setting whereby the effects of NK cell depletion around the 

time of T cell priming or tumour challenge could be examined. Inoculation of the tumour 

several days after priming should allow us to separately examine the requirement of NK cells 

in both the priming and/or tumour challenge phases. When using a prophylactic tumour 

setting however, one needs to take into account that most DC immunotherapy protocols 

involve the culture of both DC and melanoma cells in media containing foetal calf serum 

(FCS). This will generate anti-FCS responses that are difficult to separate from true anti-

tumour responses. FCS-antigen loading of both APC and tumour cells can result in the anti-

tumour responses in control groups immunized with DC cultured in the absence of tumour 

antigen. Since this effect occurs in the absence of nominal tumour antigen, the anti-tumour 

effect could be wrongly attributed to the action of the innate immune system, for example, to 

NK cell or macrophage cytotoxicity. Serum-free options were therefore investigated. 
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Preliminary experiments: Culture of B16.OVA in serum-free media 

We searched the literature for serum replacements that might allow the long-term propagation 

of the tumour cells. Serum-free culture of tumour cell lines has been reported through the 

addition of insulin, transferrin and albumin to a rich medium base, such as Iscoves Modified 

Dulbecco‟s Medium (493),(494),(495). This technique has also been coupled to in vivo 

propagation in syngeneic hosts – presumably to recover tumour cell viability (496).  However, 

we found that the viability of B16.OVA in such media was very poor and long term culture of 

the B16 line failed as cells began to detach as viability dropped. This occurred even after 

using a 50% stepwise „weaning-off‟ of FCS at each passage (figure 5.1 and data not shown). 

Figures 5.1A, B and C show the growth of B16.OVA cells pre-cultured in either media 

containing FCS or in serum-free medium. As cell death was so high and yields were so poor 

in these other serum-free media (SFM), it was not possible to use such cultured cells in 

immunization experiments. 

Newman et al. (1990) (467) has described a medium for the culture of B16 that contains 

several other defined factors in addition to insulin, transferrin and albumin. The addition of 

the free fatty acid-rich medium DMEM/F12 as well as triiodothyronine (T3), hydrocortisone 

(HC) and sodium selenite was found to be required for long term growth. These ingredients 

may contribute to the long term cell growth by playing a role in the viability or suppression of 

differentiation and melanin production or could also modulate adherence. For example, 

hydrocortisone was suggested to improve cellular attachment to the substrate (495).  

Investigating short-term growth of B16.OVA in the SFM without a specific factor we found 

that the addition of free fatty acid-rich DMEM/F12 as well as transferrin, albumin and selenite 

was required for optimal short-term proliferation as shown in figure 5.1D. 

We conducted a preliminary experiment to investigate the rates of tumour growth in C57BL/6 

mice comparing B16.OVA grown in media containing serum or SFM.  B16.OVA tumour cells 

were grown in 10% FCS/RPMI 1640 or SFM supplemented with geneticin (see materials and 

methods) and harvested from logarithmically growing cultures using a cell scraper. 1 × 10
5
 

tumour cells were implanted into the flank of female C57BL/6 mice at day 0. Tumour growth 
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was monitored every second day and mice were culled when tumours reached 150 mm
2
. 

Results showed that there was no difference in growth between tumour cells grown in FCS-

replete or serum-free media (figure 5.2A). There was also no difference in length of survival 

between the two groups of mice (figure 5.2B).   

As there was no difference in tumour growth rates in C57BL/6 mice when cells were cultured 

in serum-replete or serum-free media, we set up a prophylactic experiment to investigate 

whether the serum-free culture of melanoma cells abolished the effects of anti-FCS responses 

induced by DC.  

Mice were injected with 2 ×10
5
 unpulsed DC, OVA-loaded DC or LPS-activated DC as 

described in materials and methods, washed twice in PBS and injected s.c. into the left flank 

30 days before receiving 1 × 10
5
 B16.OVA tumour cells in the opposing flank. Note, LPS was 

chosen for these preliminary experiments to establish the usefulness of this SFM setting since 

it is more widely used in the literature (493), (497), (496), compared to protocols using whole 

bacteria. This would allow more meaningful comparisons to previous studies on the DC 

immunisation and tumour immunotherapy. 

Although the SFM does contain three types of bovine proteins, the growth curve (figure 5.3A) 

shows that the serum-free culture of cells abolished the effects of anti-FCS responses induced 

by DC. Indeed, mice immunized with FCS-DC did not lead to a detectable anti-tumour 

response when mice were challenged with B16.OVA grown in SFM.  A significant (p<0.05) 

anti-tumour response was noted when mice were immunized with FCS-DC, followed by 

challenge with B16.OVA cells grown in FCS – containing media.  

Clear inhibition of tumour growth was noted against either SFM-B16.OVA or FCS-B16.OVA 

following immunization with FCS-DC pulsed with OVA, with FCS-B16.OVA + DC/OVA 

showing the greatest delay in growth. Survival differences between SF-B16.OVA + DC and 

FCS-B16.OVA + DC were significant (p<0.05), however survival differences between SF-

B16.OVA + DC/OVA and FCS-B16.OVA + DC/OVA were not significant. Tumour antigen 

expression (OVA) was examined by Western blot of lysates made from both FCS-replete and 
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SFM cultured B16.OVA. Results presented in the inset of figure 5.3B found expression of 

OVA to be unaltered by culture of B16.OVA in SFM. 

We also investigated if BMDC could be generated in the SFM supplemented with GMCSF. 

Unfortunately the DC generated under these SF conditions showed a very low level of MHC-

II and co-stimulatory molecule expression, even following overnight maturation with LPS 

(figure 5.4). A marked shift in MHC-II expression was observed in FCS-DC after LPS- 

maturation whereas MHC-II expression was hardly detectable in DC cultured in SFM.  The 

only shift that was visible in the SF-cultured DC was that of CD80 following maturation with 

LPS. SF-DC showed poor expression of all other costimulatory markers tested. We therefore 

did not attempt to utilize SFM cultured DC for any experiments and confined the use of SFM 

to tumour cell line culture.  
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Figure 5.1: Growth of B16.OVA in serum-free media. Relief contrast photographs of B16.OVA grown 

for 4 days in the following conditions (A) 10% FCS/RPMI-1640, (B) SFM at passage 8 post FCS 

weaning and (C) IMDM plus insulin, transferring and BSA (arrows denote cells rounding prior to 

detachment from the substrate). Six-well culture dishes were seeded with 100, 000 B16.OVA cells and 

photographed at day 4 using an Olympus IX-71 inverted microscope at ×40 magnification. (D) Short-

term growth of B16.OVA in the various media without (w/o) specific factors. B16.OVA was seeded 

into flat-bottom 96-well plates at 1000 cells/well and cultured in triplicate. 
3
[H]-thymidine (0.5 

µCi/well) was added to each well at day 5. After 16h, media was removed and 200 µl of 0.1% saponin 

in water added to lyse adherent cells (equivalent results were obtained using a freeze-thaw method). 

Wells were then harvested using a Tom-Tec harvester and thymidine incorporation was determined 

using a liquid scintillation counter. Results are graphed as mean ± SD (triplicates) from one 

experiment. Representative of three separate experiments conducted.  
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Figure 5.2 Growth rates for tumours grown in FCS-replete or SFM. Mice (5/group) were injected with 

FCS-replete or SFM grown B16.OVA s.c at day 0. Tumours were measured from day 7 and every 

second day thereafter. Mice were culled when tumours were >150 mm
2
. (A) Growth curve showing the 

mean size of tumour growth ± SEM. (B) Kaplan-Meier plot of the survival of mice. 
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Figure 5.3: Serum-free culture of B16.OVA abolishes the effects of anti-FCS responses induced by 

DC. Mice (6/group) were immunized with unpulsed DC (DC) or OVA-loaded DC (DC-OVA) on day 

0. Thirty days later mice were challenged with B16.OVA, as described earlier and in materials and 

methods. Tumour growth was monitored from day 7 after challenge and every second day thereafter. 

Mice were culled when tumours were >150 mm
2
. (A) Growth curve showing the mean size of tumour 

growth ± SEM. (B) Kaplan-Meier plot of the survival of mice. SF = serum-free medium cultured 

B16.OVA (at passage 8),   FCS = FCS-cultured B16.OVA cells. Insert: Expression of ovalbumin 

(OVA) in B16.OVA following culture (8 passages) in: lane 1, FCS; or lane 2, SFM. Equal loading (2 × 

10
5
 cells per lane) is demonstrated by actin labelling of lysates. Survival differences between SF-

B16.OVA + DC and FCS-B16.OVA + DC was significant (P<0.05).  Data from one experiment 

performed. 
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Figure 5.4: Comparison of BMDC cultured in SFM or R10 supplemented with GM-CSF. BMDC were 

prepared as described in materials and methods from C57Bl/6 mice and cultured for seven days in 

either serum-replete or serum-free media with 5% GM-CSF in Petri dishes. On day 7 half of the plates 

from each group were activated with overnight with LPS. Cells were harvested by scraping and stained 

with CD11c-APC and one of AMS-PE (MHC-II), CD40-PE, CD80-PE or CD86-PE for FACS 

analysis to determine maturation state.  Representative of two experiments performed. 
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Role of NK cells in the priming of immune responses 

Having established our ability to grow B16.OVA under serum-free conditions, our next 

question addressed the role of NK cells in the priming of immune responses in our tumour 

setting. Mice were depleted of NK cells using rabbit anti-asialo GM1 (ASGM1) prior to the 

administration of DC therapy (figure 5.5A). NK cells were then allowed to regenerate before 

mice were challenged with B16.OVA (grown in SFM).  A second group of mice were 

depleted prior to tumour challenge. These mice would have had fully functioning NK cells 

during the priming of the immune response however NK cells would not be able play a role at 

time of tumour challenge (figure 5.5). The growth curve (figure 5.5B) showed that NK cells 

appeared to be involved in both the priming and challenge phases of the immune response, 

however are more important at time of tumour challenge, as the survival difference between 

mice depleted at time of priming and time of challenge were significant (P<0.002). The 

challenge mice all reached the maximum of 150 mm
2
 by day 20 as shown in the survival plot 

(figure 5.5C).  

However, while this experiment was being conducted, an additional group of mice were 

monitored to assess the return of the NK cells. Surprisingly, it was found that by day 30, only 

approximately 60% of NK cells had returned (FACS plots figure 5.6A). This data was 

supported by an IFN-  ELISA where splenocytes from mice that had been depleted of NK 

cells with ASGM1 produced lower levels of IFN-  in response to whole bacteria, compared to 

the control mice (figure 5.6B). Nevertheless, these findings need to be interpreted with 

caution, given my later findings that NK cells are slow to recover following depletion 

(Chapter 5, Fig 5.6). Thus the slow recovery of NK cells could partially explain the results 

observed in figure 5.5.  
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Figure 5.5: NK cells appear to be required at both priming and challenge. (A)Mice (6/group) were 

primed s.c. with OVA, adjuvants and DC at day 0. Thirty days later mice were injected s.c. with 

B16.OVA. In one group, the day prior to priming and 3 days later mice were injected i.v. with rabbit 

anti-asialo-GM1 to deplete NK cells. In a different group mice were depleted of NK cells the day prior 

to tumour challenge and again 3 days later. Tumours were measured from day 7 (post tumour 

challenge) and every second day thereafter. Mice were culled when tumours were >150 mm
2
. (B) 

Growth curve showing the mean size of tumour growth ± SEM (C) Kaplan-Meier plot of the survival 

of mice. There was a significant difference in both growth rate and survival between mice that were 

depleted at time of priming and challenge as well as between depletion at challenge and mice that were 

not depleted of NK cells where P<0.0002. One experiment performed. 
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Figure 5.6: Thirty days after NK cell depletion, cells are only ~60% recovered.  Mice (2/group) were 

injected with 20µl ASGM1 intravenously per mouse (in PBS for total volume of 100 µl) at days -1 and 

3 to deplete NK cells. Control mice were injected intravenously with rabbit immunoglobulin. On day 

30 mice were sacrificed and spleen cells isolated.  (A) Cells were labeled with DX5-PE and TCRαβ-

FITC and analysed by FACS to investigate the return of NK cells. (B) Splenocytes from mice were 

stimulated with S. salivarius K12 (MOI 10, 1, 0.1) overnight and concentration of IFN-  released 

measured by ELISA. Data represented as mean ± SD from 2 mice in duplicate.  
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It was found that almost all NK cells were reconstituted by day 60 (figure 5.7A). An IFN-  

ELISA was again conducted and showed that the cytokine production was greater from the 

previously ASGM1-depleted mice than the control (figure 5.7B). This raises some interesting 

questions as to NK cell regeneration following antibody mediated depletion that warrants 

further investigation. 

The prophylactic experiment was therefore repeated where mice were depleted at either the 

time of T cell priming or the time of challenge. In this experiment mice were challenged with 

B16.OVA at day 60 to ensure full recovery of NK cell numbers (figure5.8A). The results from 

the growth curve (figure 5.8B) supported the previous experiment where NK cells appeared to 

play a role at both priming and challenge stages of the immune response. The depletion of NK 

cells around time of challenge once again appeared more important as shown in the growth 

curve (figure 5.8B) where the tumours grew at a faster rate compared to those mice that were 

depleted of NK cells around time of priming. NK cells appear to play a lesser role in the 

priming of the immune response as the mice survival rate was equivalent to the control group 

of mice that received therapy and rabbit immunoglobulin (therefore had NK cells) (figure 

5.8C). 

The results from these experiments indicate that NK cells are involved in the priming but exert 

a more profound effect at the challenge phases of the immune response in our tumour model.   
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Figure 5.7: NK cells 97% recovered by day 60.  Mice (2/group) were injected with 20µl ASGM1 

intravenously per mouse (in PBS for total volume of 100 µl) at days -1 and 3 to deplete NK cells. 

Control mice were injected intravenously with rabbit immunoglobulin. On day 60 mice were sacrificed 

and spleen cells isolated.  (A) Cells were labeled with DX5-PE and TCRαβ-FITC and analysed by 

FACS to investigate the return of NK cells. (B) Splenocytes from mice were stimulated with S. 

salivarius K12 (MOI 10, 1, 0.1) overnight and concentration of IFN-  released measured by ELISA. 

Data represented as mean ± SD from 2 mice in duplicate.  
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Figure 5.8: NK cells appear to play a role at both priming and challenge. (A) Mice (6/group) were 

left untreated or primed s.c. with OVA, adjuvants and DC at day 0. Sixty days later mice were injected 

s.c. with B16.OVA. In one group, the day prior to priming and 3 days later mice were injected i.v. with 

rabbit anti-asialo-GM1 to deplete NK cells. In a different group mice were depleted of NK cells the 

day prior to tumour challenge and again 3 days later. Tumours were measured from day 7 (post tumour 

challenge) and every second day thereafter. Mice were culled when tumours were >150 mm
2
. (B) 

Growth curve showing the mean size of tumour growth ± SEM (C) Kaplan-Meier plot of the survival 

of mice. There were significant growth and survival (P<0.0006) differences between mice that were 

depleted of NK cells at time of challenge and mice that had NK cells.  
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Interactions between CD4
+
, CD8

+
 T cells and NK cells 

To further investigate the potential interactions of T cell subsets with NK cells, we conducted 

a preliminary experiment to examine the effect of selective in vivo depletion of CD4
+
, CD8

+
 T 

cells and NK cells at the time of priming.  

