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SUMMARY 

The activation of the innate immune system following recognition of microbial-derived 

ligands by Toll-like receptors (TLRs) has emerged as a critical step in the induction of 

inflammation and an adaptive immune response. The therapeutic promise of TLR 

ligands as anti-tumor agents, based on the premise that TLR-stimulation adds an 

immunogenic context to tumor antigens encountered by the adaptive immune system, is 

now receiving considerable attention, both in animal models as well as in clinical trials.  

In particular, the TLR7 agonist imiquimod, which mimics single-stranded viral RNA, 

has been used topically (Aldara™ cream) as an effective adjuvant treatment for a range 

of primary dermatological cancers, with impressive responses. Although its 

effectiveness at treating other solid tumors remains largely unexplored. There is 

evidence that imiquimod’s mode of action against tumors is primarily 

chemotherapeutic, as it induces apoptosis in a range of tumor cell types. However, the 

requirements for immune stimulation in the anti-tumor response have not been fully 

investigated. In fact, the combination of both apoptotic cell death and immune 

stimulation is often observed in many viral infections and results in the induction of a 

potent, systemic cytotoxic T lymphocyte response. Thus, we hypothesized that delivery 

of TLR7 agonists, like imiquimod, into tumors would immunologically mimic the 

process of viral-induced cell death, providing an artificial context of danger to tumor 

antigen presentation and would result in the induction of a systemic, tumor-specific 

immune response. 

 

We examined this hypothesis using a murine model of malignant mesothelioma that 

expresses hemagglutinin as a neo-antigen (AB1-HA), in which we could mimic primary 

disease as well as metastatic or distal tumor (dual tumor model). Mesothelioma is an 
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aggressive tumor with a mean survival of nine months, is resistant to chemotherapy, 

radiotherapy and surgery and is therefore a challenging and potential candidate for 

therapy in the form of TLR7 agonist treatment. We first investigated the in vitro anti-

tumor efficacy of a range of TLR7 agonists and determined their mode of action 

(apoptotic/necrotic). We also examined the expression of TLR7 by mesothelioma cell 

lines and determined their capacity to respond directly to TLR stimulation. We next 

examined the in vivo anti-tumor activity of the various TLR7 agonists, and focussing on 

imiquimod, determined the cytotoxic and immunological requirements for the anti-

tumor response. Additionally, we explored some limits to imiquimod therapy and 

investigated the use of agonistic anti-CD40 antibody immunotherapy to improve 

responses. Finally, we examined the effectiveness of imiquimod, either alone or in 

combination, to mount a systemic anti-tumor response against distal tumor.  

 

We found that TLR7 agonists induced potent cytotoxicity via apoptosis in vitro, and 

that AB1-HA and various other tumor cell lines, including human mesothelioma, were 

found to express TLR7. This suggested a mechanism utilizing viral-like apoptosis that 

could be potentially applied in vivo against a TLR7-expressing solid tumor as a method 

of mimicking viral infection.   

Persistent delivery of imiquimod into AB1-HA tumor in vivo significantly retarded 

growth and doubled survival time compared to untreated mice, suggesting anti-tumor 

activity, and SuperArray analysis of the treated tumor showed a profile of apoptosis. 

However nude and TLR7 knockout mouse studies indicated that the overall anti-tumor 

response was not reliant on this mechanism of induced cell death, rather the immune 

response was vital. The locally induced anti-tumor response required CD8 effector T 

cells, but not CD4 T cells, and was reliant on type I IFN induction. In-vivo CTL studies 
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and Ly6A/E staining of lymphocytes suggested that local imiquimod treatment had 

indeed induced a systemic, antigen-specific CD8 response. However, interestingly this 

was not as effective at limiting the progression of an untreated distal tumor.  

Combination of locally delivered imiquimod with systemic anti-CD40 immunotherapy 

significantly enhanced the local anti-tumor response, and, importantly, was effective at 

resolving both local and distal tumors in 55% of dual tumor-bearing mice. The 

combination also retarded tumor growth in the remaining non-survivors, significantly 

improving survival. Systemic effectiveness was dependent on CD8 T cells and partially 

on CD4 T cells, and was associated with increased local tumor numbers of activated 

CD8 T cells and MHC class I+ DCs. These results, in addition to a Luminex analysis 

showing an effector and inflammatory cytokine/chemokine profile, were indicative of a 

Th1/Th17 skewed immune response resulting in subsequent regression of tumor. 

 

In conclusion, these results support the hypothesis that mimicking viral infection by 

applying persistent TLR7 agonists at the local tumor site can promote systemic, tumor-

specific immune responses. However, these responses appear to be reliant on activation 

of TLR7 expressing immune cells rather than direct apoptotic responses in the tumor. 

Additionally, anti-tumor responses appear to be only locally effective and have limited 

capacity on their own to target untreated distal tumors. With the recent advent of a 

potent new generation of viral-like TLR7 agonists based on the parental imiquimod 

molecule, these findings could have profound implications for the design and 

development of anti-tumor strategies and, more importantly, the targeting of non-

primary tumors and metastases. 
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1.1 OVERVIEW 

With the correct stimulation, the immune system is capable of producing potent anti-

tumor responses and ultimately rejecting tumors (Barinskii, Posevaia et al. 1994; Li 

2001; Belardelli, Ferrantini et al. 2002; Lake and van der Most 2006; Kepp, Tesniere et 

al. 2009). However, historically the treatment of many common tumors has included 

treatment regimens which are counter to the stimulation of a beneficial anti-tumor 

immune response, and in most cases the use of systemic immunodepleting drugs and 

radiotherapy still remain standard therapies against cancer. Whilst these protocols are 

effective at inducing apoptosis in a majority of tumor cells, often other mutated tumor 

cells develop treatment-resistance and grow uncontrollably, invading local and distal 

organs and tissue and ultimately causing death of the patient. Promoting tumor-specific 

immune responses during this process, either by choosing new pro-apoptotic drugs that 

provide an immunogenic context to dying tumor cells, or by providing adjuvants to 

drive immune responses during conventional therapy, may provide a powerful means to 

target these resistant tumor masses. 

Evidence exists that the method by which a cell dies (i.e. 

apoptosis/necrosis/pyroptosis etc) is important in determining whether this event will be 

linked to the induction of inflammation and immunogenic responses. In this regard, 

apoptosis has typically been viewed as ‘silent’ death, since ordinarily it does not 

stimulate the immune system (Voll, Herrmann et al. 1997; Bischoff, Holl et al. 2000; 

Zhang and Zheng 2005).  However, in recent times this has been refuted somewhat with 

the discovery that some pro-apoptotic chemotherapies can induce an immune response 

and, indeed may even rely on this response for their anti-tumor properties (Nowak, Lake 

et al. 2003; Zitvogel, Casares et al. 2004; Casares, Pequignot et al. 2005). 
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It has been theorised that apoptosing tumor cells are normally not recognised by the 

immune system because these cells are not seen in an immunologic context (Fenton and 

Longo 1997), such as pathogenic infection, and because the immune cells that could 

react to them are concurrently being suppressed by both the therapy (Casares, Pequignot 

et al. 2005; Demaria, Santori et al. 2005) and the tumor itself (Jarnicki, Lysaght et al. 

2006). There has been much debate regarding the signals contained in, or released by 

cancer cells undergoing necrotic, apoptotic or autophagic death, and how these are 

sampled by the immune system and a ‘decision’ made as to the appropriate response 

(Lake and van der Most 2006; Zitvogel and Kroemer 2007; Kono and Rock 2008; 

Kepp, Tesniere et al. 2009). An understanding of circumstances where cell death is 

associated with immune reactivity may therefore provide insights into how 

immunogenic tumor death could be generated. 

 

One such clear situation where apoptotic death leads to potent systemic immune 

responses is during viral infection (Salio and Cerundolo 2005; Schulz, Diebold et al. 

2005; Salaun, Romero et al. 2007). Viruses are known to stimulate endosomal 

recognition pathways such as Toll-like receptor (TLR) 7/8 and TLR3 in tissue cells and 

immune cells, leading to apoptosis of host cells, induction of type I IFN and a potent 

CTL response. Importantly, similar type I IFN (Arvin 1980; Ferrantini, Capone et al. 

2007; Noppert, Fitzgerald et al. 2007) and antigen-specific CTL responses are known to 

stimulate anti-tumor responses experimentally and in some clinical situations (Ren-

Heidenreich and Lum 2001; Asai, Storkus et al. 2002; Gregoire, Ligeza-Poisson et al. 

2003; Hernando, Park et al. 2003; Bijker, van den Eeden et al. 2008). This provides 

evidence that mimicking an immunogenic context such as viral infection in a tumor may 

provide the essential immunogenic context to the immune system, combined with 

apoptosis of the target cell.  
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There is a vital need for the development of safe, non-pathogenic anti-tumor therapies 

simultaneously capable of introducing an immunogenic context to the tumor site, whilst 

causing apoptosis of tumor cells. This would then allow uptake of dying/dead cells or 

their debris by local APCs, leading to cross-presentation of tumor antigen and potent 

systemic CTL responses. However, several questions remain unanswered, such as; do 

cell death and immune activation need to be mediated simultaneously, or can these 

signals be provided independently? Is the virally-killed cell self sufficient in alerting the 

immune system to the context of death, or do viral ligands still need to be present during 

uptake? Finally, are viral and apoptotic signatures interpreted by a single cellular point 

of recognition, or do multiple cells types work in trans to decode the immunogenic 

death? 

 

This thesis aims to investigate whether mimicking viral infection and apoptosis in the 

tumor microenvironment can induce local and systemic anti-tumor immune responses 

with the goal of uncovering the key mechanisms involved. 

 

1.2 SILENT VS IMMUNOGENIC CELL DEATH 

The way in which a cell dies may profoundly affect visibility to, and activation of, the 

host immune system (Lake and van der Most 2006; Kono and Rock 2008; Kepp, 

Tesniere et al. 2009). In the normally functioning organism apoptosis is a natural part of 

tissue regeneration, and is typically ‘silent’ to ensure self antigen is not presented to the 

immune system, which can potentially result in autoimmune disease. It has long been 

held that necrosis is immunogenic whilst apoptosis is silent and, since most anti-tumor 

therapy is apoptotic (at least initially), this would suggest a silent mode of death. 
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However these theories have been adjusted somewhat in recent times with the finding 

that anthracyclin induced cell death is immunogenic via caspase activation and 

apoptotic cells can activate DCs (Casares, Pequignot et al. 2005; Demaria, Santori et al. 

2005; Krysko, D'Herde et al. 2006). There is therefore a need to have a more complex 

understanding of the biology of immunogenic cell death for application therapeutically, 

and recent research suggests the way in which a cell dies and interacts with the immune 

system is more complex than simply silent (apoptotic) vs immunogenic (necrotic) 

(Albert, Sauter et al. 1998; Russo, Tanzarella et al. 2000; Blachere, Darnell et al. 2005). 

The question then, is what is the immune system looking for in a dying cell?  

 

1.2.1 Uptake of apoptotic-derived antigens 

The key antigen presentation cells of the immune system, dendritic cells, are known to 

take up apoptosis-derived antigen, stimulating antigen-specific CTL responses (Albert, 

Sauter et al. 1998). However, the inflammatory signals usually thought required to 

induce maturation are not normally provided by the apoptotic cell (Gallucci, Lolkema et 

al. 1999; Basu, Binder et al. 2000; Sauter, Albert et al. 2000). Apoptosis is part of the 

normal turnover of cells and it was thought that the phagocytosis of apoptosing cells 

without exogenous maturation signals such as pathogen-associated molecular patterns 

(PAMPs) would maintain tolerance to self antigen, thereby limiting the immune 

response (Steinman, Turley et al. 2000; Dhodapkar, Dhodapkar et al. 2008). 

 

These theories are not set in stone, however, and certain forms of apoptosis-inducing 

chemotherapy (such as doxorubicin) have been shown, in a key finding, to be 

immunogenic rather than silent. Phagocytosis of doxorubicin-treated CT26 carcinoma 

cells by DCs induces efficient antigen presentation and expansion of antigen-specific 
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CTLs in a manner reliant on tumor apoptosis via caspase triggering (Casares, Pequignot 

et al. 2005). Immunogenic chemotherapy, capable of stimulating anti-tumor T cells 

responses has also been seen clinically (Demaria, Volm et al. 2001) and in murine 

models of malignant mesothelioma (Nowak, Lake et al. 2003).  

 

The uptake of extracellular antigen and presentation via MHC class I to activate 

cytotoxic, tumor specific CD8+ T cells is known as ‘cross-priming’ (Heath and Carbone 

1999; Yewdell, Norbury et al. 1999). Tumor antigen is required as a priming signal for 

the induction of  a tumor-specific immune response and without this signal, effector cell 

differentiation, CD8+ T cell expansion or memory development are not possible (Heath 

and Carbone 1999; Cordaro, de Visser et al. 2000). However, there must also be 

provision of tumor antigen in the correct ‘pro-priming’ or costimulatory context in order 

for an immune response to be induced (van Mierlo, Boonman et al. 2004), hence the 

need to make tumor cells appear immunogenic and promote phagocytosis by maturation 

of APC prior to presentation to naïve T cells.  

 

So, how can apoptosis of tumor cells be promoted as an immunogenic event? 

Importantly, pathogen-induced apoptosis, which is associated with the appropriate 

contextual immunogenic signals, does elicit an effective immune response, promoting 

DC maturation and stimulation of T cells (Yrlid and Wick 2000; Zhao, Huang et al. 

2002). Understanding what pathogen provides in this process will be important in 

changing the context of apoptotic tumor death in order to improve anti-tumor immune 

responses. 
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1.3 DANGEROUS DEATH 

The consequences of cell death have been interpreted through theories such as the 

immunological ‘danger’ theory (Matzinger 1994) or the infectious, non-self theory 

(Janeway 1989). The danger theory details how the immune system may recognize 

death induced by pathogens or other stimuli through the damage or stress they cause to 

the host primarily through the release or exposure of endogenous damage-associated 

molecular patterns (DAMPs) (Kono and Rock 2008). Conversely, Janeway’s infectious 

non-self theory proposes that the immune system is acutely sensitive to the recognition 

of exogenous PAMPs, and the presence of these in dying cells is what activates the 

immune system. Evidence for both theories exists but the discovery of the toll-like 

receptors as key sensors of both extracellular and intracellular pathogenic infection 

(O'Neill 2001; O'Neill 2003; Akira and Takeda 2004; Akira, Uematsu et al. 2006; 

Bohnhorst, Rasmussen et al. 2006; Schon and Schon 2008) has seen Janeway’s theory 

dominate in recent years.  

 

Janeway initially proposed that immune responses do not occur against all foreign 

antigens, only against antigen that are associated with infection (Janeway 1989). He also 

theorised that the distinction between non-infectious and infectious molecules was 

conducted via APCs using receptors that recognize pathogen associated molecular 

patterns (PAMPs). This theory paved the way for the discovery of Toll-like receptors 

(TLRs) and other recently discovered pathogen detection mechanisms (Takeda, Kaisho 

et al. 2003; Takeda and Akira 2005; Akira, Uematsu et al. 2006; Meylan, Tschopp et al. 

2006). However, although this theory has essentially been validated, immune responses 

to tissue transplants and tumors were not explained. The danger theory may explain why 

the adaptive immune system can respond to pathogenic and non-pathogenic agents like 
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tumors and transplanted tissues where sterile necrotic cell death may be present 

resulting in release of DAMPs. In the Janeway model, pathogen release of PAMPs leads 

to recognition by pattern recognition receptors (PRR) on dendritic cells, with 

subsequent maturation and co-stimulation of naïve T cells in the lymph node (Janeway 

1989). These events are also known to occur following stimulation by DAMPs via 

necrotic cell death (Gallucci, Lolkema et al. 1999; Shi, Zheng et al. 2000; Gallucci and 

Matzinger 2001) and it is possible that both mechanisms actually exist during infection, 

although the two theories are typically viewed independently.  

 

The danger theory has also been used to distinguish immune recognition of necrotic 

versus apoptotic cells, explaining why necrotic cells invariably induce inflammation but 

apoptotic cells are only immunostimulatory in certain circumstances (Faouzi, 

Burckhardt et al. 2001; Huynh, Fadok et al. 2002). Whereas necrotic cells lose 

membrane integrity very quickly, releasing DAMPs, apoptotic cells maintain theirs, 

allowing phagocytosis with no release of DAMPs occurring. Conversely, apoptotic cells 

not immediately cleared can reach secondary necrosis and release their DAMPs, 

therefore signaling ‘danger’ to the immune system (Kono and Rock 2008). This may be 

the case with viral apoptosis, where viruses often delay apoptosis to their advantage, 

therefore permitting the release of as many virions as possible (Teodoro and Branton 

1997; Blaho 2004). Clearly, the timing of phagocytic uptake of either necrotic or 

apoptotic cells is vital regarding stimulation of the immune response. 
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1.4 ANTI-VIRAL AND ANTI-TUMOR IMMUNE RESPONSES 

The study of viral immunology has contributed much to the field of tumor immunology, 

especially concerning the priming of naïve T cells to generate tumor specific CD8 T 

cells (Bohm, Schirmbeck et al. 1997; Morimura, Cho et al. 1999; Fonteneau, Larsson et 

al. 2001; Chen, Masterman et al. 2004). In view of the theory of introducing danger into 

the tumor site to overcome tolerance and suppressive mechanisms, viral ssRNA has 

been shown to induce immune responses in tumor cells (Diebold, Kaisho et al. 2004; 

Heil, Hemmi et al. 2004; Scheel, Aulwurm et al. 2006 ) and molecules mimicking viral 

components have shown safety clinically and potential in provoking a selective anti-

tumor immune response via pro-apoptotic and immune mechanisms (Slade, Owens et 

al. 1998; Marks, Gebauer et al. 2001; Bong, Bonnekoh et al. 2002; Schulze, Cribier et 

al. 2005). Importantly, live oncolytic viruses have been successfully used as anti-tumor 

therapy. These viruses induce potent immune responses to the tumor and have included 

herpes simplex virus and notably the ssRNA measles virus, among others (Heinzerling, 

Kunzi et al. 2005; Benencia, Courreges et al. 2008; Stanford, Breitbach et al. 2008). The 

HSV-2 virus promoted strong anti-tumor responses in a mouse breast cancer model 

(4T1), with potent local and anti-metastatic effects on the tumor (Li, Dutuor et al. 2007). 

Human studies have produced some promising results (Cody and Douglas 2009; 

Iankov, Msaouel et al. 2009; Kelly, Nawrocki et al. 2009), and suggest an effective 

means of stimulating anti-tumor responses Therefore it is important to understand the 

multi-faceted response of the immune system to viruses, and as a result this knowledge 

can be harnessed and applied effectively to promote potent anti-tumor activity. 

 

The goal of cancer immunotherapy is to induce a potent cytotoxic T lymphocyte 

response, capable of destroying primary and distal/metastatic tumor with long term 
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memory. Tumors interfere with normal existing immune responses and promote 

tolerance by the immune system via suppression, using a number of methods (Gajewski, 

Meng et al. 2006). Anti-viral immunity is an attractive mechanism to study and attempt 

to harness for application against tumors because viruses (i) induce cross-presentation 

of antigen which is important for anti-tumor immune responses (Seung, Urban et al. 

1993; Nowak, Lake et al. 2003); (ii) subsequently promote a potent antigen specific 

cytotoxic effector response, with memory; (iii) stimulate production of factors (eg 

cytokines) known to activate anti-tumor responses; and (iv) are generally intracellular 

pathogens, inducing the immune destruction via apoptosis of the entire host cell, not 

only the pathogen contained within. Importantly, tumors block many of the features 

normally associated with successful anti-viral immune responses. For instance, they: 

downregulate MHC class I expression and interfere with normal function (Lassam and 

Jay 1989; Feldman and Eisenbach 1991; Imboden, Murphy et al. 2001; Seliger 2008); 

subvert cross-presentation of antigen, and alter Fas/FasL to induce T cell death and 

protect tumors from death induction (Greil, Egle et al. 1998; O'Connell, Bennett et al. 

1999; O'Connell, Bennett et al. 2000; Bullani, Wehrli et al. 2002); downregulate anti-

tumor cytokines including type I IFN and promote apoptosis avoidance (Kiessling, 

Pawelec et al. 2000; Igney and Krammer 2002; Whiteside 2009).  

 

This strongly suggests that reversal of these processes may be needed to induce potent 

anti-tumor immune responses and that mimicking viral infection may provide the 

required contextual co-stimulation. The theory of introducing contextual change into the 

tumor to stimulate anti-tumor immune responses is detailed diagrammatically in Figure 

1.1. 
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Figure 1.1. Diagrammatic theory of inducing contextual change to create an immuno-

genic tumor. 1. Most tumors are non, or weakly immunogenic and not ‘seen’ as dangerous by 

the host immune system. 2. Introduction of an immunogenic context (such as viral-like TLR 

agonists) into the tumor site can stimulate maturation of resident DC, with subsequent MHC 

class I upregulation and production of inflammatory cytokines and chemokines, promoting the 

influx of further immune cells, promoting an immunogenic tumor type. Concurrently tumor 

cells take up agonists and apoptose, with APCs phagocytosing the apoptotic body and TLR 

agonist. 3. Tumor antigen is then cross-presented to naïve T cells at the draining lymph node, 

priming them to become tumor-specific CTL and 4. stimulating their migration to the tumor. 

The targeted tumor cell is then killed in situ, releasing further tumor antigen. 
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1.4.1 Type I interferons and anti-viral/anti-tumor responses  

Although viral infection is known to stimulate the production of a range of cytokines 

and chemokines, the hallmark of anti-viral immune responses is the production of type I 

interferons (Arvin 1980; Colonna, Krug et al. 2002; Grandvaux, tenOever et al. 2002; 

Le Bon, Etchart et al. 2003; Coccia, Severa et al. 2004). Upon release these cytokines 

stimulate conditions in their immediate environment that restrict and reduce viral 

replication and indicate to the immune system that a threat to the host is present. These 

cytokines are known to link innate and adaptive immunity by stimulating inflammatory 

pathways and attracting and promoting activation of infiltrating APCs, leading to 

priming of CTLs (Le Bon and Tough 2002), important in both anti-viral and anti-tumor 

immunity. IFN-α has a potent effect on NK cells, with responses seen by 1-2 hours post 

release, the key action being upregulation of lytic activity (Ortaldo, Mantovani et al. 

1983; Ortaldo, Mason et al. 1983; Li, Zhao et al. 1990). Early activation and production 

of both IFN-α and IFN-β are regulated through transcription factor families such as NF-

κB, ATF-2/c-Jun and interferon regulatory factors (IRFs), among others (Lin, 

Heylbroeck et al. 1998; Yoneyama, Suhara et al. 1998) and these interferons affect 

surrounding cells by activating JAK/STAT receptors on cell surfaces leading to 

amplification of the interferon response by these cells (Grandvaux, tenOever et al. 

2002). Aside from the upregulation of MHC class I on immune cells, type I IFNs also 

have pro-apoptotic properties which are both nucleus-dependent and independent, 

causing direct killing of host cells and tumor cells (Caraglia, Abbruzzese et al. 1999; 

Krasagakis, Kruger-Krasagakis et al. 2008; Panaretakis, Hjortsberg et al. 2008). 

 

So, importantly for immune responses, type I IFNs stimulate multiple effects on cells 

away from the initial stimulation site, causing a ‘cascade’ of immune cell activation 
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throughout the target area. In view of its apparent multitude of immune stimulating 

properties, interferon-α therapy has been used extensively in the clinic as anti-tumor 

immunotherapy for the last thirty years (Ernstoff, Fusi et al. 1983; Hersey, Coates et al. 

1986; Belardelli, Ferrantini et al. 2002). This cytokine has been attractive as a tumor 

therapy chiefly due to its ability to inhibit proliferation of tumor cells, downregulate 

oncogene expression/induce tumor suppressor genes and increase MHC class I 

expression in cells, enhancing immune stimulation and recognition (Belardelli 1995; 

Pfeffer, Dinarello et al. 1998; Belardelli, Ferrantini et al. 2002). These properties appear 

to directly correlate to anti-viral capabilities of the cytokine, since the immune system 

focuses on recognition of viral infection of a cell and limits viral spread through 

infected cell apoptosis. Whilst many solid and haematological tumors have responded to 

type I IFNs, inconsistent results have hampered its systematic inclusion therapeutically 

(Ernstoff, Fusi et al. 1983; Hersey, Coates et al. 1986; Agarwala and Kirkwood 1994; 

Fujii 2000). This said, responses have provided evidence of significant tumor 

infiltration by CD4+ and CD8+ T cells in areas of regression, even in patients who 

ultimately succumbed to disease. However, despite this the side effects of the therapy in 

cancer patients (Upham, Musk et al. 1993) and for other diseases such as hepatitis C 

have been significant (Iorio, Pensati et al. 1997; Sleijfer, Bannink et al. 2005; Arase 

2006) and thus a system of inducing IFN-α/β-related responses locally at the tumor site, 

rather than introducing large doses of these cytokines systemically, would be a more 

targeted approach. 
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1.4.2 Immune cell activation and anti-viral/anti-tumor reponses 

1.4.2.1 Dendritic cells 

There is convincing evidence that the activation of DCs is vital for the priming of 

antigen-specific CD8+ T cell immunity to viruses (Allan, Smith et al. 2003; Smith, Belz 

et al. 2003; Zhao, Deak et al. 2003), and this data has been confirmed by experiments 

observing the abrogation of virus specific responses in a number of viral models where 

DCs have been depleted (Jung, Unutmaz et al. 2002; Zammit, Cauley et al. 2005; Belz, 

Wilson et al. 2006). The unique ability of DCs to present exogenously captured antigen 

as part of the cross-presentation pathway (Heath and Carbone 1999) also make them 

important as a presentation mechanism in anti-tumor immunity, since cross-presentation 

of tumor antigen from killed tumor cells via MHC class I is a key precursor to 

generating a CD8+ effector T cell response. Importantly, studies have shown that 

CD8α+ DCs, which are required for tumor rejection (Hildner, Edelson et al. 2008) are 

also the key subset needed for cross-presentation of viral and apoptotic antigens (Iyoda, 

Shimoyama et al. 2002; Allan, Smith et al. 2003). The stimulation of DCs and their 

cross-presentation of antigen has typically been attributed to conventional DCs, whereas 

plasmacytoid DCs respond to viruses by the rapid induction of IFN-α (Barchet, Cella et 

al. 2005; Gunzer, Riemann et al. 2005; Wilson, Behrens et al. 2006) and have no, or 

reduced, capacity to present antigen (Grouard, Rissoan et al. 1997). However, in recent 

years this concept has been challenged, with several papers describing pDC ability to 

present antigen in humans and mice (Ochando, Homma et al. 2006; Hoeffel, Ripoche et 

al. 2007; Sapoznikov, Fischer et al. 2007). The reality is likely that pDCs respond 

differently depending on the threat and that they have both type I IFN-producing and, as 

far as a per-cell capacity (Hochrein and O'Keeffe 2008), limited cross-presentation 

capabilities. Regardless, pDCs are a vital component of the innate immune response and 
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have recently even been shown to have additional TRAIL-mediated cytotoxic activity 

(Chaperot, Blum et al. 2006; Hardy, Graham et al. 2007). The most important aspect of 

pDC responses following a viral infection or introduction of viral-like agonists is their 

ability to produce very large quantities of type I IFN (Cella, Jarrossay et al. 1999), with 

subsequent limitation of viral progression through activation of early NK responses and, 

indirectly through activation of cDCs, and the ability to cause maturation and 

stimulation of T cells.  

 

1.4.2.2   CD8+ T lymphocytes and NK cells 

CD8 T cell responses are a key contributor to anti-viral and anti-tumor responses. 

Depletion of CD8 T cells in mice where tumor therapy has been successful reverses the 

anti-tumor effects (Nowak, Lake et al. 2003; Currie, van der Most et al. 2008; Stagg, 

Sharkey et al. 2008) and tumors transplanted into immunosuppressed recipients or those 

depleted of CD8 T cells permit tumor progression (Ward, Koeppen et al. 1990; Loeser, 

Loser et al. 2007). In the same vein, viral clearance has been shown to be reliant on 

CD8 dependent mechanisms (Kagi, Ledermann et al. 1994; Lowin, Beermann et al. 

1994; Walsh, Matloubian et al. 1994), highlighting the requirement in both anti-tumor 

and anti-viral responses for potent CTL activity. Natural killer cells are vital for the 

initial innate response to viruses, and are also known to be important as an early 

contributing factor in the host immune responses to tumors. Local NK cell activity can 

inhibit metastasis formation in organs and the action of various viral-like TLR7/8 

agonists are known activate this cell type in the local tumor site (Schon and Schon 

2007; Smits, Ponsaerts et al. 2008; Hamm, Rath et al. 2009). 
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1.4.3 Mechanisms of virally-induced immune cell activation and apoptosis 

1.4.3.1 Immune activation 

Activation of the immune system by extracellular virus occurs through recognition of 

viral proteins (mediated by cell surface TLR2 and TLR4), or through endosomal 

recognition of viral nucleic acids such as dsRNA, ssRNA and dsDNA (mediated by 

endosomal expression of TLRs 3, 7 and 9 respectively) (Saito and Gale 2007). 

However, possibly due to viral immune evasion mechanisms, the host defences have 

evolved cytosolic methods for detecting replicating viruses, such as RIG-I-like receptors 

(RLRs) and MDA5, which are box RNA helicases capable of recognising viral genome 

and replication products in the cytosol. Recently, these box RNA helicases have also 

been implicated in induction of apoptosis in virally infected cells (Rintahaka, Wiik et al. 

2008). All of these pathways (with the possible exception of TLR2) are coupled to 

production of type IFN and thus, multiple mechanisms of IFN production and immune 

signaling are available to the host to maximise the chances of rejecting the virus.  

 

1.4.3.2 Apoptosis induction 

 

Stimulation of apoptosis may seem counter to promoting the viral life-cycle in host 

cells, however apoptosis of cells late during infection when they contain many copies, 

and the consequent expulsion of virions, actually speeds up the process of cell and 

consequent tissue invasion (Blaho 2004).  In contrast the host cells also have 

mechanisms in place to cause expulsion of viruses before the replication process 

proceeds too far. Other than direct lysis by CTL, cells can induce cell death by 

stimulating expression of intracellular genes by IFNs - such as TRAIL, dsRNA-

dependent protein kinase (PKR), and interferon regulatory factors (IRFs) which cause 
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apoptosis of the host cell. Many viruses are capable of inducing apoptosis in host cells, 

including the TLR7 stimulating ssRNA virus vesicular stomatitis virus (VSV), which 

was one of the first to be observed to induce morphological changes and DNA 

fragmentation associated with viral apoptosis (Koyama 1995) and whose apoptotic 

activity has been attributed to caspase-3 activation by viral matrix (M) protein. In 

contrast, viruses can induce overexpression of bcl-2, an anti-apoptosis gene, in order to 

extend the life of the cell and therefore its use for replicating virions. 

 

As opposed to the historical viewpoint that necrosis (inflammatory) and apoptosis 

(‘quiet’) were immunological opposites regarding their stimulatory capacity (Wyllie, 

Kerr et al. 1980; Searle, Kerr et al. 1982), activation of apoptosis during viral infection 

has been proposed to activate a pathway that is inflammatory and therefore stimulatory 

to the immune system. This is in contrast to the ‘bland’ apoptosis occurring during 

development or regeneration of cells (Restifo 2000). This stimulatory apoptotic 

response is linked to type I IFN, with some evidence suggesting IFN induced by single 

and double stranded RNA sensitizes cells to apoptosis (Stewart, De Clercq et al. 1972; 

Balachandran, Kim et al. 1998; Tanaka, Sato et al. 1998). Importantly for tumor 

therapy, the process of viral immune stimulation and apoptosis may be linked at the 

point of recognition. Viral-like ligands are known to induce apoptosis via recognition at 

toll-like receptor sites (Fischer, Rehm et al. 2005; Salaun, Coste et al. 2006; Salaun, 

Romero et al. 2007), and these same pathways may branch off downstream to induce 

inflammatory cytokines (Kaiser and Offermann 2005). This implies that ‘infected’ 

apoptosing target cells and their endogenous antigen are important in the uptake and 

presentation to the immune system, regardless of the infection status of APCs.   
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1.4.3.3  TLR-induced apoptosis  

TLRs can trigger apoptosis via a number of pathways, some direct, others indirect 

(Salaun, Romero et al. 2007). However, the nature of these apoptotic pathways for all 

TLRs have not been confirmed. Viral-like pro-apoptotic TLRs use the MyD88 pathway 

for induction of inflammatory cytokines (TLR2, and TLR9) or TRIF (TLR3) or both 

(TLR4) (Medzhitov, Preston-Hurlburt et al. 1998; Bagchi, Herrup et al. 2007). 

However, these adapters can also associate with the Fas-associated death domain 

(FADD), which subsequently recruits caspase-8 which cleaves and therefore activates 

the terminal apoptosis caspase-3 – leading to apoptotic death. However, for TLR2, other 

conditions such as the presence of inflammatory cytokines (eg TNF-α) or FasL 

stimulation can lead to TLR2-induced apoptosis (Abrahams, Bole-Aldo et al. 2004; 

Basu, Pathak et al. 2007). The virus-sensing TLR3 also employs multiple methods of 

signalling to induce apoptosis, using its adapter TRIF directly (Han, Su et al. 2004), 

leading to FADD recruitment and activation of caspase-8 and caspase-3, and indirect 

effects via type I IFN on prevention of cell cycle entry (Salaun, Romero et al. 2007). 

Interestingly, inhibition of caspase-8 or FADD prevents this IFN-induced cell death, 

which has also been confirmed in malignant myeloma cells (Lehner, Bailo et al. 2007). 