A prophylactic setting was again adopted where NK and/or CD4
+
/CD8

+
 T cells were depleted 

at time of priming or tumour challenge. Depletion of CD4
+
 and CD8

+
 T cells was achieved by 

i.v. injections of depleting mAb YTS191.1 (αCD4) and 53-5.8 (αCD8β) on days -3, -1 and +2 

(post therapy; experimental diagram figure 5.9). The effectiveness of a range of depletion 

antibodies (not all shown) was tested by FACS (figure 5.10). NK cells were depleted as in the 

previous prophylactic experiments (described in figure 5.9).   
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Figure 5.9: Overview of prophylactic experiment investigating roles of NK and T cells. Mice (6/group) 

were depleted of CD4
+
 or CD8

+
 T cells (100 µg/mouse/injection) by intravenous injection of mAb 

YTS191.1 or 53-5.8 respectively on days -3, -1 and +2 before time of priming or tumour challenge 

(denoted as days +57, +59 and +62). NK cells were depleted by intravenous injection of rabbit anti-

asialo GM1 on days -1 and +2 (priming) and +59, +62 (challenge), consistent with previous 

experiments. On day 0 mice were left untreated or primed s.c. with OVA, adjuvants and DC at day 0. 

Sixty days later mice were injected s.c. with B16.OVA. Tumours were measured from day 7 (post 

tumour challenge) and every second day thereafter. Mice were culled when tumours were >150 mm
2
. 
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Figure 5.10: Effective depletion of CD4
+ 

and CD8
+
 T cells. Mice were injected with 100 µg/mouse 

(A) anti-CD4 (YTS191.1) or (B) anti-CD8α (53.6.7) /anti-CD8β (53-5-8) on day 0. Control mice were 

injected intravenously with rat Ig. Two days later mice were sacrificed and LN isolated. Cells were 

labelled with either CD4-APC or CD8-PE and TCR-αβ-FITC for FACS analysis. A CD8β antibody 

was chosen as using a CD8α antibody would also deplete CD8α DC as well as a population of 

T cells and it was more effective. 
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It has previously been shown that the anti-tumour response is improved when DC are able to 

engage both CD8
+
 T cells and NK cells (498). Using a prophylactic tumour setting, Karimi et 

al. (498) went on to demonstrate that the DC-activated NK cells involved in the response 

required 3 days before acquiring effector functions. Responses were found to peak on day 5 

and remained elevated for about a week. Shown in figures 5.11 and 5.12, we compared NK 

cell and either CD4
+
 or CD8

+
 T cell depletion at time of priming or challenge respectively in 

this preliminary experiment. Based on previous results, the experimental setting was designed 

in order to allow for the full return of NK cells. By waiting 60 days however in the priming 

setting, I may have missed the peak of the anti-tumour response as none of the results 

observed in this experiment were significant. These results are therefore tentative until repeats 

have been performed. 

Priming phase 

Depletion of CD4
+
 T cells at time of priming (figure 5.11A and B) did not result in any 

significant difference in the growth rates of tumours when compared with mice that were not 

depleted of either NK cells or CD4
+
 T cells. Figure 5.11A shows the mean size of tumour 

growth ± the standard error of the mean. These results were surprising as one might expect more 

rapid tumour growth in mice that were depleted of both NK cells and CD4
+
 T cells compared 

with mice that received no depletions (+NK + CD4). This could however be due to 

unidentified changes in mouse housings condition, litter variation or even suboptimal NK cell 

depletions in these experiments. 

Results for this experiment therefore tentatively indicate that depleting CD4
+
 T cells and/or 

NK cells at time of priming did not have an observable affect on the rate of tumour growth 

above that of the control mice that had intact CD4
+
 T cells and NK cells at time of priming.   

Depletion of CD8
+
 T cells and/or NK cells during time of priming also did not result in any 

significant difference in the growth rates of tumours when compared with mice that were not 

depleted of either NK cells or CD8
+
 T cells (figure 5.11C). An interesting observation was 

that in both figures 5.11C and 5.12C, mice that were depleted of only CD8
+
 T cells showed 
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slower tumour growth. A possible explanation for this is that the absence of these cells 

resulted in less killing of activated DCs, allowing antigen to be presented for longer and 

therefore greater CD4
+
 T cell responses. There was no difference in survival rates (figure 

5.11D) between the groups of mice that were either not depleted or depleted of only NK cells 

or CD8
+
 T cells.  

It should however be noted that due to the length of time we waited before challenging the 

animals, I may have missed the peak of the anti-tumour response, making it difficult to assess 

the interactions that occur between subsets in the priming response. Therefore, in order to 

study the priming phase further, alternative settings will need to be used.  

Challenge phase 

In contrast to the results observed in the priming phase, depletion of NK cells alone and either 

CD4
+
 or CD8

+
 T cells at tumour challenge resulted in poor anti-tumour immune responses 

suggesting a role for all three subsets (figure 5.12) although further experiments will need to 

be conducted to confirm this. 

Differences in tumour growth were noted between the group that received no depletions and 

the group where both NK cells and CD4
+
 T cells were depleted around time of tumour 

challenge (figure 5.12A) where growth was comparable to that of the tumour only control. 

Little difference however was observed between the other groups, whether they were depleted 

of NK cells or CD4
+
 T cells; tumour growth and survival (figure 5.12B) was similar to that 

observed in the tumour only control, suggesting a role for both cell types in anti-tumour 

responses.  

The greatest differences in tumour growth however were noticed in the experiment where NK 

cells and/or CD8
+
 T cells were depleted around time of challenge (figure 5.12C). Tumours of 

mice in the group that received no depletions showed the greatest delay in growth. Delayed 

growth was also observed in the group of mice that were only depleted of CD8
+
 T cells as 

mentioned above. Groups that were depleted of both NK cells and CD8
+
 T cells or only NK 

cells showed similar growth kinetics to that of the tumour only control, showing requirement 
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of NK cells in the response. Mirroring the results observed in the growth curve, the survival of 

the mice that received no depletions was significantly better (p<0.0021) than the mice 

depleted of both NK cells and CD8
+ 

T cells as shown on the Kaplan-Meier survival plot 

(figure 5.12D). Whilst NK cells were shown to be absolutely required unfortunately no strong 

conclusions could be drawn from this experiment as to whether the depletion of CD4 or CD8 

alone had an impact on anti-tumour responses.  

Summary 

I hypothesised that NK cells play an important „helper‟-type role in the priming of the immune 

response, rather than being exclusively involved in tumour killing. However, results from the 

prophylactic experiments indicate that NK cells are more important at time of tumour 

challenge, than at the time of priming. The results observed in the priming experiments will 

require further investigation as the anti-tumour response may have been compromised by 

waiting sixty days for NK cells to regenerate. Furthermore a role of NK cells in tumour 

destruction cannot be ruled out. Alternatively, NK cells could also be acting to enhance the 

tumour destruction by T cells.  It should also be noted that depletion of any combination of 

CD4
+
, CD8

+
 T cells or NK cells at time of challenge showed poor anti-tumour responses. A 

role for both CD4 and CD8 T cells is not unexpected since the ovalbumin antigen contains 

both helper and cytotoxic epitopes and it is well known that the presence of helper CD4
+
 T 

cells are crucial for efficient and long-lasting immune responses against tumours, as they help 

CD8
+
 T cells to become effective cyototoxic T cells (499). Studies into the cellular 

interactions involved in effective CTL priming have shown that CD4
+
 T cells are needed to 

recognize the antigenic peptide on the same APC that cross-presents the CTL peptide, thereby 

indicating a central role for NK-activated -DC, CD4
+
 and CD8

+ 
T cells in effective tumour 

immune responses (500,501). 
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Figure 5.11: Investigating the roles of NK and T cells at PRIMING. Experimental diagram figure 5.9. 

Briefly, mice were depleted of either CD4
+
 or CD8

+
 T cells and/or NK cells before receiving K12-

DC/OVA at day 0. Sixty days later mice were injected s.c. with B16.OVA grown in SFM. Tumours 

were measured from day 7 (post tumour challenge) and every second day thereafter. Mice were culled 

when tumours were > 150 mm
2
. (A, C) Growth curves showing the mean sizes of tumour growth 

±SEM where CD4
+
 or CD8

+
 T cells (and/or NK cells) were depleted respectively. (B, D) Kaplan-

Meier plots of the survival of the mice when CD4
+
 or CD8

+
 T cells (and/or NK cells) were depleted 

respectively. No significant differences were observed. Data presented from one experiment.  
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Figure 5.12: Investigating the roles of NK and T cells at CHALLENGE. Experimental diagram figure 

5.9. Briefly, mice were administered K12-DC/OVA at day 0. Before receiving tumours (B16.OVA 

grown in SFM) on day 60, mice were depleted either of CD4
+
 or CD8

+
 T cells and/or NK cells. 

Tumours were measured from day 7 (post tumour challenge) and every second day thereafter. Mice 

were culled when tumours were > 150 mm
2
. (A, C) Growth curves showing the mean sizes of tumour 

growth ± SEM where CD4
+
 or CD8

+
 T cells (and/or NK cells) were depleted respectively. (B, D) 

Kaplan-Meier plots of the survival of the mice when CD4
+
 or CD8

+
 T cells (and/or NK cells) were 

depleted respectively. Differences between the +NK + CD4
+
 and – NK - CD4

+
 groups were significant 

in both growth and survival where P<0.05. Differences between the +NK +CD8
+
 and all groups except 

the + NK - CD8
+
 group were significant in both growth and survival where P<0.01. Data presented 

from one experiment.   
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  Chapter Six: Discussion 

Whilst the concept of using adjuvants such as bacteria or bacterial components to stimulate 

the immune system to fight diseases is not a new one, our growing understanding of the 

immunological interactions that occur within the host as well as the host-tumour interactions 

will prove to be critical for the development of new immunotherapeutic strategies.  

There are many factors that need to be considered. It is generally accepted that an effective 

cytotoxic T cell (CTL) response is required for effective tumour eradication (502,503,504) 

and generating the CTL response is reliant upon activation by DCs as referred to in the 

introduction. „DC immunotherapy in clinical trials‟ in Pubmed yields over 100 published 

studies over the past decade and involve testing a range of cancer vaccine approaches ranging 

from the use of lysate pulsed DCs (505,506,507), the addition of cytokines (508,509,510), to 

stimulation with a range of viruses (511,512,513) together with blocking immunosuppressive 

host responses for example with CTLA-4 antibodies (514). Vaccines that have been designed 

have been both therapeutic and prophylactic, with multiple different routes of administration 

investigated. Currently, the most promising results are with virus-associated cancers, for 

example the human papillomavirus (HPV) vaccine (515,516). While therapeutic vaccinations 

are much more difficult to design, with more variable results, promising results have been 

achieved in trials with patients who have HPV16-induced vulvar lesions (517). In the study 

half of the patients displayed complete regression after treatment with a therapeutic HPV16 

E6/E7 synthetic long peptide vaccine (517). Success, in this study, as well as in a study of 

patients with HPV-induced cervical cancer, was found to correlate with the phenotype of the 

induced T cell responses, where a high ratio of vaccine-stimulated effector T cells to HPV16-

specific CD4
+
CD25

+
foxp3

+
 T cells was predictive of clinical success (517,518). 

The success of cancer vaccines is therefore dependent on designing treatments that are capable 

of eliciting strong CTL responses and appropriate cytokines, as well as the generation of 

tumour-specific memory T cells. Finding new adjuvants to better stimulate and mature DC is 

one avenue being explored. Another option is that of NK cell therapies. NK cells recognize 

and target cells with downregulated MHC class I expression, a characteristic of some tumour 
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cells and NK cells also release important Th1-inducing cytokines (519,520,521,522). 

Understanding how NK cells interact, regulate and recirculate in a cancer setting is largely 

unknown. Recent work investigating the mechanisms by which NK cells recognize cancer 

(523,524,525), the interactions that occur between NK cells and accessory cells in response to 

pathogens (526,527) and how altering the distribution of NK cells may be advantageous in the 

priming of the immune response to cancer highlights the promise of NK cell based 

immunotherapies. Work by Martin-Fontecha et al. (46) has shown that certain adjuvants are 

capable of recruiting NK cells to draining lymph nodes following DC vaccination and may 

influence the development of the T cell response. Discovering adjuvants that possess this 

characteristic may present an attractive option for the treatment of certain cancers such as 

melanoma. 

This study therefore set out to investigate the potential of Streptococcus salivarius K12, a 

bacterium that has a history of commercial application as a probiotic in New Zealand, for use 

as an adjuvant, investigating cell types involved in the response and applying the therapy 

using B16.OVA melanoma as a model.  

Whole bacteria as adjuvants 

Bacteria are potent activators of DCs, regardless of whether they are G+ve or G-ve, harmless 

or harmful (528)). DC maturation triggers a series of events that ultimately leads to the 

skewing of immune responses towards Th1 or Th2 (529). In this study, I compared a range of 

G+ve and G-ve bacteria for their ability to induce IFN-  secretion, an important Th1-

associated cytokine. Previous studies have shown that G+ve and G-ve bacteria induce 

different patterns of immunoregulatory cytokines, where G+ve bacteria produced much more 

IFN-  than G-ve, while G-ve favour higher IL-10 production (530,531,532). Consistent with 

these results I found that the production and secretion of IFN-  was greater from G+ve 

bacteria than G-ve bacteria and that the effect was as a result of the presence of the whole 

bacteria rather than a secreted product. The cell subset responding to the presence of the 

bacteria and secreting the IFN- , were found to be NK cells (474). The response was also 

found to require the presence of DCs as well as IL-12 and IL-18. 
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While interactions between DCs and NK cells are known to be important for the effective 

clearance of viral infections (261), they are also important for the development of antigen-

specific memory. Cross-talk occurring between NK cells and DCs have recently been 

demonstrated to  activate DC and induce their maturation and cytokine production (194,193). 

Production of IL-12 by DCs is known to be a stimulatory factor for NK cells, increasing IFN-  

production as well as activating cytotoxic abilities of both NK cells and T cells (252,533). In 

this study, I showed that the activation of DCs and NK cells by S. salivarius K12 led to 

increased secretion of IFN-  but did not increase the cytotoxic abilities of NK cells. The 

interaction may instead have promoted a „helper‟ NK cell path of differentiation. 

Using human blood NK cells Milliard et al. (534) showed that the addition of IL-18 resulted 

in a „helper‟ NK cell phenotype that uniquely expressed several mature DC-associated surface 

markers as well as an increased ability to respond to LN-produced chemokines and therefore 

homing to LN. Mailliard et al. proposed that the development of the helper or 

immunoregulatory function of NK cells is only induced under stringent conditions, similar to 

the „signals‟ required by B and T cells (128). Using K562 (human erythroleukemic line) cells 

as targets, their group showed that, while targets alone induced NK cell cytotoxic activity, the 

interaction was not sufficient to induce IFN-  production. In addition to the presence of target 

cells, type I IFNs, were also required for IFN-  production. Only when both K562 cells and 

IFN-α were co-cultured with NK cells, was NK cell-derived DC maturation observed, 

showing a type 1-polarized “effector/memory” DC (DC1) type. In addition, the effect was 

found to not be reliant on cell contact between the NK cells and DC. Increased production of 

IL-12p70, a cytokine known to induce the activation, survival and effector functions of CD4
+
 

and CD8
+
 T cells was noticed, further highlighting a role for NK cells in shaping the primary 

immune response (128).  

Thus pre-activated NK cells are able to stimulate mature DC to release key cytokines such as 

IL-12 and IL-18, which feeds back onto the NK cells to release large amounts of IFN- . 

Stimulation of DC with IFN  also increases the levels of IL-12p70, thereby amplifying 

cytokine secretion from DC: NK cell conjugates. In the model proposed by Mailliard, the NK 
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cells require the pre-activation to become „helper‟ NK cells. This pre-activation was the 

presence of type I IFNs, soluble factors that are released early in most viral infections (535). 

From my in vitro culture experiments utilizing sorted NK cells, IFN-  is only released when 

both DC and S. salivarius K12 are present. In contrast to the work discussed above, earlier 

work in this lab has shown that contact is required between the DC and NK cells in our 

setting. Using antibodies against cytokines, the IFN-  production was absolutely dependent on 

IL-12 and to a lesser extent, IL-18 expression (474). Bacterial activation of DC would have 

induced both phenotypic and functional maturation, resulting in the efficient presentation of 

exogenous antigen on both MHC class I and II molecules as shown by Rescigno et al. (536) 

and others which showed that bacteria (whether live or heat-killed) are able to induce 

maturation including the up-regulation of co-stimulatory molecules and triggering migration 

to secondary lymphoid organs. The presence of S. salivarius K12 appears to be enough to 

trigger the „helper‟ function of NK cells (in the presence of DC) resulting in IFN-  secretion 

that could feed back onto DCs.  

The ability of NK cells to enter draining LN is thought to be another characteristic of „helper‟ 

NK cells and appears to be important for the differentiation of T helper cells (537,524). Under 

normal steady-state conditions few NK cells are found in the LN of mice. Martin-Fontecha et 

al. (46) showed that NK cells were recruited to the draining LN following vaccination with 

adjuvant-matured DC. Comparable results to that observed by Martin-Fontecha were noted 

with variation in the ability of adjuvants to recruit NK cells to LN, where in the paper R848, 

Ribi and LPS-matured DCs, were efficient at recruiting NK cells. Recruitment was also found 

to correlate with the induction of a Th1 response, where a higher number of T cells were 

primed with NK-recruiting adjuvants as opposed to those that were poor (CpG, CFA) at 

recruiting NK cells (46). However, in this thesis a different route of administration was 

utilised. Instead of footpad injections and harvesting the popliteal LN, which may lead to 

improved lymphatic draining than other sites of delivery (487), I injected the adjuvant-

stimulated DC subcutaneously into the flank of the mice, in order to be consistent with the 

administration in our tumour setting. Forty-eight hours later the draining inguinal LN were 

harvested and a two-fold increase observed in the LN of mice injected with S. salivarius K12-
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DC. The TLR ligands CpG and Pam3Cys were found to be poor at recruiting NK cells to LN, 

with NK cell levels in LN barely increasing above that of the control.  

Work by Watt et al. (538) went on to show that mature CD27
high

 NK cells were predominantly 

recruited into the draining LN following DC challenge. The recruitment was found to be 

dependent on the activation status of the NK cells and required endogenous IFN- . In my 

setting I showed that it was the mature CD27
high

 NK cells that were producing high levels of 

IFN-  in response to S. salivarius K12. It would therefore be tempting to postulate that the NK 

cells I observed being recruited to the draining LN following DC vaccination were mature 

CD27
high

 NK „helper‟ cells; their recruitment being regulated by activation status in addition 

to IFN-  secretion, thereby allowing the recruited NK cells to contribute to the priming of T 

cells.  

Effect of S. salivarius K12 on DC-based immunotherapy in a 

melanoma model 

NK cells are accepted to play a role in the detection and destruction of tumour cells. Over the 

last year a lot of research has focussed on determining specific molecular interactions that 

result in the NK cell recognition of melanoma in both mice and humans (539,540,541,542). 

Lakshmikanth et al. (541) screened a range of human melanoma cell lines derived from 

patient metastases as well as mouse primary tumours and cell lines to identify NK cell 

receptors crucial for the recognition of melanoma. Their findings showed that NK cell 

activating receptors (NCRs) and DNAM-1 mediated NK cell recognition of melanoma in both 

mice and humans. While the roles these receptors play in NK cell immunity remains largely 

unknown, the research also indicated that along with understanding optimal NK cell activation 

for effective lysis, anatomical location of the melanoma may also need to be considered. For 

example, human melanoma cell lines derived from lymph node metastases have been found to 

show a greater sensitivity to lysis by blood NK cells (541). This point once again highlights 

the need for adjuvants that are able to recruit NK cells to lymph nodes and the potential of NK 

cell-based immunotherapies.  
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In the present study, B16.OVA melanoma, injected subcutaneously into the flanks of mice, 

was utilized as a model to study the potential adjuvancy of S. salivarius K12, as well as the 

role of NK cells in the development of the immune response. S. salivarius K12 was compared 

to other commonly used TLR ligands in a therapeutic model, where mice received tumours on 

day 0 and bacteria/ligand-activated DC three days later in the opposite flank. The results 

showed that S. salivarius K12 was able to delay growth beyond that of the other TLR ligands, 

although LTA (a TLR-2 ligand) was almost as effective an adjuvant as S. salivarius K12. The 

addition of a second therapy immunization one week after the first did not delay growth any 

more than was observed when only one immunization was administered. Furthermore if 

therapy was delayed for a week, the anti-tumour response was affected with tumour growth 

showing similar kinetics to that of the tumour only control. This result was very interesting 

and may highlight the efficacy of treatments at different stages of disease development. 

B16.OVA is a rapidly growing tumour. In my hands tumours are palpable by day 7 and in 

mice that have only received tumours, by day 14 are on average about 70-90 mm
2
, and growth 

rate is accelerating.  This suggests either that the inflammatory products produced following 

from DC immunisation enhances tumour growth at later growth stages, or that administration 

of therapy at this late time point may produce tolerance rather than immunity. The latter effect 

may be due to the stimulation of evasion mechanisms by the tumour, including the secretion 

of immunosuppressive and/or pro-apoptotic factors, possibly induced via STAT-3 activation 

(543).  

Different regulatory cell populations also contribute to the immunosuppressive environment 

created by the tumour, including CD4
+
CD25

+
 Tregs, inducible Tregs, myeloid-derived 

suppressor cells, NK-T cells and iDCs (395). DCs found within tumours have been shown to 

have an immature phenotype with reduced expression of co-stimulatory molecules (544), 

thereby being unable to induce anti-tumour responses, but capable of inducing T cell tolerance 

or anergy (545,546). In my experiment, by the time the second DC therapy immunization was 

administered, the cells that were able to enter the draining LN or tumour site may have been 

suppressed or deleted. As this experiment was only performed utilizing the two immunization 
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protocol, it may be interesting to repeat the experiment immunizing on different days to 

investigate at what time point tolerance is established in our model.  

Having established that the addition of S. salivarius K12-activated DCs were able to delay 

tumour growth, I wanted to investigate if NK cells were playing a role in this model. NK cells 

were depleted in vivo utilizing either rabbit anti-asialo GM1 (ASGM1; polyclonal antibody) or 

anti-NK1.1 (PK136; monoclonal antibody). As mentioned on page 86 in C57BL/6 mice 

ASGM1 has been shown to deplete only NK cells, whilst anti-NK1.1 (PK136) depletes both 

NK and NK-T cell subsets (489).  

The data clearly showed that the depletion of NK cells resulted in the eradication of protection 

that was provided by DC immunotherapy, thereby indicating a role for NK cells in the 

observed anti-tumour response. The response was more definitive when ASGM1 was used to 

deplete NK cells in vivo than when PK136 was used. However, in both experiments, mice that 

had received therapy but were depleted of NK cells grew at the similar rates to the tumour 

only controls. 

One possible explanation as to why the results were better when ASGM1 was used, is that a 

few studies have shown that antigen-specific T cells can express NK cell markers such as 

ASGM-1 at certain stages of CTL differentiation or activation (547,548). ASGM1 treatment 

could therefore have removed some tumour-specific T cells, resulting in the faster growth of 

tumours. In contrast, other studies have shown that ASGM1 depletion is ineffective at 

removing CD4
+
 and CD8

+
 T cells, and that total numbers of CD8

+
 T cells were unaffected by 

ASGM1 depletion (549,550,533). The question of whether or not antigen-specific CD8
+
 T 

cells are affected by ASGM1 depletion will need to be addressed.  In our laboratory in vivo 

cytotoxicity assays (VITAL assays) have been used to test the effector function of CD8
+
 T 

cells in both mock-depleted and ASGM-1 mice. Preliminary results suggest that the cytotoxic 

potential of CD8+ T cells is unaffected however further investigation is required. Further 

reasons for the differences observed between ASGM1 and PK136 are considered below, 

where the role that NK-T cells may be playing in the tumour setting is discussed.    
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Generally it is described that NK cells mediate spontaneous cytotoxicity against MHC class I-

deficient tumour cells, with cytokines such as type I IFN and IL-12 considered to be important 

in initiating NK cell responses (551,552). More recently, since NK-T cells have been isolated 

and found to secrete large amounts of Th1 and Th2 cytokines (553) and also express perforin 

and Fas ligand, it has been suggested that they too may play a key role in controlling the 

growth and spread of tumours (240).  The addition of invariant NK-T (iNK-T) cell-stimulating 

glycolipids, for example α-galactosylceramide (α-GalCer), has been shown to offer 

antitumour and antimetastatic benefits in a wide range of animal models of cancer including 

melanoma (554), methylcholanthrene-induced (MCA) sarcoma (555) and Lewis carcinoma 

cells (556).  The adjuvanticity of α-GalCer is thought to incite iNK-T cell-mediated activation 

of NK cells and rapid induction of IFN-  (557). iNK-T-cell mediated activation with α-GalCer 

may also promote CTL activity (558); this activity being dependent on iNKT-mediated 

activation of DC that have acquired unique tumour antigens (559). 

A study by Smyth et al. (235) investigated the relative importance of NK and NK-T cells in 

the protection against tumour initiation and metastasis in six different mouse tumour models, 

where IL-12 did or did not dictate the efficiency of the response. No biological response 

modifiers were used and so the natural tumour surveillance capabilities of endogenous NK 

and NK-T cells were assessed. It was found that where IL-12 was required for tumour 

rejection, NK-T cells were found to play a protective role whereas NK cells were found to be 

responsible for tumour rejection and protection in MHC class I-deficient models independent 

of IL-12 (235).  

However, a further investigation conducted by Smyth et al. (489) into the relative contribution 

of each cell type in the protection against MCA-induced fibrosarcoma indicated that both cell 

types were involved in the protection after IL-12 therapy. It was suggested that the relative 

dose of IL-12 could dictate the relative role in the response of the NK and NK-T cells (252).  

NK-T cells have been shown to have higher basal expression levels of the IL-12 receptor than 

NK cells (560). Therefore NK-T cells may contribute more when lower doses of IL-12 are 

present, amplifying the response and promoting the activation of NK cells (254). 
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Alternatively, certain NK-T cells have been proposed to play a suppressor role in tumour 

settings through the release of TGF-β and IL-13 as discussed above, thereby suppressing CTL 

function. Establishing a mouse tumour model where the tumours spontaneously regress after 

initial growth but then recur, Terabe et al. (561) showed that regression was mediated by 

antigen-specific CD8
+
 T cells. Recurrence was found to involve tumour cells that that lost 

expression of the antigen (gp160 mRNA) but had retained the gene and also CD4
+
 T cells that 

prevented complete tumour eradication by CD8
+ 

T cells. NK-T cells and specifically IL-13 

production were found to be the major players in this response, as depletion of NK-T cells or 

neutralization of IL-13 was sufficient to prevent tumour recurrence.  

Based on the literature, it therefore appears that NK-T cells may play a part in natural and IL-

12 induced immunity or it could play a suppressor role. The relative role that the NK-T cells 

play is most likely to be tumour and therapy dependent. I know that NK cells are involved in 

my B16.OVA model, clearly indicated through the use of ASGM1. Depletion of both NK and 

NK-T cells did result in an increase in tumour growth, suggesting that in my setting NK-T 

cells may be adopting a suppressor role, although further research would need to be conducted 

to ascertain this. Alternatively, it may just be as simple as that ASGM1 is a better depleting 

antibody than PK136.  

Increased tumour growth following in vivo depletion of NK cells has been shown previously 

(562,489,563) however there is still much to discover as to how exactly NK cells are 

contributing to the anti-tumour response. For example in my system I did not know if my 

therapy (and therefore activated NK cells) were directly affecting the tumour cell division 

rate, or if therapy resulted in tumour cell death via cytotoxic action of the immune system.  

Whatever the mechanism of tumour growth inhibition, I was able to show that activation of 

NK cells by activated DC did not lead to a therapeutic response when antigen was omitted. To 

address this, an experiment was performed where mice were primed with either S. salivarius 

K12-DC or S. salivarius K12-DC pulsed with OVA. Immunisation with activated DC even in 

the absence of tumour antigen should still result in DC: NK interactions in the draining lymph 

node. Thus this experiment was able to distinguish if killing required an antigen-specific T 
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cell response, or alternatively if NK cells were acting independently of T cells and directly 

killing the tumour cells. The outcome of the experiment suggested that NK cells may be 

adopting more of a helper role, influencing the generation of the tumour-specific CTL 

response. Similarly, activation of NK cells using RMA- S.CD70 tumour cells was also shown 

to augment CTL responses (550).  

The finding that NK cells play a supportive role rather than a protective one has been 

emphasised in NK cell-deficient patients and animals who suffer from recurrent infection, 

especially with herpes viruses and mycobacteria (564,565,566). In cancer settings, during the 

early phase of tumour growth NK cells may contribute to the elimination of transformed cells, 

but due to the absence of a second signal as proposed by Mailliard et al., or in my setting the 

OVA antigen, NK cells would be unable to help activate or induce Th1-polarised DCs. This 

would result in an initial control of tumour growth but may not initiate sufficient tumour-

specific CTL responses, eventually resulting in uncontrolled tumour growth (128).   

NK cell requirements at priming and challenge  

Although it is generally accepted that NK cells influence the induction of Th1 and CTL-

mediated type I immune responses, it is less clear how CD4
+
 and CD8

+
 T cells, NK cells and 

DCs interact with each other in a tumour setting.   

 

In this study I hypothesized that NK cells were involved in the priming of the T cell immune 

response towards B16.OVA. To investigate this, I conducted prophylactic tumour experiments 

where NK cells were depleted either around time of T cell priming or tumour challenge. I 

observed that NK cells exerted more of a profound effect at the challenge phase of the 

immune response in our tumour setting than at the priming phase. It is clear that a different 

setting will need to be adopted to elucidate the true involvement of the various cell types 

during priming, particularly as by waiting 60 days it appears that anti-tumour immunity was 

lost in some mice, resulting in high intra-group variability in some of the experiments. One 

approach may be to use CD4-deficient mice to investigate the priming phase of the immune 

response in a prophylactic tumour setting where CD4
+
 T cells are added back before time of 
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priming of time of challenge. CD4
+
 T cell involvement in the activation of NK cells has been 

suggested in a study by van den Broeke (567), discussed further below, where the earliest 

tumour protection was observed, was four days after DC inoculation, whereas direct NK cell 

activation would have arisen within a few hours. As there is no perfect way of depleting NK 

cells, CD4-deficient mice could be used to address the question as to whether DC-mediated 

activation of NK cells occurs as a result of an intermediate interaction between DCs and CD4
+
 

T cells, transferring functional CD4
+ 

Tcells back into the mice before priming or challenge. A 

disadvantage would be that the absence of CD4
+
 T cells would affect the generation and 

maintenance of CD8
+
 memory T cells (568,569). An alternative approach may therefore be to 

use rag1-deficient mice and adoptively transfer in cells of interest, at the priming phase in the 

prophylactic model. As rag1-deficient mice only have NK cells and no T cells, transferring in 

either CD4
+
 or CD8

+
 T cells may shed light on interactions that are occurring between the 

different cell subset. 

 

Our data demonstrated that NK cells required ~60 days to fully regenerate following 

intravenous depletion by ASGM1. The regenerative pathway of NK cells following ASGM1 

depletion remains unclear, however a paper by Hummel et al. (570)  looking at the 

reconstitution of bone marrow NK cells following depletion suggested that it may take as long 

as 8 weeks when bone marrow cells were isolated from mice that had received a single 

intraperitoneal injection with ASGM1. Other examples looking at NK cell regeneration 

include a chemotherapy model where cyclophosphamide was used to deplete NK cells. After 

administering a sublethal dose it was found that the number of NK cells in the spleen returned 

8-9 days post cyclophosphamide injection (571). Furthermore, Hurme et al. (571) showed that 

post-regeneration, the NK cells expressed higher levels of Thy1 than normal NK cells. As our 

knowledge of NK cell receptors have advanced quite significantly in recent times, it may be 

interesting to compare NK cells post-regeneration to that of control mice. It  has been shown 

that after chemotherapy and therefore after CD4
+
 and CD8

+
 depletion, a T cell subset 

imbalance can occur where for example in some chemotherapy patients CD8
+
 T cells 

regenerate faster than CD4
+
 T cells. It would be interesting to know if a similar scenario 

occurred in NK cell subsets (572).  