These multiple pathways used by TLRs indicate an inherent flexibility in the way they 

induce apoptosis once the TLR has been stimulated by its ligand, but with a reliance on 

their adapters and therefore TLR expression. Investigation into expression of these 

receptors on a range of tumors is generally quite deficient but what is published 

suggests the sensitivity of tumors to TLR-induced apoptosis seems to be diverse 

(Inglefield, Larson et al. 2006; Kanzler, Barrat et al. 2007). More work needs to be 

carried out in this area to determine if there is a correlation between TLR expression for 

the full range of agonists and susceptibility of tumor types to apoptosis. 
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1.4.3.4 Promoting contextual apoptosis 

 

The context in which the immune system sees apoptotic cell death is clearly important 

to the way it responds. A key publication in this regard was that of the work by Reis e 

Sousa and colleagues, they found that CD8α+ DCs matured and produced inflammatory 

cytokines in the presence of apoptotic cells only when loaded with viral dsRNA 

(Schulz, Diebold et al. 2005). Unloaded cells had no effect on the DCs. Maturation 

required TLR3 expression on the DC and they also found that virus-infected cells or 

cells containing synthetic dsRNA (polyI:C) produced a significant increase in cross-

priming of cell associated antigens to cytotoxic T cells. These results strongly suggest 

that apoptotic cells seen in a viral context induce potent CTL responses to endogenous 

antigen, and that direct infection of DCs is not necessary for cross-priming of CTLs. 

These observations could be important regarding the induction of contextual change in a 

tumor in order to stimulate anti-tumor immune responses, especially if the tumor cells 

themselves become phagocytosed and tumor antigen is now ‘seen’ as immunogenic. 

Responses have been demonstrated for dsRNA viruses, with limited studies detailing 

the known effects of ssRNA viruses or their ligands. However the ssRNA measles virus 

has been shown to induce oncolysis in mesothelioma cells and permits DCs to cross-

prime tumor-specific CD8s (Gauvrit, Brandler et al. 2008). Enhanced cross-priming and 

efficiency of uptake of ssRNA and TLR7/8 agonist-loaded dying cells compared to 

dsRNA have also been observed in a blood vessel wall model (Qu, Nguyen et al. 2009), 

suggesting that TLR7/8 responses are worthy of investigation.  In addition, the TLR7 

agonist imiquimod (AldaraTM) is the only viral-like ligand known to be approved for 

clinical use, therefore making it readily available for translation and attractive to 

investigate as a viral-like anti-tumor agonist.  
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1.5 TOLL-LIKE RECEPTOR 7 AGONISTS 

The TLR7/8 agonists have been successfully applied clinically for a range of 

predominantly dermal tumors and are typically delivered topically, often with complete 

resolution of tumor (Schulze, Cribier et al. 2005; Neville, Williford et al. 2007; Schon 

and Schon 2007). There is convincing evidence that the key effects of TLR7/8 agonists 

are production of pro-inflammatory and regulatory cytokines, promotion of immune cell 

migration, and expression of costimulatory molecules leading to a potent Th1-polarized 

T cell response (Gibson, Imbertson et al. 1995; Ito, Amakawa et al. 2002). These 

properties are part of a complex anti-tumor response involving at least three modes of 

action; (i) apoptosis; (ii) immunomodulation; and (iii) anti-angiogenesis.  

 

1.5.1 Natural ligands 

Toll-like receptor 7 (TLR7) is located endosomally in most immune and non-immune 

cell types and this localization of the receptor is due to the need for a recognition system 

by a host cell infected with the natural ligand of TLR7, the ssRNA virus (such as 

vesicular stomatitis virus; VSV, influenza virus and HIV) . Until recently the natural 

ligand for TLR7 was suspected but unconfirmed, however investigations have found 

that mice deficient in TLR7 or MyD88 display a significant reduction in normal 

responses to infection with VSV (Diebold, Kaisho et al. 2004; Heil, Hemmi et al. 2004; 

Lund, Alexopoulou et al. 2004), confirming the stimulatory pathway. These viruses 

usually are endocytosed and the viral machinery causes the replication of ssRNA, which 

is then exposed in the cytoplasm and endosomal compartments of the host cell, allowing 

detection by the endosomal TLR7. 
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1.5.2 Synthetic ligands: imiquimod and its derivatives 

Synthetic ligands of TLR7/8 include a group of so-called immune response modifiers 

(IRMs), the imidazoquinolines and oxidized guanosines (guanine nucleoside analogs) 

(Lee, Chuang et al. 2003). These are nucleotide-like analogs which mimic viral ssRNA 

signatures and consequently stimulate the production of anti-viral and inflammatory 

cytokines and chemokines from immune cells. The immunological activity of these 

compounds has been accredited to the induction of certain key cytokines, particularly 

IFN-α and TNF-α  (Imbertson, Beaurline et al. 1998; Hengge and Ruzicka 2004).  They 

include: imiquimod (R-837), resiquimod (R-848); see chemical structure below, 

loxoribine and gardiquimod, among others, and ‘new generation’ analogues such as the 

imidazoquinoxaline and pyrazoloquinoxalines, based on the parent molecule (Moarbess, 

Deleuze-Masquefa et al. 2008). Evidence that these compounds signal through TLR7 

was revealed when TLR7 knockout mice treated with Imiquimod and R-848 were 

totally unresponsive to stimulation and were unable to produce inflammatory cytokines 

(Hemmi, Kaisho et al. 2002). At high doses imiquimod signals through TLR8, although 

this receptor was initially thought to be non-active in mice, since the natural ssRNA 

agonist doesn’t activate murine TLR8, nor do TLR7-deficient mice respond to TLR8 

ligands (Gorden, Qiu et al. 2006). Early experiments with imiquimod showed efficacy 

as a systemic agent when given orally to mice with MC-26 colon carcinoma – reducing 

tumor progression and metastatic colonies of the lung (Sidky, Borden et al. 1992). 

These results have since been replicated in other tumors such as murine and human 

renal cell carcinoma (Renca), also showing signs of in vivo apoptosis (Schwartz, Liu et 

al. 2008). Interestingly the responses in MC-26 were abrogated with anti-serum to IFN-

α, highlighting the reliance on this cytokine and the involvement of the anti-viral 

response. However, despite these promising systemic effects, TLR7 agonists are yet to 

be applied in any practical sense as systemic agents in the clinic, mainly due to the side 
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effects associated with oral and i.v. treatment (Witt, Ritch et al. 1993; Savage, Horton et 

al. 1996; Goldstein, Hertzog et al. 1998) such as the flu-like symptoms of fever, malaise 

and nausea (Pockros, Guyader et al. 2007) and effects of immune incompetence 

(Gunzer, Riemann et al. 2005).  

 

 

 

 

 

Figure 1.2. Molecular structures of two key imidazoquinolines. Imiquimod (left) and 

resiquimod (R-848; right). 

 

1.5.3 Cytokine/chemokine induction 

In the TLR field it is generally accepted that TLR7 agonists induce the majority of their 

anti-viral and anti-tumor responses through the substantial production of type I IFNs, 

specifically IFN-α and the subsequent effects of this cytokine on DC and CD8 T cell 

activity (Schon and Schon 2004; Schulze, Cribier et al. 2005; Schon and Schon 2007; 

Schon and Schon 2008). The inflammatory response and trafficking of immune cells to 

the site of application is induced via NF-κΒ and the production of a multitude of 

cytokines and chemokines such as TNF-α, IL-6, IL-12, IL-8, MIP1α and MIP1β 

enhance the local responses to the agonist (Reiter, Testerman et al. 1994; Gibson, 

Imbertson et al. 1995; Megyeri, Au et al. 1995; Wagner, Horton et al. 1997). Imiquimod 

mimics the immune response to viral ssRNA and exerts its biological efficacy through 
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agonistic stimulation of TLR7 in key immune cells such as the type I IFN-producing 

pDCs. The ensuing production of IFN-α by pDCs stimulates monocyte differentiation 

into TLR7 expressing DCs, which has an amplifying effect on IFN-α production 

(Hemmi, Kaisho et al. 2002; Mohty, Vialle-Castellano et al. 2003). It is not known if 

the production of type I IFN in this manner is also required for stimulating CD8 T cell 

expansion and function (Kolumam, Thomas et al. 2005) in anti-tumor responses. 

 

Most cells can produce IFN-α and β subsequent to viral infection, especially DCs. 

However, the pDC lineage is critical in the defence against invading pathogens 

(specifically viruses) and they are also stimulated by TLR7 agonists, due to their single-

stranded RNA-mimicking nature. Importantly pDCs are capable of producing extremely 

high levels of the anti-viral type I interferons compared to other DC subsets (Colonna, 

Krug et al. 2002). As mentioned, these responses have an indirect effect on CD8α+ 

DCs, which are capable of cross-presenting antigen (Belz, Smith et al. 2004), and 

notably, it has been shown that a lack of TLR7 expression in these cells corresponds to 

non-responsiveness to the imidazoquinolines, providing further evidence supporting the 

indirect involvement of pDCs towards cross-presentation in anti-tumor immune 

responses (Edwards, Diebold et al. 2003).  

 

1.5.4    Effect on T cells and NK cells 

There is strong evidence that the effect of the induction of Th1-type cytokines following 

treatment with TLR7/8 agonists stimulates CD4+ Th1 cells and improved CD8+ T cell 

responses (Thomsen, Topley et al. 2004; Smorlesi, Papalini et al. 2005; Ramakrishna, 

Vasilakos et al. 2007; Schon and Schon 2008). Importantly, given their key role in anti- 



 24

viral and anti-tumor responses, NK and NKT cells are also known to be activated 

following TLR7/8 therapy (Craft, Bruhn et al. 2005; Scheel, Teufel et al. 2005), 

however this is thought to be an indirect effect via accessory cells such as APCs 

producing IL-12 or type I IFNs (Hart, Athie-Morales et al. 2005; Gorski, Waller et al. 

2006; Sawaki, Tsutsui et al. 2007), rather than direct activation. 

 

In apparent contrast to these effects, it has recently been shown that TLR7 signaling 

actually enhances the immunosuppressive activity of T regulatory (CD4+ CD25+) cells 

by sensitising T regs to IL-2 induced activation (Forward, Furlong et al. 2009). 

Interestingly, TLR8-specific signaling reversed CD4+ T reg activity when TLR8 

stimulated T reg cells were transferred into tumor bearing mice, inducing an anti-tumor 

response (Peng, Guo et al. 2005). These phenomena are probably linked to regulation of 

host anti-viral immune responses, and indicate the complexity of the activity stimulated 

by these agonists. It also signals a warning that over-stimulation of responses could 

provoke antagonistic effects in anti-tumor responses, although this knowledge could be 

harnessed for treatment of autoimmune diseases where the immune system is under-

regulated. 

 

1.5.5 Pro-apoptotic and anti-angiogenic properties 

Imiquimod’s clinical effectiveness was initially thought to be only due to its stimulation 

of cell-mediated immunity via cytokine induction, however subsequent studies have 

found the drug to have anti-angiogenic (Li, Li et al. 2005; Majewski, Marczak et al. 

2005; Li and Li 2008) as well as pro-apoptotic activity (Schon and Schon 2007; De 

Giorgi, Salvini et al. 2009).  

24



 25

 

Whilst apoptotic cell death upon exposure in vitro to TLR7 agonists has subsequently 

been reported for other neoplastic cell lines (Inglefield, Larson et al. 2006), it is 

unknown whether all tumor cell lines would be susceptible to such a mechanism of cell 

death, and if so, at a concentration translatable for in vivo use. Importantly, the direct 

antineoplastic activity by induction of apoptosis in vitro has been reported for 

imiquimod (in solution), even at low concentrations (1000-fold less), and in a dose-

dependent manner, compared to the marketed product of imiquimod, AldaraTM (Schon, 

Bong et al. 2003). Since immune cells are not present in these experiments using 

cultured tumor cells, this suggests a multipotent mechanism of action, rather than 

immunomodulation alone. 

 

The pro-apoptotic properties of Imiquimod have been discussed in some detail clinically 

and using in-vitro cell culture in relation to human BCC and SCC (Schon, Bong et al. 

2003; Schon and Schon 2004). The mechanism of apoptosis is now thought to be 

independent of membrane-bound death receptors such as Fas Receptor (CD95), TNF-

related apoptosis-inducing ligand (TRAIL) and TNF receptors, and reliant on Bcl-2 

dependent translocation of cytochrome C from the mitochondria with subsequent 

activation of caspase-3, 8, 9 and 10 (Schon, Bong et al. 2003; Schon, Wienrich et al. 

2004). In fact, this work showed that inhibition of caspases-3, 8, 9 or 10 resulted in 

reductions in the pro-apoptotic effect of imiquimod, indicating a similar pathway of 

apoptosis induction as viruses. These observations are potentially important regarding 

the application of TLR7/8 agonists as anti-tumor agents when viewed in light of the 

observations of Casares et al (2006), that caspase induction is a key component for the 

immunogenicity of dying cells and that cross-priming of CD8 T cells follows 
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engulfment of cells containing viral-like agonists (Schulz, Diebold et al. 2005). The 

dependence of TLR7 anti-tumor activity on the pro-apoptotic effect has not been fully 

elucidated, but likely combines with its immunogenic activity to prime the immune 

response. 

 

Interestingly, an angiogenic ‘switch’ has been proposed, a synergy being shown 

between adenosine A (2A) receptor and its agonists and TLRs 2, 7 and 9 in up-

regulating vascular endothelial growth factor (VEGF) whilst down-regulating TNF-α in 

murine macrophages. This mechanism may serve as a link between innate immunity 

and wound healing (Pinhal-Enfield, Ramanathan et al. 2003), and considering the 

involvement of TLR7 agonists as anti-angiogenic agents in experimental tumor models 

(Li, Li et al. 2005), could be of use in improving therapeutic outcomes. 

 

Tumoral neovascularization promotes growth of the neoplasm, and is disrupted by 

Imiquimod using several mechanisms: (i) induction of endothelial cell apoptosis; (ii) 

local upregulation of angiogenesis inhibitors such as TSP-1 and TIMP; (iii) 

downregulation of pro-angiogenic factors eg bFGF, MMP-9 and; (iv) production of 

cytokines that inhibit angiogenesis eg IFN, IL-10, IL-12 (Li, Li et al. 2005). The 

resultant retardation of vascular progression essentially starves the advancing tumor of 

the nutrients required to grow any further. Notably, some of these effects are indirect, 

since they are mediated by the immune response to the agonist itself. Limited work has 

been conducted investigating the anti-angiogenic response to TLR7/8 agonists, however 

this ‘starvation’ effect on tumors should further enhance the immune and pro-apoptotic 

effects of the agonists. The combined attack on the tumor through: a) immune 

stimulation, resulting in recognition of tumor antigen and reversal of tolerance; b) 
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induction of apoptosis;  and c) anti-angiogenic effects, suggest that TLR7 agonists such 

as imiquimod might have broad potential in a range of tumors, including solid, non-

dermal malignancies.   

 

1.5.6 Imidazoquinolines as vaccine adjuvants 

Recent indications suggest that, in addition to mutations and defective genes resulting in 

apoptotic deficiencies in BCC and SCC, weakened immune surveillance by T 

lymphocytes could contribute substantially to the progression of these skin cancers. In 

order to circumvent immune system avoidance by these tumors, imiquimod has been 

successfully used topically in the clinic and to a limited extent, systemically in pre-

clinical animal work on transplantable tumors such as mammary carcinomas, bladder 

carcinomas, colon carcinomas, melanomas and lung carcinomas (Schon and Schon 

2004; Schon, Wienrich et al. 2004) with some limited responses at high doses. However 

imiquimod has shown its most profound anti-tumor properties when delivered topically. 

Topical Imiquimod can significantly enhance the CD8+ T cell and antibody response to 

OVA immunization, suggesting a shift towards a Th1 response in a vaccine adjuvant 

scenario (Johnston and Bystryn 2006). Imiquimod and other TLR7 agonists have also 

been tested in combination with peptide and anti-CD40 (Ahonen, Doxsee et al. 2004; 

Sanchez, McWilliams et al. 2007; Warger, Rechtsteiner et al. 2007) with promising 

results, such as the expansion of antigen-specific CD8 T cells and protection from tumor 

challenge.  
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1.5.7 Clinical applications 

The most widely available and applied commercial IRM at present is imiquimod in the 

form of AldaraTM, a 5% oil-in-water varnishing cream manufactured by 3M 

Pharmaceuticals. The cream is approved  by the U.S. FDA for the external therapeutic 

treatment of superficial basal cell carcinoma (BCC), actinic keratosis and external 

genital warts (human papilloma virus – HPV).  The frequency of topical application and 

period of therapy is dependent on the condition being treated (Woodmansee, Pillow et 

al. 2006). Aldara cream is especially efficacious in treating these three conditions. In 

one study, nodular or superficial BCC was 100% cleared when treated three times a 

week with the cream (Beutner, Geisse et al. 1999), however, various side-effects and 

application site reactions became evident. These included ulceration, crusting, 

erythema, oedema, pruritus, pain and pigmentary alteration (Pharmaceuticals 2005). 

 

 Even though imiquimod is not approved for squamous cell carcinoma (Smith, Hamza et 

al. 2004; Inglefield, Larson et al. 2006), melanoma (Wolf, Smolle et al. 2003; Craft, 

Bruhn et al. 2005) and a number of other skin conditions, successful application in these 

diseases has been described. Importantly, long term clearance with complete clinical 

and histological resolution of the treated site is common in the completed studies 

(Mackenzie-Wood, Kossard et al. 2001; Naylor, Crowson et al. 2003).  Interestingly, 

and important in view of possible future applications of the drug, a number of individual 

cases where patients with metastatic disease (melanoma) have had complete local and 

distal resolution of tumor have been reported (Steinmann, Funk et al. 2000; Fisher and 

Lang 2003; Wolf, Smolle et al. 2003), although these clinical applications generally rely 

on access to the tumor site and the ability to topically treat the exposed tumor with a 

cream. Little evidence exists suggesting distal metastases of topically treated tumors 
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(that are unable to be treated topically) respond to TLR7 agonists, suggesting cell-

mediated and innate responses are confined to the treated site, or are present 

systemically but unable to exert anti-tumor effects due to decreased potency of response 

or tumor suppression. A detailed study of the efficacy of imiquimod, and related 

compounds, in non-dermal solid malignancy, especially with a view to examining 

systemic and anti-metastatic responses, might validate the wider use of this promising 

therapeutic approach.  

  

1.6 MALIGNANT MESOTHELIOMA – AN IDEAL CANDIDATE 

FOR TLR7 AGONIST THERAPY 

1.6.1 History and current treatments 

Malignant pleural mesothelioma (MM) was originally thought to be a rare human tumor 

type and was described as such as recently as the 1940s, with some physicians even 

disagreeing as to its existence as a primary tumor at all (Willis 1960; Hughes 2005), due 

to confusion regarding the origin of tumors of the pleura, many of which were 

metastases originating from primary tumors elsewhere. Eventually it was decided that 

all diffuse neoplasms originating from the pleura would be named mesotheliomas 

(Klemperer P 1931).   

 

Chemotherapeutic drugs provide an extension of life expectancy and much needed 

palliation for sufferers (Ceresoli, Zucali et al. 2009), and currently the standard first-line 

treatment for the disease is a combination of the antifolates cisplatin and pemetrexed, 

following promising results from extensive phase III clinical trials. Although a 

significant improvement over previous systemic treatments, overall benefit is minimal, 
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this combination only extending median survival from 9.3 months to 12.1 months 

(Vogelzang, Rusthoven et al. 2003). However it is well tolerated compared to other 

chemotherapy modalities which have induced considerable toxicity (Dundar, Bagust et 

al. 2007; Green, Dundar et al. 2007), especially when patients are supplemented with 

folic acid and vitamin B12, with reduced levels of neutropenia, vomiting and fatigue. 

Other conventional chemotherapies used have included gemcitabine, vinorelbine and 

the anthracyclins methotrexate and doxorubicin, with varying degrees of efficacy. In 

addition, so-called ‘targeted’ systemic therapies have included angiogenesis inhibitors 

(eg Bevacizumab), epidermal growth factor receptor (EGFR) inhibitors, histone 

deacetylase (HDAC) inhibitors, ribonucleases mesothelin-targeted drugs (Jackman 

2009) and gene therapy (Vachani, Sterman et al. 2007; Tada, Takiguchi et al. 2008), all 

either with variable responses from minimal to occasional tumor regression, and many 

requiring further investigation of efficacy and safety. Clearly, because of its resistance 

to chemotherapy treatment, and the morbidity, reduction of quality of life and systemic 

problems associated with these drugs, a safe and effective therapy for MM is much 

needed.  

 

1.6.2 Etiology 

A landmark paper in 1960 was the first to describe a link between asbestos and 

mesothelioma. Wagner et al showed a distinct correlation between the mining of 

crocidolite (blue asbestos) and the incidence of tumors histologically consistent with 

mesothelioma (Wagner, Sleggs et al. 1960). This paper prompted a substantial increase 

in mesothelioma research, and the disease was consequently accepted as a pathological 

phenomenon. Although the cause of malignant mesothelioma has been traditionally 

most closely related to asbestos exposure, which is still the most significant recognized 
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cause, others have been highlighted that can be both additive to risk and which are 

individually risk factors. Ionizing radiation, SV40 virus and chronic pleural 

inflammation have all been suggested and studied regarding their relationship with the 

development of this disease (Peterson, Greenberg et al. 1984; Heineman, Bernstein et al. 

1996), however the involvement of these factors is still a contentious issue and much 

work needs to be done to unequivocally conclude that they are important in the 

establishment of MM. 

 

1.6.3 Epidemiology 

Malignant mesothelioma incidence has been increasing dramatically in the U.K. and 

U.S. over the last 30 years and predictions are that the number of cases will continue to 

increase, peaking by  the year 2020. As the disease has a latency period of 30 to 45 

years from exposure to the development of tumor, it is impossible to accurately predict 

the number of deaths associated with this disease over the coming 20 to 25 years, 

especially since only a small level of exposure is required in susceptible individuals. 

Asbestos has only been rigorously mined for utilization as insulation and other 

applications from the 1950s onwards, however humans have exploited this fibrous 

mineral for over 6000 years (Nishimura and Broaddus 1998; Abratt, Vorobiof et al. 

2004). Mining of asbestos was predominantly done by males, hence the over-

representation of males in the incidence of mesothelioma in the population. Occurrence 

is typically two to six times higher in males than in females and two thirds of patients 

are between 50 and 70 years of age – essentially due to its delayed onset (Antman 1981; 

Ross and McDonald 1995). 
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1.6.4 Immunobiology 

Monitoring of immune responses to human MM has been notoriously difficult due to its 

prolonged latency period and the fact that patients do not normally present with 

symptoms until the disease is quite advanced and the immune system is sub-optimal. 

Regardless of these restrictions, some investigations have been developed to distinguish 

MM specific immune responses to this extremely aggressive tumor. Macrophages are 

well known to play an important role in both the tumorigenesis of MM and the immune 

response to tumor growth. Human and murine MM tumors are both extensively 

infiltrated with macrophages, consisting of up to 50 per cent of the total tumor 

cellularity (Smith, Lansley et al. 2006).  NK cells are known to be present in MM, 

however their functionality appears to be reduced (Robinson 1989; Froom, Lahat et al. 

2000), with tumor progressing regardless of their presence. Importantly for proposed 

anti-tumor therapies, T cell infiltrates found in patients correlate with improved survival 

– patients with significant numbers of T cells survived for 18 months, compared to the 

mean of 9 months (Leigh and Webster 1982). 

 

1.6.5 Vaccine therapies 

Immunotherapeutic treatment of mesothelioma has largely been constrained by the 

absence of the defined MM antigens required for a vaccine or similar therapy, 

nevertheless much work in the last decade has identified some antigens which, although 

not ideal due to their lack of specificity, could potentially be used as targets for 

immunotherapy.  
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Mesothelin is a glycoprotein expressed on mesothelioma cell surfaces, as well as normal 

mesothelium and other cancers, for instance cervical, ovarian and pancreatic tumors 

(Argani, Iacobuzio-Donahue et al. 2001). Monoclonal antibodies have been developed 

and trialled for mesothelin, these targeted antibodies are linked to immunotoxins and 

have displayed cytotoxic activity in vitro against MM cell lines and nude mice 

implanted with xenografts (Brinkmann, Webber et al. 1997; Hassan, Viner et al. 2000). 

Other antigens, such as calretinin (Ordonez 1998) and cancer testis antigens that are 

expressed in MM, such as MAGE-1-3, GAGE 1-2, GAGE 1-6, SSX-2 and SSX 1-5 

(O'Brien, Ribate et al. 2006) are all potential targets or could be useful as vaccine 

antigens in combination with viral-like TLR agonists. Although specific 

immunotherapy for MM is limited to some degree at present, other non-specific 

therapies have been proposed and in some cases trialled either in pre-clinical animal 

models, or in clinical trials. Recently, one such clinical trial exploring the 

immunological responses to DCs pulsed with autologous tumor lysate sourced from 

mesothelioma patients has shown promise regarding safety and anti-tumor responses 

(Hegmans, Veltman et al.). This work followed pre-clinical mouse experiments by the 

same group, using AB1 tumors (Hegmans, Hemmes et al. 2005), highlighting the 

potential for experiments in mouse models of mesothelioma to influence therapies 

clinically. 

 

1.6.6     Experimental immunotherapies 

The aim of most non-specific immunotherapies is to overpower the intricate effects of 

local and systemic tumor immunosuppression and their ability to promote tumor 

progression. In regards to MM, two possible methods have been suggested to 

simultaneously break systemic and local immune tolerance (O'Brien, Ribate et al. 
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2006): (i) enhancement of immune response with non-specific delivery of inflammatory 

or immune-stimulating cytokines (eg. IL-2, IFN, TNF, GM-CSF) or  attenuated 

bacterial antigens, (ii) overcoming local immunosuppression by introduction of a non-

specific immune system stimulant intratumorally or intracavitarily (Verschraegen 

2001). Potentially, the combination of these two methods could circumvent the pro-

tumor progressive effects of suppression, with consequent restriction of proliferation 

and resolution of tumor. The suggested factors involved in stimulating an anti-tumor 

immunological effect in malignant mesothelioma are represented diagrammatically in 

Figure 1.3. Importantly, in view of the discussed potential links between anti-viral and 

anti-tumor immune responses and involvement of type I IFN, malignant mesothelioma 

has responded well clinically, with anti-tumor immune responses in most patients, to 

IFN-β-producing adenovirus gene therapy (Sterman, Recio et al. 2007; Vachani, 

Sterman et al. 2007). This work also showed that intracavitary delivery of therapy 

through a pleural catheter is a viable treatment option for patients, and that access to the 

primary tumor site is possible. Recombinant IFN-α therapy has also shown promise as a 

therapy alone (early in tumor development) or in combination with other 

immunomodulatory/anti-proliferative agents such as α-difluoromethylornithine and β-

carotene (Bielefeldt-Ohmann, Fitzpatrick et al. 1995; Fitzpatrick, Manning et al. 1995). 

These results suggest that mesothelioma is a responsive tumor to the key anti-viral and 

anti-tumor cytokines belonging to the type I IFN group, production of which is 

stimulated by TLR7 agonists. 

 

Pre-clinically a number of bacterial-derived products have been trialled, with some 

promising results, particularly concerning the intraperitoneal delivery of cationic 

bacterial DNA, which contains CpG motifs (TLR9 stimulating ligands), and intrapleural 
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Figure 1.3. Factors influencing an immunological anti-tumor response in malignant 

mesothelioma. Factors that have a negative (-) and positive (+) anti-tumor effect. Local and 

systemic factors produced by the tumor impact negatively on anti-tumor immune responses. 

Non-specific (ie not tumor-antigen specific) immunomodulators can potentially overcome im-

munosuppression by introducing a false context of infection (‘danger’), eg TLR agonists or by 

stimulating resident and systemic immune cells (anti-CD40, IL-2). Therapeutic tumor vaccines 

have had some experimental success and could work in conjunction with non-specific immu-

nomodulators. Adapted from O’Brien M.E.R. et al, 2006, with permission. 
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BCG (Pimm and Baldwin 1975; Lanuti, Rudginsky et al. 2000).  Genetic modification 

of MM cell lines has also been utilized as a tool to deliver cytokines and immune 

stimulating signals such as IL-2 (Leong, Marley et al. 1997), B7-1 expression (Leong, 

Marley et al. 1996), MHC expression (Leong, Robinson et al. 1994), IL-12 (Caminschi, 

Venetsanakos et al. 1998) and IFN-γ (Gattacceca, Pilatte et al. 2002) expression to 

examine the immune response, and notably these tumors had a reduced growth rate.  

 

Interestingly CTL responses have also been detected in vitro against mesothelioma 

using apoptotic cell pulsed DCs (Ebstein, Sapede et al. 2004) and these type of 

responses could in the future theoretically be applied clinically.  

These potential therapies give hope to the utilization and experimental trialling of other 

TLR ligand and gene therapy-type treatments since most of those trialled induced an 

anti-MM response, characterized by activation of CD8+ lymphocytes and frequently 

help from CD4+ lymphocytes.  

 

An interesting therapeutic issue is the potential for post-surgery therapy of MM. 

Debulking surgery seems to have an additive priming effect on the immune system in 

mice, the anti-MM effects of GM-CSF and B7 gene transfection being significantly 

enhanced following surgery (Mukherjee, Nelson et al. 2001), although surgery alone has 

a minimal immunostimulatory function. In fact, one group found that partial debulking 

in a murine MM tumor model followed by chemotherapy (gemcitabine) and 

immunotherapy (anti-CD40) leads to a high cure rate (80%) and a long-term memory 

response. In contrast, this cure rate was similar in completely resected tumors, without 

the long term memory induction. This response is possibly due to the presence of 

apoptosing tumor cells as a source of antigen followed by induction of CD40 help 
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(Broomfield, Currie et al. 2005). Although not all MM patients would be eligible, due to 

tumor location and a number of other factors, many have debulking surgery as a 

component of their palliative care (Martin-Ucar, Edwards et al. 2001), therefore a 

certain cohort of patients may benefit from post surgical immunotherapy.  

 

Malignant mesothelioma is typically seen as a non-metastatic disease, restricted to the 

pleura, however there are many examples of metastatic spread of the disease to bone 

(Laurini 1974; Taillandier, Faux et al. 1984; Dejmek 1992) and other tissues of the 

patient (Sussman and Rosai 1991; Dutt, Baxter et al. 1992; Lloreta and Serrano 1994; 

Kawai, Nagasaka et al. 1997; Lumb and Suvarna 2004). These observations further 

indicate the need for a systemic immune therapy capable of targeting distal tumors, 

especially if treatment of primary tumor significantly improves.  
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1.7 SUMMARY 

The available literature supports the theory that mimicking anti-viral like apoptotic and 

immune responses in solid tumors is conducive to promoting potent contextual change 

and anti-tumor effectiveness. The key points supporting this theory include: 

 

(i) apoptosing tumor cells require an immunogenic context in order to be ‘seen’ by the 

immune system; 

 

(ii) immunogenic context in the form of viral-like ligands present in dying cells are 

known to stimulate efficient cross-priming and potent immune responses to endogenous 

cell-associated antigen; and  

 

(iii) type I IFN and CTL responses stimulated by viral-like ligands are known to be 

important for anti-tumor activity;  

 

Current anti-tumor therapies, although capable of inducing tumor cell death through 

apoptosis, are limited in their ability to overcome local immune suppression, tolerance 

and treatment resistance mechanisms. Improving tumor therapies by stimulating the 

immune system to target previously ‘unseen’ tumor cells through a multi-modal 

treatment is a very real possibility in light of the key points made above. In addition to 

this, mesothelioma is a highly aggressive tumor whose patients are desperately in need 

of a workable treatment capable of improving survivability and morbidity. These factors 

make this a very interesting and potentially fulfilling area of study. 
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1.8 THESIS AIMS  

Although there has been detailed research into the therapeutic benefits of TLR7/8 

agonists and the pathways leading to immune stimulation, there is an absence of 

information regarding the reliance of the anti-tumor immune response on apoptosis 

induction and systemic potential of the agonists when delivered to a local tumor site. 

Much of the research into these molecules has focussed on dermal tumors, due to 

clinical success with topical application to the tumor site and subsequent pro-apoptotic 

and immunostimulatory responses. However, evidence of immune-stimulating apoptotic 

responses and systemic induction of key cytokines suggests the potential for these 

agonists to be applied for promotion of systemic anti-tumor activity, either alone or in 

combination with other immunotherapies. Such responses are critical for the eradication 

of primary, residual, and more importantly, the metastatic distal deposits which 

ultimately cause morbidity and the death of the patient. Using a well known and 

clinically relevant model of mesothelioma, this thesis will examine the role and 

importance of the apoptotic and immune response to anti-tumor effectiveness by 

mimicking viral apoptosis and infection using TLR7 agonists, investigating their 

potential as a systemic therapy, and the immune requirements of efficacy in vivo.  

 

Specific Research Aims: 

1. Investigate the ability of a range of TLR7/8 agonists to induce cell death of 

tumor cells in vitro and their mechanism of action. 

2. Determine the reliance of any in vivo  anti-tumor response on TLR7-induced 

apoptosis and/or immune responses. 

3.    Investigate the systemic potency of TLR7 agonists against a distal tumor. 
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4. Examine the immune requirements of the TLR7 agonist –induced anti-tumor 

response. 

 

General hypotheses relating to experimental work in this thesis: 

That mimicking of persistent viral infection by simultaneously inducing apoptosis and 

providing viral-like PAMPS in an established tumor using TLR7 agonists will promote 

a potent and effective anti-tumor immune response both locally and systemically.  

 

 

 

 

 

40



 41 

 

CHAPTER 2 
 
 

MATERIALS AND METHODS 
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2.1 ANIMALS   

The utilization of all mouse strains and experimental and surgical procedures performed 

on them were approved by the UWA Animal Experimentation Ethics Committee 

(AEEC).   

 

2.1.1 BALB/c-WT mice and BALB/c.nu-/- mice 

Six to eight week old BALB/c (H-2d) and BALB/c.nu-/- female mice were obtained from 

the Animal Resources Centre (Perth, Australia) and maintained under specific pathogen 

free (SPF) housing conditions at the University of Western Australia (UWA) animal 

facility located at the Queen Elizabeth II Medical Centre (Perth, Australia).  

 

2.1.2 HA-Transgenic mice 

The CTL clone-4 TCR transgenic line (CL4) mouse line is restricted by H-2Kd and 

recognises the dominant MHC class I restricted epitope of Influenza A hemagluttinin, 

residues PR/8 HA; 518-526 (sequence; IYSTVASSL). The derivation of the CL4 mouse 

has been described previously (Morgan, Liblau et al. 1996). Breeding pairs were 

obtained from Dr L. Sherman (The Scripps Research Institute, La Jolla, CA). CL4 

transgenic progeny were typed by flow cytometry using mAbs anti-CD8-PE (53-6.7) 

and anti-Vβ8.1-FITC (MR5-2) (Pharmingen).  The HA transgenic line was backcrossed 

for a minimum of five generations onto BALB/c genetic background and bred in the 

University SPF animal facility. For all experiments female mice between 6 and 8 weeks 

of age were used, except where age-matching with NK1.1 and TLR7-/- mice was 

required. 
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2.1.3 Perforin and  Perforin/IFN-γ knockout mice 

Six week old BALB/c.pfp-/- and BALB/c.pfp-/-.IFN-γ-/- (H-2d) female mice were 

produced and bred at the Peter MacCallum Cancer Centre, Melbourne, Victoria, 

Australia), and provided by Dr Mark Smyth. 

 

2.1.4 NK1.1 mice 

Ten week old BALB.B6-CT8 intra-NKC congenic mice were obtained from Dr 

Mariapia Degli-Esposti and Dr Tony Scalzo, Lions Eye Institute, Perth, Western 

Australia. These mice were a number of weeks older than previously used BALB/c 

mice. We therefore age-matched the BALB/c mice used as controls in the relevant 

experiment with the NK1.1 mice, for consistency. 

 

2.1.5 TLR7 knockout ‘Dallaglio’ mice 

Five week old mice BALB/c background (H-2d) female ‘Dallaglio’ TLR7-/- mice were 

obtained from Dr Simon Phipps (University of Newcastle, NSW). 

 

2.1.6 Euthanasia 

All mice were anaesthetised with inhalant methoxyflurane (Penthrane; Medical 

Developments Australia, Springvale, Australia) and then euthanized by cervical 

dislocation.   
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2.2 TISSUE CULTURE 

2.2.1 Murine tumor cell lines 

2.2.1.1 AB1 

The murine mesothelioma model has been previously described (Davis, Manning et al. 

1992). Briefly, IUCC reference samples of Wittenoom Gorge crocidolite (asbestos) 

were injected intraperitoneally (i.p.). Following a latency period of between 7-25 

months, 35% of BALB/c mice developed ascites, from which exudates were harvested 

and the cell lines maintained in culture. The murine mesothelioma tumor line AB1 has 

similar biological characteristics to human mesothelioma; low immunogenicity, MHC 

class I positive, low expression of MHC class II, variable and long latency, causative 

agent and ultra-structural microvilli (Davis, Manning et al. 1992).  

 

Following subcutaneous inoculation of 1 x 106 AB1 cells into the right flank of BALB/c 

mice, solid, vasularised tumors were reliably established.  

 

2.2.1.2 AB1-HA 

AB1-HA (H-2d) is a murine malignant mesothelioma cell line generated by stable 

transfection of the AB1 parental line, the cDNA encoding for influenza A 

hemagglutinin (HA) (Marzo, Lake et al. 1999). In brief, the HA gene from the Mt Sinai 

strain of influenza A (A/PR/8/34) was subcloned into the phβ-Apr-1-neo expression 

vector which was subsequently used to transfect the AB1 tumor cell line. Positive 

clones were isolated after growth in culture media containing the neomycin analogue, 

genetecin. The level of HA expression on the surface of transfected cells was 

determined by flow cytometry. Notably, the AB1-HA tumor model is non-metastatic 
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and bears a membrane-bound tumor neo antigen (HA), which is constitutively cross-

presented (Marzo, Lake et al. 1999; Marzo, Lake et al. 1999) in the tumor draining 

lymph node. 

 

2.2.1.3 Renca-WT and Renca-HA 

Renal cell carcinoma cells (Renca) and Renca-HA, expressing the HA molecule of 

influenza virus A/PR/8/34 (Renca-HA, H-2d) generated as previously reported (Morgan, 

Kreuwel et al. 1998), were kindly donated by Dr E. Sotomayor and Dr F. Cheng 

(University of South Florida, Tampa, FL). 

 

2.2.1.4 AE5, AE17 and AE17sOVA 

Murine mesothelioma cells of the AE lineage, including those bearing ovalbumin 

(OVA) were generated as previously reported (Davis, Manning et al. 1992). AE tumors 

are H-2b-restricted tumors derived from C57BL/6 mice. 

 

2.2.1.5 Lewis lung and Lewis lung-sOVA 

Lewis lung carcinoma cells (LL) and Lewis lung carcinoma cells expressing OVA 

protein were obtained from American Type Culture Collection (Manassas, VA, USA). 

LL are H-2b-restricted tumors derived from C57BL/6 mice. 

 

2.2.1.6 4T1 mammary  carcinoma 

4T1 mammary carcinoma was generated as previously described (Aslakson and Miller 

1992) and obtained from American Type Culture Collection (Manassas, VA, USA).  
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2.2.1.7 p53-/- 

The p53-/- mesothelial cell line was generated from the peritoneal tissue of p53-/- mice. 

This cell line was generated by Dr Amanda Cleaver (University of Western Australia, 

Perth, Australia) using previously described methods (Dumble, Knight et al. 2001). 

 

2.2.2 Human cell lines 

2.2.2.1 LO, Sty51, Ju77 and NO36 

Human mesothelioma cell lines were generated as previously described (Manning, 

Whitaker et al. 1991). 

 

2.2.2.2 A549  

Human airway epithelial cells were generated as previously described (Giard, Aaronson 

et al. 1973) 

 

2.2.2.3 Met5a 

Human immortal mesothelial cells were generated as previously described (Lechner, 

Tokiwa et al. 1985). 

 

2.2.3 Maintenance of cell lines 

All cell lines were maintained in RPMI-1640 (Invitrogen, Australia) supplemented with 

5% (v/v) foetal calf serum (FCS) (Invitrogen, Australia), 48 μL/ml gentamicin 

(Pharmacia and Upjohn, Perth, WA, Australia), 60 μg/ml benzylpenicillin (David Bulls 
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Laboratory, Victoria, Australia) 20 mM N-2-hydroxyethylpiperazine-N’-2-

ethanesulfonic acid (HEPES, Sigma-Aldrich, Australia) and 0.05mM 2-mercaptoethanol 

(2-ME, Merck, West Point, PA, USA) pH 7.2. Selective pressure for transfected cell 

lines was maintained by the addition of 400 μg/ml geneticin (Invitrogen). Cells were 

cultured at 37oC in a humidified, 5% CO2 atmosphere.  

 

2.2.4 Harvesting adherent cells 

Cell monolayers were washed three times with 20 ml of PBS. Approximately 2.5 ml of 

warm trypsin-versene solution (Invitrogen) was added for 1 minute at 37°C to dislodge 

adherent cells after which time they were resuspended in 20 ml of culture media and 

washed by centrifugation at 1200 rpm for five minutes at room temperature. 

 

2.2.5 Trypan blue exclusion 

Trypan blue exclusion was used to determine cell viability. Cell suspensions were 

diluted in a 0.4% trypan blue solution (Sigma) and mixed thoroughly. Approximately 

10 μL of this suspension was transferred to a haemocytometer where both viable 

(unstained) and dead (stained) cells were counted. Cell numbers were calculated using 

the formula below: 

Total N° of cells = (N° of viable cells) x (dilution factor) x 104 x (volume of cell 

suspension) 
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2.3 TOLL-LIKE RECEPTOR 7 AGONISTS 

2.3.1 Imiquimod (R837) 

The TLR7 agonist imiquimod was purchased from Calbiochem as a salt and 

reconstituted in citrate buffered saline (pH 5.0) at 3 mg/ml. Aliquots of the agonists 

were stored at -200 C, protected from light. 

 

2.3.2 3M-006, 3M-007 and 3M-019 

The inactive compound 3M-006, active 3M-007 and 3M-019 were provided by 3M 

Pharmaceuticals as salts, which were reconstituted in clinical grade DMSO (3M-006 

and 3M-007) and sterile water (3M-019) at 50 mg/ml (3M-006 and 007) and 5 mg/ml 

(3M-019), as recommended by the manufacturer. Aliquots of the agonists were stored at 

-200C protected from light. 

 

2.3.3 GardiquimodTM and Loxoribine 

The TLR7 agonists GardiquimodTM and Loxoribine were purchased from Invivogen and 

reconstituted in clinical grade DMSO (Gardiquimod) and citrate buffered saline 

(Loxoribine, pH 5.0). Aliquots were stored as above at -200C protected from light. 

2.4 TUMOR INOCULATION AND TREATMENT 

Tumor cell lines were harvested by brief trypsinisation and washed three times with 10 

ml of warm saline. A viable cell count was performed following the third wash and cells 

were resuspended in warm saline for injection. Viability was routinely 98%, cells with 

viability below 95% were discarded.  
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2.4.1 Subcutaneous inoculation 

For subcutaneous (s.c.) inoculation, cells were resuspended in saline at a concentration 

of 1 x 107 cells per ml. BALB/c or transgenic mice were then injected in the shaven 

flank (right or both left and right) with 100 μL (1 x 106) of cell suspension. Mice were 

checked every 3-4 days and tumor growth was measured by taking two perpendicular 

diameter measurements using microcallipers. Note that the AEEC permitted animal 

experimentation with the condition that the mice were not allowed to bear s.c. tumors 

that were larger than 100mm2. Therefore mice were euthanized when tumors reached 

this size. 

 

2.4.2 Intratumoral therapy 

Intratumoral treatment commenced on day 10, when tumors were palpable (~ 4 mm2). 

Mice were lightly restrained, and the surface of the tumor was swabbed with alcohol 

before direct injection of the agonist diluted in 50 μL citrate buffered saline (CBS). Care 

was taken to slowly deliver the bolus, and the base of the tumor was clasped firmly to 

prevent liquid penetrating through the tumor. Tumors were observed to swell slightly 

and blanch upon injection. Tumors were injected in a different site for each treatment 

day.  

 

2.4.3 Alternate therapeutic delivery routes 

Intravenous (i.v.), intraperitoneal (i.p.) and subcutaneous (s.c.) imiquimod treatment 

commenced at day 10, post tumor inoculation and was given every 2 days for three 

doses (q2dx3). For i.v., i.p. and s.c. therapy the agonist was diluted to the required 

concentration (2.5 or 30 mg/kg) in 200 and 500 μL of vehicle (CBS) respectively, prior 
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to tail vein, i.p. or s.c. injection. Subcutaneous doses were delivered distally, on the 

tumor-free flank of the animal. 

 

2.4.4 Anti-CD40 Therapy 

Anti-CD40 monoclonal antibody (FGK-45, Monoclonal Antibody Facility, Western 

Australian Institute for Medical Research) was delivered using a previously determined 

optimal protocol (q2dx3) (Stumbles, Himbeck et al. 2004) during the course of TLR7 

agonist treatment. Antibody (100 μg) was delivered intraperitoneally, diluted in sterile 

injectable saline for a total volume of 200 μL. Mice had ‘ruffled’ fur and appeared to 

have some malaise during the course of treatment (combination treatment and anti-

CD40 alone), however this abated after conclusion of treatment.  

 

2.5 DETECTION OF TLR7 EXPRESSION 

2.5.1 Ex-vivo Tumor Staining 

BALB/c mice were inoculated with 1 x 106 AB1-HA tumor cells and monitored to 16 

days. Tumors were then excised and sectioned prior to staining with FITC-labeled 

rabbit anti-mouse TLR7 antibody or its isotype control (eBioscience). Sections were 

mounted and viewed at 40x magnification using a Zeiss Axioskop 2 Plus fluorescence-

capable microscope.   

 

2.5.2 PCR 

Cultured murine and human tumor cells were examined for TLR7 expression. Normal 

mesothelial cells (for murine PCR) were used for comparison of expression and 
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peripheral blood mononuclear cells as positive controls (murine and human). RNase 

free water was used as negative control.  

 

Tumor cell lines were cultured over 3 days, the cells harvested, and the RNA extracted 

using Trizol reagent (Sigma-Aldrich). RNA was DNase treated (Ambion) and cDNA 

generated from 3 μg of RNA using the Omniscript RT kit (Qiagen, U.S.A). The 

presence of human and murine TLR7 was detected using TLR7 specific forward and 

reverse primers; see sequence below (Geneworks, Thebarton, Australia) on a thermal 

cycler (PTC-100 Programmable Thermal Controller, M.J. Research, Inc. Watertown, 

MA, U.S.A) using the following protocol: Murine: 94oC for 3 minutes, then 35 cycles 

of: 94oC for 30 seconds, 57oC for 1 minute, followed by 72oC for 3 minutes. Finally, 

one cycle of  72oC for 10 minutes, amplified DNA was then held at 4oC. Human: 95oC 

for 1 minute, then 40 cycles of: 94oC for 1 minute, 60oC for 1 minute, followed by 72oC 

for 1 minute. Finally, one cycle of 72oC for 10 minutes, amplified DNA was then held 

at 4oC. DNA was visualized using a 1.5% (w/v) agarose gel run at 90v for 30 minutes 

and transilluminator (Vilber Lourmat, France). Images were taken using a Typhoon 

8600 Imager (Molecular Dynamics, Sunnyvale, California, USA). 

 

TLR7 primers: 

Forward: 5’ GGAGGTATTCCCACGAACACC 3’ 

Reverse: 3’ TGACCCCAGTGGAATAGGTACAC 5’ 
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2.5.3 Western blot  

All cell lines were cultured for 3 days under standard conditions and harvested using 

trypsin. RIPA buffer (Sigma-Aldrich) was used to extract protein, after which the 

protein was quantified using the Lowry method (Lowry, Rosebrough et al. 1951) and 30 

μg protein loaded onto pre-cast gels (Biorad). Protein was fractionated by sodium 

dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) at 120 amps for 45 

minutes and transferred onto nitrocellulose using a Pharmacia LKB Novablot Multiphor 

II, and the nitrocellulose membrane blocked with 10% skim milk powder overnight. 

Human and murine TLR7 was detected using rabbit anti-mouse/human TLR7 

polyclonal antibody (BD Biosciences), followed by donkey anti-rabbit horseradish 

peroxidase whilst blocking overnight.  

 

2.6 SUPERARRAY GENE ANALYSIS 

AB1-HA tumors were extracted from mice following three days of imiquimod or no 

treatment. Tumors from three mice were pooled and mechanically digested, 

resuspended and treated with TRIzol® reagent (Invitrogen) for RNA extraction. RNA 

was subsequently used in a RT2 ProfilerTM PCR Array System kit (SuperArray, 

Bioscience Corporation, MD, U.S.A.). Briefly, 1 μg of RNA from each sample was 

treated to eliminate genomic DNA using gDNA elimination buffer, incubated for 5 

minutes at 42oC and chilled on ice for 2 minutes. cDNA was generated using the 

provided RT cocktail and stored at -20oC. Real-time PCR was conducted using RT2 

SYBR Green/ROX qPCR master mix with 25 μL of the experimental cocktail added to 

each well of a 96-well PCR array. Real-time PCR detection was carried out using the  

ABI Instrument Standard 7300 (two-step cycling programme) with one cycle of 95oC 
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for 10 minutes, followed by 40 cycles of 15 seconds at 95oC and 1 minute at 60oC. Data 

was analyzed comparing fold up or down-regulation of gene expression in imiquimod 

compared to untreated tumor. The gene array list and relative gene expression was then 

transferred to Ingenuity Systems Inc. software (www.ingenuity.com) and core analysis 

conducted using canonical apoptosis or cytokine signaling pathways. 

 

2.7 DETECTION OF CYTOKINES AND CHEMOKINES 

2.7.1 IFN-α ELISA 

Blood was taken from treated mice via tail vein puncture and sera extracted following 

centrifugation. The mouse IFN-α ELISA was performed using a Mouse Interferon 

Alpha ELISA kit (PBL Biomedical Laboratories, NJ, U.S.A), based on a sandwich 

immunoassay. Briefly, the standard curve was constructed using serial dilutions of the 

mouse interferon alpha solution. Samples were diluted 1:2 and 1:4 with dilution buffer 

and 100 μL of each placed in microtitre plate wells in duplicate. The plate was covered 

and incubated for 1 hour in a closed chamber at room temperature, then washed once 

and inverted to expel liquid contents. Antibody solution was then added (100 μL) to 

each well, the plate sealed and incubated at room temperature for 24 hours, then washed 

three times with wash solution. Liquid was removed, 100 μL of HRP conjugate solution 

added to each well, and the plate incubated for one hour at room temperature. Following 

four washes and removal of well contents, 100 μL of TMB Substrate Solution was 

added to each well and the plate incubated in the dark for 15 minutes at room 

temperature. Stop solution was then added and the plates were read at 450 nm using a 

Wallac VictorTM X2 Multilabel Plate Reader (Perkin Elmer, Australia). Serum from 

three separate animals in each group was tested and assayed in duplicate.  
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2.7.2 Luminex® multiplex Assay 

Samples for Luminex® analysis of cytokine and chemokine production were generated 

by three methods: 

 

(i) Treatment of cultured tumor cells. AB1-HA tumor cells were cultured under standard 

conditions, harvested by trypsinisation and counted prior to seeding in 6-well culture 

plates at a density of 2 x 105 cells/ml media. Cells were then exposed to either 

imiquimod or vehicle (CBS) at varying concentrations (10, 100 and 1000 μM) over a 

time course from 0 to 72 hours. At each time point supernatant was taken, centrifuged at 

13,000 rpm and stored at -800C prior to use in the Luminex assay.  

 

(ii) Collection of sera from treated mice. AB1-HA tumor-bearing BALB/c mice were 

treated with either vehicle, imiquimod, anti-CD40 and a combination of imiquimod and 

anti-CD40. Naïve (no tumor) mice were also included. Blood was collected via tail-vein 

puncture on day 3 of the protocol, 4 hours following treatment and centrifuged at 2000 

rpm. Sera was removed and re-centrifuged at 13,000 rpm as a preparation for the 

Luminex assay, then stored at -80oC. 

 

(iii) Harvest of tumors and immune system tissues. Tumor-bearing, treated mice were 

euthanized following blood collection and the tumor-draining lymph nodes (axillary and 

inguinal), non-draining lymph nodes (opposite flank axillary and inguinal), spleen and 

both local (right flank) and distal (left flank) tumors harvested from each animal. A 

single cell suspension for individual tissues was prepared, cell numbers counted, and 
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resuspended in RPMI media, in a 24-well plate. After 24 hours of incubation at 37oC 

supernatant was removed, centrifuged at 13,000 rpm and stored at -80oC.  

 

The assay utilized for use with the Luminex® multiplex technology was the Milliplex™ 

(Millipore, Billerica, MA, U.S.A) Map Kit of mouse cytokine/chemokine beads. 

Briefly, pre-mixed antibody-immobilized beads were sonicated prior to use and the 

mouse cytokine standard prepared. Samples (25 μL) were then added to wells of the 96-

well filter plate containing 25 μL assay buffer and 25 μL of the bead mix (multiple 

cytokine-detecting beads) added. The plate was incubated, shaking for 2 hours at room 

temperature and the fluid removed by vacuum. After washing, 25 μL of detection 

antibodies were added to the wells and the plate incubated for 1 hour at room 

temperature. Streptavidin-Phycoerythrin was then added to each well and the plate 

placed on a shaker for 30 minutes at room temperature. Following washing by vacuum 

filtration, sheath fluid was added to all wells and, after shaking for 5 minutes, the MFI  

was analysed on Luminex® 200 Bead Array System (Perkin Elmer CS1000 Autoplex) 

using a 5-parameter logistic method for calculating the cytokine/chemokine 

concentrations in each sample. Values (pg/ml) of cytokine produced for each treatment 

group were then represented in graph or table form for ease of comparison. 

 

2.8 CYTOTOXICITY ASSAYS 

2.8.1 WST-1 cytotoxicity assay 

To determine the presence of cell death in culture, WST-1 cytotoxicity assays were 

performed across a time course from 0 hour to 72 hours after addition of cytotoxic drugs 

to the cell line in triplicate, or for caspase inhibition experiments, after 48 hours of 
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treatment with drugs/inhibitors. Cells were grown in 96 well microtitre plates in R10 

media and 20 μL of WST-1 reagent (Roche Applied Sciences, Australia) was added to 

each well and incubated for 2 hours at 370C/5% CO2. Absorbance of the treated samples 

was measured at 450nm against blank controls on a Wallac VictorTM X2 Multilabel 

Plate Reader (Perkin Elmer, Australia). 

 

2.8.2 Lactate dehydrogenase (LDH) cytotoxicity detection assay 

Cell damage was measured using the LDH assay. This assay is based on the presence in 

all cells of LDH, which is rapidly released into the cell culture supernatant when the 

plasma membrane is damaged. LDH release assays (Cytotoxicity Detection KitPLUS – 

LDH, Roche Diagnostics, Germany) were performed across a time course as for the 

WST-1 assay after addition of TLR7 agonists and positive controls (100 μM 

camptothecin and DMSO; Invitrogen, Australia). Other controls included a low death 

control to determine LDH activity released from the untreated normal cells 

(spontaneous LDH release) and a high control to determine the maximum releasable 

LDH activity in the cells (maximum LDH release). Absorbance of the treated samples 

was measured at 490nm against blank controls on a Wallac VictorTM X2 Multilabel 

Plate Reader (Perkin Elmer, Australia). Final percentage cytotoxicity was calculated 

using the following formula: 

Cytotoxicity (%) = experimental value – low control/high control – low control (x 100) 
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2.9 APOPTOSIS ASSAYS 

2.9.1 DNA fragmentation ELISA 

This ELISA (Roche Applied Science), used for the detection of BrdU-labeled DNA 

fragments in culture supernatants and cell lysates, was utilised as a basic tool to 

determine the presence and degree of apoptosis in treated AB1-HA tumor cells. Cells 

were adjusted to 3 x 105 cells/ml culture medium and the BrdU labelling solution added 

to a final concentration of 10 μM. These cells were incubated for 2 hours at 370C and 

the BrdU medium removed. Cells were resuspended in BrdU-free culture medium to a 

final concentration of 1 x 105 cells/ml and added to triplicate wells of 96-well plates. 

Plates containing AB1-HA cells were then incubated at 370C across a time course from 

3 to 72 hours with the appropriate concentration of TLR7 agonist or control. At the 

required time points, supernatant was removed for analysis and the remaining cells 

lysed using the incubation solution.  

 

Following centrifugation the supernatants of both lysed and non-lysed cells was added 

to 96-well plates pre-coated with anti-DNA antibody and incubated for 90 minutes at 

RT. Plates were washed and the DNA fixed and denatured by microwave irradiation 

prior to incubating with anti-BrdU-POD conjugate for 90 minutes. BrdU-labeled DNA 

fragments were then detected using photometric measurement at 450 nm, using a 

Wallac VictorTM X2 Multilabel Plate Reader (Perkin Elmer, Australia). The positive 

control for this method was 1% Triton-X treated, BrdU-labeled AB1-HA cells, which 

were incubated for the same length of time as TLR7 agonist treated cells. 
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2.9.2 Annexin V staining of adherent cells 

Annexin V staining for adherent cells was conducted as described (van Engeland, 

Ramaekers et al. 1996), with minor modifications after trialling a number of techniques. 

Briefly, AB1-HA cells were seeded at a density of 1 x 105 cells per well in 6-well 

culture plates and incubated overnight at 370C prior to addition of TLR7 agonists. The 

agonists were added (100 μM) and left on the tumor cells for a time course, after which 

Annexin V staining was conducted at each time point. Agonists were removed and cells 

washed with PBS. Cells were treated with 500 μL Annexin V binding buffer (BD 

Biosciences, San Diego, CA) mixed with 5 μL (for time points from 3 – 24 hours) or 10 

μL (for time points from 36 to 72 hours – to allow for increase in cell numbers) each of 

Annexin V-PE and 7-AAD-Tricolour (BD Biosciences) and incubated for 10 minutes, 

rocking, at room temperature in the dark. Cells were then rinsed twice with RPMI 

medium, gently removed with a sterile plastic scraper and pelleted by centrifugation. 

Cells were next resuspended in 400 μL Annexin V binding buffer for FACS analysis. 

For each time point a separate well of cells was treated with UV (transilluminator) for 2 

minutes as a positive apoptosis control. Data was FACS analysed, using quadrant gating 

of live, apoptosis positive, apoptosis/necrosis positive, and necrosis positive cells. 

Results were represented as percentage staining of total cells. 

 

2.9.3 Caspase inhibition 

AB1-HA tumor cells and Jurkat cells were cultured in 96-well microtitre plates 

overnight and treated with either caspase-3, caspase-8 or caspase-9 inhibitors 

(Calbiochem) at 100 μM concentration one hour prior to addition of TLR7 agonists and 

every 12 hours up to 48 hours. TLR7 agonists were added at 100 μM and inhibition of 
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cytotoxicity determined using the WST-1 cytotoxicity assay (see section 2.8.1). 

Readouts from wells containing agonists plus inhibitors were compared to those 

containing no inhibitors and percentage inhibition of killing determined. Camptothecin 

(10 μM) was used as a positive apoptosis-inducing control in both Jurkat cells and AB1-

HA cells. 

 

2.9.4 Photography of treated AB1-HA and Renca tumor cells 

AB1-HA or Renca-HA tumor cells were seeded at 1 x 105 cells/ml overnight and treated 

with 100 μM imiquimod the following day. Cells were incubated at 37oC and observed 

to 66 hours. Photographs were taken at 10x magnification through a Nikon TMS (Japan) 

microscope using a Fujifilm S5500 digital camera. 

 

2.10 IN VIVO DEPLETION AND BLOCKADE STUDIES 

NK, CD4, CD8 and Treg depletions were performed in vivo with BALB/c mice bearing 

either single or dual AB1-HA tumors. 

 

2.10.1 CD4+, CD8+ and CD25+ T lymphocyte depletions 

CD8α+, CD4+ and CD4+CD25+ T cell depletion was performed using the purified 

YTS.169, GK1.5 and PC61 monoclonal antibodies, respectively (prepared by Ms Kathy 

Davern, Monoclonal Antibody Facility, Western Australian Institute for Medical 

Research). Mice received an initial dose of 200 μg intravenously, one day prior to 

imiquimod treatment, followed by a second dose of 150 μg administered 

intraperitoneally on the day of treatment and then 150 μg intraperitoneally every second 
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day thereafter for a total of six doses. Completeness of CD4+ and CD8+ depletion was 

assessed by flow cytometry on peripheral blood. Briefly, blood was collected from the 

tail vein during depletion, each sample was stained directly with anti-CD4, CD8 or 

CD25 antibodies (eBioscience, San Diego, CA) and FACS analysed to detect presence 

or absence of these subsets. 

 

2.10.2 NK cell depletion 

Natural killer (NK) cell depletion was performed using anti-asialo-GM1 antibody 

(Wako Fine Chemicals, Osaka, Japan) and PK136 antibody (prepared by Ms Kathy 

Davern, Monoclonal Antibody Facility, Western Australian Institute for Medical 

Research). A total of 20 μL of anti-asialo-GM1 antibody diluted with 180 μL of sterile 

saline was injected intraperitoneally one day prior to imiquimod treatment and every 3 

days thereafter for a total of 4 doses. PK136 antibody was given undiluted at 100 μg 

(i.p.) one day prior to imiquimod treatment and 200 μg twice a week thereafter. NK 

depletion was verified during treatment by FACS analysis of peripheral blood using 

antibody specific for NK1.1 (eBioscience, San Diego, CA). Asialo-GM1 depletion was 

not verified. 

 

2.10.3 In vivo IFN-α/β blockade 

Antibody for the blockade of IFN-α/β was sourced from Dr. Michael Tovey 

(Laboratory of Viral Oncology, Institut Andre Lwoff, Villejuif, France). The origin, 

purification and assay of IFN-αβ-neutralizing sheep Ig and matching normal sheep Ig 

have been previously described in detail (Gresser, Tovey et al. 1976; Gresser, Belardelli 

et al. 1983). Sheep IgG or anti-IFN-αβ was delivered, as described (Schiavoni, Mattei et 
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al. 2000). Briefly, mice were injected intravenously with 0.2 ml of immunoglobulins on 

day -1, +2 and +4 with respect to imiquimod administration (day 10 post tumor 

inoculation commencement). Neutralization was confirmed by staining for Ly6A/E 

expression on peripheral blood CD8 T cells 24 h after the first dose of imiquimod. 

 

2.11 IMMUNOHISTOCHEMISTRY 

Surface antigens were detected using the streptavidin-biotin-

labeling/immunoperoxidase-staining technique. Tumors were removed, placed in 

compound-embedding medium (OCT; Miles), snap-frozen using dry ice, and stored at -

80oC. Ten-micrometer sections were cut, collected on poly(L-lysine)-coated slides, and 

allowed to air-dry. Slides were stored at -20oC over desiccant prior to staining. Before 

immunostaining, sections were fixed with cold ethanol (15 minutes) and blocked with 

1% (v/v) H2O2 (5 minutes), followed by avidin/biotin block (Vector Laboratories) (10 

minutes each). Sections were incubated with the appropriate dilutions of primary rat 

anti-mouse mAbs against CD4 and CD8, or isotype controls for 1 hour, followed by 

incubation with a biotinylated secondary antibody for 30 minutes (mouse anti-rat IgG 

F(ab’)2; Jackson ImmunoResearch Laboratories). Immunostaining was detected by 

incubating with streptavidin-HRP (DakoCytomation) for 30 minutes and with 

diaminobenzidine- H2O2 (Sigma-Aldrich) for 5-10 minutes. Slides were washed three 

times for 5 minutes each time in PBS between each incubation step, counterstained with 

hematoxylin, and mounted in aqueous mounting medium.  
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2.12  LY6A/E STAINING 

Ly6A/E is a marker of lymphocytes that have been exposed to type I IFN in vivo. 

Treated and untreated mice were bled via the tail vein, the whole blood directly stained 

with Ly6A/E (eBioscience) and anti-CD4 and CD8 antibodies or isotype controls (BD 

Pharmingen) and treated with FACS lysing solution (Becton Dickinson, San Jose, CA). 

Flow cytometry was conducted using a BD Biosciences FACSCalibur instrument and 

analyzed using Flowjo v7.5 software (Treestar, U.S.A). 

 

2.13 PREPARATION OF SINGLE CELL SUSPENSIONS 

The following methods were utilised for staining of cells for flow cytometry resulting 

from the preparation of tissues required for the in vivo CTL assay, antigen presentation 

assay, and characterisation of immune cell infiltrate following treatment with TLR7 

agonist. The methods were also used for ex vivo preparation of tissues for culture prior 

to Luminex analysis of supernatant. 

 

2.13.1 Mechanical disruption of tissues 

Single cell suspensions were generated by mechanical disruption using frosted glass 

slides. The resulting disrupted tissue was filtered through 40 μM nylon cell strainers 

(Falcon, Becton Dickinson, NJ, U.S.A) and the product centrifuged at 480 x g at 4oC for 

5 minutes. The resulting pellet was resuspended in PBS supplemented with 2% FCS. 

Spleen samples were depleted of red blood cells by resuspending the cell pellet in 5 ml 

of RBC lysis solution and incubation at room temperature for 3 minutes. An FCS 

underlay procedure was then conducted and the cell pellet resuspended in PBS/2% FCS.  
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2.13.2 Tumor tissue 

Digestion of solid tumor was conducted using a ‘digest solution’; 50-100 μL of RPMI 

(+2% FCS) containing 1 mg/ml collagenase and 100 μg/ml Dnase (Invitrogen, 

Australia). This digest solution was injected into the tissue prior to mechanical 

disruption. Tumor and tissue fragments were next resuspended in 1 ml of digest solution 

per organ and incubated at room temperature with mixing for 60 minutes. A single cell 

suspension was subsequently generated using the above protocol (section 2.13.1).  

 

2.14  STAINING OF TISSUES FOR FLOW CYTOMETRY 

ANALYSIS 

Mice were euthanized following their course of treatment (See Section 1.1.6) and their 

lymph nodes, spleen and tumors removed and placed in cold PBS/2% FCS. Single cell 

suspensions were generated by mechanical disruption or enzymatic digestion as 

described in Section 2.13. Single cell suspensions were washed twice and resuspended 

in PBS/2% FCS along with appropriate dilutions of antibodies or their corresponding 

isotype controls. Cells were incubated for 30 minutes at 4oC before being washed twice 

and resuspended and fixed in PBS/2% FCS supplemented with 1% paraformaldehyde. 

Fixed cells were later FACS analysed. 

 

2.15  IN VIVO CYTOTOXIC T-LYMPHOCYTE ASSAY   

This assay was used to observe the cytotoxic T cell response to a known antigen (HA) 

expressed by the AB1-HA tumor in vivo. The assay was performed in a similar fashion 
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to that previously described (Oehen and Brduscha-Riem 1998) and is briefly described 

below. 