126 

 

 

With the evidence suggesting that NK cells were exerting a greater effect at time of tumour 

challenge, compared to at the time of priming, I next elucidated what interactions may be 

occurring between NK cells, DC and CD4
+
 and CD8

+
 T cells. Previous studies have linked 

NK cells, DC and CD8
+
 T cells in the induction of tumour immunity (498,533,573). Links 

have also been made between CD4
+
 and CD8

+
 T cells where it has been shown that antigen-

specific CD4
+
 T cells are required for the generation of fully functional CD8

+
 T cells as well 

as the development of memory cells (574).  

 

By depleting combinations of CD4
+
/CD8

+
 T cells and NK cells I discovered that all three 

subsets of cells may play a role in the antigen-specific anti-tumour response. Whilst the results 

from this experiment are only preliminary, the relative roles that the cells play may involve 

the presentation of the OVA antigen by APC. Cell-associated OVA has been shown to be 

cross-presented much more efficiently than soluble OVA and is presented efficiently in both 

class I and class II pathways (575). Karimi et al. (498) performed an experiment looking at the 

various contributions of CD4
+
, CD8

+
 T cells and NK cells by in vivo depletion prior to tumour 

challenge. They found that both CD8
+
 T cells and NK cells were required for the best tumour 

protection, however they used a DC/SIINFEKL (MHC-I restricted) vaccine. Therefore, there 

were no CD4
+
 T cell epitopes common to both their tumour and their vaccine. NK cells were 

also implicated in the development of CD8
+
 T cell responses against B16 melanoma in a 

setting where mice were depleted of CD4
+
, CD8

+
 T cells or NK cells prior to the 

intratumoural injection of a recombinant adenovirus expressing mIL-12 plus anti-4-1BB 

(CD137) therapy combination (576). Depletion of NK cells was found to markedly reduce the 

therapeutic effect, whilst the lack of CD8
+
 T cells completely abolished the effect of the 

combination therapy. The depletion of CD4
+
 T cells was again found to have no effect on the 

growth of the tumours. Although CD4
+
 T cells are thought to be important for the generation 

of efficient CD8
+
 T cells, independent pathways have been identified involving IFN-  

expression and the priming of endogenous DC for IL-12 production (211,577).        
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The result shown in figure 5.12C showed that, in the absence of NK cells, there was no 

effective anti-tumour response, whereas in the presence of NK cells, there was an effective 

response that could be knocked back to some extent by in vivo depletion with anti-CD8. This 

suggested that NK cells play a role in the development of antigen-specific CD8
+
 T cell 

responses. The result also indicates that although our S. salivarius K12-DC/OVA therapy 

results in NK cells that produce IFN-  and help generate tumour specific CD8
+
 T cells we can 

not rule out the possibility that NK cells may also be killing the tumour in the initial stages, 

helping to control the tumour initiation and resulting in antigen release.  

 

Contrary to the studies discussed above, CD4
+
 T cells play an important role in our setting.  

Depletion of CD4
+
 T cells, around time of challenge, abrogated anti-tumour responses 

induced by immunization with S. salivarius K12-DC/OVA. CD4
+
 T cells playing a role in 

activating NK cells has been suggested previously however the exact mechanism or place 

where this interaction occurs remains unknown (578,567,579). A study by van den Broeke et 

al. showed that DC-mediated tumour protection required CD4
+
 T cells and NK cells in both 

the CT26 colon carcinoma and LL/2 Lewis lunch carcinoma tumour models (567). In vivo 

depletion of NK cells and CD8
+
 T cells established that NK cells were the main effector cells 

involved in protection. The activation of the NK cells was found to be CD4
+
 T cell dependent 

and was shown to be reliant on the expression of costimulatory molecules on DCs. More 

evidence to suggest CD4
+
 T cell involvement in the activation of NK cells was that the earliest 

tumour protection was observed was four days after DC inoculation, whereas direct NK cell 

activation would have arisen within a few hours (537). It may therefore be likely that DC-

mediated activation of NK cells may occur as a result of an intermediate interaction between 

DCs and CD4
+
 T cells (567). 

 

The results from the initial prophylactic experiment where I depleted CD4
+
/CD8

+
 T cells and 

NK cells opens the door to many questions that remain to be elucidated.  In our setting, we 

know that NK cell activation requires cell contact with bacterially activated-DCs and the 

presence of cytokines. It is possible that some of these cytokines could also be produced by 

CD4
+
 T cells, although a direct helper role between CD4

+
 T cells and NK cells has not been 
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shown to date (580). Alternatively, as at least three days are required for NK cells to acquire 

effector functions, it is possible that CD4
+
 T cells could interact with and activate DCs to 

produce the necessary cytokines, through interaction of CD40/CD40L. While costimulatory 

molecules such as CD40 and CD80/CD86 appear to be important for the generation of 

antitumour immunity (581,582), their role in DC-mediated NK cell activation is less well-

known (583,584). Furthermore, how interactions between NK cells and CD4
+
 T cells 

contribute to the generation of memory cells remains to be elucidated.  

 

Recently it has been demonstrated that NK cells are able to mount secondary responses 

contributing to immune memory. Most of the models used to study NK cell memory to date 

have been viral ones, specifically the NK response to CMV (585,586,587). As a result of the 

characterization of NK specific ligands, characterizing the phenotype and function of memory 

NK cells in other settings, such as cancer, will be possible. In the case of MCMV, memory 

NK cells were found to express elevated levels of the activating Ly49H receptor and the 

inhibitory KLRG1 receptor compared with naive NK cells (585). In addition, it was found that 

surface levels of these molecules continued to increase on secondary memory NK cells (588).  

While our knowledge of memory NK cells is in its infancy, it would be interesting to apply it 

to cancer models. In the paper by van den Broeke et al. they found that mice were protected 

against CT26 tumour challenge 14 months after DC inoculation and that the effector cells 

were still NK cells (567). The response however was found to be reliant on the presence of 

CD4
+
 T cells at time of DC inoculation. In retrospect, it would have been interesting to re-

challenge mice that remained tumour-free in our setting and to investigate the importance of 

the presence of CD4
+
/CD8

+
 T cells and NK cells in protection against the second challenge as 

it was hinted in my prophylactic experiments that NK cell memory may come into play as the 

stimulation of NK cells with anti-tumour activity was shown as many as 60 days after the 

vaccine was administered. 
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Conclusions and future work 

Currently, most immunotherapies are T-cell based and have shown some success in the 

treatment of melanoma (589). The lack of clinical effectiveness of current cancer vaccines has 

led to increased efforts to understand what is required in order to elicit protective CD8
+
 T cell 

responses, as well as CD4
+
 and CD8

+
 memory cell formation (590). In the case of melanoma, 

although potent T cell responses are desirable, the downregulation of class I on melanoma 

cells may play a significant role in the pathogenesis and progression of the disease (591). As 

NK cells target cells with low class I expression, an alternative approach could be NK cell-

based therapies.  

 

In this thesis, I assessed the ability of S. salivarius K12 as an adjuvant for the activation of NK 

cells and tested its efficiency in a B16 melanoma model. The aim was to see if S. salivarius 

K12-activated DC were able to redistribute NK cells to draining lymph nodes and what role 

these cells may play in the response to the tumour.  

 

In vitro experiments suggested that activation of NK cells by S. salivarius K12-activated DC 

resulted in a „helper‟ NK cell phenotype, releasing cytokines such as IFN-  and TNF-α (474) 

that could serve to activate and recruit other cells. Following subcutaneous DC vaccination, 

NK cells were found to traffic to the draining lymph node. I tried, with little success, to see if 

NK cells played a role in the proliferation of CD8
+
 T cells in LN using adoptive transfer 

experiments. These experiments entailed monitoring proliferation of TCR transgenic T cells 

with specificity for the model antigen, OVA, after injection of OVA-loaded DCs pulsed with 

S. salivarius K12 or other TLR ligands but no proliferation was observed in response to whole 

OVA protein. This was most likely due to the low amount of OVA257-264 present within the 

OVA protein preparations. DCs were pulsed with 200 µg (± 5 nM/ml) OVA protein before being 

washed. Thus the total amount of OVA257-264 epitope present was probably not sufficient to trigger 

OT-1 T cells. Subsequent experiments in our laboratory (592) using in vitro and in vivo 

cytotoxicity assays as well as adoptive transfer experiments have shown that NK cells aid in 

the development of CD8
+
 T cell cytotoxicity, but do not affect the antigen-specific 



130 

 

proliferation of CD8
+
 T cells. However further experiments will need to be conducted in order 

to confirm this. 

In vivo depletion experiments combined with experiments where DC were primed in the 

presence or absence of tumour antigen showed that while NK cells are critical for the anti-

tumour response, they do not appear to be the main effector cells. It would be interesting to 

address the exact mechanism by which the DC immunotherapy is working. For example, is 

the addition of S. salivarius K12-activated DC activating NK cells resulting in the generation 

of cytokines that enhance the cytotoxicity of CD4
+ 

and CD8
+
 T cells, or are the cytokines 

indirectly affecting the growth of the tumour itself, or is the truth a combination of both 

scenarios? As great strides have been taken in identifying the receptors that participate in NK 

cell recognition of melanoma, it would be useful to know which receptors are being expressed 

and activated on NK cells in our setting. Furthermore, looking to see if memory NK cells are 

generated from our therapy, and if these memory cells are selected for based on the expression 

levels of those specific recognition receptors.     

 

S. salivarius K12 is a good NK cell adjuvant in a B16.OVA melanoma setting, but how would 

it fair in other solid tumours or haematological malignancies where the foreign protein OVA 

is not used as a surrogate tumour antigen? The discovery of non-mutated melanocyte 

differentiation antigens such as MART-1/Melan A, gp100 and tyrosinase related proteins -1 

and -2 has allowed for models where tolerance will need to be broken to these self proteins to 

generate appropriate anti-tumour responses (448). Testing the ability of S. salivarius K12-

activated (antigen-loaded) DC in one of these models would be of interest to see if the 

activation of NK cells results in the breaking of tolerance. Furthermore, whether or not the 

cross-talk that occurs between NK cells and DCs enables functional DCs and effector T cells 

to infiltrate the tumour and overcome the immunosuppressive environment.  

 

The best results using Coley‟s toxin were noted in soft-tissue sarcomas. It would therefore be 

interesting to see how our S. salivarius K12 therapy fairs in different models, for example EL4 

thymoma or methylcholanthrene-induced fibrosarcoma (MCA). It would also be useful to 

know how it compares to some other whole bacterial preparations, for example OK-432 



131 

 

(Picibanil ). OK-432 has been trialled mainly against head and neck lymphatic 

malformations, where it has been intracystically injected (445,593). While it has also been 

trialled as an immunotherapeutic agent against a range of malignancies (594,595), it appears 

to mostly be administered intratumourally. To my knowledge, S. salivarius K12 has never 

been directly injected into a tumour. It would therefore be interesting to conduct experiments 

comparing S. salivarius K12 and OK-432, injected peri- or intra-tumourally in our B16.OVA 

tumour model as well as in other solid tumours. On the other hand, it would also be interesting 

to compare both therapies in our current setting to see how OK-432 fairs being delivered 

subcutaneously against B16 melanoma. 

  

Finally, understanding how recognition of melanoma tumours by NK cells changes at various 

stages of disease, the mechanism of interaction that occurs between CD4
+
 T cells and NK 

cells and how this may affect memory cell formation will dramatically affect how new 

immunotherapeutic protocols are designed in the future.  
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Abstract 

Natural killer (NK) cells were first identified by their ability to kill cancer cells or virally infected cells 

without prior sensitisation. Upon stimulation NK cells secrete large amounts of cytokines including 

interferon-gamma (IFN-γ) which have subsequently been shown to be a key event in the successful 

resolution of infection. Previous work has demonstrated that gram-positive (G+ve) bacteria can 

stimulate a rapid release of IFN-γ from murine splenocytes and human peripheral blood mononuclear 

cells. Research has identified that the IFN-γ response occurs via dendritic cells (DCs) in a membrane-

contact dependent, but lymphocyte function-associated antigen (LFA-1)-independent manner. 

Screening antibodies against cytokines with known potential to augment IFN-γ production showed that 

IL-12 and IL-18 expression are required for this effect. Cell depletion experiments and use of CD1d- 

and RAG- deficient mice were used to demonstrate that NK cells and DCs are the likely cell types 

involved in the response to G+ve bacteria, and NK-T cells might only play a limited role. Toll-like 

receptor-deficient mice (TLR-2 and TLR-4) were used to ascertain the pathways involved in 

stimulating IFN-γ release. Differences were noted between the splenocyte system and DC: MHC class 

II-depleted lymphocytes however, stimulation by G+ve bacteria was observed in both the TLR-2 

deficient and TLR-4 deficient mice. Signalling via lipoteichoic acid (LTA) however required an intact 

TLR-4 pathway and LTA was found to be more efficient at mediating IFN-γ response than other TLR 

ligands such as peptidoglycan or lipopolysaccharide. Preliminary experiments also showed that G+ve 

bacteria enhance the cytotoxic activity of NK cells although research is ongoing. Overall, results 

suggested that G+ve, commensal bacteria such as S. salivarius K12, or a cell wall component such as 

LTA, could be used to induce the recruitment and activation of NK cells thereby driving TH1 

polarisation. This effect may have potential for development as an effective vaccine adjuvant.  
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Introduction 

Invading microorganisms are detected and eliminated by the host immune system capable of 

distinguishing self from non-self, or „dangerous‟ from „safe‟. 
(35, 47)

 Initial recognition of microbes as 

they enter the body allows the host immune system to determine the extent and scope of the challenge, 

and facilitate the adaptive immune response. 
(17)

 The host defence is comprised of many components 

that are broadly divided into the innate and adaptive immune responses. The innate response is shared 

by most multi-cellular organisms, whilst the adaptive immune responses are restricted to mainly 

vertebrates, particularly mammals. 
(17)

 The adaptive immune response involves the clonal expansion of 

T and B lymphocytes expressing a diverse range of immunoglobulin receptors (generated by somatic 

gene rearrangement) capable of recognising a wide variety of antigens. 
(21) 

The innate immune response 

The innate immune response is responsible for rapid initial defence, mediating the activation of 

phagocytosis, complement and coagulation cascades, as well as the production of inflammatory 

signalling. 
(22)

 The system recognises conserved molecular structures found in groups of pathogens. 

This discrimination is partly mediated through germline-encoded pattern-recognition receptors (PRRs) 

such as Toll-Like receptors (TLRs) that directly activate immune cells and shape the adaptive immune 

response through the induction of costimulatory molecules and cytokines. 
(1, 48) 

Members of the innate 

immune response include natural killer (NK) cells, NK-T cells, dendritic cells (DC) and macrophages.
 

Pattern-recognition receptors 

Gram-positive (G+ve) and Gram-negative (G-ve) bacteria possess unique integral structural 

components such as peptidoglycan, lipoteichoic acid (LTA; which links the peptidoglycan layer to the 

cell membrane) and lipopolysaccharide (LPS; which is a component of the G-ve outer membrane) that 

are termed pathogen-associated molecular patterns (PAMPs). 
(21, 47)

 These microorganisms are 

recognised by the innate immune system through PRRs. There are several classes of PRRs including 

the TLRs that have been found to act as a major signalling receptor for PAMPs. 
(1)

 Upon stimulation 

by microbial components, intracellular cascades are activated that rapidly induce the expression of a 

variety of genes involved in the inflammatory and immune responses.  