 

2.15.1 Treatment of tumor bearing mice 

Mice were treated with or without TLR7 agonist, the control mice receiving citrate 

buffered saline (vehicle), for six days from day 10 post inoculation to day 15. Organs 

were harvested for analysis the following day.  

 

2.15.2 Preparation and adoptive transfer of peptide-pulsed target cells 

Multiple lymph nodes and spleens were collected from one untreated, non-tumor 

bearing BALB/c mice for every three mice studied. Tissues were placed in cold PBS 

(Invitrogen) supplemented with 2% FCS, mechanically disrupted, filtered and red blood 

cell lysed. Single cell suspensions were divided into two equal volumes, centrifuged and 

each pellet resuspended in RPMI (10% FCS). CL4 peptide (1 μg/ml) from HA (Chiron 

Technologies, Clayton, Victoria, Australia) was added to one fraction (‘peptide-pulsed 

fraction’), the other fraction left unpulsed. The fractions were incubated for 90 minutes 

at 37oC, with periodic agitation. Following centrifugation, both pellets were 

resuspended to a final concentration of 2 x 107 cells/ml. The fractions were incubated 

for 5 minutes at room temperature with different concentrations of CFSE, the peptide-

pulsed fraction, 2.5 μM and the non-pulsed 0.5 μM, to ensure separation of the two 

peaks. Fractions were then centrifuged three times over an FCS underlay and washed 

twice with PBS. Pellets were resuspended in sterile injectable saline and cell counts 

conducted to ensure equal proportions. Both fractions were combined in equal numbers 

and flow cytometry performed to confirm peak separation and equivalence. The final 
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pulsed and target cell population was then resuspended in sterile saline at 1 x 108 

cell/ml. Cells were administered to each mouse at 2 x 107 concentration by lateral tail 

vein injection. Naïve BALB/c mice (no tumor) were also injected for each experiment 

in order to determine non-specific target cell killing.  

 

2.15.3 Harvest and analysis of tissues  

After 16 hours, lymphatic tissues were harvested from treated mice by first peeling back 

the skin to expose the tumor and vasculature and identifying the axillary and inguinal 

lymph nodes (Figure 2.1). These two tumor (red)-draining lymph nodes (dark blue) 

were pooled, as were the non-draining lymph nodes (light blue) in separate tubes 

containing PBS and 2% FCS and kept on ice. Mediastinal lymph nodes (grey) in the 

lungs and the spleen (purple) were also taken for analysis.  

Tissues were mechanically disrupted, filtered, washed and red 

cell lysis performed (spleens) before resuspension at 

approximately 1 x 107 cells/ml. Flow cytometry was performed 

using FACScan (Becton Dickinson), Cell Quest V3.1 (Becton 

Dickinson) and FlowJo V7.5 (Tree Star Inc.). Events were 

analyzed by FACS for recovery of CFSE high and low cells 

(corresponding to, respectively, peptide-pulsed and non-pulsed 

cells). Percentage of target cell killing was determined as follows: 

100 x (1 – (CFSE high events/CFSE low events)).  

Figure 2.1. Locations of tissues harvested from BALB/c mice  
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2.16 DEGRANULATION ASSAY 

To detect the functional activity of CD8+ CTLs the CD107a/b degranulation detection 

assay was performed as described (Betts, Brenchley et al. 2003). Briefly, AB1-HA 

tumor bearing BALB/c mice were treated using the standard imiquimod protocol (50 μg 

intratumorally, q1dx6), vehicle (CBS) or left untreated. Tumor draining and non-

draining lymph nodes and spleens were then harvested and single cell suspensions 

generated (see section 2.13.1). Cells were stained with anti-CD8-PE Cy5 (eBioscience), 

anti-CD107a-PE and anti-CD107b-APC antibodies (BioLegend, San Diego, CA) and 

incubated for 1 hour in the presence of the secretion inhibitor monensin (BD 

Pharmingen). Flow cytometry was then performed using FACScan (Becton Dickinson), 

Cell Quest V3.1 (Becton Dickinson) and FlowJo V7.5 (Tree Star Inc.) gating on CD8+ 

and double CD107a/b positive cells. 

 

2.17 LYONS-PARISH ANTIGEN PRESENTATION ASSAY 

Spleens and lymph nodes (inguinal, brachial, axillary, cervical and iliac) were harvested 

from CL4 TCR transgenic mice and  placed in 5 ml of cold RPMI (2% FCS). Single cell 

suspensions were then generated by mechanical disruption (see section 2.13.1) Cell 

numbers were calculated using trypan blue exclusion. Cells were subsequently washed 

with RPMI (containing 20 mM HEPES), the cell number calculated and the cell pellet 

resuspended at 2 x 107 cell per ml in RPMI. CFSE labeling was performed as described 

previously (Lyons and Parish, 1994). In brief, cells were labeled with 2.5 μM CFSE for 

10 minutes at room temperature, followed by four washes with RPMI (10% FCS) 

combined with an FCS underlay and centrifugation. Cell numbers following CFSE 

staining were calculated before final wash. A total of 1-2 x 107 CFSE labeled cells in 
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200 μL of injectable saline were injected into the tail vein of treated mice after three 

days of treatment. Tumor draining (axillary and inguinal – tumor flank, see section 

2.15.3) and non-draining (axillary and inguinal – no tumor flank) lymph nodes and 

spleens were harvested 3 days following adoptive transfer. Single cell suspensions were 

generated by mechanical disruption, washed twice with cold PBS (2% FCS) and stained 

with anti-CD8 specific antibodies as described in section 2.14. Samples were then 

FACS analysed and percentages of proliferating cells (daughter peaks) calculated 

compared to total adoptively transferred cells (parental peak). 

 

2.18 DUAL TUMOR IMMUNE CELL INFILTRATE 

EXPERIMENTS 

Analysis of treated mice bearing dual tumors (right and left flanks) was conducted 

following 6 days of therapy. Mice were inoculated with 1 x 106 AB1-HA cells at the 

same time in each flank and treated from day 10. Treatment included six doses of 

imiquimod into the ‘local’ tumor (tumor 1) as the single therapy group and the same 

treatment combined with 100 μg anti-CD40 (FGK-45) i.p. every two days for three 

doses (q2dx3) for the combination therapy group (Figure 2.2). Vehicle treated mice 

received 50 μL of CBS i.t.. For the tumor growth and survival experiments, mice were 

monitored and tumors measured, for the immune cell infiltrate experiment organs were 

harvested one day following the final treatment. The protocol of treatment and organ 

harvest timings are shown in the diagram below. Lymph nodes draining the imiquimod 

treated tumor were named ‘treatment draining lymph nodes’ (TDLN) and those draining 

the non-treated tumor were named ‘non-treatment draining lymph nodes’ (NTDLN). 

Single cell suspensions were generated using mechanical disruption (lymph nodes and 
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spleens, see section 2.13.1) and enzymatic digestion (tumors, see section 2.13.2) and 

cells stained with antibodies to cell surface markers (section 2.14). Cells were divided 

between two 96-well plates and each stained with a different combination of antibodies. 

Combination 1 (T lymphocytes): anti-CD3-FITC, anti-CD69-PE, anti-CD25-APC 

AF750 (eBioscience, San Diego, CA) anti-CD8a-PE Cy5.5  anti-CD4-PE/Cy7 

(BioLegend, San Diego, CA),. Combination 2 (monocytes): anti-CD11c-PE, anti-B220-

PE Cy5.5, anti-PDCA1-AF647 (eBioscience, San Diego, CA) and anti-MHC class I 

(TIB126) – with secondary antibody goat anti-Rat-FITC (eBioscience, San Diego, CA).   

 

Flow cytometry was conducted using a BD Biosciences FACSCanto II instrument and 

analyzed using Flowjo software (Treestar, U.S.A). On the day of FACS analysis, tumor 

cells were added to TrucountTM tubes (BD Biosciences) for calculation of absolute 

numbers of immune cells in the tumors. The following calculation was used to 

determine absolute cell numbers of any given gated cells: [# cells of interest x (# beads 

in tube/ # beads counted in sample)].  
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Figure 2.2. Dual tumor immune cell infiltrate protocol. 

2.19 TUMOR DEBULKING SURGERY EXPERIMENTS 

BALB/c mice were debulked of AB1-HA tumor prior to treatment with TLR7 agonists. 

 

2.19.1 Anaesthesia and Analgaesia 

Mice were anaesthetized using inhalational isofluorane (Abbott Australasia). After three 

minutes general anaesthesia would occur. Procedures did not commence until animals 

were deeply anaesthetized based on monitoring of reflexes and respiratory rate. 

Following anaesthesia and surgical procedures, animals were relocated to a recovery 

area and placed on their side, on top of a heat pad. The analgaesic buprenorphine (0.05 

mg/kg) (Reckitt and Coleman) was delivered intraperitoneally (i.p.) prior to completion 

of anaesthesia and following recovery, based on requirement. 
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2.19.2 Debulking studies 

Subcutaneous tumors were debulked of 75% of tumor mass on day 18 post tumor cell 

inoculation. The tumor-bearing flank of the animals were shaved and prepared with 

70% ethanol. Mice were then taped into a right lateral position using masking tape, to 

ensure limited movement and constant supply of anaesthesia. Tumors were solid and 

well vasularised. Incisions were made elliptically and longitudinally, to one side of the 

tumor mass. Incisions were approximately 10 mm in length. Skin flaps were then 

elevated to expose adherent tumors. Once tumors were dissected clear of adjacent 

fascia, debulking was conducted, with preservation of the tumor pedicles. Remaining 

tumor was injected with 50 μg imiquimod or 50 μL vehicle and wounds were closed 

primarily using 5/0 vicryl interrupted sutures (polyglactin 910, Ethicon) or staples (LT-

100 liga clips, Ethicon). Imiquimod was subsequently delivered into the debulked tumor 

daily for five days (following the standard protocol).   

 

2.20 STATISTICAL ANALYSIS 

Statistics were analysed using GraphPad Prism software version 4.0 (San Diego, CA, 

USA). Statistical significance between treatment groups in mean tumor growth curve 

data was conducted using the Mann-Whitney t test. For survival curve data the Log-rank 

test was used. Dual tumor infiltrate data was analysed using the One-way ANOVA with 

log values of the data, followed by the Bonferroni post-test comparing all groups. 

Differences were deemed significant if the p value was less than 0.05. 
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CHAPTER 3 
 
 

FUNCTION, EFFICACY AND MODE OF ACTION OF 
TLR7 AGONISTS IN MESOTHELIOMA 
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3.1 INTRODUCTION 

TLR7 agonists such as imiquimod have shown much promise as anti-cancer agents both 

experimentally and clinically. In terms of imiquimod, this is likely due to multiple 

potential actions on the tumor environment, including induction of inflammatory 

cytokines and chemokines, as well as triggering of apoptosis and anti-angiogenesis 

(Meyer, Nindl et al. 2003; Schon, Bong et al. 2003; Schon, Wienrich et al. 2004; Saito 

and Gale 2007). However, how these actions are mediated, their relative individual 

importance for the anti-tumor response and finally, how they may intersect, is not fully 

understood. In this chapter we were particularly interested in understanding how the 

dual actions of apoptosis and inflammation might cooperate to mediate anti-tumor 

immunity. These two outcomes (cell death and immune activation) are hallmarks of 

viral immunity, and TLR7 agonists are known to induce the same pathways as viral 

ssRNA, mimicking viral infection (Diebold, Kaisho et al. 2004; Heil, Hemmi et al. 

2004; Lund, Alexopoulou et al. 2004). Many tumors have low immunogenicity and 

tumor cells can die a ‘silent’ death through apoptosis, however when cells die with the 

context of danger present, such as that induced by viral apoptosis, the immune system is 

stimulated through uptake of dying ‘infected’ cells and concurrent activation of virally-

induced cytokine and chemokine pathways (Casares, Pequignot et al. 2005; Chen, Kono 

et al. 2007). We propose that mimicking this mode of cell death with TLR7 agonists 

which act through the same viral pathways could stimulate tumor-antigen specific 

responses and subsequent anti-tumor action, without the difficulties of using live or 

attenuated viruses. 

 

Our key aims in this chapter were (i) determine the cytotoxic potency and mode of 

killing of TLR7 agonists in vitro against a murine model of malignant mesothelioma; 
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(ii) investigate the presence and functionality of TLR7 in tumor cells, and (iii) 

determine the in vivo efficacy and delineate the key mechanism of action of TLR7 

agonists against the tumor. However, the purpose of our aims was not simply to 

determine the cytotoxic potential of the drugs. We also wanted to study their mode of 

death-induction with a mind to optimising in vivo treatment of tumors and clarifying the 

importance of the mode of death induction in any interaction with the immune response.  

 

The tumor model we chose for our investigations, AB1-HA, is a well characterized 

murine model of human mesothelioma. It forms an aggressive tumor in vivo, which is 

difficult to treat which is similar to the human disease, especially concerning resistance 

to chemotherapeutic drugs. This model provides a suitable and clinically relevant 

platform to investigate the efficacy and function of TLR7 agonists as we have detailed 

knowledge of in vitro tumor growth conditions, as well as baseline in vivo tumor-

specific immune responses and tumor growth kinetics.  

 

Studies were therefore undertaken using AB1-HA to determine the cytotoxicity, 

apoptosis induction and in vivo efficacy of a range of TLR7 agonists using several in 

vitro and in vivo methodologies.  
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3.2 RESULTS 

3.2.1 TLR7 agonists kill murine malignant mesothelioma tumor cells in vitro 

In order to gain an empirical understanding of the effects of TLR7 agonists on murine 

malignant mesothelioma, we investigated the effects of a range of doses of the 

following five TLR7 agonists: imiquimod, 3M-007, 3M-019, gardiquimod, and 

loxoribine, as well as 3M-006 (an inactive, non-TLR7 simulating control molecule), on 

the viability of the AB1-HA. Tumor cells were seeded into 96-well plates and incubated 

overnight to achieve confluence prior to being treated with log-fold increasing 

concentrations of TLR7 agonists across nine time points to 72 hours. Cytotoxicity of 

each agonist was determined using the cell proliferation reagent WST-1 at each time 

point and the viability graphed as a percentage of the untreated cell readings. The visual 

appearance of the treated cells was also determined. 

 

Vehicle (citrate buffered saline) treated AB1-HA cells were healthy and confluent and 

were adherent to the surface of the culture flask throughout treatment (Figure 3.1). In 

contrast, cells treated for 66 hours with any of the TLR7 agonists had a rounded 

morphology and showed physical signs of expulsion of cell contents (Figure 3.1 A). At 

the lowest concentration tested (1 μM) all TLR7 agonists displayed low levels of 

cytotoxicity (<20%; Figure 3.1 B) across all time points, in contrast to the positive 

control (camptothecin) which killed all cells by 48 hours. Log-fold increases in drug 

concentrations of all agonists resulted in an increase in cytotoxicity, especially by 72 

hours, but not equivalently.   
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Figure 3.1. TLR7 agonists display differing levels of cytotoxicity in vitro. Microtitre plates 

were seeded with AB1-HA tumor cells and incubated overnight. Cells were treated with a vari-

ety of TLR7 agonists and a positive control for induction of cell death (Camptothecin) over a 

timecourse from 0 to 72 hr, at log concentrations from 1M to 1000M. A WST-1 cytotoxicity 

assay was then performed on all treated cells and the percent viability calculated relative to 

untreated tumor cells. A. Photomicrograph of cultured AB1-HA tumor cells at 200x magnifi-

cation showing untreated (left) and imiquimod treated (100 M; right) cells after 66 hr of cul-

ture. B. Percentage of cell viability in treatment groups. Treatment groups were statistically 

analysed using Two-Way ANOVA with Bonferronni post-test to compare between treatments 

at particular timepoints. Data is one of two independent experiments using triplicate samples 

with similar findings.  
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Gardiquimod was the most potent of the TLR7 agonists, causing a reduction of 40% in 

viability at the lowest effective dose (10 μM) by 3 hours post treatment and was 

significantly more cytotoxic than the other TLR7 agonists at all time points to 36 hours 

(p < 0.001). Interestingly, gardiquimod displayed a similar profile of cytotoxicity to 

camptothecin, a common chemotherapeutic drug, from the 10 μM concentration to 1000 

μM. All agonists except 3M-007 (15%) showed at least 30% cytotoxicity by 48 hours at 

10 μM, but the level of cytotoxicity plateaud after this time. The cell viability following 

imiquimod treatment gradually decreased to 0% by 72 hours at the 100 μM 

concentration and by 48 hours at 1000 μM. The guanosine analogue Loxoribine and 

3M-007 were the least effective of the TLR7 agonists tested – at 100 μM these drugs 

left 63% and 45%, of cells still viable at 72 hours post-treatment, respectively. All other 

treatments induced maximal (100%) killing by this time point.  

 

Notably, the TLR7 inactive analogue of imiquimod, 3M-006, was also cytotoxic to 

tumor cells in vitro. Its profile of cytotoxicity being similar to that of imiquimod up to 

1000 μM, at which concentration all TLR7 agonists except loxoribine and imiquimod 

induced a high level of killing of tumor cells from very early time points (3 hours).  

 

3.2.1.1 Analysis of lactate dehydrogenase (LDH) release  

Since the WST-1 assay specifically measures loss of mitochondrial activity, it does not 

in itself confirm cytotoxicity or the presence of apoptosis. Therefore to further 

characterize and confirm the cytotoxic potency of TLR7 agonists against the AB1-HA 

tumor cell line, we examined the level of cell damage induced by using the lactate 
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dehydrogenase (LDH) assay. The assay is based on the rapid release of LDH from a cell 

after disruption of the plasma membrane.  

 

Analysis of the LDH levels from cells treated as above, confirmed cytotoxicity for all 

agonists, especially at doses greater than 100 μM. (Figure 3.2). Interestingly, at the 10 

μM and 100 μM concentrations, gardiquimod induced a high level of LDH release at 

the early (3, 6, and 9 hours) time points compared to all other agonists (p < 0.001). All 

treatments other than imiquimod were associated with a high level of cell lysis at 1000 

μM, within the first 12-18 hours.  

 

LC50 values were calculated based on a spline/LOWESS line of best fit analysis of the 

mean of either the WST-1 or LDH values from 1 to 1000 μM. These values were 

graphed comparing TLR7 agonists at time points from 36 to 72 hours, since some 

treatments had not achieved 50% killing by the earlier time points. The full potency of 

all agonists was not attained until cells were exposed for between 48 and 72 hours 

(Figure 3.3 A and B). Interestingly, imiquimod and 3M-006 shared similar LC50 values 

across the time course despite the lack of TLR7 activity of 3M-006.  

 

3.2.2 Cultured AB1-HA cells show evidence of apoptosis after TLR7 agonist 

exposure 

The fact that imiquimod was associated with reduced viability but lower cell damage 

(LDH) suggested an apoptotic mode of cell death induction. Therefore AB1-HA and 

Renca-HA cells were treated with 100 μM of imiquimod or vehicle and observed for 

signs of apoptosis, such as membrane blebbing and changes in cell morphology (Figure  
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Figure 3.2. TLR7 agonists induce cell damage in AB1-HA tumor cells. An LDH cytotoxic-

ity detection assay was performed on supernatants from cells treated in Figure 3.1 and the per-

cent of maximum LDH release calculated relative to lysis of untreated tumor cells. Shown is 

percentage of maximum LDH release. Treatment groups were statistically analysed using Two

-Way ANOVA with Bonferronni post-test to compare between treatments. Data is pooled from 

two independent experiments using triplicate samples with similar findings. 

78



 

A 

B 

WST-1  

LDH 

Figure 3.3. TLR7 agonists display varying potency of inducing cytotoxicity. WST-1 and 

LDH assay data from three timepoints (36, 48 and 72 h post treatment of AB1-HA) was ana-

lysed using spline/LOWESS line of best fit analysis (Prizm) and graphed according to the con-

centration of agonist required to kill 50% of cells (LC50).  

79



 77

3.4 A and B). Renca-HA, a murine renal carcinoma line, was included to observe the 

potency of the TLR7 agonist against an alternate tumor cell line bearing HA. Imiquimod 

treated cells were no longer adherent, rounded in structure and showed signs of 

membrane blebbing (circular irregularities on the cell surface; bottom photograph). 

Renca-HA cells (Figure 3.4 B), also displayed blebbing and expelling of cell contents 

into the media. Notably, the media appeared slightly cloudy for both cell lines, possibly 

due to the cell content expulsion.  

 

Given the apparent signs of apoptosis after imiquimod treatment, and given the potential 

importance of apoptosis as a mechanism of cell death in vivo, we examined the ability 

of TLR7 agonists to induce apoptosis in AB1-HA tumor cells in vitro via a variety of 

methods (DNA fragmentation ELISA, Annexin V staining and Caspase inhibition).  

 

A small but significant amount of fragmented DNA (either in the cytoplasm or released 

from the cells) was detected over the 3 – 72 hour time course in untreated cells (Fig 3.5 

A and B – upper left panel). Some background level of cell death/DNA fragmentation is 

expected due to overcrowding of cells and depletion of nutrients closer to the final time 

point, and the levels were consistent with this. Following 3 hours of Triton-X treatment 

low levels of DNA fragmentation were observed in the cytoplasm, with significantly 

higher absorbance being noted in the supernatant samples compared to untreated 

samples all the way through to 72 hours post treatment (p < 0.001). This result is 

consistent with necrotic cell death, where fragmented DNA is rapidly released into the 

extracellular environment following cell membrane rupture.  
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Figure 3.4. Imiquimod induces cell death in vitro.  AB1-HA tumor cells were cultured in 6-

well plates, treated with 100 M imiquimod or left untreated and incubated for 66 h. A. Shown 

are vehicle-treated (CBS) cultured AB1-HA tumor cells (left panel) and imiquimod-treated 

(100 M; 66 h) AB1-HA (right panel). The indicated region is magnified (10x) showing a dy-

ing cell with membrane blebbing (right panel, below). B. Vehicle-treated (left panel) and Imi-

quimod-treated (100 M; 66 h) Renca-HA cells. Indicated region showing dying cells with 

membrane blebbing (left and right panels, below). 

A AB1-HA: Murine malignant mesothelioma 

Vehicle-treated Imiquimod-treated 

B Renca-HA: Murine renal cell carcinoma 
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Figure 3.5. TLR7 agonists induce DNA fragmentation in vitro. 96-well microtitre plates 

were seeded with 1 x 103 BrdU-tagged AB1-HA tumor cells and incubated for 2 hours. Cells 

were treated with a variety of TLR7 agonists, or two positive controls for induction of cell 

death (Triton-X and Camptothecin), or a negative control (untreated) over a timecourse from 0 

to 72 hr, at a concentration of 100M. DNA fragmentation ELISA was then performed on all 

treated cells and supernatant and the absorbance read at 450 nm. A. Absorbance plots of all 

treatment groups  at 100 M, showing cytoplasmic fragmented DNA (left) and extracellular 

(supernatant) fragmented DNA (right). B. Bar graphs of select treatment groups showing rela-

tive absorbance readings of cytoplasmic (black) vs supernatant (white) fragmented DNA. Data 

is from one experiment using triplicate readings. 

Hours post treatment 
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Interestingly, the inactive (non-TLR7 signaling) imiquimod analogue, 3M-006, induced 

the release of significant levels of both cytoplasmic and supernatant fragmented DNA 

compared to untreated cells (p < 0.001) from 12 to 72 hours. The levels of cytoplasmic 

DNA increased over 12 hours and peaked by 24 hours post treatment. Imiquimod 

treatment induced increased levels of DNA fragmentation in the cytoplasm, which 

peaked by 48 hours, at which time detection of fragments in the supernatant increased in 

comparison to previous time points. The TLR7 agonist gardiquimod displayed a rapid 

induction of fragmentation in the cytoplasm with the peak as early as 3 hours post 

treatment, after which levels plateaud until, by 48 hours, where most of the signal was 

detected in the supernatant. Overall the TLR7 agonists displayed early DNA 

fragmentation in the cytoplasm, which was followed by a pronounced increase in DNA 

fragmentation in the supernatant at later time points. This suggests that apoptosis was 

occurring prior to membrane lysis, since following necrosis, DNA fragmentation occurs 

after early lysis of the plasma membrane (Casares, Pequignot et al. 2005). 

 

To further confirm the presence of apoptosis in AB1-HA cell cultures treated with 

TLR7 agonists we utilized a standard Annexin V staining protocol. This protocol was 

designed initially for non-adherent cells, as the removal of cells from the surface of 

culture flasks and plates can disrupt an area of the cell membrane involved in 

phosphatidylserine staining. After trial experiments revealed that this method was 

suboptimal for FACS analysis (not shown), an adjusted protocol (see section 2.9.2) was 

adopted where cells were stained in situ and gently scraped from the surface of the 

culture dish prior to flow cytometry. This approach significantly improved cell survival 

and the ability to identify apoptotic populations.  
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AB1-HA cells were seeded in a 6-well culture plate and treated with vehicle (negative 

control), camptothecin (positive) and TLR7 agonists (imiquimod, 3M-007, 

gardiquimod, loxoribine and 3M-019) at the 100 μM concentration. This concentration 

was chosen based on previous results, to ensure that cell death was occurring across the 

time course. Cells were treated with Annexin V and 7-AAD to detect early apoptosis, 

necrotic cell death and late apoptotic death and harvested at each time point as described 

above. Samples were then FACS analyzed to determine the frequency of Annexin V+ 

and 7-AAD+ cells in the fractions (Figure 3.6 A). 

 

Vehicle-treated samples displayed a low level of background apoptosis (Annexin V+/7-

AAD-) for the entire time course (Figure 3.6 B, left panel), reaching a maximum of 10% 

by 72 hours. This was observed in both experiments and was likely due to crowding of 

cells and reduction in nutrients, consistent with the WST-1 data. As expected from our 

WST-1 and DNA fragmentation data and published work (Traganos, Seiter et al. 1996; 

Tu, Zhong et al. 2000), camptothecin displayed evidence of apoptosis very early in the 

time course, displaying 57 % Annexin V+/7-AAD- cells compared to vehicle-treated 

(8%) at the 24 hour time point. Gardiquimod and 3M-019 also showed relatively high 

Annexin V positivity at this time point (63% and 59%, respectively). By comparison, all 

the other agonists, including imiquimod, showed less than 30% apoptotic cells at the 24 

hour mark. All agonists displayed a steady decline in Annexin V+/7-AAD- cells from 

36 hours to 72 hours. Notably, by 48 hours the percentages of apoptotic/necrotic 

(Annexin V+/7-AAD+ ) cells, an indicator of cells reaching late apoptosis (Figure 3.6 

B, right panel), were increasing for all agonists, with  gardiquimod, 3M-019 and 

imiquimod at 77%, 48% and 46% respectively, compared to vehicle (10%).  
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Figure 3.6. TLR7 agonists display pro-apoptotic activity in vitro. 6-well plates were seeded 

with 1 x 105 AB1-HA tumor cells and incubated overnight. Cells were treated with a variety of 

TLR7 agonists, a positive control for induction of cell death (UV) and a negative control 

(vehicle) over a timecourse from 0 to 72 hr, at a concentration of 100 M. Adherent cells were 

then stained for Annexin V (PE) and 7-AAD (Tricolour), washed, gently scraped and resus-

pended for analysis. A. Shown are representative plots of live untreated cells (upper left) and 

treated apoptotic/necrotic cells (upper right and lower left and right). The key defines popula-

tion status. B. Graphs of total percentage of Annexin V+/7-AAD- (early apoptotic) staining 

(left) and Annexin V+/7-AAD+ (late apoptotic/necrosis) (right) of treated AB1-HA cells. Data 

is from one experiment.  
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It was not possible to test the 3M-006 inactive compound in these experiments because 

it was in limited supply and needed for in vivo experiments, it could not be resupplied 

due to a company merger during the study period, however 3M-006 was used in a 

successful ‘pilot’ Annexin V experiment using the adjusted protocol to 36 hours, at 

which point cells showed 59% total Annexin V+/7-AAD+. 

 

3.2.3 Caspases 3 and 9 are important mediators in the apoptotic response 

The biochemical pathways involved in the process of apoptosis can be defined in terms 

of the specific activation of caspases, a subset of cysteine kinases (Igney and Krammer 

2002). A number of these caspases have been found to be terminal caspases, i.e. they 

are required in the final stages of signaling to induce the apoptotic response. Importantly 

evidence has shown that the caspase-dependant apoptosis-inducing drugs, the 

anthracyclins, can stimulate caspase-dependent immunogenic cell death both in vitro 

and in vivo (Casares, Pequignot et al. 2005). Since the TLR7 agonists are known to be 

apoptotic and immunostimulatory, it was important to investigate the relevance of 

caspases in the cytotoxic response, not just to confirm apoptosis but to determine the 

reliance on all or specific caspases tested. We therefore conducted caspase inhibition 

experiments, blocking caspases 3, 8 and 9 from cultured tumor cells during exposure to 

the drugs. 

 

AB1-HA tumor cells and Jurkat cells were seeded in a 96 well plate and treated with 

inhibitors 1 hour prior to applying TLR7 agonists and during the course of the 48 hour 

treatment. The WST-1 cytotoxicity assay was then conducted to determine levels of 

killing in wells containing the inhibitors compared to no inhibitors (saline) for each 

treatment group. As expected, untreated and vehicle-treated Jurkat and AB1-HA cells 
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displayed very low levels of killing with or without inhibitors (Figure 3.7 A). Treatment 

with camptothecin induced cell death in both AB1-HA and Jurkat cells to a similar 

extent (95%). Interestingly, caspase-8 was required for killing to occur in camptothecin 

treated AB1-HA samples (93% inhibition of killing by caspase-8 inhibitor), as was 

caspase-3 (45% inhibition), whereas Jurkat cells were more reliant on caspase-3 (78% 

inhibition) than caspase-8 (9% inhibition). As expected, the TLR7 agonists induced 

different levels of cell death after 48 hours, but notably the reliance on certain caspases 

also varied between them. Not surprisingly, since caspase-3 is a key terminal caspase, 

killing induced by all TLR7 agonists tested was reliant on caspase-3 induction, with 

imiquimod, 3M-007, 3M-019 and gardiquimod all showing significant (p<0.001) 

inhibition of killing (93%, 66%, 73% and 73% inhibition, respectively; Figure 3.7 B). 

Imiquimod, 3M-007 and gardiquimod were also significantly (p<0.001) reliant on 

caspase-9, showing 79%, 74%, 83% inhibition of killing, whilst 3M-019 was, although 

significant, only partially reliant on caspase 9 (21% inhibition). Caspase-8 inhibition 

was only important for gardiquimod-mediated killing (22% inhibition). 

 

To summarize the in vitro cytotoxic and apoptotic data, the TLR7 agonists tested were 

ranked in potency according to LC50 value and in vitro percentage cytotoxicity and 

apoptosis-inducing effectiveness at 36 hours (Table 1). This time point was chosen as it 

was the mid-point of the time course and where all TLR7 agonists were exerting a 

degree of cytotoxicity at the 100 μM concentration.  

 

Based on this work, it could be concluded that apoptosis induction is a common factor 

involved in the varying cytotoxic potency of the TLR7 agonists tested and that this  
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Figure 3.7. Caspases 3 and 9 are important for the pro-apoptotic activity of TLR7 ago-

nists.  AB1-HA tumor cells were seeded in 96-well plates and treated with either caspase-3, 8 

or 9 inhibitor, or no inhibitor (saline). Triplicate wells were then treated with TLR7 agonists 

(100 M)  or camptothecin and vehicle, or left untreated. Jurkat (control) cells were left un-

treated or treated with camptothecin. After 48 hours a WST-1 assay was conducted to deter-

mine cytotoxicity.  A. Shown are percentage killing data for control groups treated with inhibi-

tors as indicated. B. AB1-HA killing data (%) of TLR7 agonists treated with inhibitors. Mean 

± SEM, p(***) <0.001 (Two-way ANOVA with Bonferroni post test). Data represents one of 

two independent experiments with similar findings. Statistics shown compare cells treated with 

inhibitor to no inhibitor control. 
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COMPOUND STRUCTURE MW LC50 
%  

CYTOTOXIC*  

Gardiquimod  313.40 16.62 78 

3M-019 Confidential 256.0 44.27 73 

Imiquimod  240.30 88.02  56 

3M-006 Confidential 241.30 94.70 51 

3M-007 Confidential 314.39 338.01 31 

Loxoribine  339.31 555.76 20 

 
%  

APOPTOSIS† 

 

89 

92 

70 

59 

50 

31 

TLR7 
ACTIVITY 

Yes 

Yes 

Yes 

No 

Yes 

Yes 

Table 1. The varying anti-tumor in vitro potency of TLR7 agonists.  Shown are the struc-

ture and relative potency of the TLR7 agonists tested in cytotoxicity experiments. All data re-

lates to anti-AB1-HA potency and agonists are ranked from top (most potent) to bottom. Three 

compounds have ‘unknown’ structure since they were obtained from 3M Pharmaceuticals un-

der an MTA and their structure was not divulged when supplied. LC50 and percentage cytotox-

icity was obtained from the WST-1 assay at the 36 hour timepoint. LC50: M at 36 hours, % 

Cytotoxicity: at 36 hours (100 M), % Apotosis: Annexin V+ at 36 hours.  

*  Percentage cytotoxicity: % tumor cells non-viable at 36 hours  
†  Percentage apoptosis: total % cells Annexin V+ (upper right and lower right quadrants) at 36 hours  
    post treatment. 
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mechanism is caspase-3 and -9 dependent but may be independent of direct TLR7 

activation as evidenced by the apoptotic activity of the inactive compound 3M-006.    

 

3.2.4 Murine and human tumors express TLR7 

The TLR7 agonists tested were clearly cytotoxic and induced apoptosis in the AB1-HA 

murine malignant mesothelioma cell line in vitro, however this may have been a TLR7-

independent phenomenon, given the toxicity observed with 3M-006. Regardless, the 

potential immunogenicity of imiquimod-killed cells may still rely on TLR7 activity 

engaged during the death process. Therefore we tested the expression of TLR7 in a 

range of murine and human cell lines, including AB1-HA.  