The major signalling receptors for PAMPs are TLRs. 
(18)

 TLRs are type I membrane proteins that were 

first described in Drosophila as being essential for the establishment of dorso-ventral polarity in 
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developing embryos. 
(35, 47)

 Since then it has been realised that there are striking similarities between 

the Drosophila Toll and the mammalian interleukin-1 receptor. All TLRs share a common cytosolic 

Toll/Interleukin-1 receptor (TIR) domain and an extracellular leucine rich repeat region that mediates 

recognition of microbial PAMP. 
(13)

 Some TLRs are present on the surface of antigen-presenting cells 

(APCs) such as TLR-1, 2, 4 and 5 that are localised to the plasma membrane, whereas TLR-3, 7, 8 and 

TLR-9 are preferentially expressed in intracellular compartments. 
(13)

 Recognition of PAMP by TLRs 

in the form of homodimers, or in heterodimerisation with other TLRs or non-TLR receptors, ultimately 

leads to the recruitment of specific adaptor molecules into receptor complexes, the initiation of kinase 

cascades and the induction of gene expression following the activation of transcription factors such as 

NF- B and IRF family members. This leads to the generation of proinflammatory cytokines and 

microbicidal reactive oxygen species (ROS). 
(24, 49)

  

TLR-4 was the first mammalian TLR identified and it was shown to cause the induction of genes for 

several inflammatory cytokines and costimulatory molecules in response to LPS, the major outer-

membrane component of G-ve bacteria. 
(13)

 This was shown by studies on a C3H/HeJ mouse strain that 

have a point mutation in the gene encoding TLR-4 that renders this strain hyporesponsive to LPS 

challenge. 
(46)

 It later emerged that TLR-4 is also a receptor for endogenous ligands such as fibrinogen, 

heat shock proteins, fibronectins and hyaluronic acid. 
(35)

 

TLR-4 forms a complex with several other proteins on the cell surface that are needed for LPS 

recognition. LPS is bound in the serum by LPS-binding protein, which transfers LPS to CD14 

molecules. 
(52)

 CD14 is a glycosylphosphatidylinositol-anchored protein. 
(22, 52) 

A recent study 
(14)

 has 

shown that TLR-2 may be an additional receptor to receive LPS signalling, as it can interact with 

CD14 to form the LPS receptor complex.  

In most of the literature it is reported that TLR-2 recognises a vast array of microbial components 

including lipoproteins from various pathogens, LTA, peptidoglycan, glycophosphatidylinositol anchors 

from malaria-causing parasites, zymosan from fungi, and forms of LPS that are structurally distinct 

from those recognised by TLR-4. 
(33, 35)

 The ability of TLR-2 to recognise such a wide range of 

compounds has been attributed to its ability to heterodimerise with other TLRs, namely TLR-1 and 

TLR-6. 
(47)

 

There is however controversy over the roles of TLR-2 and TLR-4 in vivo, each being implicated in the 

recognition of various bacterial cell wall components such as LPS and LTA. Recent studies have 



212 

 

shown that TLR-2 is a candidate for an LPS signalling receptor. Over-expression of TLR-2, but not 

TLR-4, has been shown to confer LPS responsiveness to the human embryonic 293 kidney cells. 
(23, 53)

 

In addition Yang et al. 
(53)

 also provided evidence that human TLR-2 could interact with CD14 to form 

the LPS receptor complex. In contrast Poltrack et al. 
(40)

 showed that TLR-4 is responsible for the 

response to LPS by positional cloning of the lps gene, the causative gene for LPS hyporesponsiveness 

of C3H/HeJ mice. Takeuchi et al. 
(49)

 investigated these roles by generating TLR-2-deficient mice and 

TLR-4-deficient mice by gene targeting.  

The roles of TLR-2 and TLR-4 in vivo were investigated by Takeuchi et al. in the recognition of 

bacterial cell wall components. 
(49)

 It was shown that responsiveness to LTA was not impaired in TLR-

2-deficient macrophages however, TLR4-deficient macrophages showed a severe defect in response to 

LTA. In order to exclude the possibility of contamination of LPS, commercial LTA from 

Staphylococcus aureus was repurified before use in experiments. The results confirmed that TLR-4 but 

not TLR-2 is required for the recognition of LTA as well as LPS. Furthermore it was hypothesised that 

TLR-2 is not “an all-around player” for the signalling of bacterial cell wall components but rather a 

receptor for selective components, such as bacterial peptidoglycan, a component essential in the 

recognition of G+ve bacteria. 
(49)

   

Dziarski et al. 
(14) 

investigated whether MD-2, a helper molecule associated with TLR-4, could enhance 

or enable the responses of both TLR-2 and TLR-4 to G+ve or G-ve bacteria and their components. It 

was found that MD-2 enables TLR-2-mediated responses to LPS and LPS partial structures, and 

enhances TLR-2-mediated responses to soluble PGN (sPGN), LTA and both G+ve and G-ve bacteria. 

(14)
 

MD-2 enables TLR4-mediated responses to LPS, LPS partial structures, G-ve bacteria and LTA but 

not to sPGN, lipopeptide and G+ve bacteria. None of these stimulant activated cells transfected with 

TLR4 and CD14 without MD-2. Cells transfected with TLR-4, CD14 and MD-2 were highly 

responsive to all LPS and LPS-partial structures (except detoxified LPS). These cells were also 

responsive to LTA but not to sPGN and lipopeptide. 
(14) 

There is increasing evidence that LTA from the cytoplasmic membrane of G+ve bacteria is an 

immunostimulatory counterpart to LPS. What defines whether or not it is recognised by TLR-2 or 

TLR-4 may have something to do with the physical association of MD-2 with the TLR and the 

enhancement of their expression. The exact mechanism is unknown. 
(14)

 Transfection methods may 
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also play a role, as there could be differences between clean knock-out mice that have been genetically 

engineered, and spontaneous mutants that may have accumulated additional mutations, such as 

C3H/HeJ mice, however to my knowledge no research has been done to address this issue.
 

There are other systems for recognising pathogens that do not involve the TLRs, for example, the 

detection of pathogens via other cytoplasmic PRRs plays a critical role in mounting immune responses. 

(1)
 A broad family of cytoplasmic PRRs have been identified and subdivided into two families based on 

recognition of bacterial or viral components however not a lot is known about their function. 
(1)

 TLRs 

recognise pathogens that invade the surface or at the lysosomal or endosomal membranes and so 

pathogens that invade the cytosol require a different recognition system. In addition, the relationships 

among the TLR system and cytoplasmic PPRs, as well as the details of the mechanisms of TLR-

independent activation of adaptive immunity, are issues that need to be addressed. 
(1)

  

Natural killer cells 

Natural killer (NK) cells were first identified by their ability to kill cancer cells and virally infected 

cells without prior sensitisation. 
(36)

 NK cells recognise stressed, transformed or infected cells by 

integrating signals transduced by various activating and inhibitory surface receptors. 
(29)

 In both viral 

and bacterial models of infection, interferon-gamma (IFN- ) production by NK cells has been shown 

to be a key event in the successful resolution of infection. NK cells utilise IL-12 that is produced very 

early in infection by DC 
(16, 55)

 in order to produce IFN- . 
(7, 36)

 Given their role in early immune 

responses to pathogens, and the fact that they lack cognate receptors of the generation of a specific 

adaptive immune response, it is attractive to speculate that NK cells express TLRs and that these 

would function in the early sensing of infection. 
(36)

  

Activation of NK cells can occur as a result of either a decrease in inhibitory signalling or an increase 

in the ligation of activatory receptors, as they monitor the expression of self-major histocompatibility 

complex (MHC) class I molecules on potential target cells using MHC class I–specific surface 

receptors. 
(4, 7, 36)

 NK cells express many activatory receptors including CD2, lymphocyte function-

associated antigen (LFA-1) and killer immunoglobulin-like receptors (KIR), natural cytotoxicity 

receptors (NCR), NKG2C and NKG2D. 
(36)

 The importance of the roles played by different receptors is 

dependent on the challenge faced by the NK cell. 
(36)

 Activated NK cells kill target cells and produce 

inflammatory cytokines such as tumour necrosis factor alpha (TNFα) and IFN- , thereby acting as 

primary mediators of innate immunity in peripheral inflamed tissues and lymph nodes. 
(28, 29)
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The recognition of G-ve LPS or its G+ve counterpart LTA, by TLRs, leads to the production of pro-

inflammatory cytokines such as IFN- , TNF- , IL-1, IL-6 and IL-12 as well as inflammatory effector 

substances such as nitric oxide mediate inflammatory responses, and drive T helper 1 development, 

which leads to activation of adaptive immunity. Thus TLR link the innate and adaptive immune 

responses. 
(12, 20, 48)

  

The proinflammatory cytokines classed as interferons (IFN) encompass types I (-α and    -β) and II (- ) 

and were discovered by their ability to render cells resistant to viral infection. 
(20)

  While type I IFN are 

produced by a wide variety of stromal and some haematopoietic cells (namely plasmacytoid DC), IFN-

 is produced predominantly by T cells, NK cells and NK-T cells in response to mitogens or cytokines 

(e.g. IL-12 and IL-18) 
(20)

 and is a potent modulator of the adaptive immune response (see figure 1).  
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Figure 1: Crosstalk between DCs, NK cells and subsequent TH1 polarisation: It is thought that 

IFN-  release can enhance TH1 polarisation by two mechanisms.  

(1) It facilitates the production of IL-12 by DC priming with microbial products.  

(2) It synergises with T cell receptor signals to maximally induce T-bet, a transcription factor that 

controls expression of the IL-12 receptor in naïve T cells and functions as a master regulator of TH1 

differentiation. 
(29) 
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Dendritic cell: natural killer cell crosstalk 

The signals for activation of adaptive immunity are largely provided by DCs. DCs are essential 

antigen-presenting cells that are sentinels of the immune system and have the ability to influence both 

the innate and adaptive immune responses. 
(15,51)

 Immature DCs residing in the periphery have a high 

capacity for endocytosis, which facilitates antigen uptake. They are activated by various microbial 

components, such as LTA and LPS, via TLRs to undergo maturation. 
(47)

 TLR-mediated recognition of 

microbial components by DCs induces the expression of costimulatory molecules such as CD80/CD86 

and production of inflammatory cytokines such as IL-12. The pro-inflammatory cytokines produced 

along with cooperation between immune cells is critical for the rapid elimination of pathogen in vivo. 

(11, 6)
 The interaction between DCs and NK cells is a prerequisite for mounting an efficient innate 

immune response but the mechanisms await further investigation. 
(1) 

Studies by Fernandez et al. and 

Walzer et al. have demonstrated that NK-cell activation is induced by both cytokine signals and 

contact between NK cells and DCs. 
(15, 51) 

The contact dependent interactions between these two cell types implies that membrane-bound 

receptor/ligand pairs are involved; and/or the necessity for local delivery of cytokines at high 

concentration at the interface between DCs and NK cells. 
(51)

 These mechanisms remain to be 

elucidated.  

Activated NK cells in turn induce DC activation and maturation. 
(51, 50)

 Once matured, DCs migrate to 

draining lymph nodes where they present microorganism-derived peptide antigens expressed on the 

cell surface with MHC class II antigen to naïve T cells, thereby initiating an antigen-specific adaptive 

immune response. 
(47)

  

Previously in our laboratory, G+ve bacteria were found to be superior to G-ve bacteria in their abilities 

to induce the secretion of IFN-  from splenocytes and human peripheral blood mononuclear cells. 
(10)

 

All induced different responses, but in general the G+ve bacteria produced a greater immune response. 

It has also been found that the commensal bacterium Streptococcus salivarius K12 can rapidly 

stimulate high levels of IFN-γ production, suggesting that the causative agent is cell-wall associated. It 

has also been shown that this effect is mimicked in splenocytes suspensions by the TLR ligand LTA, 

but not by other ligands such as LPS, Pam3Cys, peptidoglycan (PGN) or flagellin. 
(10)

 

The introduction of whole commensal bacteria such as S. salivarius or bacterial cell wall components 

such as LTA into vaccines might provide a useful adjuvant function. The advantage of using S. 
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salivarius K12 is that it is a non-pathogenic bacterium meaning that it produces no known mammalian 

toxins, including superantigens which might confound results through their stimulation of T cells. 

Adjuvants enhance antigen presentation and promote T cell differentiation. 
(37)

 For vaccines that rely 

on TH1 responses, adjuvants could be selected according to their ability to induce the recruitment of 

IFN-  secreting NK cells in antigen-stimulating lymph nodes as was shown by Martin-Fontecha et al. 

using LPS-pulsed DCs. 
(29)

 Previous research has indicated that G+ve bacterial cell wall components 

are more effective at inducing rapid IFN-  secretion than G-ve bacteria. 
(10) 

G+ve bacterial cell wall 

components could therefore be used safely as adjuvants that may preferentially enhance TH1 

polarisation. 

 

This study aims to investigate the subsets of lymphocytes responsible for the interferon-gamma 

response and to characterise the pathways leading to the activation of the DCs and NK cells. 
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Materials and Methods 

Mice: 

Female specific-pathogen free BALB/c, C3H and C57/Bl6 (B6) mice were purchased from HTRU, 

University of Otago. MHC-II-deficient (I-Aα
-/-

) mice on B6 background were acquired from Horst 

Bluethmann 
(25)

 via the Malaghan Institute, Wellington. cd1d, tlr-2 and tlr-4 deficient mice (C57/BL6 

background) were purchased from Jacquie Harper at the Malaghan Institute. rag1-deficient mice 

(C57/BL6 background) were purchased from the Animal Resources Centre, Canning Vale, Western 

Australia. Mice were euthanized by asphyxiation (CO2) with the approval of the University of Otago 

Animal Ethics Committee. 

Media:  

RPMI 1640 or Iscoves Modified Dulbecco‟s Medium (IMDM) (Gibco cat. # 12440-053)  

RPMI 1640 (Gibco cat. # 31800-022) was supplemented with 100 U/ml penicillin, 100 µg/ml 

streptomycin (Gibco cat. # 15140-122), 55 mM 2-mercaptoethanol (Gibco cat. # 21985-023) and 50 

µg/ml gentamicin. The pH was adjusted to 7.3 and sterilised by membrane filtration. RPMI 1640 or 

IMDM was further supplemented with 10% foetal calf serum (R10, IMDM-10) 

Hanks Buffered Salt Solution (HBSS) 

10x HBSS: 0.48 g Na2HPO4 (dissolved first), 4 g KCl, 0.6 g KH2PO4, 80 g NaCl, 10 g glucose. All 

dissolved in 1 L MQ H2O and filter sterilised. 

1x HBSS: 100 ml 10x HBSS, 4.7 ml sodium bicarbonate, fill up to 1 L with MQ H2O and pH 7.3-7.4. 

Red Cell Lysis Buffer (ACK) 

Dissolve: 0.70 g NH4HCO3, 7.72 g NH4Cl, 0.74 g KCl, 0.037 g EDTA 

Dissolve to get final volume of 1L in MQ H2O. Adjust pH to 7.2. Filter sterilise with  0.22 μm filters. 
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Preparation of Streptococcus salivarius K12 cultures: Cultures of S. salivarius K12 were prepared 

from stocks supplied by BLIS Technologies Ltd. These were cultured onto blood agar containing 0.1% 

CaCO3 (Fort Richard, Auckland) to maintain the pH of the agar. Sterile loops were used to inoculate 3 

ml Todd-Hewitt Broth (THB, Difco, BD) with bacteria from the plates. These broths were grown 

overnight at 37 C, 5% CO2, after which the bacterial cell count was calculated using optical density. 

Three 1 in 3 dilutions were made from the overnight culture into THB broth and these were measured 

at 600nm in a Jenway 6305 spectrophotometer. Bacterial count was then calculated using the equation 

y = 3 x 10
-8

x
0.8416

 (as determined in previous plating experiments). One ml of the overnight culture was 

then centrifuged at 3220 xg for five minutes, washed in 0.1% BSA (Gibco cat. #30063-572) /PBS 

(Gibco cat. #21600-010) + 2 mM EDTA and spun for another five minutes at 3220 xg and then 

resuspended in RPMI 1640 + 10% FCS (R10). 