 

Initially we examined global TLR7 expression in ex vivo AB1-HA tumors. BALB/c 

mice were inoculated with AB1-HA tumor and at day 16 tumor was excised, snap-

frozen and sectioned. The sections were stained with fluorescently tagged (FITC) anti-

TLR7 antibody or isotype control and observed using a fluorescent microscope. TLR7 

was clearly expressed by the AB1-HA tumor – with the level of fluorescence staining 

with anti-TLR7 antibody much greater than by isotype control (Fig. 3.8 A and B). 

 

In order to specifically determine tumor cell expression of TLR7, a variety of murine 

and human tumor cell lines were cultured in vitro and the RNA extracted for use in a 

PCR using murine and human TLR7-specific primers. DNA was electrophoresed and 

visualized on an agarose gel, with β-actin as a reference control for expression level. 

Primary mesothelial cells and PBMC were also included to compare relative expression 

levels. 
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TLR7 
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B 

Figure 3.8. Ex-vivo AB1-HA tumor expresses TLR7.  BALB/c mice were inoculated with 1 

x 106 AB1-HA tumor cells and monitored for 16 days. Tumors were then extracted and sec-

tioned prior to staining with FITC-labeled rabbit anti-mouse TLR7 antibody or isotype control. 

Sections were viewed using a Zeiss Axioskop 2 Plus fluorescent microscope. Shown are repre-

sentative fields of view of  A. IgG isotype control and B. anti-TLR7– stained sections. Magni-

fication at 40x. 
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All murine tumor cell lines tested expressed TLR7 (Fig 3.9 A), including five 

mesothelioma (AB1, AB1-HA, AE17, AE17sOVA and AE5), two renal cell carcinoma 

(Renca-WT and Renca-HA) and two lung carcinoma (Lewis lung and Lewis lung-

OVA) lines. A p53-/- immortal mesothelioma cell line was also positive for TLR7. 

Interestingly, normal mesothelial cells did not express TLR7, whereas PBMC samples 

had detectable TLR7.  Most human cell lines tested showed expression of TLR7 (Figure 

3.9 B), except for the human mesothelioma Ju77. Notably, the immortalised normal 

mesothelial (Met5a) cell line expressed TLR7, as did the positive control (PBMC) and 

airway epithelial cells (A549).  

 

Since the production of mRNA by a cell line is not by itself proof of actual expression 

of the protein encoded, we conducted a western blot analysis of the same cell lines to 

confirm production of TLR7 protein. Cells were harvested and treated with RIPA buffer 

prior to protein quantification using the Lowry method and equal quantities of protein 

were subsequently loaded for each cell line and probed with a mouse/human cross-

reactive anti-TLR7 antibody for expression of protein.  Expression in all murine cell 

lines reflected the positive results from the PCR (Figure 3.10 A), with all generating the 

110 kDa TLR7 product. Similar results were observed in the human cell lines, except 

Ju77 expressed the protein in the western blot despite no product visible in the PCR 

(Figure 3.10 B).  

 

3.2.5   Cultured AB1-HA cells produce inflammatory cytokines upon exposure to 

imiquimod 

To test if the TLR7 expressed in the AB1-HA tumor cells might be functional, we 

investigated the production of several pro-inflammatory cytokines and chemokines after  
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Figure 3.9. Toll-like receptor 7 mRNA is expressed by a range of murine and human tu-

mors, including mesothelioma.  Tumor cell lines were cultured for 3 days and the RNA ex-

tracted using Trizol, DNase treated and cDNA produced using Omniscript. Following PCR to 

amplify TLR7 products, cell-line product cDNA was electrophoresed on an agarose gel con-

currently with -actin as a control. A. Murine tumor cell lines expressing TLR7 mRNA. B. 

Human tumor cell lines expressing TLR7. Data is one of two individual experiments with 

similar results. 
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Figure 3.10. Expression of Toll-like receptor 7 protein in multiple tumor cell lines. Tumor 

cell lines were cultured for 3 days and protein extracted using RIPA buffer. Protein was then 

quantitated using the Lowry method and 30 g of protein loaded per lane before western blot 

transfer, probing for TLR7 protein with mouse/human cross-reactive antibodies. A. Expression 

of TLR7 protein in murine tumor cell lines. B. Expression of TLR7 in human cell lines. Data is 

one of two individual experiments with similar results. 
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TLR7 agonist stimulation using the Luminex system, including those previously shown 

to be produced by murine mesothelial cells in response to TLR and NLR ligands (Park, 

Kim et al. 2007).  

 

Imiquimod was chosen as the TLR7 agonist to investigate in this experiment and the 

following in vivo experiments due to its; (i) clinical availability as a future therapeutic 

agent for malignant mesothelioma, either alone or as an adjuvant; (ii) proven safety and 

lack of clinical and experimental side effects, and; (iii) similarity of cytotoxicity, 

apoptotic profile and molecular weight to the TLR7 inactive control compound 3M-006.  

 

Imiquimod stimulated the production of appreciable levels of the pro-inflammatory 

cytokine IL-6 within 3 hours of treatment at the 100 μM concentration, peaking at 6 

hours post treatment (436 pg/ml) before levelling off to 150 pg/ml by 24 hours (Figure 

3.11 A). Little IL-6 was produced at both lower and higher doses of imiquimod. 

Background levels in untreated samples remained below 28 pg/ml throughout. The pro-

inflammatory chemokine KC (similar to human IL-8) was also produced in relatively 

high concentrations compared to untreated control cells (Figure 3.11 B), peaking at the 

12 hour time point. Notably, the 10 μM concentration also induced a similar level of 

chemokine production. All other cytokines tested were either undetectable or produced 

at very low levels (Table 2). It was not possible to control for non-TLR7 specific 

induction of cytokines (by testing 3M-006) due to a lack of availability of the 

compound, regardless, imiquimod clearly induced inflammatory cytokine production by 

tumor cells in vitro at time points preceding cell death. 
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Figure 3.11. Key inflammatory mediators produced after in vitro exposure of AB1-HA to 

imiquimod.  AB1-HA tumor cells were seeded at 1 x 105 cells per well in a 24-well culture 

plate and cultured overnight. Cells were then exposed to varying concentrations of imqiuimod 

(10 M, 100 M, and 1000 M) over a timecourse from 0 to 72 hours. At each timepoint su-

pernatant was collected, centrifuged and stored at –800C. The samples were analysed by Lu-

minex to determine induction of the common pro-inflammatory cytokines KC (IL-8), IL-6, IL1

, IL-17, IL-7, IL-12 p70 and TNF Linear plots of pg/mL concentration of IL-6 (A) and KC 

(B) produced following exposure to imiquimod across a timecourse. Data shows a single 

experiment performed in duplicate. 
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3.2.6 Imiquimod retards progression of murine malignant mesothelioma in vivo 

Imiquimod has typically been utilized against dermal cancers as a topical agent in its 

commercial form, where it is mixed with an emollient cream. This may not be the best 

mode of delivery for solid tumors, therefore we decided to investigate and compare the 

anti-tumor efficacy of different routes of administration and dosages of imiquimod. First 

we investigated the optimal concentration for in vivo treatment of BALB/c animals 

bearing s.c. AB1-HA tumor using i.t. delivery. Concentrations of 1, 10, 25, 50, 100 and 

150 μg were chosen based on previous work showing induction of cytokines/immune 

responses and efficacy in vivo (Sidky, Borden et al. 1992) and the dosing schedule was 

based on persistent delivery of TLR agonists producing the greatest efficacy as an anti-

tumor modality against AB1-HA (Currie, van der Most et al. 2008). Imiquimod 

concentration could not exceed 150 μg due to the reduced ability to solubilize the 

compound in a small volume (50 ml) for delivery. 

 

BALB/c mice were inoculated with 5 x 105 AB1-HA tumor cells and monitored for 

tumor growth to day +10. At this point tumors were deemed established at a mean size 

of 4 mm2, and treatment at the tumor site commenced and was maintained daily for a 

period of six days (q1dx6; Figure 3.12 A). Tumor size was then monitored to 100 mm2, 

at which point the mice were euthanized, as per institutional ethics requirements.   

 

Mice tolerated all intratumoral doses of imiquimod well, with no visible morbidity or 

toxicity, such as tumor necrosis/bleeding, weight loss or ruffled fur. Vehicle treated 

mice were culled on day 26 post tumor inoculation (Fig 3.12 A and B), displaying the  
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Figure 3.12.  In vivo tumors respond to a specific dosing regimen of imiquimod. BALB/c 

mice were noculated with 1 x 106 AB1-HA tumor cells at day 0 and treated every day for six 

days (q1dx6) with a range of doses up to 150 g and vehicle (CBS) from day 10 when tumors 

were established at a minimum size of 4 mm2. Tumor sizes were then monitored and measured 

with microcalipers to a maximum size of 100 mm2 when mice were euthanased. A. Diagram 

explaining the treatment protocol used. B. Kaplan-Meier survival curve of treated animals. Log

-rank test, p(**) < 0.01; 50 g vs vehicle. C. Tumor growth curves of treated mice. Data show 

mean tumor size ± SEM, p(**) <0.01; 50 g vs vehicle, p(*)<0.05; 50 g vs 150 g. Results 

shown are from one experiment (n = 6 mice/group). 

Imiquimod treatment protocol: q1dx6 

** 

** 
* 

(7.5 mg/kg) 
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expected growth kinetics of this cell line in vivo. Imiquimod was effective at delaying 

tumor growth at doses greater than 25 μg (p < 0.05) compared to vehicle. A dose of 50 

μg (2.5 mg/kg) of imiquimod showed the greatest delay in tumor growth (p < 0.01), 

with mice surviving up to day 44 post tumor implantation. Doses greater than 50 μg 

actually gave less response, with the highest dose, 150 μg, inducing a significantly 

weaker response than the 50 μg dose (35 days survival; p<0.05).  

 

We next tested the efficacy of imiquimod against s.c. tumors when delivered by three 

different systemic routes of administration (intravenous, intraperitoneal, subcutaneous). 

BALB/c mice were inoculated with tumor and treatment commenced at day 10. 

Imiquimod was delivered to the various routes at a previously determined efficacious 

concentration of 30 mg/kg (Reiter, Testerman et al. 1994), as well as at 2.5 mg/kg 

(intravenously) to mimic the effective i.t. concentration of 50 μg. Systemic dosing on a 

daily basis was not attempted due to concerns of toxicity and impact upon the mice, as 

observed in early pilot studies using the imiquimod analogue 3M-019, instead doses 

were given every two days for a total of 3 doses (q2dx3).  

 

Imiquimod delivered i.v. at the high and low concentrations (2.5 mg and 30 mg/ml) was 

significantly effective at delaying tumor growth when compared to vehicle delivered by 

the same route, with median survival of 30 days and 27 days, respectively vs 22 days for 

i.v. vehicle (p < 0.05; Figure 3.13 A and B). Imiquimod delivered i.p. was also 

significantly effective (survival time of 27 vs 22 days for vehicle i.p.).  However, daily 

intratumoral dosing was significantly more effective at delaying progression of the 

tumor, with an additional 12 days survival benefit at the equivalent 2.5 mg/kg dose.  
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Figure 3.13. Effectiveness of systemic imiquimod treatment strategies. BALB/c mice were 

inoculated with 1 x 106 AB1-HA tumor cells at day 0 and treatment commenced on day 10. 

Imiquimod was delivered intravenously, intraperitoneally, and subcutaneously every 2 days for 

three doses (q2dx3), concentrations as indicated. The subcutaneous doses were delivered dis-

tally, on the tumor-free flank of the animal. A. Kaplan-Meier survival curve for each treat-

ment. Log-rank test, p(*) < 0.05; IMQ i.v. (2.5 and 30 mg/kg) vs vehicle i.v. and IMQ i.p. vs 

vehicle i.p. B. Tumor growth curves for each route of delivery/dose. Data shows mean tumor 

size ± SEM, p(*) <0.05; IMQ i.v. (2.5 and 30 mg/kg) vs vehicle i.v. Data shown is from one 

experiment (n = 6 mice/group).  
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3.2.7 Topical application of imiquimod 

The commercially available formulation of imiquimod (AldaraTM, Figure 3.14 A) is 

delivered topically as a cream to cutaneous tumors with proven efficacy (Steinmann, 

Funk et al. 2000; Gollnick, Barasso et al. 2001; Stockfleth, Trefzer et al. 2003; Bath-

Hextall, Bong et al. 2004; Szeimies, Gerritsen et al. 2004; Gollnick, Barona et al. 2005). 

We examined the effectiveness of the commercial formulation topically on the tumor 

site, and compared this to delivering it intratumorally.   

 

BALB/c mice were shaved and inoculated with AB1-HA tumor and at day 10 treatment 

commenced on the established tumor. AldaraTM cream was applied daily to a 100 mm2 

area of skin on and around the tumor site, the concentration of AldaraTM applied was 

based on how much was required to cover the area on and around the tumor, the final 

dose being 425 μg (21.25 mg/kg). A separate group of mice received intratumoral 

AldaraTM at the same dose, however to effectively deliver the cream via syringe the 

dose had to be dissolved in CBS.  

 

Only the AldaraTM delivered via injection was significantly effective at delaying 

progression of the tumor, providing a median survival benefit of 17 days over vehicle 

treated mice (41 days; p < 0.01; Figure 3.14).  In contrast, the topical cream at the same 

dose only marginally improved survival compared to vehicle (27 vs 24 days; p < 0.05).  
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Figure 3.14. The commercially available Aldara cream delays tumor growth when deliv-

ered intratumorally.  BALB/c mice were inoculated with 1 x 106 AB1-HA tumor cells at day 

0 and treated with the cream topically, as a rub (shaved tumor) or injected in solution (CBS) 

daily from day 10. A. Imiquimod is available commercially as a 5% cream for topical treat-

ment of BCC. B.  Kaplan-Meier survival plot. Log-rank test, p(**) < 0.01; Aldara (injection vs 

vehicle). C. Tumor growth curves showing mean tumor size. Data show mean tumor size ± 

SEM, p(*) <0.05; Aldara (injection) vs vehicle. Data is from a single experiment (n = 5 mice/

group).  
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B 
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Given the effectiveness of the lower dose using the imiquimod salt (50 μg) and the 

problems with dissolving AldaraTM cream, all subsequent experiments were carried out 

using the imiquimod salt dissolved in CBS, delivered i.t. at the 50 μg concentration, 

adopting the q1dx6 regimen (henceforth called the ‘standard imiquimod protocol’). 

 

3.2.8 TLR7 stimulation is required for efficacy of imiquimod 

To investigate if the anti-tumor activity of imiquimod was due to its apoptotic activity 

or TLR7-stimulating potential, we conducted an experiment where tumor bearing mice 

were given either imiquimod or its pro-apoptotic, inactive TLR7 analog 3M-006 and 

tumor progress measured.  

 

As shown in Figure 3.15 the vehicle treated tumors grew following similar kinetics to 

those shown previously, and imiquimod was significantly effective at delaying tumor 

progression with, notably, complete resolution of the tumor in one mouse (p < 0.01; 

Figure 3.15 A). This mouse was later re-challenged with tumor at a distal site (the distal 

flank), and the second tumor was rejected and did not re-occur over the long-term (>100 

days). In contrast, the 3M-006 compound failed to delay progression of tumor and 

actually significantly decreased survival time (p < 0.05; median survival of 17 days vs 

21 in vehicle treated mice). Tumors at day 16 (1 day following cessation of treatment) 

were at an advanced stage of growth in the vehicle treated and 3M-006 treated groups 

(photographs in Figure 3.15 C), with the 3M-006 treated mice being close to the 

maximum 100 mm2 size limit. Imiquimod treated tumors at day 16 were still relatively 

small (tumor shown is 9 mm2), having responded to treatment with no outward signs of 

necrosis or haemmorrhage. 
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Figure 3.15. The inactive but pro-apoptotic imiquimod analog 3M-006 does not inhibit 

tumor growth.  BALB/c mice were inoculated with 1 x 106 AB1-HA tumor cells at day 0 and 

treated with the optimal dosing protocol (q1dx6) of intratumoral imiquimod (50 g), and an 

equivalent dose of the inactive compound, 3M-006 or vehicle (CBS) from day 10 when tumors 

were established at a minimum size of 4 mm2. Tumor sizes were then monitored and measured 

with microcalipers to a maximum size of 100 mm2 when mice were euthanased. A. Kaplan-

Meier survival curve of treated mice. Log-rank test, p(**) < 0.01, imiquimod vs vehicle. B. 

Tumor growth curves of non-responding mice. Data shows mean tumor size ± SEM, p(**) 

<0.01, imiquimod vs vehicle. C. Representative photographs of treated mice at day 16 post 

tumor inoculation. Results shown  are pooled from three individual experiments (n = 15 mice/

group). 

Vehicle 3M-006 Imiquimod 
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3.2.9 Imiquimod induces a profile of apoptosis in vivo 

To determine if the in vivo activity of imiquimod was associated with an in vivo 

apoptotic response, we examined mRNA expression of apoptosis-related genes using an 

RT-PCR array (SuperArray-RT2 ProfilerTM) on treated and untreated tumors.  

 

A number of pro-apoptotic genes were upregulated following in vivo imiquimod 

treatment compared to untreated tumors (Table 3), notably the terminal caspases 3 and 9 

were upregulated 2.90 and 2.19-fold, in keeping with the caspase inhibitor data. Other 

upregulated proapoptotic genes of note were: Bak1, Bnip3, Cidea and Trp73. Several 

anti-apoptotic genes were downregulated in response to imiquimod, such as Bcl-2 

(7.16-fold), Bag3 (7.26-fold), Bcl2l1 (5.40-fold), the Birc family (2, 3, 4, 5-, all >2.0 

fold downregulated), and Bcl2l2 (15.23-fold). The SuperArray data set was further 

analyzed using the Ingenuity Systems Inc. site, where the genes were scrutinized 

relative to a canonical apoptosis signaling pathway (Figure 3.16). Ingenuity systems 

pathway analysis suggested a role for the canonical apoptosis pathway based on our 

gene set. TNF and/or FasL were implicated at the membrane level as death receptors 

and BAK at the mitochondria, along with downregulation of Bcl2 genes. The terminal 

caspases 3 and 9 appeared to be clearly implicated in the apoptotic pathway induced by 

imiquimod. 

 

3.2.10 The activity of imiquimod requires an intact immune system and host 

TLR7  

Given that we wanted to determine whether the anti-tumor response to imiquimod was 

immunological and whether the pro-apoptotic activity alone could retard tumor growth,  

106



 

Table 3. Ex vivo AB1-HA tumor displays a profile of apoptosis following imiquimod 

treatment. AB1-HA tumors were treated in vivo with  imiquimod for 3 days, or left untreated. 

Tumors were then excised, mechanically disrupted and a single cell suspension prepared from 

pooled samples of imiquimod and untreated. These cells were then treated with Trizol and 

cDNA subsequently prepared for use in a SuperArray protocol. A PCR was conducted in a 96 

well plate containing primers for various cytokine genes. Data was analysed and a fold down 

or up-regulation comparison made between imiquimod treated and untreated tumors. This data 

was then tabulated according to fold-difference between the samples. Pathway specific genes 

identified by Ingenuity Systems pathway analysis (Figure 3.16) are highlighted in red 

(upregulated) and blue (downregulated). Data is from a single experiment using pooled tumors 

from three treated or untreated mice. Key: pro-apoptotic (yellow) and anti-apoptotic (green) 

genes are shaded. 

IL1A 21.69 BNIP3L 1.02 SPHK2 -13.61 TSC22D3 -2.97 

BAK1 4.41 CD40L 1.40 TNFRSF10B -12.90 HELLS -2.65 

BCL2L10 4.41 TNF 1.48 TNFRSF11B -7.44 MCL1 -2.76 

BNIP3 2.72 AKT1 -4.16 TNFRSF1A -5.41 NOL3 -2.35 

CASP3 2.90 ATF5 -8.97 TRAF1 -4.46 TNFSF12 -2.26 

CASP9 2.19 BAD -7.62 TRAF2 -4.89 TRP53INP1 -2.54 

CIDEA 4.41 BAG3 -7.26 TRAF3 -4.49 TRP63 -2.34 

FAS 3.83 BAX -3.31 TRP53 -5.63 BIRC1A -1.21 

IL10 3.81 BCL2 -7.16 TRP53BP2 -5.36 CARD10 -1.43 

LHX4 4.41 BCL2L1 -5.40 GUSB  -4.23 CASP12 -1.41 

NME5 3.26 BCL2L2 -15.23 HSP90AB1 -3.55 CASP6 -1.64 

PAK7 7.37 BID -6.24 ACTB -4.11 CASP8 -1.73 

CD70 4.41 BIRC1B -4.42 APAF1 -2.53 CIDEB -1.80 

TRP73 5.07 BIRC2 -3.35 API5 -2.12 DAPK1 -1.30 

CASP14 1.98 BOK -6.10 BIRC3 -2.91 FADD -1.65 

FASL 1.91 NOD1 -3.14 BIRC4 -2.57 PIM2 -1.59 

PYCARD 1.38 CASP2 -4.94 BIRC5 -2.34 POLB -1.93 

CASP4 1.48 CRADD -6.05 BNIP2 -2.67 PRDX2 -1.01 

BCL10 1.42 DFFA -6.76 CARD6 -2.64 RNF7 -1.49 

BAG1 1.36 DFFB -5.90 CASP7 -2.93 CD40 -1.39 

CASP1 1.45 LTBR -5.83 CFLAR -2.65 TNFSF10 -1.10 

TNF 1.48 RIPK1 -3.20 DAD1 -2.93 ZC3HC1 -1.01 

RED: UPREGULATED BLUE: DOWNREGULATED 

 :Pro-apoptotic :Anti-apoptotic  
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Figure 3.16. Apoptosis signaling pathways implicated in the imquimod response in tu-

mors. The gene array from SuperArray, with up and down-regulated genes was copied into 

Ingenuity Systems Inc. core analysis software using a canonical apoptosis signaling pathway. 

A figure summary of key pathways relating to the apoptosis response involving upregulated 

(red, pink) and downregulated (green) genes was generated. 
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we tested its activity against AB1-HA in mice lacking functional T cells (nude mice) 

and in mice devoid of TLR7 (TLR7 knockout mice).  

 

BALB/c nu/nu (nude) mice were inoculated with AB1-HA tumor subcutaneously on the 

right flank and subjected to the standard imiquimod treatment protocol as used for 

BALB/c wild type mice, from day 10 post inoculation. In contrast to imiquimod 

treatment of BALB/c mice (Figure 3.17 A), no significant effect of imiquimod was 

observed in nude mice treated with imiquimod with a mean tumor size of 66.2 mm2 at 

day 17 compared to 78.3 mm2 for vehicle or 64.8 mm2 for 3M-006. Tumors at day 17 

were at an advanced stage of growth and displayed some signs of inflammation in all 

treatment groups, with reddening of the site and signs of enhanced vascularity (Figure 

3.17 B). 

We next examined the requirement for TLR7 activation in the immune response 

identified above. BALB/c background TLR7 knockout ‘Dallaglio’ mice were inoculated 

and treatment commenced as per the standard protocol for imiquimod. The mice were 

not received until after the 3M-006 compound had been depleted so it could not be 

included. The AB1-HA tumor displayed identical kinetics of growth in TLR7 knockout 

mice as in BALB/c wild type mice (Figure 3.18). Imiquimod treatment significantly 

slowed tumor growth in BALB/c mice (p < 0.01). In contrast, the tumor bearing TLR7 

knockout mouse did not respond to imiquimod (median survival of 21.5 days vs 19.0 

days for vehicle treated mice), which was significantly less effective than in BALB/c 

mice (50.0 days survival, p<0.01). It should be noted that, whilst all previous 

experiments had utilized 6 week old mice, the TLR7 knockouts could not be accessed at 

this age. The mice were inoculated at 11 weeks of age and BALB/c control mice were  

 



 

Figure 3.17. Imiquimod is ineffective in immunodeficient mice. BALB/c nu/nu mice were 

inoculated with 1 x 106 AB1-HA tumor cells at day 0 and treated with the optimal dosing pro-

tocol (q1dx6) of intratumoral imiquimod (50 g), vehicle (CBS) or 3M-006 (50  g) from day 

7 when tumors were established at a minimum size of 4 mm2. Tumor sizes were then moni-

tored and measured with microcalipers to a maximum size of 100 mm2 when mice were eutha-

nased. A. Tumor growth curves from treated mice. Mean tumor size ± SEM, p(**) <0.01; imi-

quimod BALB/c vs imiquimod nu/nu. B. Photographs taken of treated tumors at day 17 post 

inoculation. Upper panel; comparison of vehicle (left) and 3M-006 (right) treated tumors in 

nude mice; Lower panel; comparison of imiquimod in nude mouse (left) with imiquimod in 

BALB/c wild type mouse (right). Data (A) is from two individual experiments (n = 10 mice/

group). 

3M-006  Vehicle 

Imiquimod 

A 

B 

** 

Imiquimod (BALB/c) 
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Figure 3.18.  TLR7 is required for the anti-tumor response to imiquimod to be effective. 

TLR7 knockout ‘Dallaglio’ mice (BALB/c background) were inoculated with 1 x 106 AB1-HA 

tumor cells and treated with the optimal dosing regimen (q1dx6) of imiquimod or vehicle from 

day 10. A. Kaplan-Meier survival curve for treated mice. Log-rank test, p(**) < 0.01; IMQ 

BALB/c vs IMQ TLR7-/-. B. Mean tumor growth curves for treated mice. Mean ± SEM, p(*) 

<0.05; IMQ BALB/c vs IMQ TLR7-/-. Data shows a single experiment (n = 8 mice/group).  

** 

* 
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age-matched to ensure reliability of results. The enhanced response in the imiquimod 

treated control mice (two completely resolved tumors) may have been due to this age 

difference (Figure 3.18 A), however there was insufficient time to explore this further. 

 

3.2.11   HA antigen is not essential for the anti-tumor response to imiquimod 

To test whether HA as an overexpressed, non-native antigen was influencing the anti-

tumor response, and whether the presence of endogenous antigens alone were sufficient 

for a response, we inoculated mice with the parent AB1 tumor and subjected it to the 

identical protocol of daily persistent imiquimod treatment.  

 

The anti-tumor response to imiquimod in the parental AB1 tumor was almost identical 

to that found in the transfected sub-clone AB1-HA tumor (Figure 3.19 A and B), with 

growth rate and survival kinetics of both vehicle-treated and imiquimod-treated tumors 

showing similar trends and significance (23 and 38 days survival respectively; p < 

0.01). One tumor was completely resolved by treatment and survived long-term, past 

the 60 day time point indicated.   

 

3.2.12   Imiquimod displays efficacy in other non-mesothelioma tumor types 

In order to confirm the effectiveness of the imiquimod treatment regimen in other, non-

mesothelioma tumors, we implanted BALB/c mice with murine Renal Cell Carcinoma 

or 4T1 mammary tumor cell lines, as per the AB1-HA protocol. 

 

 



 

Figure 3.19. The presence of HA antigen is not required for efficacy of imiquimod. 

BALB/c mice were inoculated with 1 x 106 AB1 (parental) tumor cells at day 0 and treated 

with the optimal dosing protocol (q1dx6) of intratumoral imiquimod (50 g), or vehicle (CBS) 

from day 10 when tumors were established at a minimum size of 4 mm2. Tumor sizes were 

then monitored and measured with microcalipers to a maximum size of 100 mm2 when mice 

were euthanased. A. Kaplan-Meier survival curve of treated mice. Log-rank test, p(**) < 0.01; 

imiquimod vs vehicle. B. Tumor growth curves of non-surviving treated mice. Data show 

mean tumor size ± SEM, p(*) <0.05; imiquimod vs vehicle. Results shown are from one ex-

periment (n = 5 mice/group). 
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Importantly, prior to treatment both tumors grew faster than the AB1-HA cell line, and 

treatment was therefore commenced based on a minimum size (4 mm2) from day 4  

(4T1) or day 6 (Renca). Progression of Renca and 4T1 tumors was significantly retarded 

by intratumoral injection of imiquimod (median survival of 32 and 25 days, 

respectively) compared to vehicle treated (19.5 and 17 days median survival) and 

untreated tumors (22 and 17 days median survival; p < 0.05 and 0.01; Fig 3.20 A and 

B). Notably, two mice in the Renca-treated experiment had completely resolved tumors, 

and these mice were resistant to distal re-challenge with tumor.  

 



 

Figure 3.20. The anti-tumor efficacy of imiquimod applies to other, non-mesothelioma 

tumors. BALB/c mice were inoculated with 1 x 106 Renca-WT or 4T1 tumor cells at day 0 

and treated with the optimal dosing protocol (q1dx6) of intratumoral imiquimod (50 g), and 

vehicle (CBS) or left untreated from day 6 (Renca-WT) or day 4 (4T1) when tumors were es-

tablished at a minimum size of 4 mm2. Tumor sizes were then monitored and measured with 

microcalipers to a maximum size of 100 mm2 when mice were euthanased. Kaplan-Meier sur-

vival curves for A. Renca-WT tumor. Log-rank test, p(*)<0.05; imiquimod vs vehicle, and B. 

4T1 tumor, p(**)<0.01; imiquimod vs vehicle. Results shown are from one experiment (Renca

-WT: n = 6, 4T1 Breast carcinoma: n = 5). 

A 

B 

* 

** 

Renca-WT

4T1 

115



 113

3.3 DISCUSSION 

Immune cell uptake of virally infected and killed cells is important in cross-priming and 

the immune response to viruses (Schulz, Diebold et al. 2005). The mimicking of viral 

infection in tumor cells by TLR7 agonists could stimulate cell death via apoptotic 

pathways and promote cross-presentation of tumor antigen to the immune system. In 

this chapter we set out to investigate the cytotoxic ability and mode of action of several 

TLR7 agonists. We also examined the presence of TLR7 expression in tumor cells and 

determined if they were sensitive to TLR7-driven stimulation.  The investigation was 

then expanded to investigate the in vivo anti-tumor potency of a TLR7 agonist and its 

reliance on a specific mode of action. We found that: (i) TLR7 agonists induce 

apoptosis in malignant mesothelioma tumor cells in vitro; (ii) TLR7 is expressed by 

malignant mesothelioma cells and imiquimod induces a cytokine response in AB1-HA 

cells; and (iii) AB1-HA is susceptible in vivo to imiquimod’s anti-tumor properties 

through a TLR7-dependent immune response. 

 

3.3.1 TLR7 agonists kill murine malignant mesothelioma cells in vitro via 

apoptosis 

We found that all TLR7 agonists tested induced cell death in AB1-HA cells, and that the 

mechanism of death was through caspases-3 and -9-dependent apoptosis. This was an 

important finding, as it supported the concept that viral-like ligands/agonists may 

promote cell death through apoptotic pathways in our model, which could then be 

potentially translated in vivo. The induction of apoptosis in AB1-HA by TLR-7 agonists 

reflects similar findings in vitro with other tumor cell lines such as renal cell carcinoma, 

basal cell carcinoma and melanoma using imiquimod (2003; Schon, Wienrich et al. 

2004; Schwartz, Liu et al. 2008). Additionally, other viral-like TLR agonists have been 
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shown to induce cell death, such as the TLR3 ligand, polyI:C (mimic of viral dsRNA) 

(Kaufman 1999; Schulz, Diebold et al. 2005; Salaun, Coste et al. 2006; Salaun, Romero 

et al. 2007) and, in the case of polyI:C, this was important for the subsequent 

immunologic effect and cross-priming (Schulz, Diebold et al. 2005).  

 

It is not known if TLR7 agonists, or actual viral ssRNA, induce cell death through 

ligation of TLR7. Other viral-like TLR agonists such as polyI:C and CpG are known to 

induce apoptosis through their receptor (Ruckdeschel, Pfaffinger et al. 2004; Salaun, 

Coste et al. 2006). Our observation, however, that the inactive TLR7 analogue 3M-006, 

which is not able to signal through TLR7 (Gorden, Gorski et al. 2005) was also capable 

of killing tumor cells would suggest that TLR7 engagement and death might be 

independent. In contrast, others have found no appreciable induction of cell death using 

the 3M-006 compound (Inglefield, Larson et al. 2006) However, the normal epithelial 

cells used by Inglefield et al do not express TLR7/8, yet imiquimod, and another related 

compound (3M-030) inhibited cell growth and induced apoptosis in these studies, 

adding weight to a TLR7-independent mechanism of inducing apoptosis.  

 

How then is apoptosis activated? Several TLR7-independent possibilities have been 

suggested in the literature. Firstly, induction by STAT-1 activation, since this pathway 

is known to be modulated by imiquimod and is involved in the initiation of apoptosis in 

other cell lines  (Dockrell and Kinghorn 2001; Stephanou and Latchman 2005; Schon 

and Schon 2007). Secondly by engagement of  the opioid growth factor receptor 

through which imiquimod can inhibit cell proliferation (Zagon, Donahue et al. 2008). 

Through Bcl-2 regulation via an unknown mediator (Vidal, Matias-Guiu et al. 2004; De 

Giorgi, Salvini et al. 2009), and finally by release of cytochrome c from mitochondria 
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leading to Apaf-1 and pro-caspase-9 complex formation (apoptosome) (Schon and 

Schon 2007). Our work cannot categorically confirm involvement of any of these 

possibilities, however the SuperArray and Ingenuity Systems analysis, although 

conducted in a solid tumor, suggests the involvement of Bcl-2 downregulation in the 

apoptotic response to imiquimod. This observation is important since overexpression of 

this gene product has been shown to afford tumor cell resistance to imiquimod-induced 

apoptosis (Schon, Bong et al. 2003; Schon and Schon 2004) and its downregulation in 

our model perhaps explains susceptibility to TLR7 agonists. Several studies have 

suggested that the pro-apoptotic activity of imiquimod was dependent on 

downregulation of anti-apoptotic Bcl-2 genes (Schon, Bong et al. 2003; Urosevic, Maier 

et al. 2003; Vidal, Matias-Guiu et al. 2004; De Giorgi, Salvini et al. 2009) and one of 

these groups, (Schon, Bong et al. 2003), found a dependence on caspases-3, -8, -9 and -

10 in vitro using BCC and malignant melanoma cells, similar to our findings. This 

group also observed that apoptosis was independent of membrane-bound death 

receptors such as CD95 and TRAIL, whereas our analysis suggests at least a partial 

involvement of the TNF/FasL pathway.  