Isolation of murine splenocytes: Mouse spleens were placed into a Petri dish containing 10 ml Hanks 

buffered salt solution (HBSS). Spleens were pierced and then teased out using curved watchmaker 

forceps. The contents of the dish were passed through a 70 m filter and washed in 0.1% BSA/PBS + 

2mM EDTA (453 xg for five minutes). Cells were counted using a haemocytometer and resuspended 

at a cell density of 4 x 10
6
/ml in R10 + gentamicin. Cell suspensions were then added at 1 ml per well 

with test samples according to the experimental protocol. Plates were incubated at 37 C, 5% CO2. For 

cell counting, 10 μl of cell suspension was mixed with an equal volume of trypan blue dye and applied 

to a Neubauer haemocytometer slide. 

Bone marrow-derived dendritic cells (BMDC) isolation: The tibias and femurs from mice were excised 

using sterile scissors, freeing the bone from the flesh and placed in a Petri dish. Bones were sterilized 

in 70% ethanol for one minute and then washed twice in the same Petri dish with PBS. Using a 27 

gauge needle attached to a 10 ml syringe filled with R10, the marrow was flushed out into a 50 ml 

Falcon tube. The contents of the tube were then filtered through a 70 m filter and pelleted (400 xg, 5 

minutes). These cells were plated at a cell density of 5 x 10
6
 in 10 ml of R10 + 5% of culture 

supernatant from murine GM-CSF secreting Ag8653 myeloma line 
(32)

 in Petri dishes (37 C, 5% CO2). 

Cells were fed at day three by addition of 10 ml of fresh R10 + 5% GM-CSF. DCs were harvested on 

day seven. 

 



220 

 

Depletion of MHC-II positive cells from splenocytes: Splenocytes were prepared as above except that 

the red blood cells were lysed using red cell lysis (ACK) buffer (two minutes at RT). The cells were 

then refiltered (70 m filter) and the tube was filled to 50 ml with 0.1% BSA/PBS + 2 mM EDTA (453 

xg for five minutes). Cells were resuspended at 2 x 10
7
/ml in 0.1% BSA/PBS + 2 mM EDTA. Anti-

MHC-II (2G9; 1 μg/ml) was added to the cells. Ten-times concentrated BIOMAG goat anti-rat beads 

(Bangs Laboratory Inc.) were added; 0.5 ml for every 1 x 10
8
 cells. About 3 x 10

7
 lymphocytes were 

obtained from 1 x 10
8 
cells per spleen. 

Pooled lymph node suspensions: Lymph nodes (LN) (aricular, cervical, mediastinal, brachial, axilliary, 

inguinal, popliteal, mesenteric and gastric) were extracted and placed in a Petri dish containing HBSS. 

LN were teased through a sieve, before being refiltered (70 μm filter) and washed in 0.1% BSA/PBS + 

2 mM EDTA (453 xg for five minutes).  Cells were resuspended at 2 x 10
8
/ml in R10 + gentamicin. 

ELISA protocols: Nunc MaxiSorp 96-well plates were used for all ELISA reactions. For the washing 

steps plates were washed three times with 0.05% Tween20/PBS, using a ThermoLab Systems 

Wellwash 4Mk2. All ELISA samples were assayed in duplicate. 

Interferon-gamma (IFN- ) ELISA protocol 

Plates were coated with 2 g/ml purified rat anti-mouse IFN-  (BD Pharmingen, stock    1 mg/ml) in 

Gibco PBS (100 l/well) for one hour at 37 C or 4 C overnight. Plates were washed and then blocked 

at room temperature for ten minutes with PBS containing 1% BSA (v/v; 200 l/well) before solution 

was flicked out, and samples (100 l/well) were added in duplicate. Standards were prepared in 

duplicate from 60 ng/ml IFN-  and diluted in doubling dilutions. Samples were incubated overnight at 

4 C. Plates were washed, and 1 g/ml biotinylated anti-IFN-  monoclonal antibody (BD Pharmingen, 

stock 0.5 mg/ml) diluted in 1% BSA/PBS was added to the plate (100 l/well). The plates were then 

incubated (RT) for 45 minutes before washing, then streptavidin horse radish peroxidase (Strep-HRP, 

DAKO A/S) diluted 1/5000 in 1% BSA/PBS was added at  100 l/well. Plates were incubated for 1 

hour at 37 C and then washed. One hundred microlitres per well of tetramethylbenzidine (TMB, 

Zymed) was added and left until sufficient colour had developed after which 50 l/well 1M H2SO4 was 

added to stop the reaction. The plates were read at 450 nm using a Biorad 559 Microplate reader within 

30 minutes of stopping the reaction. 
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Transwell experiments:  DCs and the appropriate concentrations of S. salivarius K12 or LTA were 

placed in the wells of a 24 well plate and 0.4 m polycarbonate membranes (Nunc) were then placed 

in the wells. MHC-II-depleted lymphocytes were added into the inner chamber thus formed.  

Mixed lymphocyte reactions (MLR): Splenocytes from BALB/c, C3H and C57/BL6 (B6) were 

resuspended at 2 x 10
6
/ml in R10 and 2 x 10

5
 of each strain in a total volume 200 μl R10 were added to 

each well of round bottom 96 well plates. Blocking antibodies, anti-CD40L or LFA-1 (M17/4; BD 

Pharmingen) were added at a concentration of 5 μg/ml to the appropriate wells. Plates were incubated 

at 37ºC, 5% CO2 for three days, after which tritiated thymidine was added (50μl in R10; 0.5μCi/well). 

Plates were then incubated overnight at 37ºC, 5% CO2 and the next day the content of the plates was 

harvested and the incorporated radioactivity counted in a scintillation counter. 

Calcein-AM killing assay:  Doubling dilutions of effector cells (50 μl/well) were added to a 96 well v-

bottom plate prior to the addition of targets. Effector cells were splenocytes incubated with either S. 

salivarius K12 (ratios 10:1, 1:1) or LTA (20 μg/ml). The starting concentration of 5 x 10
6
/ml for 

splenocyte effectors was used to give an Effector:Target ratio of 100:1. Calcein-AM (Molecular 

probes, #C3100MP) were dissolved in DMSO to give 1 mg/ml stock solutions.  

YAC-1 target cells (1 x 10
6
/ml) were labelled in R10 medium supplemented with 15 μg/ml calcein-

AM (15 minutes, 37ºC). Labelled targets were washed twice in R10, suspended at 5 x 10
4
/ml in R10 

media and 100μl supernatant transferred to 96 well black-walled plates. After 3.5 hours samples were 

measured using a spectrofluorometer (excitation filter: 485 nm, band pass filter: 520nm) and 

fluorescence intensity was recorded and expressed as arbitrary fluorescence units. Spontaneous cell 

death represents fluorescence release form targets cultured in media alone and maximum release is the 

fluorescence release from targets lysed in 2% non-ionic detergent P-40 (NP-40). Specific lysis was 

calculated according to the formula [(test release-spontaneous release) / (maximum release-

spontaneous release)] x 100. 
(27) 

„Just Another Method‟ (JAM) cytotoxicity assay: Splenocytes were incubated with S. salivarius K12 

or LTA in a 24 well plate at 4 x 10
6
/ml. YAC-1 target cells, were resuspended at 5 x 10

5
/ml in 24 well 

plates. Subsequently (
3
H)-Thymidine (5 μl of  1 mCi/ml stock) was added to each 1 ml well. The 

following day YAC cells were counted, washed 2-3 times in 0.1% BSA/PBS and resuspended to give a 

concentration of 5 x 10
5
/ml.  
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One hundred and fifty microlitres of effector cells (resuspended at 10
7
/ml) were added to the wells of a 

v-bottom plate. One in three dilutions were made by transferring 50 μl into a series of wells containing 

100 μl IMDM-10 (Gibco Invitrogen). Targets (50 μl) were added to each well of effectors to give 

ratios of 100:1, 33:1, 11:1, 3:1 and 1:1. Fifty microlitres of YAC-labelled cells were added to three 

empty wells each on the same plate for spontaneous counts and to three wells on another plate for total 

counts. All plates were spun (1 min, 400xg) in a centrifuge (RT). The „total‟ count plate was harvested 

immediately and the sample plate after 3.5 hours (37°C). Cells were counted for incorporated 

radioactivity in a scintillation counter using standard techniques. Percentage cytotoxicity was 

calculated as [(S-E)/S] x 100 and spontaneous release as: [(T-S)/T] x 100. Spontaneous release values 

were calculated to ascertain the validity of the calculated % cytotoxicity values, since high 

spontaneous lysis values can distort the experimental results. 
(30) 

Flow cytometric analyses: MHC class II-depleted lymphocytes or BMDC were labelled with FITC-

conjugated Thy1.2, TCRαβ, I-A
d
, DX-5, or appropriate isotype controls. BMDC were labelled with PE 

conjugated I-A
d
, CD11c, CD40, CD80, CD86 or isotype control. All cells were analysed by FACSaria 

(Becton-Dickson) and data were interpreted using CELLQuest software.  

Descriptive statistics: Error bars shown on the graphs represent standard deviations of duplicate or 

triplicate wells rather than between different animals. Due to complexity of most experiments, groups 

of mice were not used for individual experiments. Most experimental data represented are derived 

from duplicate or triplicate samples, but repeated over several experiments performed on different 

days. Therefore, statistical analysis on such a small sample number would not be valid, since the 

sample distribution (normal or skewed) of the population can not be determined. Thus, the plotted 

standard deviations represent variation within an assay rather than variation between experiments. The 

flow cytometric data presented here is not amenable to statistical analysis and representative 

experiments are shown. Rather emphasis was placed on reproducibility: the number of repeat 

experiments from which a presented experiment is derived is shown in the figure legends. As statistical 

analysis was not used, the word „significant‟ is not used to describe the results of these analyses, rather 

reproducible differences were noted and described descriptively.  
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mAb Used Clone Isotype Source 

    

Lineage    

CD3 145-2C11 ham IgG ATCC 

Thy 1.2 30-H12 rat IgG2b ATCC 

CD49b/PanNK DX-5 rat IgM BD Pharmingen 

TCR  H57-597 ham IgG Southern Biotech 

Myeloperoxidase  3G3  mu IgG1 A. McLellan 

Gr-1 RB6 rat IgG2b ATCC 

    

    

Dendritic cell    

CD11c HL3 ham IgG BD Pharmingen  

    

MHC    

MHC class I  M1/42 rat IgG2a ATCC 

MHC class I R1.9.6 rat IgG2a N. Koch 

β-2 microglobulin Ly-m II/ S19.8 mu IgG2b BD Pharmingen  

MHC class II (I-A
b
) Y3P mu IgG2a ATCC 

MHC class II 2G9 rat IgG2a J. Knop 

MHC class II M5/114 rat IgG2b ATCC 

MHC class II  (I-E
d
)  14-4-4 mu IgG2a ATCC 

MHC class II (I-A
d
) MKD6 mu IgG2a ATCC 
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Costimulator    

CD80 IG10 rat IgG2a Southern Biotech 

CD40 1C10 rat IgG2a Southern Biotech 

CD86 GL1 rat IgG2a Southern Biotech 

    

Cytokine    

Anti-mu IL-2 S4B6 rat IgG2a Southern Biotech 

Anti-mu IL-12 C17.8 rat IgG2a Southern Biotech 

Anti-mu IL-15 Polyclonal goat IgG R & D systems 

Anti-mu IL-18 93-10C rat IgG1 MBL 

    

Interactions    

NKG2D C7 ham IgG BioLegend 

Anti-mu CD 154 MR1 ham IgG3 BD Pharmingen 

LFA-1 (CD11a) M17/4 rat IgG2a  BD Pharmingen 

    

    

    

 

Table 1: Classification of used antibodies. 
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Results 

Characterisation of the two main cell types 

 Flow cytometric analysis of the two main cell types was conducted using fresh suspensions of MHC 

class II-depleted (MHC-II
-
) splenic lymphocytes and bone marrow derived dendritic cells (BMDC) 

(Fig. 2, A and B). Purity of the MHC class II-depleted lymphocytes was greater than 98%. NK cells 

were found to represent 6% of the MHC-II-depleted lymphocytes, the remainder were mostly αβTCR
+
 

T cells.  

Contact dependency  

Optimal levels of IFN-  were only produced in response to S. salivarius K12 when both MHC-II
- 

lymphocytes and DC were present (figure 3). In order to determine whether secretion of IFN-γ was 

contact dependent, transwells were used as a means of physical separation. Experiments were 

conducted where DCs and either S. salivarius K12 or LTA were placed in the bottom well and MHC 

class-II depleted cells were placed in the top of the transmembrane. Results showed that the interaction 

between DCs and MHC class-II depleted lymphocytes proceeds via a contact dependent mechanism 

for whole bacteria, but surprisingly not for LTA. Lymphocyte function-associated antigen (LFA-1) is 

an important NK cell molecule mediating adhesion to a variety of cell types. 
(4)

 Surprisingly it was 

found that this contact dependency was LFA-1 independent as can be seen in figure 4A. A mixed 

lymphocyte reaction confirmed that the LFA-1 (or CD11a) antibody was working and could block the 

functional interaction between LFA-1 and ICAM-1 (figure 4B). 
(45)

 

Functional interactions 

The inability of LFA-1 mAb to block the IFN-  response was surprising given its central role in 

DC:lymphocyte interactions. Conjugate formation between NK cells and target cells is prerequisite to 

target cell lysis and is dependent on engagement of LFA-1:ICAM interactions. 
(3) 

 Other blocking 

antibodies against surface receptors including β2-microglobulin, class-I, class-II and NKG2D were 

therefore tested to determine the crosstalk that occurs between DCs and NK cells (figure 5). 

Experiments were conducted in both B6 (figure 5A) and BALB/c (figure 5B) mice, as different 

antibodies are targeted towards different polymorphisms of MHC. A comparison between LTA and S. 

salivarius K12 was also carried out in B6 mice (figure 5C). 
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Figure 2: Composition of MHC-II
-
 lymphocytes and BMDC: A) MHC-II

-
 lymphocytes derived 

from spleen (see methods) were labelled with FITC conjugated Thy1.2, TCRαβ, I-A
d
, DX-5 or isotype 

controls. B) BMDCs were labelled with PE conjugated I-A
d
, CD11c, CD40, CD80, CD86 or isotype 

controls. All cells were analysed by FACSaria using CELLQuest software.  Isotype control staining is 

indicated by the broken line.  
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Figure 3: IFN-  production by DC and MHC-II
-
 depleted lymphocytes (MHC-II

-
): BMDC, MHC-

II
-
 lymphocytes or co-cultures were stimulated with live Streptococcus salivarius K12 (bacterium : 

immune cell ratio of 10:1, 1:1 and 0.1:1) or LTA (20 g/ml).  Results are representative of three 

experiments. IFN-  levels determined by ELISA after 24h. TW = transwell (see text). 
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(A)  LFA-1 dependency    (B) Mixed lymphocyte reaction 

 

 

Figure 4: LFA-1: ICAM interactions are not required for IFN-  secretion: A) B6 splenocytes 

(spl.) were stimulated with either K12 (ratio of 1:1) or LTA (20 μg/ml). Blocking antibody to LFA-1 

(CD11a) was then added to stimulated splenocytes. B) To ensure that anti-LFA-1 antibody was 

capable of blocking the functional interaction between LFA-1 and ICAM- molecules, a mixed 

lymphocyte reaction was set up using splenocytes from C3H and allogeneic B6 mice. Splenocytes (2 

x10
5
/well) were incubated with anti-LFA-1 (CD11a) or IgG2a (control) at 5 μg/ml and thymidine 

uptake determined at day three (see materials and methods). Results are representative of two 

experiments. IFN-  levels determined by ELISA after 24h. 
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(A) B6 DC:MHC II
-
 lymphocyte model     (B) BALB/c DC:MHC II

-
 lymphocyte model 

  

 (C) B6 DC:MHC II
-
 lymphocyte model: LTA 

 

Figure 5: Blocking antibodies against 

surface receptors used to determine the 

mechanism of crosstalk between DC and NK 

cells. DC:MHC II- model: (A) B6 MHC II- 

lymphocytes were co-cultured with BMDCs 

and stimulated with S. salivarius K12 (ratio 

1:1).         (B) BALB/c MHC II- lymphocytes co-

cultured with BALB/c BMDCs, stimulated 

with S. salivarius K12 (ratio 1:1). (C) B6 MHC 

II- lymphocytes were co-cultured with B6 

BMDCs, stimulated with LTA (20 μg/ml). 

Blocking antibodies for MHC-I, MHC-II and 

NKG2D were added at a concentration of 5 

μg/ml to the suspensions. Results are 

representative of 4 experiments. IFN-  levels 

determined by ELISA after 24h. 
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Results from the blocking antibody experiments indicated that NKG2D, a receptor strongly induced by 

cellular stress such as tumour or viral transformation, 
(7)

 showed little involvement in the crosstalk 

between DC and NK cells. Similarly blocking antibodies against class-I and β2-microglobulin did not 

decrease IFN-γ levels. M5/114, an antibody blocking the function of MHC class-II, decreased IFN-γ 

production in all three systems (figure 5 A, B and C). MHC-class II-deficient mice were obtained to see 

if this result was consistent when tested against various ratios of S. salivarius K12 or varying 

concentrations of LTA (figure 6). Results did not support those seen in the blocking antibody 

experiments as IFN-γ production was not affected by the lack of the MHC class-II in either the 

splenocyte system (figure 6A) or the DC:MHC-II
-
 lymphocyte system (figure 6B).  

Cytokines required to mediate the response to S. salivarius K12 

Blocking antibodies were used to demonstrate that IL-12 and IL-18 expression, but not IL-2 or IL-15, 

was essential for the activation and release of IFN-  from lymphocytes (figure 7). These antibodies of 

cytokines were screened as they have known potential to elicit IFN-  production from lymphocytes. 
(16)

 

The results obtained are consistent with the literature whereby release of IL-12 and IL-18 by DCs 

induces IFN-  production by NK cells. 
(54, 38)

 Furthermore, the binding of IL-15 to its blocking 

antibody appeared to have the opposite effect, whereby the biological activity was improved instead of 

being inhibited as previously shown by Rubinstein et al. 
(42)

 

Identification of the IFN-  producing lymphocyte 

Several lymphocyte subsets, including NK cells, NK-T cells and T cells are capable of producing IFN-

γ. We next utilised genetically deficient mice to determine the subset responsible for the observed IFN-

γ release.  

NK-T cells 

NK-T cells recognise glycolipids that are presented by a MHC I-like molecule CD1d. 
(9)

 CD1d 

deficient (cd1d
-/-

) mice lack both the MHC I-like molecule CD1d as well as NK-T cells. Figure 8A 

shows both S. salivarius K12 and LTA stimulated splenocytes from both wild-type and cd1d
-/-

 mice, 

whilst IFN-  production was maintained in both strains of mice. Decreases in IFN-  release in response 

to LTA, but not whole bacteria, 

 



231 

 

(A) Splenocyte model  

 

 

 

 

 

 

 

      (B) DC: Lymphocyte system 

                                      

 

 

 

 

 

 

 

Figure 6: IFN-γ is still produced in the absence of MHC class II expression: (A) IFN-γ production 

in response to S. salivarius K12 or LTA-stimulated splenocytes from B6 and MHC-II
-/-

 mice. (B) Wild 

type B6 MHC-II
-
 lymphocytes were co-cultured with either B6 or MHC-II

-/-
 BMDCs and stimulated 

with S. salivarius K12 (ratio 10:1, 1:1) or LTA (20 μg/ml). Results are representative of four 

experiments. IFN-γ levels determined by ELISA after 24h.  

B6 DC MHC-II- 

DC Lymphocytes 

B6 DC + 

lymphocytes 

MHC-II- DC + 

lymphocytes 
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Figure 7: IL-12/IL-18 are essential for activation and release of IFN-γ: Blocking antibodies to IL-

2, -12, -15 and -18 were added to B6 splenocytes stimulated with S. salivarius K12 (ratio of 1:1) or 

LTA (20 g/ml). Figure is representative of three experiments. IFN-  levels were determined by 

ELISA after 24h. 
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(A) Splenocyte model               (B) DC: Lymphocyte model 

 

Figure 8: IFN-γ is still produced in the absence of NK-T cells: (A) IFN-  production in response to 

S. salivarius K12 or LTA- stimulated splenocytes from B6 and CD1d
-/- 

mice. (B) DC:MHC II
-
 

lymphocyte model: Wild type B6 MHC II
-
 lymphocytes were co-cultured with CD1d

-/-
  bone marrow 

derived DC and stimulated with S. salivarius K12 (ratio 10:1, 1:1) or LTA (20 g/ml). Results are 

representative of three experiments. IFN-  levels were determined by ELISA after 24h. 
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were noted between experiments. In order to deduce whether this result was due to the lack of NK-T 

cells present in the knockout mice or whether it was due to the lack of NK-T cell receptor CD1d, 

experiments were conducted where cd1d
-/-

 mouse BMDCs were added to WT MHC-II-depleted 

lymphocytes. Figure 8B shows that production of IFN-γ was maintained under these conditions for 

whole bacteria. There was a slight decrease in release of IFN-γ in response to LTA.  

NK cells 

The extraordinary diversity of the immunoglobulin repertoire is achieved in several ways including by 

somatic rearrangement. The RAG proteins are the unique lymphocyte-specific factors that are 

absolutely required to catalyse this rearrangement process. 
(21)

 rag1-deficient mice (figure 9) are 

therefore unable to rearrange their B cell or T cell immunoglobulin chains and so have no functional T 

cells, B cells or NK-T cells. They do however have DC and NK cells. Optimal levels of IFN-  

production from experiments using rag1-deficient splenocytes would suggest an involvement of NK 

cells in the response. IFN-γ levels equal to or greater than  WT B6 were noted in every experiment 

(figure 9). 

  During the course of the research it was noted that in contrast to splenocytes, lymph node (LN) cells 

(see methods) reacted poorly to G+ve bacteria and did not produce IFN-  in response to either S. 

salivarius K12 or LTA. In order to ascertain whether this response was due to the deficit in NK cells or 

DCs in the LN; LN suspensions were supplemented with high numbers of BMDCs capable of inducing 

optimal IFN-γ release in MHC-II-depleted lymphocytes. As illustrated in figure 10, the amount of 

IFN-  produced only increased marginally with the addition of DCs as compared to the splenocyte 

response. This suggests that a deficit in NK cells is responsible for the observed effect.  

Pathway of dendritic cell activation 

To characterise the pathways leading to the activation of DCs and NK cells, TLR-deficient mice and 

TLR-agonists were used. Historically it has been reported that TLR-2 acts as a signalling receptor for 

common structural patterns from G+ve bacteria including LTA and Pam3Cys. 
(47, 48,49) 

Figure 11A 

represents the splenocyte model for WT, TLR-2 and TLR-4 deficient mice. Neither TLR appeared to 

be involved in the response to  
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Figure 9: High IFN-  production is maintained in RAG deficient mice: B6 and rag1
-/-

splenocytes 

were stimulated with S. salivarius K12 or LTA. These results are representative of five experiments. 

IFN-  levels were determined by ELISA after 24h. 
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Figure 10: Stimulated lymph node (LN) cell suspensions do not produce high IFN-  responses 

compared to spleen cells in response to S. salivarius K12 or LTA: To see if the LN response was 

due to a lack of DC present in the environment, bone marrow derived DCs (2 x 10
6
/well) were added 

to the LN suspension (8 x 10
6
/well). Results are representative of three experiments. IFN-  levels were 

determined by ELISA after 24h. 
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(A) Splenocyte model     (B) DC: Lymphocyte model 

 

 

 

 

 

 

 

       

 

 

 

 

Figure 11: TLR agonists used to determine pathway of activation: (A) IFN-γ production in 

response to S. salivarius K12, LTA Pam3Cys or LPS-stimulated splenocytes from B6, TLR-2
-/-

 and 

TLR-4
-/-

 mice. (B) BMDCs and MHC-II
-
 depleted lymphocytes from B6, TLR-2

-/-
 and TLR-4

-/-
 

deficient mice were stimulated with  S. salivarius K12, LTA, Pam3Cys and LPS and IFN-  production 

measured. These results are representative of three experiments. IFN-  levels were determined by 

ELISA after 24h. Note that Pam3Cys induces some high IFN-  responses when purified BMDCs are 

utilised. This effect is not evident in splenocyte suspensions. Open circles indicate values that went off 

the scale. 

 

 

B6 TLR-2-/- TLR-4-/- B6 TLR-2-/- TLR-4-/- 
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whole bacteria. Since, different TLRs, or even different ligands for the same TLR can differ 

substantially in their ability to induce a response, 
(41)

 Pam3Cys was used as a control for TLR-2
-/-

 mice 

as it is known to signal through TLR-2. 
(49)

 Interestingly Pam3Cys, a lipopeptide based on the structure 

of bacterial lipoproteins, was found to be a potent activator of IFNγ in the DC:lymphocyte system, but 

not in splenocytes. Results, seen in figure 11B, indicate that at least in the DC:lymphocyte system, 

TLR-4
-/-

 appears to be important for LTA-mediated stimulation of IFN-  production, but not for                

S. salivarius K12-mediated IFN-γ production. 

 

Cytotoxicity Assays 

Cytotoxicity assays were conducted in order to test the ability of G+ve bacteria to enhace the cytotoxic 

activity of NK cells. Cytotoxicity assays were conducted using calcein-AM 
(27)

 and JAM 
(30)

 assays 

using a NK cell-sensitive tumour line YAC-1 in order to quantitate cytotoxicity.  Unfortunately the 

results could not be plotted for the calcein-AM release assay because the spontaneous release was 

higher than the maximum release (data not shown). Spontaneous cell death represents fluorescence 

release from target cells lysed in 2% NP-40. 

Furthermore, this assay has not been carried out before using the NK cell sensitive tumour cell line 

YAC-1 as the target cells. YAC-1 appeared to lose the calcein-AM as fast as it was passively crossing 

the membrane (data not shown). Personal communication with Judy McKenzie (Christchurch School 

of Medicine) has suggested that YAC-1 is a leaky cell line. 
(31) 

As the calcein-release assay failed, another method, the „just another method‟ (JAM) assay was used to 

quantify cytotoxicity. 
(30)

 The JAM assay measures incorporated radioactivity which corresponds to 

intact DNA and is a reflection of the number of living (non-apoptotic) target cells that remain in each 

well. 
(30)

 The result shown in figure 12 indicates a marginal increase in killing for effectors 

supplemented with 10:1 S. salivarius K12 at E:T ratio of 33:1.  The results for the E:T ratio of 100:1 

indicate that both sets of effector cells supplemented with K12 show an increase in killing when 

compared with the nil control. These results show promise for S. salivarius K12 enhancing NK cell 

cytotoxicity, however more experiments would have to be done to determine reproducibility and 

differences in killing abilities following treatment of NK cells with different bacterial products.  
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Figure 12: NK cell mediated cytotoxicity measured by JAM assay: BALB/c splenocytes (effectors) 

were cultured with S. salivarius K12 (ratio 10:1 or 1:1) and LTA (20 μg/ml) and tested for killing 

activity against irradiated YAC-1 targets (see methods). Percentage cytotoxicity values were calculated 

using the equation in the methods section. E:T ratios of 100:1, 33:1, 11:1, 3:1 and 1:1 were used.  
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Discussion 

This study set out to investigate which subsets of lymphocytes are responsible for the IFN-  response 

induced by the presence of G+ve bacteria. Using knockout mice I showed that the leucocyte subset 

responsible for the IFN-γ response is most likely NK cells. Optimal levels of IFN-  production were 

still present in RAG mice; which lack B cells, T cells and NK-T cells. NK-T cells may however play a 

limited role as experiments using cd1d deficient BMDCs and WT MHC-II
-
 lymphocytes resulted in a 

slight decrease in levels of IFN-γ produced in response to LTA. The results suggest that the decrease 

observed in response to LTA was due to lack of NK-T cells and not due to a deficiency of cd1d. 

DC-to-NK cell contact is necessary to trigger NK cell cytolytic activity and IFN-γ production. 
(15)

 This 

study also found that contact is required between the set of lymphocyte involved and DCs to induce the 

secretion of IFN-γ. Fernandez et al. demonstrated in vitro that DCs are able to activate resting NK 

cells. 
(15)

 Interestingly the contact dependency appears to be LFA-1/ICAM-1 independent. This result 

was surprising as LFA-1 is associated with mediating the attachment of NK cells to various cell types. 

(21)
 Other blocking antibodies were tested for their involvement in DC:NK cell crosstalk. M5/114, an 

antibody blocking the function of class-II, was found to decrease the levels of   IFN-γ produced, in 

response to whole bacteria or LTA, in both the splenocyte and DC:MHC-II
-
 lymphocyte systems. 

M1/142, an antibody blocking the function of class-I, appeared to slightly stimulate IFN-γ release. 

Blocking antibodies against NKG2D and β2-microglobulin showed little, if any effect on IFN-γ 

release. It is however difficult to distinguish between real inhibition and artefactual antibody-

dependent cell-mediated cytotoxicity (ADCC) (see below). 

Experiments using MHC-II-deficient mice however showed that levels of IFN-γ production were not 

affected in comparison to WT B6 mice. A possible explanation for the reduction in levels of IFN-γ 

production seen when using some of the anti-MHC-II antibodies might be due to ADCC. M5/114 

(anti-MHC-II) would have bound to the surface of antigen presenting cells. The destruction of these 

cells would have come about as M5/114 interacted with the Fc receptors on the NK cell, resulting in 

the death of the cell and the observed decreased level in IFN-γ production.  

Furthermore it was demonstrated, using blocking antibodies, that IL-12 and IL-18 are essential for the 

activation and release of IFN-γ. This is consistent with the literature where the initial signals appear to 

originate from DCs. 
(11, 55)

 DC-derived signals elicit NK-cell-mediated cytolysis, as well as NK-cell-

mediated cytokine production. 
(11)

 Reciprocally, NK cells can affect DC functions by being involved in 
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DC maturation and DC elimination. 
(11)

 There is general consensus that interactions between DCs and 

NK cells are important for NK cell triggering and subsequent cytokine production and the outcome of 

the crosstalk depends on the activation state of the DCs or on the presence of inflammatory stimuli. 
(6)

 

However the anatomical locations where these interactions take place remains to be elucidated. 

The interactions between DCs and NK cells are prerequisite for mounting an efficient innate immune 

response and also contribute to the regulation of the adaptive immune response. 
(2, 1)

 During the course 

of the research it was noted that lymph node cells reacted poorly to G+ve bacteria and did not produce 

IFN-γ in response to either  S. salivarius K12 or LTA. Recently Bajènoff et al.
(2)

 and Martín-Fontecha 

et al.
(29) 

showed that NK cells, which are normally excluded from LN, are rapidly recruited on 

stimulation by the injection of mature DCs. The studies demonstrated that activated NK cells can enter 

LN draining sites of immunisation or infection, where they influence adaptive immune cell 

differentiation. 
(2, 29) 

 The NK cells provide an early source of IFN-  necessary for TH1 polarisation.  