 

The apoptotic activity of 3M-006 does not preclude the possibility that TLR7-agonist-

induced apoptosis still occurs directly via TLR7 ligation. In the absence of known 

pathways we can look at other TLR-induced pathways of pro-apoptotic death that have 

been partially elucidated, such as TLR4 and the virus-sensing TLR3 as TLR7 agonists, 

which could be inducing their pro-apoptotic pathways in a similar manner. TLR3 

signals through the TRIF adaptor (Akira and Takeda 2004; O'Neill and Bowie 2007), 

which recruits FADD and leads to activation of caspase-8, ultimately leading to 

caspase-3 activation and apoptosis (Han, Su et al. 2004; Ruckdeschel, Pfaffinger et al. 

2004). However, TLR7 signals through MyD88 (Hemmi, Kaisho et al. 2002), as do 
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TLR2 (Aliprantis, Yang et al. 2000; Lehnardt, Wennekamp et al. 2007) and TLR4 (De 

Trez, Pajak et al. 2005; Lv, Jia et al. 2009). Apoptosis induced by TLRs 2 & 4 requires 

activation of caspase-8 (Bannerman, Tupper et al. 2002; Hull, McLean et al. 2002; Into 

and Shibata 2005; Basu, Pathak et al. 2007), whereas we found caspase-8 was not a key 

caspase required to induce cell death in AB1-HA suggesting an alternate mechanism. 

Alternatively, TLR2 and TLR4 can induce NF-κΒ and/or AP-1, leading to downstream 

production of TNF-α and engagement of TNF receptor on other tumor cells. It is 

possible that this mechanism exists for the imiquimod-induced death of AB1-HA, 

although the Ingenuity analysis shows considerable downregulation of TNF receptor 

genes. Application of the 3M-006 molecule in the SuperArray experiment would have 

been useful in fully elucidating these pathways, in addition to generating a TLR7 

knockout AB1-HA cell line and treating with TLR7 agonists/3M-006. Once inside the 

cell, it appears likely that TLR7 agonists stimulate apoptosis through an unknown 

mediator prior to stimulating Bcl-2. This may be a factor such as RIG-I, which are 

known to detect viral RNA in the cytosol and induce apoptosis (Besch, Poeck et al. 

2009) or other, so far undiscovered proteins.  

 

Similar to previous studies in other tumor types with these agonists (Schon, Bong et al. 

2003; Moarbess, Deleuze-Masquefa et al. 2008; Schwartz, Liu et al. 2008), the observed 

cytotoxicity was dose and time-dependent, however AB1-HA displayed a higher level 

of susceptibility to cell death compared to squamous cell carcinoma lines treated with 

imiquimod and resiquimod by others (Gibson, Imbertson et al. 1995; Megyeri, Au et al. 

1995; Tyring 2001; Schon, Bong et al. 2003), who also found a degree of necrosis 

(through LDH testing) at the higher doses in their system, as was seen with our work. 

The overall presence of cytotoxicity was an important finding, since resistance to 
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TLR7-induced cytotoxicity in AB1-HA would have suggested the presence of a survival 

mechanism and perhaps a limited potential for imiquimod to exert its anti-tumor effects 

in vivo. Notably, some investigations with TLR7 agonists on varying human and 

murine cell lines have been conducted by other workers in the field, usually of a dermal 

origin  (Meyer, Nindl et al. 2003; Schon, Bong et al. 2003; Schwartz, Liu et al. 2008; 

Zagon, Donahue et al. 2008), but to our knowledge mesothelioma has not previously 

been tested. 

 

3.3.2 Murine malignant mesothelioma expresses TLR7 

A TLR7-independent mechanism of cell death does not exclude the requirement for 

TLR7 engagement in the death process in order to induce an immunogenic response. 

But, obviously expression of functional TLR7 by tumor cells might. We found that the 

TLR7 receptor was widely expressed by a number of murine and human malignant 

mesothelioma cell lines. It was also expressed by other mouse models of tumor, 

including the renal tumor, Renca, which confirms previous work in murine and human 

renal cell carcinoma (Schwartz, Liu et al. 2008).  As far as we are aware, this is the first 

report of TLR7 expression by mesothelioma. Importantly, normal mesothelial cells did 

not express TLR7, which is contrary to one published paper indicating constitutive 

expression of TLRs 1 through to 9 in murine pleural mesothelial cells (Hussain, Nasreen 

et al. 2008). Very little is known about expression of any of the TLRs in mesothelioma, 

however TLR3 and the cytoplasmic viral receptors RIG-I and MDA-5 have been 

detected in human mesothelial cells (Wornle, Sauter et al. 2009), as have NOD1 and 

chemokine responses to TLR2, 3, 4 and 5 agonists in mouse mesothelial cells (Park, 

Kim et al. 2007).  It is likely that, due to mutational differences between tumor types 

that the TLR expression and functionality will be varied. Evidence suggests the 
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expression level of TLR7 in human tumor cells can relate to improved responses to 

agonists in vitro (Schwartz, Liu et al. 2008) and although we did not investigate this in 

our cell lines, based on this knowledge, any absence of TLR7 expression would suggest 

a potential lack of response in vivo. Future studies would need to analyze mesothelioma 

cell lines for levels of TLR7 expression and test this against responsiveness to TLR7 

agonists in vitro and in vivo.  

 

The production of KC and IL-6 by AB1-HA in vitro during imiquimod treatment would 

suggest that TLR7 is functional in this cell line, however we were not able to test 3M-

006 to confirm this although production of TNF-α and IL-6 in a TLR7-independent 

manner (by macrophages) has been reported (Pinhal-Enfield, Ramanathan et al. 2003; 

Schon, Schon et al. 2006), suggesting a capability to activate cytokine and chemokine 

production independent of TLR7 engagement. Others have shown wide-ranging 

expression of TLRs on a variety of tumors, although TLR7 is not prevalent in their 

studies. Huang et al found TLRs 1-6 and TLR9 expressed in the murine tumors MC26 

(colon cancer), 4T1 (breast cancer), RM1 (prostate cancer), B16 (melanoma) and LLC1 

(lung cancer), although TLR4 displayed higher expression than all others. This was 

significant, since TLR4 was also found to suppress immune responses by inducing 

production of cytokines and factors such as IL-6, nitric oxide and others, enabling 

tumors to resist killing by CTL in vitro (Huang, Zhao et al. 2005). This phenomena has 

been confirmed for myeloma, where TLR7/8 agonists were observed to promote growth 

and survival (Bohnhorst, Rasmussen et al. 2006; Jego, Bataille et al. 2006). Importantly, 

this highlights the fact that expression of a given TLR is not necessarily linked to 

positive outcomes, and that some tumors may adapt expression of TLRs to evade 

immune surveillance in vivo. Given that we found IL-6 production in cultured AB1-HA 
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cells, this could be the case in our model, since IL-6 production in mesothelioma has 

been linked to production of cell growth factors and upregulation of VEGF in cell lines 

(Schmitter, Lauber et al. 1992). Blockade of IL-6 in vivo would be an interesting 

experiment to see if tumor responses to TLR7 agonists were improved. 

Plans were made to produce an AB1-HA TLR7 knockout cell line, and this could have 

been used to further confirm/explore the functionality and necessity of TLR7 and pro-

apoptotic effects of TLR7 agonists on tumor cells in vitro. Unfortunately, this cell line 

did not eventuate due to financial and practical reasons. Future studies using this tool 

would provide us with important information regarding the balance of and necessity of 

virally induced apoptosis and the immune system in invoking an immune response to 

imiquimod.  

 

3.3.3 The anti-tumor properties of imiquimod are effective in vivo and reliant on 

a TLR7-driven immune response  

Imiquimod was effective at significantly delaying progression of AB1-HA in vivo, with 

the doubling of survival time an impressive response compared to other treatments 

using this model and relative to actual responses to conventional therapies in the human 

form of the disease. The protocol was also effective in non-mesothelioma tumors, 

effectively improving survival time and confirming its potential to be applied to other 

common tumor types.  

 

Importantly, the anti-tumor response to imiquimod in AB1-HA required an intact 

adaptive immune system (imiquimod did not work in nu/nu mice) and was driven by 

host TLR7 (as evidenced by loss of response in TLR7-/- mice).  The fact that imiquimod 
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had no effect in nude mice or that 3M-006 did not delay tumors in wild type mice would 

seem at odds with published work where there is evidence that imiquimods’ pro-

apoptotic effect is a key contributor to the overall anti-tumor response (Schon, Bong et 

al. 2003; Vidal, Matias-Guiu et al. 2004). Although a literature search found no reports 

examining tumor responses to TLR7 agonists in TLR7-/- mice, the anti-tumor response 

of CpG treated glioma-bearing TLR9-/- showed a requirement for TLR9 on non-tumor 

cells for efficacy (Grauer, Molling et al. 2008). Inglefield et al also theorized that 

immune modulation is the key mediator in basal cell carcinoma because only lesions, 

not normal skin, are affected by apoptosis (Inglefield, Larson et al. 2006). Our 

observations, however do not rule out the existence of synergy between a TLR7-driven 

host immune response and apoptosis in vivo, nor do they exclude the possibility that 

TLR7 engagement on tumor cells is necessary (but not sufficient) in the anti-tumor 

response. Future studies employing apoptosis-resistant AB1-HA lines (such as caspase-

3-/-) and TLR7-deficient lines will be required to adequately address these possibilities. 

 

Of course, these possibilities are based on the assumption that the apoptotic response 

seen in vitro actually occurs in vivo. We did observe an in vivo ‘signature’ of apoptosis 

using the RT-PCR array, and additionally a pilot FLIVO experiment (which stains 

activated caspases in vivo) using limited numbers of mice suggested apoptosis 

induction. Further work needs to be carried out to test the in vivo apoptosis-inducing 

capacity of 3M-006 (or inactive compounds with similar properties), to ensure that the 

apoptosis detected in vitro is reflected in the tumor microenvironment itself.  

 

Although in AB1-HA growth of tumors was successfully retarded, only a small number 

of mice experienced complete resolution of tumor, and treated tumors remained at an 
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equilibrium during the protocol. These results differ from the potent anti-tumor 

responses seen in human BCC, where complete tumor resolution is commonly seen 

(Schon, Bong et al. 2003; Bukhardt Perez, Ruiz-Villaverde et al. 2007), and could be a 

reflection on the aggressiveness of mesothelioma. It should be noted, however, that the 

doubling in survival time in AB1-HA is still a highly effective response compared to 

any treatment used as a therapy for the human disease, where an increase in median 

survival from (for example) 9 months to 11-12 months is considered significant 

(Vogelzang, Rusthoven et al. 2003; van Meerbeeck, Gaafar et al. 2005). 

 

Recently, the emergence of new analogues of imquimod (the imidazo[1,2-a] 

quinoxalines) provide an insight into the future potency of this class of drugs, with 

substantial anti-tumor effects seen in nude mice bearing human melanoma when 

delivered systemically and topically (Moarbess, Deleuze-Masquefa et al. 2008) and 

potency up to 50-fold more than imiquimod, with IC50 values for a number of tumor cell 

lines significantly reduced. These agonists induced caspase-dependent apoptosis, 

without the pronounced pro-inflammatory properties of imiquimod (Moarbess, El-Hajj 

et al. 2008). Additionally, a number of potent imiquimod-based agonists developed by 

3M Pharmaceuticals (some unpublished) have been trialled in recent years with 

differing emphasis on apoptotic and/or immune modulatory properties (Johnston, Zaidi 

et al. 2007; Dumitru, Antonysamy et al. 2009). These findings suggest a new range of 

TLR7 agonists may be available for future clinical use where apoptosis as an anti-tumor 

mechanism is at least as potent and important as the immune response. 

 

Our work clearly demonstrates that the apoptotic effect of imiquimod as a mechanism 

by itself is not enough to significantly delay progression of tumor growth and that TLR7 
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signaling through the local and peripheral immune system is at least required in concert 

with any local apoptosis induction. 
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3.4 CHAPTER SUMMARY 

TLR7 agonists are immunostimulatory, but also have potent pro-apoptotic properties. 

Based on our knowledge of what constitutes ‘dangerous’ as opposed to ‘silent’ cell 

death, our hypothesis was that an apoptosing, TLR7-stimulated tumor cell would 

resemble a virally infected cell, promoting an anti-tumor response. Importantly, 

malignant mesothelioma is largely refractive to chemotherapy and radiotherapy, but has 

shown signs of being susceptible to immunotherapy. This universally lethal tumor is 

therefore a prime candidate for an immune adjuvant such as imiquimod, which mimics 

viral infection. The specific findings in this chapter demonstrate that (i) TLR7 agonists 

are potently cytotoxic to murine malignant mesothelioma in vitro via caspase-3 and 9 

dependent apoptosis; (ii) murine and importantly, human mesothelioma cell lines 

express TLR7; (iii) imiquimod is effective in vivo against an established, solid murine 

mesothelioma tumor when delivered locally; (iv) anti-tumor efficacy is not necessarily 

reliant on apoptosis induction but rather adaptive immunity and (v) TLR7 signaling by 

immune cells is required for the in vivo anti-tumor response. Together these findings 

indicate a potent anti-tumor response is induced by TLR7 agonists in our model, with 

indications of viral mimicry via immune responses, and in the following chapter we will 

investigate further the mechanism of the immune response to imiquimod and potential 

systemic effects in murine malignant mesothelioma.  
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CHAPTER 4 
 
 

THE IMMUNOLOGICAL REQUIREMENTS  
FOR AN EFFECTIVE, TLR7-DRIVEN ANTI-TUMOR 

RESPONSE 
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4.1 INTRODUCTION 

In the previous chapter it was found that the apoptotic response to imiquimod was not 

its key mechanism of action in vivo and that the immune system was fundamentally 

involved in the anti-tumor response to imiquimod. This required TLR7 activity, but how 

TLR7 engagement translated into an effective local response was not explored. 

Therefore in this chapter we investigated the nature of the immune response driven by 

imiquimod, specifically the subsets of immune cells required and the role of key 

cytokines and mediators, with a focus on those known to be implicated in anti-viral 

responses.  

 

A range of immune cells, including APCs, NK cells, CD4 and CD8 T cells have been 

associated with effective TLR7 agonist treatment, mediated by production of a range of 

pro-inflammatory cytokines such as type I IFN, TNF-α, IL-1, IL-6, IL-8, IL-12 and 

GM-CSF and the chemokines MIP-1α, MIP-1β and MCP-1 (Reiter, Testerman et al. 

1994; Gibson, Imbertson et al. 1995; Megyeri, Au et al. 1995; Testerman, Gerster et al. 

1995; Wagner, Horton et al. 1997; Imbertson, Beaurline et al. 1998; Tomai, Imbertson 

et al. 2000; Diebold, Kaisho et al. 2004; Heil, Hemmi et al. 2004; Lund, Alexopoulou et 

al. 2004). Ultimately the production of these cytokines and chemokines results in 

enhanced maturation and activation of DCs and improved priming of CTLs 

(Rechtsteiner, Warger et al. 2005; Ramakrishna, Vasilakos et al. 2007). The immune 

system is capable of recognizing tumor antigens and eliciting a subsequent CD8 T cell 

response against tumor antigens through cross-presentation (Nelson, Mukherjee et al. 

2001). This cross-presentation of antigen is unfortunately related to a weak or non-

effective priming of CD8 T cells, with the resultant response unable to resolve tumors 

or even retard their progression (Staveley-O'Carroll, Sotomayor et al. 1998; Gerner, 
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Casey et al. 2008). TLR7 agonists provide a method of improving the priming of T cells 

and this has been shown by others, with the observation that TLR7 treatment leads to 

activation of CD4+ cells and improved CD8+ T cell responses, in part mediated by the 

Th1-polarised cytokine profile (Wagner, Ahonen et al. 1999; Smith, Hamza et al. 2004; 

Thomsen, Topley et al. 2004; Smorlesi, Papalini et al. 2005). Importantly, these 

responses included the stimulation of migration of human CD4+ and CD8+ T cells to 

the site of topical imiquimod application and an increased level of expression of 

cytotoxic granules such as perforin and granzymes (Smith, Hamza et al. 2004; 

Ramakrishna, Vasilakos et al. 2007). However, the requirement of the individual 

effector T cell subsets such as the CD4+, CD8+, NK and T regulatory cells in the anti-

tumor response to imiquimod is not clear. 

 

Many of the known effects of TLR7 agonists are mediated locally, due to the typically 

dermal location of the clinically treated tumors and topical application of agonists. 

Because of the success of the topical cream AldaraTM, investigations have 

understandably focused on local anti-tumor responses. However a critical factor in any 

successful cancer therapy is a systemic response, capable of eradicating both the 

primary tumor, concurrent metastases and residual tumor, as well as future relapses with 

a memory response. Therefore, in addition to probing the requirement of key immune 

subsets and mediators, we also investigated the ability of imiquimod to stimulate a 

systemic immune response to tumor antigen, as well as its potential to eradicate residual 

tumor following debulking surgery. Finally, taking into account the results obtained, 

combination with anti-CD40 immunotherapy was explored as a method to improve 

suboptimal responses to imiquimod via co-stimulation and maintenance of existing 

effector cell responses.   
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4.2 RESULTS 

4.2.1 CD8 T cells are required for imiquimod efficacy  

To investigate the requirement of specific immune cells in imiquimod driven responses, 

mice bearing AB1-HA tumors were depleted of CD8 or CD4 T cells, NK cells or 

CD4+CD25+ regulatory T cells immediately before and during the imiquimod 

treatment protocol. Staining of whole blood was conducted during the depletions, 

confirming a significant (p < 0.05) reduction in each cell subset compared with non-

depleted mice upon treatment with the appropriate antibody (>99% inhibition for all 

subsets; Figure 4.1 A). Because a specific NK cell marker (such as NK1.1) does not 

exist in BALB/c, specific confirmation of depletion was not conducted for GM-asialo1 

treatment. However, reductions in the proportions of 4D11+ and DX5+ (both markers 

expressed on subpopulations of NK cells) cells were noted (data not shown). 

 

Depletion of immune cells alone (without imiquimod treatment) had little impact on the 

growth of the AB1-HA tumor, with kinetics similar to vehicle treated tumors (data not 

shown). Imiquimod treatment without depletion slowed tumor progression as seen 

before (Figure 3.15), with survival time being doubled and complete resolution of tumor 

occurring in one out of five animals (Figure 4.1 B). Interestingly, CD4 or CD25 

depletion had no significant impact on imiquimod treatment. In contrast, CD8 depletion 

significantly reduced the effect of imiquimod treatment, with tumor growth equivalent 

to that in vehicle treated mice (21 days survival). NK depletion with anti-GM1 asialo 

also significantly (p < 0.05) reduced imiquimod efficacy, with maximum survival of 

only 28 days. It should be noted that the effective use of anti-Asialo GM as an NK-

depleting antibody has been questioned, primarily due to its lack of specificity in 

BALB/c mice and its potential to be detrimental to CTL responses as some reports  
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A 

B 

Figure 4.1. Imiquimod therapy is CD8 and NK cell dependent. BALB/c mice were inocu-

lated with 1 x 106 AB1-HA. CD4, CD8, CD25 and NK cell depleting antibodies were deliv-

ered on days –1, +2, +4, +6 and +8 with respect to imiquimod treatment of six doses at once-

daily intervals, which commenced on day 10 post tumor inoculation. Blood samples were 

taken at +4 days (day 14 post inoculation) after treatment/depletion from imiquimod-treated 

and non-treated mice and stained for the relevant marker. A. Representative FACS plots (1 of 

3) showing depletion of lymphocytes and percentages of total in blood samples taken from 

treated and untreated mice.  B. Kaplan-Meier survival curve of treated mice.  Log-rank test, p

(*) < 0.05; IMQ +  vs IMQ,  p(***) <0.001; IMQ + CD8 vs IMQ. Results shown are 

from one experiment (n = 5) 
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detail its expression on activated T cells  (Beck, Gillis et al. 1982; Stitz, Baenziger et al. 

1986; Stout, Schwarting et al. 1987). We therefore set up an identical depletion 

protocol, in congenic NK1.1 BALB/c mice using NK1.1 depleting antibody (PK136). 

The addition of NK1.1 antibody resulted in depletion of 98.6% of all NK cells (Figure 

4.2 A). AB1-HA tumors grew at similar rates in the NK1.1 mice treated with vehicle 

and anti-NK1.1 (Figure 4.2 C) compared to those in BALB/c mice, with a maximum 

survival of 21 days (Figure 4.2 B). Imiquimod was equally effective at controlling AB1-

HA in BALB/c and NK1.1 mice, with responses in both types of mice significantly 

different (p < 0.01) to that of vehicle treated tumors. Interestingly, contrary to the 

outcome with anti-Asialo GM (Figure 4.1), depletion of NK1.1 cells did not abrogate 

the anti-tumor response to imiquimod, rather eradication of these cells appeared to 

modestly improve the response in non-surviving mice (although this did not achieve 

significance; p = 0.51).  

 

4.2.2 Imiquimod stimulates a CD8 tumor infiltrate 

Since the effect of locally delivered imiquimod was blocked by systemic depletion of 

CD8 T cells, we next determined the extent to which locally treated tumors were 

infiltrated by CD4 and CD8 T cells. Mice bearing AB1-HA tumors were treated as 

before with either vehicle or imiquimod and tumors sectioned for 

immunohistochemistry. A dense infiltrate of CD8 T cells was observed in imiquimod-

treated tumors (Figure 4.3 B, lower left panel), displaying a significantly higher number 

of positively stained cells to vehicle-treated tumors (Figure 4.3 B, upper left panel), 

which showed very little infiltration of these effector cells (1373.33 vs 156.66 cells/mm2 

tumor, Figure 4.3 C). This staining appeared specific as no cells were detectable using  
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Figure 4.2. NK1.1-specific depletion does not abrogate the anti-tumor response to imiqui-

mod. BALB/c congenic NK1.1 mice were inoculated with 1 x 106 AB1-HA. NK1.1 depleting 

antibody was delivered as per Figure 4.1. A. Representative FACS plots showing depletion of 

NK1.1+ cells in blood taken from depleted and non-depleted (shaded curve) mice. Isotype 

control; dotted line curve. B. Kaplan-Meier survival curve of treated mice. Log-rank test, p(**)

<0.01; IMQ NK1.1 vs vehicle NK1.1. C. Tumor growth curves of non-surviving NK1.1 and 

BALB/c treated mice. Data shown are mean tumor size ± SEM, p(*)<0.05; IMQ NK1.1 vs 

IMQ + anti-NK1.1. Results shown are from a single experiment (n = 5). 
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Figure 4.3. Imiquimod treatment promotes a CD8 T lymphocyte infiltrate. BALB/c mice 

were inoculated with 1 x 106 AB1-HA. Tumors were treated with imiquimod for the standard 

protocol (q1dx6) from day 10 and removed after the sixth dose for processing for immunohis-

tochemistry.  A. Shown are isotype controls for anti-CD8 (IgG2b, left panel) and anti-CD4 

(IgG2a, right panel) representative of three sections. B. Tumor sections from mice treated with 

vehicle (upper panel) and imiquimod (lower panel) stained with anti-CD8 (left) and anti-CD4 

(right) antibodies. Shown are representative sections (x10) from one experiment using three 

mice per group. C. Table displaying counts of mean positive cells per square millimetre of tu-

mor ± SD (n = 3).  p(*)< 0.05; imiquimod vs vehicle.  
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isotype matched controls (Figure 4.3 A). There was only a sparse CD4 T cell infiltrate 

observed in both imiquimod and vehicle treated tumors (53.33 vs 76.66 cells/mm2).  

 

4.2.3 The local effector response to imiquimod is IFN-γ dependent 

Investigation into the effector response to imiquimod treatment was next conducted 

using perforin knockout and perforin/IFN-γ knockout mice. These mice were supplied 

as surplus to a discontinued colony, therefore only a limited number were available for 

use.  

 

BALB/c perforin-/-/IFN-γ-/- double gene-targeted mice were chosen because 

perforin/granzyme and IFN-γ have both been implicated, either in combination or alone 

in mediating effective CD8 effector responses. The growth of untreated tumors in the 

double knockout mice compared to BALB/c was not significantly different. Imiquimod 

treatment of BALB/c mice induced a significant response (p < 0.01) with median 

survival of 39 vs 22 days in vehicle treated mice (Figure 4.4 A and B). In contrast, 

tumors in perforin-/-/IFN-γ-/-  mice showed no response to imiquimod, with a median 

survival time of 20 days vs 21 days in vehicle treated mice.   

 

To determine if perforin was the critical factor involved in the immune response, 

imiquimod was also tested in perforin knockout mice (perforin-/-). In this experiment 

tumors grew at a faster rate than normally observed, and therefore treatment was 

commenced at day 6 post inoculation to match tumor sizes to those usually observed at 

day 10 (mean 4 mm2). Tumors in perforin-/- mice, receiving vehicle alone grew at a 

significantly (p < 0.05) faster rate than those in BALB/c control mice (Figure 4.5 A),  
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A 

B 
** 

** 

Figure 4.4.  CD8 effector function is required for the effective anti-tumor immune re-

sponse to imiquimod. BALB/c background  Perforin-/-/IFN--/- mice were inoculated with  1 x 

106 AB1-HA tumor cells at day 0 and treated every day for six days with imiquimod from day 

10. Tumor sizes were then monitored and measured with microcalipers to a maximum size of 

100 mm2 when mice were euthanased. A. Kaplan-Meier survival curve of treated animals. Log

-rank test, p(**) <0.01; IMQ BALB/c vs IMQ perforin-/-/IFN--/-. B. Tumor growth curve of 

treated mice. Data shown are mean tumor size ± SEM, p(**)<0.01; IMQ BALB/c vs IMQ per-

forin-/-/IFN--/-.Results shown are from a single experiment (n = 4;  perforin-/-/IFN--/- , n = 5; 

BALB/c). 
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A 

B 

Figure 4.5.  Perforin deficiency does not limit the immune response to imiquimod. BALB/

c background Perforin-/- mice were inoculated with 1 x 106 AB1-HA tumor cells at day 0 and 

treated every day for six days (q1dx6) with imiquimod from day 6 (due to advanced tumor 

size). Tumor sizes were then monitored and measured with microcalipers to a maximum size 

of 100 mm2 when mice were euthanased. A. Mean growth curve of treated mice. Mean ± SEM 

p(*)< 0.05; IMQ Perforin-/- vs vehicle Perforin-/-, p(†)<0.05; vehicle Perforin-/- vs vehicle 

BALB/c. B. Kaplan-Meier survival curve of treated animals. Log-rank test, p(*)<0.05; IMQ 

BALB/c vs vehicle BALB/c, p(**)< 0.01; IMQ Perforin-/- vs vehicle Perforin-/-. Results shown 

are from a single experiment (n = 5) except IMQ perforin-/- (n = 4). 
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with final cull at 22 compared to 25 days (Figure 4.5 B). Imiquimod delayed tumor 

growth in BALB/c mice (survival time of 29 vs 25 days; p < 0.05), however it was 

noted that the response was weaker than previously observed in BALB/c mice, perhaps 

relating to the faster growth rate of tumors in this experiment. Regardless, imiquimod 

was still effective in perforin-/- mice, with median survival being significantly different 

to vehicle treatment (26 days vs 22 days; p < 0.01).  

 

4.2.4 Imiquimod promotes a systemic tumor specific response  

Since the results from the knockout mice suggested that CD8 T cell effector function 

was required for the anti-tumor activity of imiquimod, but did not definitively determine 

if CTL activity was induced, we next measured the level of HA-specific in vivo CTL 

killing in various tissues of untreated and treated mice. This would also indicate the 

systemic potential of the treatment.  

 

The level of HA-specific killing in naïve mice bearing no tumor (Figure 4.6 C) was 

<15%, in both the lymph nodes and spleen, and was considered as non-specific 

background. The presence of tumor alone involved a significant CTL response above 

background, which was not equivalent in all tissue, with the dLN having at least double 

the level of killing of other tissue (mean of 38% killing compared to 19% in ndLN and 

21% in spleen; p < 0.05). Imiquimod treatment induced even higher levels of killing of 

tumor-antigen specific targets in all lymphoid organs, (spleen = 73%, dLN = 80%, 

nDLN = 55%), the levels for which were significantly higher (p < 0.01) for all tissues 

compared to vehicle treatment.  
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Figure 4.6.  Imiquimod induces systemic cytotoxic tumor antigen-specific killing in vivo. 

BALB/c mice were inoculated with AB1-HA cells and treated as before. CFSE-labelled target 

and reference cells (2 x 107) were adoptively transferred (i.v.) into recipient animals for 18 

hours. Tumor draining and non-draining lymph nodes and spleens were harvested and analysed 

by FACS. A. Shown is the gating (Gate 1) for reference and target populations stained with 

CFSE low (peptide-) and high (peptide+) harvested from draining lymph nodes and spleens of 

vehicle-treated (left panel) and imiquimod-treated  (right panel) mice.B. Representative histo-

grams from gate 1 of in vivo CTL lysis from pre-injection, naïve and imiquimod treated 

mice.C. HA-specific killing responses in harvested tissues of treated mice. Data points show 

results for individual animals. Bar shows mean ± SEM p(**) < 0.01; comparing killing in tis-

sues from imiquimod treated animal vs corresponding tissues in vehicle treated animals, p(††) 

< 0.01; vehicle draining LN vs vehicle non-draining LN, p(‡‡) < 0.01; naïve (non-tumor bear-

ing animal) LN vs vehicle draining LN. Results shown are from a single experiment (n = 5).  
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The in vivo CTL data in Figure 4.6 suggested the induction of a systemic CD8 T cell 

response. However, it is not possible with the in vivo CTL to definitively determine if 

systemic killing is due to dissemination of effectors, or to spread of targets through the 

lymphatics. Therefore, we next investigated the specific killing capacity of effector cells 

in local and distal lymphoid organs by measuring granule specific proteins. Detection of 

CD107 a and b, as a positive marker of degranulation, was performed on lymphoid 

tissues of mice following the full course of imiquimod treatment, as described (Betts, 

Brenchley et al. 2003). Briefly, the granzymes produced by CD8+ T cells are 

surrounded by a lipid bilayer containing lysosomal associated membrane glycoproteins 

(LAMPs), which include CD107a and CD107b (Fukuda 1991; Peters, Borst et al. 1991). 

These are both transiently expressed on the surface of T cells during granule exocytosis, 

therefore monensin is used to inhibit secretion during staining with anti-CD107 a and b 

antibodies. A strong correlation exists between degranulation as measured by CD107 

staining and cytotoxic activity of CD8 T cells (Betts, Brenchley et al. 2003; Rubio, 

Stuge et al. 2003). 

 

CD8 T cells were stained in the presence of monensin and gated for CD107a/b double 

positivity (Figure 4.7 A). Imiquimod stimulated a significant (p < 0.001) increase in 

degranulating CD8 T cells in the tumor draining lymph node (Figure 4.7 B), with a 

mean of 21% CD107 a/b+ cells compared to 8% and 9% for untreated and vehicle, 

respectively. In contrast, the level of degranulation in the other lymphoid tissues was < 

7% and not affected by imiquimod. Notably, there was no CD107 signal in the draining 

lymph node of vehicle treated mice even though killing was detected by the in vivo 

CTL assay, suggesting that the measurement of degranulation may have limited 

sensitivity. 
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Figure 4.7.  Imiquimod stimulates degranulation in CD8 T cells. Lymphoid tissues (tumor 

draining and non-draining lymph nodes and spleen) were harvested from mice treated with 

imiquimod as described previously. Single cell suspensions of each tissue were plated out in a 

96-well plate and incubated with CD107 a and b antibody, concurrently with incubation with 

monensin. Staining was then analysed via FACS. A. Gating strategy (draining lymph node 

shown). CD8+ cells were gated based on SSC/FSC (Gate 1) and SSC/CD8+ staining (Gate 2), 

then subgated for CD107 a and b staining (Gate 3). B. Percentage of CD107a/b+ cells in the 

CD8+ subpopulation. Data shown are mean ± SEM, p(*)< 0.05; comparing imiquimod vs ve-

hicle. Data shown is from a single experiment (n = 3 mice). 
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4.2.5 A functional TLR7+/+ immune system is necessary for the CTL response to 

imiquimod 

To determine if the CTL response induced by imiquimod was specifically due to TLR7 

activation, rather than apoptotic activity, we conducted an identical in vivo CTL 

experiment to that described in Figure 4.6, with the inclusion of TLR7-/- mice. 

 

Imiquimod-treated BALB/c mice displayed significant target cell killing over vehicle 

treated mice in the tumor draining lymph nodes (63% vs 26% killing, p < 0.01; Figure 

4.8 C), and in the non-draining lymph nodes (46% vs 15% killing, p < 0.01) and spleen 

(53% vs 14% killing, p < 0.01). In contrast, no significant killing was observed in any 

tissue in imiquimod treated TLR7-/- mice, with the mean level of killing < 26% in all 

tissues and equivalent to untreated TLR7-/- mice. 

 

4.2.6 The immune response to imiquimod is driven by type I IFN production  

To investigate further the mechanism which drives the imiquimod-induced tumor-

specific response, we next examined the cytokine profile stimulated by this TLR7 

agonist in-situ in AB1-HA tumors.  

 

AB1-HA tumors from three mice were excised following three days of treatment with 

imiquimod or vehicle. Tumors were pooled and cDNA generated from the resultant 

single cell suspension for use in a SuperArray RT-PCR. As shown in Table 4, a panel of 

88 cytokines/mediators were examined for expression of RNA and the gene up-or-down 

regulation profile loaded into an analysis program (Ingenuity Systems, Inc.) for 

inspection of complex cytokine signaling pathways. Interestingly, key IFNs known to  
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Figure 4.8.  TLR7 signaling is vital for the imiquimod-induced effector response. BALB/c 

background Dallaglio TLR7-/- mice were inoculated and treated as before. CFSE-labelled tar-

get cells (2 x 107), were adoptively transferred as in 4.6. Tumor draining and non-draining 

lymph nodes, and spleens were harvested and analysed by FACS. A. Shown is the gating for 

target  and reference populations stained with CFSE low (peptide -) and high (peptide +); har-

vested from draining lymph nodes and spleens of imiquimod-treated BALB/c (left panel) and 

TLR7-/- mice (right panel). B. Representative profiles of  in vivo CTL lysis from  imiquimod-

treated  BALB/c (upper panel) and TLR7-/- mice (lower panel). C. HA-specific killing re-

sponses in harvested tissues of treated mice. Data shown are from individual mice. Bar shows 

ean ± SEM p(**) < 0.01; all tissues from imiquimod treated BALB/c vs corresponding tissues 

in vehicle TLR7-/- and imiquimod TLR7-/- animals, p(††)< 0.01; vehicle BALB/c draining LN 

vs vehicle BALB/c non-draining LN. Results shown are from a single experiment (n = 5).  
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BMP10 3.19 IL21 2.50 CSF1 -5.04 INHA -2.37 

BMP4 3.19 IL24 3.68 CSF2 -3.05 LTA -2.14 

BMP5 8.40 IL4 3.19 CTF1 -16.32 TNFRSF11B -2.76 

BMP6 6.11 IL9 3.19 CTF2 -3.43 TNFSF13B -2.10 

BMP7 3.19 TNFSF14 3.74 FBS1 -215.75 CD40LG -2.94 

GDF2 3.19 TNFSF15 6.18 FLT3L -14.17 GAPDH -2.01 

GDF8 3.19 TNFSF18 3.19 GDF1 -12.04 BMP3 -1.14 

IFNA4 6.51 CD70 2.46 GDF11 -11.95 FASL -1.10 

IFNB1 7.25 TNFSF9 2.82 IL11 -20.01 GDF5 -1.40 

IFNG 2.68 IL1B 1.87 IL1F10 -3.12 IL16 -1.07 

IL10 4.26 IFNA2 1.81 IL27 -8.20 IL3 -1.74 

IL13 4.17 IL1F6 1.35 INHBA -10.04 IL7 -1.45 

IL25 3.19 IL17C 1.31 LEFTY1 -3.15 LTB -1.02 

IL17F 7.46 GDF9 1.18 LIF -30.29 MIF -1.99 

IL18 3.91 IL15 1.17 SCGB3A1 -14.40 SCYE1 -1.62 

IL19 5.70 IL17B 1.19 TNFSF11 -11.56 TNF -1.48 

IL1A 21.69 FGF10 1.06 TNFSF12 -4.41 TNFSF10 -1.69 

IL1F5 3.19 IL12B 1.06 TXLNA -8.45 TNFSF13 -1.09 

IL1F8 3.19 TNFSF8 1.03 HSP90AB1 -4.16 GUSB -1.72 

IL1F9 3.03 BMP8B 1.00 ACTB -5.54 HPRT1 -1.00 

IL1RN 12.26 TNFSF4 1.00 GDF10 -2.40   

IL2 3.19 BMP1 -3.15 GDF15 -2.61   

IL20 3.19 BMP2 -9.37 GDF3 -2.28   

    Pro-inflammatory Anti-inflammatory Bone morphogenic 
proteins 

Effector response 

Table 4. Ex vivo AB1-HA tumor displays a profile of immune stimulation following imi-

quimod treatment. AB1-HA tumors were treated in vivo with  imiquimod for 3 days, or left 

untreated. The experiment was conducted as described (Chapter 3, Table 5). Data was ana-

lysed and a fold down or up-regulation comparison made between imiquimod treated and un-

treated tumors. This data was then tabulated according to fold-difference between the samples. 

Pathway specific genes identified by Ingenuity Systems pathway analysis (Figure 4.9) are 

highlighted in red (upregulated) and green (downregulated). Data is from a single experiment 

using pooled tumors from three treated or untreated mice. Key: pro-inlammatory (yellow), anti

-inflammatory (orange), bone morphogenic proteins (brown) and effector response (blue). 

RED: UPREGULATED BLUE: DOWNREGULATED 
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be involved in anti-viral and anti-tumor effector responses were upregulated (blue 

highlights; Table 4 and Figure 4.9). IFN-α4 (6.51-fold), IFN-α2 (1.81-fold), IFN-β1 

(7.25-fold) and IFN-γ (2.68-fold) were induced upon imiquimod treatment. Type I IFN 

and IFN-γ are well documented components of the immune response to TLR7 agonists. 

Interestingly the genes of a number of proinflammatory cytokines were also upregulated 

(purple), including IL-17F (7.46-fold), IL-1α (21.69-fold), IL-1RN (12.26-fold), 

although a number of anti-inflammatory genes were also upregulated (orange), however 

not to the same extent, such as IL-4 (3.19-fold), IL-10 (4.26-fold), IL-13 (4.17-fold). 

The increase in expression of bone morphogenic proteins (brown highlights) and the 

downregulation of FBS1 (-215.75-fold), a chemokine secreted by activated T cells 

which stimulates fibroblast proliferation – a key factor involved in maintenance of the 

tumor stroma and extracellular matrix (Schuler, Kornig et al. 2003), should also be 

noted. 

 

The SuperArray clearly indicated that type I IFNs were involved in the response to 

imiquimod, and previous work by a number of investigators suggested an important role 

for these cytokines in anti-tumor and anti-viral immune responses (Pfeffer, Dinarello et 

al. 1998; Le Bon, Durand et al. 2006; McBride, Hoebe et al. 2006). We therefore 

determined the capacity of imiquimod to induce type I IFN in AB1-HA bearing mice 

and investigated its requirement for the anti-tumor response.  

 

Ly6A/E staining of peripheral blood CD4 and CD8 T cells from treated animals was 

performed, as it is a sensitive marker of type I IFN exposure, even when levels are 

below that detected by ELISA (Schiavoni, Mattei et al. 2000). Staining of whole blood 

after three doses of imiquimod revealed a positive shift in the level of expression of  
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Ly6A/E on CD8+ lymphocytes, but not on CD4+ lymphocytes (Figure 4.10 A and B). 

Ly6A/E was proven to be type I IFN responsive, since blockade with anti-type I IFN 

antibody abrogated expression on CD8+ lymphocytes (Figure 4.10 C). 

 

Additionally, we measured the presence of IFN-α in the sera of three tumor-bearing 

mice treated with imiquimod or vehicle by ELISA. Imiquimod treatment of tumors 

stimulated the systemic secretion of IFN-α as detected in the serum (5.05 pg/ml), which 

was significantly greater than for vehicle-treated mice (0.72 pg/ml) and naïve (tumor 

free) mice (0.46 pg/ml, p < 0.05). To further evaluate the importance of this type I IFN 

response in the efficacy of imiquimod, we treated tumor bearing mice with IFN-α/β-

blocking serum before and throughout treatment with imiquimod (Figure 4.10 D). 

Neutralization of type I IFN did indeed significantly (p <0.001) inhibit the anti-tumor 

effect of imiquimod, with little anti-tumor effect observed in the presence of the 

blocking serum, (33 day survival compared to 46 in the imiquimod + control serum 

group).   

 

4.2.7 Imiquimod does not stimulate an increase in systemic antigen presentation 

Since type I IFNs have been linked to enhanced CD8 responses through regulation of 

DCs and cross presentation (Le Bon, Etchart et al. 2003; Le Bon, Durand et al. 2006), a 

Lyons-Parish antigen presentation assay was conducted to explore if imiquimod 

treatment increased HA-specific presentation either locally in the tumor draining lymph 

node, or distally in the non-draining nodes and spleen. 
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Figure 4.10. The antitumour efficacy of locally delivered imiquimod is reliant on type I 

IFN. BALB/c mice were inoculated with AB1-HA and treated as before. Three days into treat-

ment, whole blood was taken and stained with Ly6A/E and CD4/CD8 antibodies. IFN--

blocking antibody was given during the course of imiquimod treatment. A. Shown are repre-

sentative overlay plots of Ly6A/E positive CD4+ and CD8+ lymphocytes from treated mice 

and IFN-blocked mice as indicated. B. Ly6A/E stained lymphocytes from treated mice (n = 6). 

Data shown are mean fluorescence intensity (MFI) ± SEM p(***)<0.001; IMQ vs 3M-006 or 

vehicle. C. Representative FACS plots of CD8+, Ly6A/E antibody-stained blood lymphocyte 

samples from IFN-blockade treated mice (right panel) and no blockade mice (left panel), both 

groups were imiquimod-treated. D. Kaplan-Meier survival curve of treated mice (n = 9). Data 

is pooled from two separate experiments. Log-rank test, p(**)< 0.01; anti-IFN-  IMQ vs 

control serum + IMQ.   
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Tumors were treated with imiquimod using the standard protocol and CFSE-tagged 

cells from CL4 (class I restricted) transgenic mice were adoptively transferred into 

treated mice. Lymph nodes and spleens were harvested and single cell suspensions 

stained for CD8+ and analysed for proliferation by FACS of the subsequent CD8+, 

CFSE+ cells (Figure 4.11 A). Tumor antigen presentation was observed primarily in the 

draining lymph nodes of mice treated with vehicle (Figure 4.11 B), with the levels of 

proliferation significantly higher (mean of 46%) than in the non-draining lymph nodes 

and spleens of these animals (19% and 18% respectively) (p < 0.01). The same pattern 

and similar levels of antigen presentation in the draining lymph nodes was also 

observed in the imiquimod (54%) and 3M-006 (59%) treated mice.   

 

4.2.8 Imiquimod therapy is less effective against a larger tumor burden. 

After examining the requirements for a potent imiquimod-induced response, we next 

decided to look at the limits to this response and whether potency is maintained in a 

larger tumor. To represent a more advanced tumor load using AB1-HA, we allowed the 

tumor to progress further to day 14 before commencing imiquimod treatment, at which 

point the mean tumor size was 16 mm2 (Figure 4.12 C). Mice received the standard 

protocol (q1dx6) of imiquimod, the only deviation being an additional group which 

received 150 μg of the drug, the reasoning being that the larger tumor may require a 

proportionally higher dose of imiquimod.  

 

For comparison, the historic small tumor growth curve is also shown (Figure 4.12 B and 

C). As expected, vehicle and 3M-006 treated tumors progressed following the 

previously observed growth kinetics. Notably, imiquimod was significantly effective at 

slowing progression of the larger tumor (p < 0.05), however the drugs potency was  
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Figure 4.11.  Imiquimod does not enhance systemic antigen presentation.  BALB/c mice 

were inoculated with 1 x 106 AB1-HA tumor cells at day 0 and treated from day 10 every day 

for six days (q1dx6) with imiquimod, vehicle (CBS) or the TLR7 inactive analogue, 3M-006. 

CFSE-labelled CL4 cells (2 x 107) were adoptively transferred (i.v.) into recipient animals and 

left for 3 days. Tumor draining and non-draining lymph nodes, mediastinal lymph nodes and 

spleens were harvested and analysed by FACS for recovery of CD8+ CFSE+ cells. A. Shown 

is the gating for populations positive for CD8 and CFSE from draining lymph nodes of vehicle

-treated mice (left panels) and the histograms (gate 2) of proliferating CD8 lymphocytes iso-

lated from vehicle–treated and imiquimod-treated mice (right panels). B. HA-specific prolif-

eration of CD8+ lymphocytes found in tumor draining (axillary and inguinal), non-draining 

and mediastinal (lung) lymph nodes and spleen of treated mice. Mean ± SEM, p(*) < 0.05; 

imiquimod spleen vs non-draining LN,  p(**)<0.01; draining LN in each treatment group vs all 

other tissues within each treatment group. Results shown are pooled from two independent 

experiments (n = 6), except 3M-006 treatment (n = 3).  
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A 

B 

C 

Figure 4.12.  Imiquimod has reduced effectiveness against a larger tumor burden. BALB/

c mice were inoculated with 1 x 106 AB1-HA tumor cells at day 0 and from day 14 (tumor size 

average of 16 mm2) were treated every day for six days (q1dx6) with imiquimod. Mice were 

then monitored for tumor growth. A. Photographs of large tumor (left) and small tumor (right) 

treatment sites at day 16.  B. Kaplan-Meier survival curve of treated mice. Dotted line shows 

historic data in small tumor imiquimod-treated mice (from day 10). Log-rank test, p(***) 

<0.001; imiquimod (ST) vs imiquimod (50 and 150), p(*)<0.05; imiquimod (50 and 150) vs 

vehicle C. Mean tumor growth of mice treated with vehicle, inactive compound or two con-

centrations of imiquimod. Mean ± SEM, p(†††)<0.001; imiquimod (ST) vs imiquimod (50 

and 150), p(*) <0.05; imiquimod (50 and 150) vs vehicle. Data is pooled from two individual 

experiments (n = 10).                                   
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noticeably reduced compared to its use in smaller tumors (dotted line), with mean 

survival being reduced from 41 days to 29 when using the same dose. Increasing the 

dose of imiquimod to 150 μg did not improve the response in large tumors (29 days).  

 

4.2.9 Imiquimod therapy enhances the response to tumor debulking surgery. 

Given the limited efficacy of imiquimod in large tumors, tumor debulking surgery 

experiments were performed in which a large portion of the tumor (75%) was removed. 

In this way, a source of antigen was retained to which imiquimod could add a potential 

context of ‘danger’ to promote an immune response, but bulk was reduced to limit any 

tumor suppression. 

 

AB1-HA tumors, were permitted to progress to day 18, after which 75% of the tumor 

was surgically removed. The proportion debulked was chosen based on previous work 

by this group (Broomfield, Currie et al. 2005) where partial resection with 

chemotherapy/immunotherapy provided an enhanced long-term response compared to 

complete resection using the identical therapy. Average tumor size on day of surgery 

was 48 mm2 -   a larger tumor than used in the standard day 10 imiquimod experiments, 

or the large tumor experiments (Figure 4.13). The larger tumor size was necessary, as 

based on previous experience smaller tumors are much more difficult to accurately 

resect consistently, especially when more than one operator is involved. Imiquimod was 

delivered by injection into the remaining tumor prior to closure by suturing and then 

daily for the following five days (Figure 4.13 A). For comparison a no surgery group 

and surgery alone group were included as controls.  
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Figure 4.13.  Imiquimod improves the response to debulking surgery.  BALB/c mice were 

inoculated with 1 x 106 AB1-HA tumor cells at day 0 and 75% debulking surgery conducted 

on day 18. Prior to wound closure imiquimod was injected into remaining tumor and given 

daily for 5 subsequent days following surgery. Mice were then monitored for tumor growth. A.  

Diagram depicting the inoculation and surgery/treatment timeline. B. Photographs of tumor 

debulking site prior to surgery (1) directly following surgery (2), three days after surgery (3) 

and ten days after surgery (4). C. Kaplan-Meier survival curve of debulked mice with and 

without treatment. Log-rank test, p(**)<0.01; debulking + IMQ vs debulking surgery alone. 

Median survival time of non-cured mice: 17 days (debulking + IMQ), 10 days (debulking 

alone); p(*)< 0.05 Data is pooled from two individual experiments (n = 10).                                   
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Surgery was well tolerated, with mice recovering from the effects of surgery and 

anaesthesia within 24 hours and the sutured incision site healing rapidly (by 48-72 

hours). Tumor was rapidly debulked (within five minutes) and neatly sutured (Figure 

4.13 B, photographs 1 and 2). Non-treated remaining tumor grew out rapidly following 

surgery (photographs 3 and 4). Mice receiving no surgery survived only two days past 

the day of surgery (Figure 4.13 C), since animals had to be culled at 100 mm2 tumor 

size. Mice receiving surgery alone survived a further 15 days overall. Mice receiving 

imiquimod in addition to surgery showed a significant improvement in survival (20% 

cure) and a median survival time of 18 days (p <0.01). It should be noted that the 

remaining tumor bulk following closure was a similar size to the tumors used in the 

large tumor experiment (Figure 4.12), but the survival benefit of combined surgery + 

imiquimod was greater than in the large tumor experiment.  

 

An in vivo CTL analysis was conducted in a separate series of experiments to determine 

if the systemic CTL-inducing effects of imiquimod were enhanced or reduced following 

surgery. Surgery was performed as in Figure 4.13 and targets were added after the last 

dose of imiquimod. Target cell killing was significantly improved in the draining lymph 

nodes of the surgery + imiquimod treated mice (27% killing) compared to surgery alone 

(5%, killing; p< 0.05) (Figure 4.14). This improvement was also seen in the non-

draining lymph nodes (11% vs 2% killing) and spleen (16% vs 1% killing; p < 0.05). 

Notably, the overall level of systemic killing in the imiquimod + debulking group 

appeared low when compared with the response in small tumors + imiquimod (Figure 

4.6). 
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Draining LN 

Non-draining LN 

Spleen 

Figure 4.14.  Imiquimod improves systemic CTL in debulked mice.  BALB/c mice were 

inoculated with 1 x 106 AB1-HA tumor cells at day 0 and 75% debulking surgery conducted on 

day 18. Prior to wound closure imiquimod was injected into remaining tumor and given daily 

for 5 subsequent days following surgery. Targets for in vivo CTL analysis were adoptively 

transferred after completion of imiquimod treatment. Shown are target cell killing in tumor 

draining and non-draining lymph nodes (pooled axillary and inguinal) and spleen. Bar denotes 

mean, p(*)<0.05; comparing debulking surgery + IMQ vs surgery alone. Data shown is pooled 

from two individual experiments (n = 10).                                   
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4.2.10 Anti-CD40 immunotherapy enhances the local anti-tumor immune response 

to imiquimod  

The large tumor and debulking experiments clearly showed that imiquimod therapy was 

limited by tumor bulk. We therefore tested imiquimod combined with anti-CD40 

immunotherapy, since the latter has been shown by our group to improve debulking 

responses (Broomfield, Currie et al. 2005) and by others, to increase the effectiveness of 

therapies such as CpG (TLR9) and polyI:C (TLR3) (Buhtoiarov, Lum et al. 2006; 

Llopiz, Dotor et al. 2008).  

 

Tumor bearing mice were treated with the standard imiquimod protocol, whilst 

concurrently receiving anti-CD40 (FGK-45 antibody) systemically (Figure 4.15 A). The 

combination therapy was significantly better at delaying tumor and promoting survival 

(3/10 survivors, median survival 42 days) than either imiquimod (no survivors; 33 days; 

p < 0.05) or anti-CD40 alone (no survivors; 25 days; p < 0.001) (Figure 4.15 B and C). 

Notably, anti-CD40 and imiquimod, when used individually, significantly retard growth 

of tumor, however the combination is more potent than the individual components. Also 

of note, the combination therapy induced regression of tumor from day 12 to 17 after 

commencement of treatment in animals that were not cured by treatment (non-

responders), compared to progression in all other groups. 

 

Tumors from a concurrent group of treated mice were excised and 

immunohistochemistry performed, examining CD4 and CD8 infiltration (Figure 4.16). 

Notably, the combination treatment only marginally enhanced the CD8 T cell numbers 

infiltrating the tumors over that of imiquimod alone, with a mean of 1676.66 cells in the 

imiquimod + anti-CD40 group compared to 1373.33 in the imiquimod alone group 
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Figure 4.15. Anti-CD40 immunotherapy enhances local anti-tumor responses to imiqui-

mod. BALB/c mice were inoculated with 1 x 106 AB1-HA tumor cells on the right flank at day 

0 and the tumor treated with the standard protocol (q1dx6) of intratumoral imiquimod. Anti-

CD40 (100 g) was given i.p. for 3 doses at 2-day intervals during imiquimod treatment 

(q2dx3). A. Shown is the dosing protocol and diagram of tumor location. B. Kaplan-Meier sur-

vival curve of treated mice. Log-rank test: p(***) <0.001; vehicle vs all other treatments,  p(*) 

<0.05; IMQ vs IMQ + anti-CD40, p(†††)<0.001; anti-CD40 vs IMQ + anti-CD40. C. Tumor 

growth curves of non-surviving animals. Mean ± SEM, p(**) <0.01; vehicle vs all other treat-

ments. Results shown are pooled from two individual experiments (n = 10) with similar find-

ings. 
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Anti-CD40 980.00 ± 120.00 386.66 ± 30.55 

IMQ + anti-CD40 1676.66† ± 198.57 376.66** ± 55.07 

TREATMENT CD8+ T cells/mm2 tumor CD4+ T cells/mm2 tumor 

IMQ 1373.33* ± 261.02 76.66 ± 15.27 

Vehicle   156.66 ± 41.63 53.33 ± 5.77 
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Figure 4.16. Combination treatment does not enhance CD8 T lymphocyte infiltration. 

BALB/c mice were inoculated with 1 x 106 AB1-HA. Tumors were treated with imiquimod 

and/or anti-CD40 from day 10 and removed after the sixth dose for processing as sections for 

use in immunohistochemistry staining.  A. Shown are isotype controls for anti-CD8 (IgG2b, 

left panel) and anti-CD4 (IgG2a, right panel) antibodies used for staining. B. Tumor sections 

from mice treated with systemic anti-CD40 antibody (upper panel) and imiquimod + anti-

CD40 (lower panel) stained with anti-CD8 (left) and anti-CD4 (right) antibodies. C. Table dis-

playing counts of mean positive cells per square millimetre of tumor ± SD with historical data 

from Figure 4.3 C (vehicle and imiquimod). Shown are representative sections (x10) from one 

experiment using three mice per group.  p(*)< 0.05; CD8 imiquimod vs vehicle, p(†)<0.05; 

CD8 IMQ + anti-CD40 vs IMQ,  p(**) < 0.01 CD4 IMQ + anti-CD40 vs IMQ. 
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 (Figure 4.3 C). Anti-CD40 increased CD8 (980.00) and importantly, CD4  (386.66) 

numbers entering the tumor when compared to vehicle (156.66 and 53.33, respectively, 

p < 0.01), and this immunotherapy can also be attributed to improving CD4 infiltrate in 

combination-treated tumors (376.66 vs 76.66 in imiquimod treated, p < 0.01).  
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4.3 DISCUSSION 

In this chapter, we set out to investigate the subsets of immune cells important for the 

anti-tumor immune response induced by imiquimod and the involvement of key 

mediating cytokines. We also examined the existence of an effector response in our 

model and a means of improving the existing local responses to imiquimod. We found 

that the anti-tumor response to imiquimod is (i) reliant on an effector CD8 T cell 

response producing perforin/IFN-γ and mediated by TLR7; (ii) requires type I IFN; (iii) 

is limited by tumor bulk; and (iv) is enhanced by anti-CD40 immunotherapy.  

 

4.3.1 CD8+ lymphocytes are the key effector cell involved in the immune 

response 

Nude mouse experiments in the previous chapter revealed that imiquimod was 

ineffective without a functional adaptive immune system, despite the obvious in-vitro 

cytotoxic potency of the compound. Data in this chapter clearly show that CD8 T cells 

were the critical effector cell required, with complete loss of anti-tumor responses in 

their absence. Further experiments confirmed the finding that these cells were the likely 

effectors, since (a) significant infiltrate of this subset was found in the tumor compared 

to controls; (b) response was lost in perforin/IFN-γ knockout mice, and (c) depletion of 

other potential producers of these factors, (NK and CD4 T cells) did not abrogate the 

anti-tumor response to imiquimod. The critical role of CD8 effectors in our model is in 

keeping with findings from studies in BCC, SCC and mammary carcinoma, which 

showed  significant increases in CD8 T cell numbers (Thomsen, Topley et al. 2004; 

Smorlesi, Papalini et al. 2005; Ramakrishna, Vasilakos et al. 2007) and higher 

expression levels of perforin and cytotoxic granule markers (Ambach, Bonnekoh et al. 

2004; Smith, Hamza et al. 2004) following TLR7 agonist treatment. The reliance on 
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TLR7-induced CD8 responses in all these models points towards a common mode of 

action, explained by viral mimicry, indeed, similar results are found after persistent 

treatment with the viral dsRNA mimic polyI:C in the AB1-HA model (Currie, van der 

Most et al. 2008) and others (Salaun, Coste et al. 2006; Khvalevsky, Rivkin et al. 2007; 

Paone, Starace et al. 2008). The importance of this CD8 response is clear considering 

most of the successful preclinical immunotherapy studies into MM mediate their 

activity through CD8+ lymphocytes (Leong, Marley et al. 1997; Caminschi, 

Venetsanakos et al. 1998; Lanuti, Rudginsky et al. 2000), suggesting that mesothelioma 

may be a good target tumor for CTL-driven immunotherapy. 

 

Interestingly, depletion studies showed the anti-tumor response to imiquimod was not 

reliant on CD4 T cells, with survival almost identical to non-depleted mice and 

immunohistochemistry confirming the minimal numbers of this subset in the tumor. 

This appears at odds with reports that imiquimod stimulates infiltration of CD4+ T cells 

and is associated with tumor regression in BCC (Barnetson, Satchell et al. 2004; De 

Giorgi, Salvini et al. 2009). Although imiquimod stimulates a potent and effective 

tumor-specific effector response in AB1-HA, the anti-tumor activity of the compound is 

relatively modest in this model, in so much that complete resolution is not attained. In 

contrast, imiquimod (AldaraTM) treatment of BCC, in clinical trials induced complete 

clearance rates of 88% when given topically on a daily basis (Marks, Gebauer et al. 

2001; Geisse, Caro et al. 2004). This suggests that CD4 responses may be limiting in 

our model of MM, perhaps reducing the quantity or quality of the effector response at 

the tumor site. Notably, CD4 help is known to be required for the generation and 

maintenance of a potent CD8 effector response (Kirberg, Bruno et al. 1993; Bennett, 

Carbone et al. 1997; Bour, Horvath et al. 1998; Wang and Livingstone 2003; Zhang, 

Zhang et al. 2009) and a requirement has been shown for maintenance of anti-viral CD8 
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responses (Ostrowski, Justement et al. 2000; Kemball, Pack et al. 2007; Nakanishi, Lu 

et al. 2009). This CD4 help is provided via expression of CD40L, and CD40L-CD40 

interactions are important in mediating CD4 T helper functions for CD8 T cells 

(Bennett, Carbone et al. 1998; Schoenberger, Toes et al. 1998). Indeed previous work in 

our model has illustrated the requirement of CD4 T cells for the maintenance of CD8 T 

cell numbers, preventing exhaustion and promotion of infiltration into the tumor, with a 

direct correlation between CD4 numbers and CD8 T cell numbers, in vivo CTL function 

and IFN-γ production (Marzo, Kinnear et al. 2000; Barber, Wherry et al. 2006). This 

may occur through direct effects on DCs, since the costimulatory capacity and antigen-

presentation of APCs is enhanced by CD40 ligation, and CD40L blockade negates CTL 

priming. 

 

Regardless of the lack of CD4 engagement, CTL numbers were still increased, raising 

the question how was the response being maintained. Naïve CTL priming can occur in 

the absence of the CD40L signal from CD4+ T cells, usually in the presence of viral 

products such as ssRNA (which imiquimod mimics) (Ridge, Di Rosa et al. 1998). TLR7 

agonists may also stimulate the influx and maturation/activation of type I IFN-

producing and cross-priming APCs leading to improved and efficient priming of CTLs 

with subsequent targeting of tumor cells, thus replicating a ‘licensing’ signal 

(Rechtsteiner, Warger et al. 2005; Durand, Wong et al. 2006; Prins, Craft et al. 2006; 

Ramakrishna, Vasilakos et al. 2007). 

 

The next key question the data raised was how does the absence of CD4 T cells affect 

the quality of CD8 T cell responses? Previous work in murine (Patel, Halliday et al. 

1995) and human (Okada, Yasumura et al. 1997; Pardoll and Topalian 1998) squamous 
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cell carcinoma have found responses to TLR7/8 agonists to be associated with CD4+ 

infiltration and activity and stimulation of human DCs with TLR7/8 agonists have been 

shown to induce IFN-γ production by CD4 T cells (Lombardi, Van Overtvelt et al. 

2009). Therefore absence of CD4 T cells may have a limiting effect in AB1-HA. Others 

have found effector T cells infiltrating human SCC treated with imiquimod produced 

increased amounts of IFN-γ, granzyme and perforin compared to T cells from untreated 

tumors (Huang, Hijnen et al. 2009). In our model we found a dependence on IFN-

γ/perforin but we did not measure the levels of these. Intracellular staining or ELISA 

would provide useful information regarding whether these factors are limiting in our 

model.  

 

Importantly, our NK1.1 depletion work suggests that NK cells are not required in our 

model, and in fact may be marginally inhibitory for an optimal response. This appears 

contrary to work by others in the field, who have found TLR7 agonists to induce NK 

cell activation, IFN-γ production and cytotoxic function in murine and human studies 

(Hart, Athie-Morales et al. 2005; Gorski, Waller et al. 2006; Sawaki, Tsutsui et al. 

2007). Other evidence suggests this activation and function was dependent on 

association with cytokines such as IL-12 and type I IFN produced by accessory cells 

and therefore NK cells may be required upstream of CD8 T cells in these models, rather 

than as effectors (Hart, Athie-Morales et al. 2005; Alter, Suscovich et al. 2007; Sawaki, 

Tsutsui et al. 2007; Smits, Ponsaerts et al. 2008; Toka, Nfon et al. 2009). Investigations 

have also found a mechanism where, for DCs to efficiently prime anti-tumor CD8+ T 

cells, cross-talk between DCs and NK cells in the presence of IFN-α is required (Tosi, 

Valenti et al. 2004). In our model, it could be that cross-talk or accessory cell activation 

is not sufficient to activate NK cells and that a direct effect is required for activity, but 
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that these cells do not express TLR7. There is controversy over whether NK cells 

express TLR7 and therefore respond directly to TLR7 agonists, however it is clear that 

activation and cytotoxic activity in other tumor models is present, regardless of whether 

this is a direct effect (Craft, Bruhn et al. 2005; Scheel, Teufel et al. 2005; Dumitru, 

Antonysamy et al. 2009; Hamm, Rath et al. 2009). In line with our work from chapter 3, 

it seems at least one component of the innate response to imiquimod may be 

dysfunctional or unimportant in our model. Since NK cells are clearly important in other 

tumor models using TLR7 agonists, further work examining NK activation and function 

in imiquimod-treated AB1-HA would be illuminating and could lead to improvement of 

the anti-tumor response. 

 

The presence of imiquimod-activated killing of target cells in distal lymphoid organs in 

the in vivo CTL experiments was suggestive of a systemic anti-tumor response to the 

agonist. Despite this, our antigen presentation data, which shows no increase in 

presentation of tumor antigen in distal sites, and our CD107 work (displaying no 

increase in CTL degranulation systemically) seem at odds with the systemic response 

scenario. However, the CD8+ effector cells activated locally may be present 

systemically, but simply ‘diluted’ due to distance and the lack of ‘target’ (i.e. a tumor) 

in those distal locations. In addition, our study was conducted six days after the initial 

treatment, during which time regulatory mechanisms may be at work in these non-tumor 

draining sites to limit effector cell influx. Previous work has suggested at the systemic 

potential of TLR7 agonists in humans, usually in conjunction with peptide vaccination 

as a protective treatment (Nair, McLaughlin et al. 2003; Schwarz, Storni et al. 2003), 

and also observing potent in vivo CTL responses (Rechtsteiner, Warger et al. 2005). 

Imiquimod has also shown some efficacy systemically against cutaneous metastases of 

melanoma (Steinmann, Funk et al. 2000; Bong, Bonnekoh et al. 2002). However, our 
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treatment protocol, without the requirement of a known peptide for vaccination, has the 

potential to convert the tumor into a source of antigen for systemic anti-tumor responses 

and efficacy against a distal tumor site. A systemic CTL response would be very 

important for the future therapeutic applications of the agonist, providing the potential 

to not only induce anti-tumor responses at the primary site, but also deal with metastatic 

tumor and residual tumor (for instance, following surgery). Future in vivo CTL and 

antigen presentation experiments before, during and after the treatment protocol would 

be informative regarding confirmation of the existence of a systemic response during 

the course of treatment.  

 

4.3.2 The imiquimod-driven anti-tumor immune response requires type I IFN  

Imiquimod drove a strong type I IFN response in our model, as evidenced by gene 

expression in treated tumors and systemic production detected by ELISA. In addition, 

Ly6A/E staining, a sensitive marker of IFN exposure, showed that CD8+ T cells were 

the key immune cell being activated by the cytokine, with CD4+ T cells displaying very 

little response in our whole blood staining experiments. Confirmation of the importance 

of IFN for the anti-tumor response came with type I IFN blockade, which severely 

limited the anti-tumor response to imiquimod and Ly6A/E expression on CD8 

lymphocytes. In the same vein, the ELISA results showed stimulation of IFN-α, known 

to be upregulated following exposure of immune cells to TLR7 agonists in vivo (Reiter, 

Testerman et al. 1994; Gibson, Imbertson et al. 1995; Megyeri, Au et al. 1995). Type I 

IFNs have several effects on tumors, including increase in MHC class I expression, 

downregulation of oncogene expression and induction of tumor suppressor genes, 

adding to the antiproliferative capacity of this cytokine and improvement of immune 

recognition (Gutterman 1994; Musiani, Modesti et al. 1997; Hakansson, Gustafsson et 
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al. 1998; Paquette, Hsu et al. 1998; Vicari, Caux et al. 2002; Dunn, Koebel et al. 2006). 