The other aim of this project was to characterise the pathways leading to the activation of the DCs and 

NK cells. It is now well established that TLRs recognise PAMPs, which triggers the initial innate 

immune response that ultimately leads to inflammatory gene expression and clearance of the infectious 

agent. 
(5, 47,17) 

TLR-deficient mice and TLR-agonists were used and results indicate that TLR-4 might play a role in 

LTA recognition but is not required for the response to whole bacteria, although more research will be 

required in this area. A perusal of the literature shows that this area is plagued with uncertainty about 

which targets are recognised by TLR. A recent paper published by Hashimoto et al. showed that 

lipoproteins, but not LTA molecules, are the dominant immunobiologically active TLR-2 ligands from 

Staphylococcus aureus. 
(19)

 In contrast Schwandner et al. reported that TLR-2 plays a crucial role in the 

response to LTA. 
(44)

 Results for the splenocyte and DC:lymphocyte models differed as neither TLR-2 

nor TLR-4 appeared to play a role in the recognition of whole bacteria or LTA in the splenocyte 

system. TLR-4 appeared to play a role in the stimulation due to LTA, but not whole bacteria though 

this dependency was only observed in the DC:lymphocyte system.  However, these experiments did 

not take into account possible heterodimerisation of TLRs, which might result in additional functional 

redundancy. To further complicate matters, Reis e Sousa et al. reported that ligation of distinct TLRs 

are able to trigger differential cytokine production in a single DC type, or result in different cytokines 

in distinct DC sub-types. 
(41) 

Therefore the role TLRs play in the recognition of LTA or whole bacteria, 

and how DC respond differently to the same TLR ligand is still uncertain. 
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Cytotoxicity assays were conducted in order to test the ability of G+ve bacteria to enhance the 

cytotoxic activity of NK cells. In the past a broad variety of techniques have been successfully used to 

evaluate cell death. Some of these techniques include microscopy 
(39)

, vital dye uptake or retention 
(34)

, 

release of cytoplasmic enzymes 
(26)

 and measurement of DNA fragmentation. 
(43)

 Most of the current 

methods for measuring cell death are based on plasma membrane disintegration and the consequent 

release of cytoplasmic contents.
 (30)

 An example is the 
51

Cr release assay. 
(8)

 Cytotoxicity assays were 

conducted using calcein-AM 
(27),

 and JAM 
(30)

 assays using the NK cell-sensitive tumour line YAC-1 in 

order to quantify cytotoxicity. JAM assay results indicate that the addition of S. salivarius K12 

marginally increased the number of targets killed by NK cells, although this will need to be 

investigated further.   

In summary, it is known that crosstalk does occur between NK cells and DCs but the exact 

mechanisms of interaction remain to be elucidated. Previously it was discovered that S. salivarius K12, 

an oral commensal, is able to rapidly stimulate high levels of   IFN-γ production. 
(10)

 Our results show 

that NK cells are responsible for the IFN-γ response and raise the possibility that G+ve bacteria or 

bacterial cell wall components such as LTA may be used as adjuvants to drive TH1 polarisation.  

Future Directions   

 To isolate the NK cell subset responsible for the IFN-  release by FACS. 

 Confirm preliminary cytotoxicity data by JAM assay. 

 To investigate the potential of G+ve bacteria to induce TH1 polarisation mediated by DC:NK 

crosstalk. 

 

Acknowledgements 

I would like to thank my supervisors, Dr. Alexander McLellan and Dr. Ralph Jack, for their patience, 

guidance and the opportunity to have worked on this project. I am also grateful to Drs. Patrizia 

Stoitzner, Francha Rochese, Jacquie Harper and Ian Hermans from the Malaghan Institute for help, 

both past and present, in setting up the project. I would also like to thank present members of Lab 701 

for their assistance, anecdotes and sense of humour.  



243 

 

References 

 

 1.  Akira S, Uematsu S, Takeuchi O. 2006. Pathogen recognition and innate immunity. Cell; 

124(4):783-801. 

 2.  Bajenoff M, Breart B, Huang AY, Qi H, Cazareth J, Braud VM, Germain RN, 

Glaichenhaus N. 2006. Natural killer cell behavior in lymph nodes revealed by static and real-

time imaging. J Exp Med; 203(3):619-31. 

 3.  Barber DF, Long EO. 2003. Coexpression of CD58 or CD48 with intercellular adhesion 

molecule 1 on target cells enhances adhesion of resting NK cells. J Immunol; 170(1):294-9. 

 4.  Bauer S, Groh V, Wu J, Steinle A, Phillips JH, Lanier LL, Spies T. 1999. Activation of NK 

cells and T cells by NKG2D, a receptor for stress-inducible MICA. Science; 285(5428):727-9. 

 5.  Beutler B. 2004. Inferences, questions and possibilities in Toll-like receptor signalling. Nature; 

430(6996):257-63. 

 6.  Borg C, Jalil A, Laderach D, Maruyama K, Wakasugi H, Charrier S, Ryffel B, Cambi A, 

Figdor C, Vainchenker W, Galy A, Caignard A, Zitvogel L. 2004. NK cell activation by 

dendritic cells (DCs) requires the formation of a synapse leading to IL-12 polarization in DCs. 

Blood; 104(10):3267-75. 

 7.  Bottino C, Castriconi R, Moretta L, Moretta A. 2005. Cellular ligands of activating NK 

receptors. Trends Immunol; 26(4):221-6. 

 8.  Brunner KT, Mauel J, Cerottini JC, Chapuis B. 1968. Quantitative assay of the lytic action of 

immune lymphoid cells on 51-Cr-labelled allogeneic target cells in vitro; inhibition by 

isoantibody and by drugs. Immunology; 14(2):181-96. 

 9.  Carnaud C, Lee D, Donnars O, Park SH, Beavis A, Koezuka Y, Bendelac A. 1999. Cutting 

edge: Cross-talk between cells of the innate immune system: NKT cells rapidly activate NK 

cells. J Immunol; 163(9):4647-50. 



244 

 

 10.  Crowley L. 2005. Rapid interferon-gamma response to Streptococcus salivarius K12. 

BBioMedSci(Hons) Thesis, University of Otago. 

 11.  Degli-Esposti MA, Smyth MJ. 2005. Close encounters of different kinds: dendritic cells and 

NK cells take centre stage. Nat Rev Immunol; 5(2):112-24. 

 12.  Deininger S, Stadelmaier A, von Aulock S, Morath S, Schmidt RR, Hartung T. 2003. 

Definition of structural prerequisites for lipoteichoic acid-inducible cytokine induction by 

synthetic derivatives. J Immunol; 170(8):4134-8. 

 13.  Dunne A, O'Neill LA. 2005. Adaptor usage and Toll-like receptor signaling specificity. FEBS 

Lett; 579(15):3330-5. 

 14.  Dziarski R, Wang Q, Miyake K, Kirschning CJ, Gupta D. 2001. MD-2 enables Toll-like 

receptor 2 (TLR2)-mediated responses to lipopolysaccharide and enhances TLR2-mediated 

responses to Gram-positive and Gram-negative bacteria and their cell wall components. J 

Immunol; 166(3):1938-44. 

 15.  Fernandez NC, Lozier A, Flament C, Ricciardi-Castagnoli P, Bellet D, Suter M, 

Perricaudet M, Tursz T, Maraskovsky E, Zitvogel L. 1999. Dendritic cells directly trigger 

NK cell functions: cross-talk relevant in innate anti-tumor immune responses in vivo. Nat Med; 

5(4):405-11. 

 16.  Frucht DM, Fukao T, Bogdan C, Schindler H, O'Shea JJ, Koyasu S. 2001. IFN-gamma 

production by antigen-presenting cells: mechanisms emerge. Trends Immunol; 22(10):556-60. 

 17.  Hallman M, Ramet M, Ezekowitz RA. 2001. Toll-like receptors as sensors of pathogens. 

Pediatr Res; 50(3):315-21. 

 18.  Hashimoto M, Tawaratsumida K, Kariya H, Aoyama K, Tamura T, Suda Y. 2006. 

Lipoprotein is a predominant Toll-like receptor 2 ligand in Staphylococcus aureus cell wall 

components. Int Immunol; 18(2):355-62. 

 19.  Hashimoto M, Tawaratsumida K, Kariya H, Kiyohara A, Suda Y, Krikae F, Kirikae T, 

Gotz F. 2006. Not Lipoteichoic Acid but Lipoproteins Appear to Be the Dominant 

Immunobiologically Active Compounds in Staphylococcus aureus. J Immunol; 177(5):3162-9. 



245 

 

 20.  Hertzog PJ, O'Neill LA, Hamilton JA. 2003. The interferon in TLR signaling: more than just 

antiviral. Trends Immunol; 24(10):534-9. 

 21.  Janeway CA, Travers P, Walport M, Slomchik MK. Immunobiology, the immune system in 

health and disease. 6 ed. Garland Science Publishing; 2005. 

 22.  Janssens S, Beyaert R. 2003. Role of Toll-like receptors in pathogen recognition. Clin 

Microbiol Rev; 16(4):637-46. 

 23.  Kirschning CJ, Wesche H, Merrill AT, Rothe M. 1998. Human toll-like receptor 2 confers 

responsiveness to bacterial lipopolysaccharide. J Exp Med; 188(11):2091-7. 

 24.  Kollisch G, Kalali BN, Voelcker V, Wallich R, Behrendt H, Ring J, Bauer S, Jakob T, 

Mempel M, Ollert M. 2005. Various members of the Toll-like receptor family contribute to the 

innate immune response of human epidermal keratinocytes. Immunology; 114(4):531-41. 

 25.  Kontgen F, Suss G, Stewart C, Steinmetz M, Bluethmann H. 1993. Targeted disruption of the 

MHC class II Aa gene in C57BL/6 mice. Int Immunol; 5(8):957-64. 

 26.  Korzeniewski C, Callewaert DM. 1983. An enzyme-release assay for natural cytotoxicity. J 

Immunol Methods; 64(3):313-20. 

 27.  Lichtenfels R, Biddison WE, Schulz H, Vogt AB, Martin R. 1994. CARE-LASS (calcein-

release-assay), an improved fluorescence-based test system to measure cytotoxic T lymphocyte 

activity. J Immunol Methods; 172(2):227-39. 

 28.  MartIn-Fontecha A, Sebastiani S, Hopken UE, Uguccioni M, Lipp M, Lanzavecchia A, 

Sallusto F. 2003. Regulation of dendritic cell migration to the draining lymph node: impact on T 

lymphocyte traffic and priming. J Exp Med; 198(4):615-21. 

 29.  MartIn-Fontecha A, Thomsen LL, Brett S, Gerard C, Lipp M, Lanzavecchia A, Sallusto F. 

2004. Induced recruitment of NK cells to lymph nodes provides IFN-gamma for T(H)1 priming. 

Nat Immunol; 5(12):1260-5. 

 30.  Matzinger P. 1991. The JAM test. A simple assay for DNA fragmentation and cell death. J 

Immunol Methods; 145(1-2):185-92. 



246 

 

 31.  McKenzie J. 2006. Personal Communication. 

 32.  McLellan AD, Terbeck G, Mengling T, Starling GC, Kiener PA, Gold R, Brocker EB, 

Leverkus M, Kampgen E. 2000. Differential susceptibility to CD95 (Apo-1/Fas) and MHC 

class II-induced apoptosis during murine dendritic cell development. Cell Death Differ; 

7(10):933-8. 

 33.  Morath S, Geyer A, Hartung T. 2001. Structure-function relationship of cytokine induction by 

lipoteichoic acid from Staphylococcus aureus. J Exp Med; 193(3):393-7. 

 34.  Mullbacher A, Parish CR, Mundy JP. 1984. An improved colorimetric assay for T cell 

cytotoxicity in vitro. J Immunol Methods; 68(1-2):205-15. 

 35.  Netea MG, van der GC, Van der Meer JW, Kullberg BJ. 2004. Toll-like receptors and the 

host defense against microbial pathogens: bringing specificity to the innate-immune system. J 

Leukoc Biol; 75(5):749-55. 

 36.  O'Connor GM, Hart OM, Gardiner CM. 2006. Putting the natural killer cell in its place. 

Immunology; 117(1):1-10. 

 37.  Okamoto M, Furuichi S, Nishioka Y, Oshikawa T, Tano T, Ahmed SU, Takeda K, Akira S, 

Ryoma Y, Moriya Y, Saito M, Sone S, Sato M. 2004. Expression of toll-like receptor 4 on 

dendritic cells is significant for anticancer effect of dendritic cell-based immunotherapy in 

combination with an active component of OK-432, a streptococcal preparation. Cancer Res; 

64(15):5461-70. 

 38.  Ortaldo JR, Young HA. 2006. IL-18 as critical co-stimulatory molecules in modulating the 

immune response of ITAM bearing lymphocytes. Semin Immunol; 18(3):193-6. 

 39.  Perlmann P, Holm G. 1969. Cytotoxic effects of lymphoid cells in vitro. Adv Immunol; 

11:117-93.:117-93. 

 40.  Poltorak A, He X, Smirnova I, Liu MY, Van Huffel C, Du X, Birdwell D, Alejos E, Silva M, 

Galanos C, Freudenberg M, Ricciardi-Castagnoli P, Layton B, Beutler B. 1998. Defective 

LPS signaling in C3H/HeJ and C57BL/10ScCr mice: mutations in Tlr4 gene. Science; 

282(5396):2085-8. 



247 

 

 41.  Reis e Sousa C. 2004. Toll-like receptors and dendritic cells: for whom the bug tolls. Semin 

Immunol; 16(1):27-34. 

 42.  Rubinstein MP, Kovar M, Purton JF, Cho JH, Boyman O, Surh CD, Sprent J. 2006. 

Converting IL-15 to a superagonist by binding to soluble IL-15Rα. Proc Natl Acad Sci U S A; 

103(24):9166-71. 

 43.  Russell JH, Masakowski VR, Dobos CB. 1980. Mechanisms of immune lysis. I. Physiological 

distinction between target cell death mediated by cytotoxic T lymphocytes and antibody plus 

complement. J Immunol; 124(3):1100-5. 

 44.  Schwandner R, Dziarski R, Wesche H, Rothe M, Kirschning CJ. 1999. Peptidoglycan- and 

lipoteichoic acid-induced cell activation is mediated by toll-like receptor 2. J Biol Chem; 

274(25):17406-9. 

 45.  Starling GC, McLellan AD, Egner W, Sorg RV, Fawcett J, Simmons DL, Hart DN. 1995. 

Intercellular adhesion molecule-3 is the predominant co-stimulatory ligand for leukocyte 

function antigen-1 on human blood dendritic cells. Eur J Immunol; 25(9):2528-32. 

 46.  Sutmuller RP, den Brok MH, Kramer M, Bennink EJ, Toonen LW, Kullberg BJ, Joosten 

LA, Akira S, Netea MG, Adema GJ. 2006. Toll-like receptor 2 controls expansion and 

function of regulatory T cells. J Clin Invest; 116(2):485-94. 

 47.  Takeda K, Kaisho T, Akira S. 2003. Toll-like receptors. Annu Rev Immunol; 21:335-76. 

 48.  Takeuchi O, Akira S. 2001. Toll-like receptors; their physiological role and signal transduction 

system. Int Immunopharmacol; 1(4):625-35. 

 49.  Takeuchi O, Hoshino K, Kawai T, Sanjo H, Takada H, Ogawa T, Takeda K, Akira S. 1999. 

Differential roles of TLR2 and TLR4 in recognition of gram-negative and gram-positive 

bacterial cell wall components. Immunity; 11(4):443-51. 

 50.  Vitale M, Della CM, Carlomagno S, Pende D, Arico M, Moretta L, Moretta A. 2005. NK-

dependent DC maturation is mediated by TNFalpha and IFNgamma released upon engagement 

of the NKp30 triggering receptor. Blood; 106(2):566-71. 



248 

 

 51.  Walzer T, Dalod M, Robbins SH, Zitvogel L, Vivier E. 2005. Natural-killer cells and 

dendritic cells: "l'union fait la force". Blood; 106(7):2252-8. 

 52.  Wright SD, Ramos RA, Tobias PS, Ulevitch RJ, Mathison JC. 1990. CD14, a receptor for 

complexes of lipopolysaccharide (LPS) and LPS binding protein. Science; 249(4975):1431-3. 

 53.  Yang RB, Mark MR, Gray A, Huang A, Xie MH, Zhang M, Goddard A, Wood WI, 

Gurney AL, Godowski PJ. 1998. Toll-like receptor-2 mediates lipopolysaccharide-induced 

cellular signalling. Nature; 395(6699):284-8. 

 54.  Yokoyama WM. 2006. Contact hypersensitivity: not just T cells! Nat Immunol; 7(5):437-9. 

 55.  Yokoyama WM, Kim S, French AR. 2004. The dynamic life of natural killer cells. Annu Rev 

Immunol; 22:405-29.:405-29. 

 

 

 

 

 

 

 


	Title abstract Tables of contents FINAL.pdf
	thesis with changes