These direct effects on tumor cells are enhanced by the stimulatory and activation 

effects type I IFNs have on host immune cells, including maturation of DCs, increased 

cross-presentation of tumor antigen, and infiltration of T cells (Halloran, Urmson et al. 

1989; Le Bon, Etchart et al. 2003; Tosi, Valenti et al. 2004; Le Bon, Durand et al. 

2006). Interestingly, especially in light of our hypothesis of viral mimicry by TLR7 

agonists, IFN-α stimulated DCs are particularly adept at engulfing apoptotic cells and 

inducing cross-priming and CTL generation to antigen (Ferrantini, Capone et al. 2007).  

Immunohistochemistry demonstrated that local infiltration of CD8 T cells was increased 

following treatment with imiquimod. This may have been due to type I IFN exposure in 

the local tumor microenvironment, which is known to regulate their expansion 

(Kolumam, Thomas et al. 2005).  

 

It seems the effects of type I IFN in our model are limited to the tumor site and 

enhanced cross-priming of naïve CD8 T cells is not necessary for resolution of AB1-HA 

tumor. These local effects of IFNα/β are consistent with the anti-tumor effects seen 

with IFN-α or β in human tumors, notably including mesothelioma (Christmas, 

Manning et al. 1993; Berek, Markman et al. 1999; Paul, Muller et al. 2003; Cavalheiro, 

Dastoli et al. 2005) and could include the upregulation of MHC class I levels in tumor 

tissue, heightening sensitivity to CTL mediated killing  (Halloran, Urmson et al. 1989; 

Oberg 1992); improving the quality of the response, rather than quantity. Upregulation 

of MHC class I on pancreatic islets has been shown to be critical in converting T cell 

reactivity into autoimmune destruction, which was mediated by IFN-α release induced 

by viruses or viral-like TLR agonists (Lang, Recher et al. 2005). This destruction of 

pancreatic cells was not present without IFN, even if activated effectors were infiltrating 
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this tissue. Therefore, imiquimod may act in a similar manner suggested for polyI:C, 

where the threshold for killing of pre-existing CD8 T cells in the tumor is lowered 

(Currie, van der Most et al. 2008). Another possibility of a qualitative improvement is 

the IFN-mediated upregulation of Fas on tumor cells, which is known to increase 

sensitivity to CTL targeting and killing (Kaser, Nagata et al. 1999; Ekmekcioglu, 

Mumm et al. 2008) and which was found to be upregulated in our SuperArray of 

imiquimod-treated tumors. Direct effects of IFN on tumor cells such as downregulation 

of oncogene expression and induction of tumor suppressor genes seem unlikely given 

the lack of response to imiquimod in nude mice, although these responses may be 

present but unable to significantly retard tumor progression. Further investigation of the 

exact mode of action of type I IFN in our model is required to fully determine its 

qualitative effects on CTL and tumor destruction. Examining CD8 activation/effector 

responses and detecting Fas upregulation and engagement in IFN receptor knockout 

mice during treatment would provide valuable knowledge regarding the qualitative 

effects of IFN on CTL. 

 

Interestingly basal cell carcinoma was initially trialled using intralesional type I IFN 

therapy (DiLorenzo, Goodman et al. 1994; Georgouras 1994; Buechner, Wernli et al. 

2002), with promising results. This was later followed by imiquimod in the form of 

AldaraTM, which stimulates local production of type I IFN, known to be a key 

contributor to its anti-tumor action (Slade, Owens et al. 1998; Sullivan, Dearaujo et al. 

2003; Wenzel, Uerlich et al. 2005). So, for TLR7 agonists at least, there seems a 

precedent for clinical responses induced by IFN leading to application of commercially 

available IFN-stimulating compounds. Notably, there is some clinical evidence towards 

the importance of type I IFN therapy in mesothelioma, with low but measurable 

response rates in some patients (Christmas, Manning et al. 1993; Ardizzoni, Pennucci et 
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al. 1994). Interferon therapy for mesothelioma has been most successful in combination 

with chemotherapy such as cisplatin, with observations of up to 40% response rate 

(Pass, Temeck et al. 1995; Soulie, Ruffie et al. 1996; Purohit, Moreau et al. 1998). 

However, recombinant IFN-α therapy has commonly provoked unwanted toxic side 

effects in patients due to the relatively high dose required to provide the positive 

outcomes expected. Persistent TLR7 agonist therapy of primary tumors could overcome 

this problem since lower levels of IFN are produced compared to recombinant doses, 

they are targeted, and stimulate a more ‘natural’ and regulated production of the 

cytokine by adjacent immune cells. However this is countered by the fact that BCC 

therapy with imiquimod is reliant on local, topical application, whereas mesothelioma is 

typically difficult to access. Potentially this could be overcome by direct access via 

intralesional/pleural therapy, as has been successfully conducted previously for 

mesothelioma (Astoul, Picat-Joossen et al. 1998; Stam, Swaak et al. 2000) and can be 

organized such that a pump can periodically or continuously deliver the agonist 

(Davidson, Musk et al. 1998). 

 

4.3.3 Tumor bulk is inhibitory to the effectiveness of imiquimod 

Tumors are known to exert immune suppression, via multiple factors, in the local 

environment and systemically (Restifo, Kawakami et al. 1993; Alleva, Burger et al. 

1994; Cohen and Kim 1994), which become increasingly debilitating to the immune 

response as they progress. This tolerance of the tumor by the immune system leads to 

advanced progression of tumor size and invasion into surrounding tissues (Pardoll 2003; 

Zippelius, Batard et al. 2004; Kim, Emi et al. 2006). Indeed, smaller tumor burden is 

known to be a positive predictor of responses to local immunotherapy-based (intra-

pleural) treatments in mesothelioma (Boutin, Nussbaum et al. 1994). 
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Our large tumor experiment results suggested that, whilst effective at breaking tumor-

induced suppression/dysfunction, the response was sub-optimal in terms of long-term 

survival, and that the increased suppressive mechanisms present in a more bulky tumor 

were more proficient at evading tumor destruction. Experimentally imiquimod has been 

shown to have some effectiveness in controlling large tumor bulk when delivered 

systemically (Sidky, Borden et al. 1992), whilst topical treatment of cutaneous large 

tumors has been successful clinically  (Beutner, Geisse et al. 1999; Marks, Gebauer et 

al. 2001). There could be a number of reasons for imiquimod’s limited effectiveness 

against large tumors in our model, some of which will be investigated in the next 

chapter, but including increased suppressive activity of CD4+CD25+ regulatory T cells, 

downregulation of MHC class I, presence of immune suppressive proteins such as TGF-

β and dampening of the CD8+ response by inhibitory B7 receptor molecules such as 

PD-L1. 

 

Since tumor bulk reduces efficacy, and the compound has been found to improve 

systemic responses to local cryosurgery (Redondo, Del Olmo et al. 2007), we 

hypothesized that decreasing tumor bulk and therefore suppression combined with the 

introduction of the context of viral ‘danger’ would improve the post-surgical anti-tumor 

response to large tumor burden. Our results show that the suppressive effect of tumor 

bulk could be successfully overcome by debulking surgery with concurrent and 

subsequent addition of imiquimod. From the large tumor and debulking surgery data it 

appeared that imiquimod improves the outcome post-surgery and that surgery actually 

enhances the response to imiquimod, since a previously less-responsive tumor bulk 

becomes responsive to treatment. There is limited literature regarding TLR7 agonist 

combination concurrently with surgery, imiquimod mostly being successfully used prior 
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to or after resection of BCC (Thissen, Kuijpers et al. 2006; Butler, Parekh et al. 2009). 

Interestingly, local cryosurgery of B16 melanoma followed by imiquimod treatment of 

the lesion induced a cellular response and was resistant to rechallenge in 90% of treated 

mice (Redondo, Del Olmo et al. 2007). 

 

The debulking surgery experiments provide an insight into the potential for imiquimod 

to be used clinically, in situations where tumor burden can be partially removed, but due 

to the location of the mass, complete resection is not possible. This is often the case 

with malignant mesothelioma (Butchart, Ashcroft et al. 1976; Sugarbaker, Flores et al. 

1999), and may actually be advantageous, where remaining tumor bulk supplies the 

immune system with tumor antigen but without the suppressive mechanisms of the 

entire tumor (Broomfield, Currie et al. 2005). The addition of ‘danger’ in the form of a 

TLR7 agonist might then successfully activate effector CTLs, destroying residual 

tumor. Further work needs to be completed in this area to enhance our knowledge 

regarding the timing of imiquimod treatment with surgery and it’s possible combination 

with immunotherapy/chemotherapy.  

 

4.3.4 Agonistic anti-CD40 immunotherapy enhances the anti-tumor response to 

imiquimod 

Imiquimod therapy alone, whilst effective at delaying tumor progression, does not 

ultimately stimulate complete tumor resolution and long-term survival in most animals. 

Therefore, based on a potential deficiency in CD4 help, we hypothesized that 

immunotherapy in the form of anti-CD40 antibody would enhance the anti-tumor 

response. Our combination experiments show that systemic anti-CD40 therapy 

effectively combined with imiquimod to significantly improve the anti-tumor response.  
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Successful combination of TLRs with anti-CD40 therapy has been shown, with several 

workers investigating their potential using effective vaccination (TLR7) and therapeutic 

protocols (TLR3) (Ahonen, Doxsee et al. 2004; Sanchez, McWilliams et al. 2007; 

Warger, Rechtsteiner et al. 2007; Ahonen, Wasiuk et al. 2008; Llopiz, Dotor et al. 

2008), usually in the presence of known tumor antigen. This suggests that an advantage 

of our combination is its potency without the need for addition of a known antigen, or 

tumor lysate, indicating that the treated tumor becomes the source of antigen and its 

own vaccine site.  

 

Our results suggest that anti-CD40 induces a qualitative enhancement of CD8 effector 

function, as has been demonstrated previously (Mendoza, Cantwell et al. 1997) and if 

this is the case, CD40 engagement should improve CD8 T cell responses. We found no 

increase in CD8 T cell numbers in tumors from mice treated with the combination, 

however anti-CD40 increased CD4 numbers in the tumors, suggesting the provision of 

CD4 help to CD8 T cells already activated by imiquimod. The subsequent prevention of 

exhaustion and maintenance of the CTL response may be the consequence of the 

imiquimod/anti-CD40 synergy, overcoming suppression at the tumor site.  

 

This qualitative improvement in CD8s provided by imiquimod and anti-CD40 might 

mean that they are better able to deal with the suppressive effects of tumor bulk and 

therefore could potentially target distal tumor (metastases), which represents a major 

challenge to the clinical management of tumors.  
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4.4 CHAPTER SUMMARY 

Our investigations suggest that imiquimod is effective at promoting a local anti-tumor 

immune response which is reliant on type I IFN and CD8 effector cells, with evidence 

of this effector driven response further provided by the reliance on perforin/IFN-γ 

release. Whilst antigen presentation appears restricted to the tumor draining lymph 

node, imiquimod-driven killing of tumor-antigen specific target cells was seen 

systemically in the non-draining lymphatics and the spleen, however degranulating 

effector cells were not detected at distal sites. These findings suggest that imiquimod 

exerts its influence in the local tumor site via type I IFN-promotion possibly changing 

the tumor environment through upregulation of MHC class I, maturation and activation 

of APCs and activation of CD8 effectors.  

 

Immunotherapy (anti-CD40) significantly enhanced the anti-tumor responses to 

imiquimod, potentially by improving the expansion and quality of CD8 effectors. Our 

data is indicative of a potent, CTL-reliant anti-tumor response, and the next chapter 

explores the efficacy and characterizes the cellular requirements of this response in 

retarding the progression of a distally located tumor in a dual tumor model of murine 

malignant mesothelioma.  
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CHAPTER 5 
 
 

HARNESSING THE IMIQUIMOD-DRIVEN  
ANTI-TUMOR RESPONSE TO TARGET  

DISTAL TUMORS 
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5.1 INTRODUCTION 

In the previous chapter we found that imiquimod induced a CD8 effector response in 

tumor bearing mice that was enhanced by anti-CD40 immunotherapy. However, 

whether this translated to a systemic anti-tumor response capable of resolving or 

delaying progress of a distal tumor, was not determined. Therefore in this chapter we 

investigated the effectiveness of imiquimod, either alone or in combination with anti-

CD40 immunotherapy, at delaying the growth of a distal (metastatic) tumor. We also 

examined the immune subsets and cytokines associated with the response. 

 

Metastatic disease is a key issue affecting the treatment of aggressive tumors, with 

patients often succumbing to tumors arising from, and distant to their primary tumor 

(Cowin and Welch 2007; Hunter, Crawford et al. 2008; Geiger and Peeper 2009). Most 

current chemotherapy and radiotherapy protocols promote ‘quiet’ tumor apoptosis, and 

in the main they do not stimulate strong, tumor specific immune responses (Steinman 

and Mellman 2004; Zitvogel, Casares et al. 2004), and can even hinder these responses 

(Steinman, Turley et al. 2000; Dhodapkar, Dhodapkar et al. 2008). Thus with 

subsequent resistance to these therapies, tumors thrive and invade vital organs. Effective 

future treatments of tumors distal from the primary lesion will likely depend on 

inducing a strong, tumor-specific immune response, with the expansion of activated 

effector cells capable of trafficking to and infiltrating the tumor stroma where direct 

lysis of targets or cytokine excretion can occur (Rosenberg, Yang et al. 2004). 

Imiquimod and other TLR7 agonists, by inducing viral-like Th1 immune responses 

along with DC, CD4+ and CD8+ migration, and CD8+ T cell expression of perforin and 

granzymes, can meet these requirements at topical sites of treatment (Ambach, 

Bonnekoh et al. 2004; Smith, Hamza et al. 2004; Wenzel, Uerlich et al. 2005; Ooi, 
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Barnetson et al. 2006). But their capacity to induce effective systemic immune 

responses is not well documented.  

 

Immune responses to viruses sequestered in isolated tissue typically evoke a systemic 

response capable of destroying infected cells throughout the host, and since TLR7 

agonists activate the same pathway as ssRNA viruses it seems possible that the anti-

tumor potency of imiquimod in a locally-treated tumor might promote some infiltration 

of effector cells and retardation of growth of an untreated distal tumor in the same host.  

 

Therefore, in this chapter we aimed to (i) investigate the ability of the local anti-tumor 

CTL response to imiquimod to retard distal tumor progression; (ii) test the combination 

of imiquimod with systemic anti-CD40 as an enhancing immunotherapy; (iii) 

characterize the immune cells involved in both locally treated and distal tumors and 

production of systemic mediators. 
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5.2 RESULTS 

Work detailed in the previous chapter showed that imiquimod stimulated a significant 

tumor-specific effector response that was critical in local control of tumor. We next 

investigated if this response was sufficient and necessary to retard progress of a distally 

located tumor, away from the treatment site. To do this, we used a dual tumor model in 

which BALB/c mice were inoculated with AB1-HA, simultaneously, on the left and 

right flanks, allowing for treatment of one or both.  

 

5.2.1 Imiquimod therapy is partially effective at retarding progression of a distal 
tumor 

After ten days, both tumors had grown equivalently (4 mm2) and one tumor (the right 

flank) was injected with imiquimod (as per Figure 5.1 A). Growth of both tumors was 

monitored and the animal was culled when either of its two tumors reached 100 mm2. 

This time was used to calculate survival.  

 

The systemic response to imiquimod in the dual tumor model was sufficient to 

significantly delay (p< 0.05) tumor growth in the distal site, with a marginal 

improvement in survival of dual-tumor bearing mice (median survival 27 days) 

compared to vehicle (23 days) (Figure 5.1 B). Notably, this was significantly shorter (p 

< 0.001) than the historical data of 39 days survival with imiquimod treatment in the 

single tumor model. Analysis of individual tumor growth curves showed that the small 

survival benefit was limited to only a few mice. Most of the treated mice (14 out of 16) 

reached 100 mm2 by day 30, compared to day 27 for all mice in the vehicle group. The 

remaining 2 mice in the treated-group survived to days 41 and 46, a comparable time-

point to imiquimod treatment in the single tumor model.  
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50 g i.t. 

(LOCAL TUMOR) DISTAL TUMOR 
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Daily doses: q1dx6 Monitor tumor growth A 
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Figure 5.1. Local imiquimod treatment has limited effectiveness against a distal tumor.  

BALB/c mice were inoculated with 1 x 106 AB1-HA tumor cells on the right and left flank at 

day 0 and the ‘local’ right flank tumor treated with the optimal dosing protocol (q1dx6) of in-

tratumoral imiquimod (50 g), or an equivalent dose of vehicle (CBS) from day 10. Mice were 

culled when either the local or distal tumor reached 100 mm2. A. Dosing protocol and tumor 

locations. B. Kaplan-Meier survival curve of treated mice. Log-rank test, p(*) < 0.05; imiqui-

mod vs vehicle. Results shown are pooled from three individual experiments (n = 16).  

* 

177



 175

Despite the overall poor improvement in survival, the local response to imiquimod 

treatment was still effective. Locally-treated tumors responded in most cases with 4 

mice tumor-free and 2 mice with 1 mm2 tumors at their final recorded time point 

(Figure 5.2). The remaining tumors grew at a comparable rate to those treated with 

imiquimod in the single tumor model.  

 

5.2.2 Anti-CD40 antibody combines with persistent imiquimod to significantly 
improve the distal anti-tumor response 

Immunotherapy in the form of anti-CD40 antibody (FGK-45) was successful at 

improving the local anti-tumor effect of imiquimod (Figure 4.15). We therefore 

investigated its effects in the dual tumor setting, with the aim of enhancing the systemic 

effects of imiquimod.  

 

The combination of anti-CD40 and imiquimod was significantly effective at improving 

overall survival in dual tumor bearing mice compared to either vehicle (p<0.001), anti-

CD40 (p < 0.05) or imiquimod alone (p < 0.001; Figure 5.3 B) with complete tumor 

resolution of both local and distal tumors and long-term survival observed in 9 of 16 

mice (56%). In comparison, treatment with either imiquimod or anti-CD40 alone 

resulted in resolution in none or 19% of mice, respectively. All cured mice remained 

tumor free for at least 100 days and resisted rechallenge with AB1-HA. Notably the 

remaining 7 animals (non-survivors) of the combination treatment group had local 

tumor resolution and further delay in distal tumor growth, surviving up to day 35 

(Figure 5.4). In comparison, only 3 of 16 mice in the anti-CD40 alone group that were 

not cured, survived to day 35. Figure 5.3 (C) clearly shows the early resolution of local 

and distal tumors (lower panel) following combination treatment.  
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Local Tumor Distal Tumor 

Vehicle 

Imiquimod 

Figure 5.2. Distal tumor remains largely unaffected by local treatment. Mice were inocu-

lated with AB1-HA tumor and treated as described (Figure 5.1). Shown are the individual  tu-

mor growth plots for both local and distal tumors in untreated and treated mice. 
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A 

B 

Day 0 10 15 

AB1-HA  
inoculation 
dual flanks 

Monitor tumor growth Imiquimod or vehicle q1dx6 

Systemic Anti-CD40 

DISTAL TUMOR 
(UNTREATED) 

  
 

Imiquimod 
50 g i.t. 

Anti-CD40 
100 g i.p. q2dx3 

Imiquimod 

Imiquimod  
+ Anti-CD40 

Local tumor Distal tumor C 

Figure 5.3. Anti-CD40 immunotherapy enhances imiquimod’s systemic anti-tumor po-

tency.  Mice were treated as per Figure 5.1, except that anti-CD40 was included (100 g i.p. 

q2dx3). A. Dosing protocol and site of treatment. B. Kaplan-Meier survival curve of treated 

mice. Log-rank test, p(***) < 0.001; IMQ/anti-CD40 combination vs vehicle or IMQ,  p(*) < 

0.05; combination vs anti-CD40, p(†)< 0.05; IMQ vs vehicle or anti-CD40, p(**) < 0.01; anti-

CD40 vs vehicle.  C. Appearance of local (left panel) and distal (right panel) tumors in imiqui-

mod (upper) or imiquimod + anti-CD40 (lower) treated mice. Results shown are pooled from 

three individual experiments (n = 16)  

*  
*** 

† 
** 
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Local Tumor Distal Tumor 

Anti-CD40 

Imiquimod +anti-CD40 

Figure 5.4. Individual responses to combined imiquimod/anti-CD40 therapy.  A. Individ-

ual tumor growth plots from the local (left panel) and distal (right panel) flank of anti-CD40 

(upper) or imiquimod + anti-CD40 (lower) treated animals from the dual tumor experiments 

(Figure 5.3).  

INDIVIDUAL TUMOR GROWTH 
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5.2.3 CD8 and CD4 T cells are vital for the potency of imiquimod + anti-CD40 
immunotherapy 

The experiments in sections 5.2.1 and 5.2.2 demonstrated that local imiquimod was 

sufficient to delay distal tumor (to a limited extent) and that anti-tumor responses were 

significantly enhanced by anti-CD40 therapy. We next determined if this effect required 

a systemic CD8 and/or CD4 T cell response. 

 

Depletion of CD8 T cells totally abrogated the anti-tumor effect of the combination 

treatment (Figure 5.5), with no animals with complete resolution and median survival 

significantly reduced to below that of vehicle treated tumors (21 vs 23 days; p < 0.05). 

Notably, although mice were culled due to distal tumor growth, their local tumors had a 

mean tumor size of 62 mm2 compared to fully resolved local tumors in non-depleted 

mice (data not shown), indicating non-responsiveness in the local tumor of depleted 

mice. Depletion of CD4 T cells also significantly reduced survival (p < 0.01), with the 

overall survival response similar to that of imiquimod treated animals (29 vs 27 days), 

but still less than that for anti-CD40 treated animals (32 days for non-survivors). As 

with CD8 depletion, both local and distal tumors did not respond to treatment, with a 

mean local tumor size of 59 mm2 in non-responding mice and only 1 of 6 mice having a 

completely resolved tumor, compared to 16/16 in non-depleted mice (data not shown). 

  

5.2.4 Activated CD8 T cells infiltrate the local tumor site 

 

The depletion studies demonstrated that CD4 and CD8 T cells were important in the 

local and distal tumor response to combination treatment. It was therefore of interest to 

determine how anti-CD40 was exerting its effects at both the local and distal tumor 

sites. A dual tumor infiltrate experiment was designed to investigate and characterise  
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Figure 5.5. The distal anti-tumor response to combination treatment is reliant on CD4 

and CD8 T cells.  Mice were treated as per Figure 5.3 and depleted of either CD4 (GSK1.1 

mAb) or CD8 (YTS.169) T cells from one day prior to treatment commencement and every 

second day for a total of six doses (depletion confirmed as per Figure 4.1). Data shown are 

Kaplan-Meier survival curves of treated mice comparing depletion (anti-CD4; n = 7, antiCD8; 

n = 6) with no depletion treatments (n = 16). Depletion experiment was conducted concur-

rently with the final dual tumor experiment (n = 6 from Figure 5.3). Log-rank test, p(***) 

<0.001, anti-CD8 + IMQ/anti-CD40 vs IMQ/anti-CD40, p(**)< 0.01, anti-CD4 + IMQ/anti-

CD40 vs IMQ/anti-CD40.  

** *** 
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the immune cell infiltrate of both local and distal tumors along with their draining 

lymph nodes and other lymphatic tissues (spleen).  

 

Of note, treatment commenced on day 14, post inoculation in these experiments, since a 

previous attempt at this experiment using treatment at day 10 had yielded too few cells 

from the tumors for analysis. This was a result of the efficacy of the combination 

treatment, since tumors were too small or non-existent following completion of the 

course. Tissues were harvested the day after completion of treatment (day 20) and 

prepared for FACS staining and analysis (see protocol Figure 5.6 A and B).  

 

Despite the advanced size of the tumors compared to previous dual tumor experiments, 

the combination treatment and other treatments corresponded well to short-term 

retardation of tumor growth, with significant reduction in tumor size compared to 

vehicle treatment (p < 0.01 and 0.001; Figure 5.7 A and B). Volume (mm3) of tumors 

was used as a more accurate measure of mass - this was possible since whole tumors 

were removed and measured at culling. Mean tumor sizes for local and distal vehicle 

treated tumors were 1684 mm3 and 1244 mm3 respectively, compared with 288 mm3 

and 553 mm3 for imiquimod and 98 mm3 and 388 mm3 for imiquimod + anti-CD40 

therapy.  

 

T cells were identified in tumor samples using CD3+, CD4+ or CD8+ staining and 

analysed by FACS in TruCOUNTTM tubes for absolute determination of positive cells 

in each sample. This was important to control for the large variation in tumor sizes  
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Day 0 10 14 19 20 21 

AB1-HA  
inoculation 
dual flanks 

Treatment Groups: 
IMQ 

IMQ/anti-CD40 
anti-CD40 

Vehicle 

FACS analysis 

1. Organ harvest: 
    - dLN (pooled axillary/inguinal) 
    - ndLN (pooled) 
    - spleen 
    - local tumor 
    - distal tumor 
 
2. Single-cell suspension 
 
3. Antibody staining 

  
 

Anti-CD40 
100 g i.p. 

Imiquimod 
50 mg i.t. 

A 

B 

Figure 5.6.  Protocol for immune cell infiltrate experiment. A. Schedule of treatment and 

harvesting of tissues. B. Photographs of a treated animal showing locations of organs har-

vested for analysis of immune cell infiltrate. Shown are local and distal tumors and pooled 

lymph nodes (left panel), both inguinal (bottom) and axillary (top) and spleen (right panel). 

Photographs are of an IMQ + anti-CD40 treated mouse. Protocol was conducted twice, n = 3 

and n = 5 per group (data pooled).  

Local tumor Distal tumor Spleen 

Treatment draining lymph 
nodes (TDLN) 

Non-Treatment draining 
lymph nodes (NTDLN) 
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Local Tumor 

Distal Tumor 

A 

B 

Figure 5.7.  Combination treatment effectively reduces tumor volume locally and distally. 

BALB/c mice were inoculated with 1 x 106 AB1-HA cells on both flanks at day 0, with treat-

ment (vehicle, anti-CD40, imiquimod or imiquimod + anti-CD40) commencing at day 14 in 

order to ensure enough cells in both local and distal tumors for staining and analysis. Tumors 

were excised and measured on day 20 post tumor inoculation, prior to mechanical disruption 

and cell staining. A. Local and B. Distal tumor volumes of treated mice at day 7 post treatment 

(+1 day after final injection). Bar denotes mean. One-way ANOVA (log values with Bon-

ferroni post test) was conducted. Local tumor: p(***)< 0.001, vehicle vs anti-CD40, IMQ or 

IMQ/anti-CD40. Distal tumor: p(**)< 0.01; vehicle vs IMQ/anti-CD40, p(***)< 0.001; vehi-

cle vs anti-CD40, p(*)< 0.05; IMQ vs anti-CD40. Data is pooled from two infiltrate experi-

ments, (n = 8).  

*** 

**  

 **  

 *** 
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observed (Figure 5.7). The gating strategy and a typical TruCOUNTTM population is 

shown in Figure 5.8 (A and B).  

 

Analysis of absolute numbers of CD8+ lymphocytes infiltrating tumors showed no 

significant variation between treatment groups either within or between local and distal 

sites (Figure 5.10). However, there was a significant difference in the proportion of 

activated (CD69+) CD8+ lymphocytes between treatments (Figure 5.10 B). The 

percentage of activated CD8 cells in the local tumor was significantly increased by 

imiquimod (p < 0.001) and anti-CD40 (p < 0.05), with 30.8% and 23.6% of cells 

positive for CD69 respectively, compared to vehicle (17.8%) and IMQ/anti-CD40 

(16.9%). The distal tumor showed no significant differences between groups. Increasing 

CD69+ CD8+ T cell numbers correlated with reduction of tumor size in the imiquimod 

treated local tumor (p<0.01; Figure 5.10 C). Vehicle, anti-CD40 and combination 

treatment numbers did not correlate significantly with tumor size (p=0.83, p=0.07 and 

p=0.31, respectively). There was no correlation between CD69+ CD8+ T cell numbers 

and tumor size in the distal tumor for any treatment groups. 

 

Activated CD8+ T cells were also present in the treatment tumor draining lymph node 

(TDLN) (Figure 5.11 A, right), with imiquimod + anti-CD40 (21%; p<0.001 vs vehicle) 

and anti-CD40 (18%; p<0.01 vs vehicle) alone showing the presence of activated cells 

compared to vehicle (6%) and imiquimod (7%). Distal tumor draining lymph nodes 

(NTDLN) and spleens reflected similar differences in percentages between groups. 

Notably, the proportion of CD8 T cells in the TDLN (Figure 5.11 A, left) were 

significantly (p< 0.05) reduced in the imiquimod + anti-CD40 group (29%) compared to 

vehicle (37%). Reduced frequency of CD8+ cells for the combination treatment (31%  
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Figure 5.8. Gating strategy for flow cytometry analysis of tumor infiltrate. Tumors from 

animals treated for six days with imiquimod locally and/or anti-CD40 antibody systemically or 

vehicle control were processed for analysis of infiltrating immune cell phenotypes. Compensa-

tion and thresholds were set using unstained, single stained and isotype controls for the rele-

vant antibodies. A. CD3+ and CD4+/CD8+ lymphocytes were subgated from the side scatter/

forward scatter population and this population further subgated for CD69+ cells. B. Absolute 

numbers of infiltrating cells were determined using BD TruCOUNTTM Tubes, where a relative 

fraction of a known number of fluorescent beads are counted concurrently with the fluorescent 

antibody-stained tumor infiltrate. The bead population was gated on FITC (X-axis) and PE (Y-

axis) and counted for each sample. The absolute numbers were then calculated based on this 

figure. 
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74.00 

0.63 

Figure 5.9. Gating strategy for flow cytometry analysis of lymph node infiltrate. Draining 

and non-draining lymph nodes (axillary and inguinal) from animals treated for six days with 

imiquimod locally and/or anti-CD40 antibody systemically or vehicle control were processed 

for analysis of infiltrating immune cell phenotypes. Compensation and thresholds were set us-

ing unstained, single stained and isotype controls for the relevant antibodies. CD3+ and CD4+/

CD8+ lymphocytes were subgated from the side scatter/forward scatter population and this 

population further subgated for CD69+ cells.  
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A 

B 

Local Tumor Distal Tumor 

*** 

C 

* 
** 

Figure 5.10. Increased numbers of activated CD8+ lymphocytes are present in the local 

tumor site after imiquimod treatment. Immune cell phenotypes of tumor infiltrates were 

analysed and calculated relative to TruCOUNTTM bead numbers per sample, these amounts 

were then used to calculate absolute numbers in the tumor. A. Absolute numbers of tumor-

infiltrating CD3+ CD8+ lymphocytes from the local (left) and distal (right) tumors. Data 

shows numbers from individual mice. B. CD69+ lymphocytes as a percentage of absolute 

CD8+ numbers. Data shows mean ± SEM from two experiments combined (n = 8). p(***) < 

0.001; IMQ vs vehicle or IMQ/anti-CD40. p(*)<0.05; anti-CD40 vs vehicle, p(**)<0.01 anti-

CD40 vs IMQ/anti-CD40. C.  CD8+/CD69+ negative correlation with tumor size for imiqui-

mod treatment group. Tables show p and r values for vehicle, anti-CD40 and IMQ/anti-CD40 

treatment groups.  

Treatment  p-value  r-value  

Vehicle  0.83  0.09  

Anti-CD40  0.07  0.66  

IMQ/anti-CD40  0.31  0.41  

Treatment  p-value  r-value  

Vehicle  0.89  -0.06 

Anti-CD40  0.822 0.09 

IMQ/anti-CD40  0.60 0.22 

IMQ 
p = 0.002 
r = -0.91 

IMQ 
p = 0.64 
r = -0.20 
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Activated CD8+ T cells 

TDLN 

NTDLN 

Spleen 

* 

*** ** 

Figure 5.11. Anti-CD40 increases the proportion of  activated CD8+ lymphocytes in 

treated tumor and distal draining lymph nodes. Lymphoid tissues were harvested as de-

scribed (Figure 5.6) and stained for T cell markers. Shown are percentages of CD3+ cells that 

were positive for CD8 (left) and CD3+CD8+ cells positive for CD69 (right). A. Treatment 

draining lymph node (TDLN). Data shows mean ± SEM from two experiments combined (n = 

8);   p(*)< 0.05; IMQ/anti-CD40 vs vehicle,  p(**) <0.01, anti-CD40 vs vehicle, p(***)<0.001; 

IMQ/anti-CD40 vs vehicle. B. Distal (untreated) draining lymph node (NTLN). Mean ± SEM;  

p(*)<0.05; vehicle, or IMQ or anti-CD40 vs IMQ/anti-CD40, p(**)<0.01; anti-CD40 vs vehi-

cle, p(†)<0.05; IMQ/anti-CD40 vs vehicle. C. Spleen. Mean ± SEM; p(**)<0.01; vehicle vs 

anti-CD40, p(*)<0.05; vehicle vs IMQ/anti-CD40. p(***)<0.001; anti-CD40 vs vehicle p(†††)

<0.001; IMQ/anti-CD40 vs vehicle or IMQ,  p(††)<0.01, anti-CD40 vs IMQ. 
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vs 35% vehicle) was also found in the NTDLN (Figure 5.11 B, left). Additionally, anti-

CD40 and IMQ/anti-CD40 significantly reduced the proportion of CD8s in the spleen 

(Figure 5.11 C, left) (p < 0.01 and p < 0.05, respectively). 

 

5.2.5 Activated CD4 T cells infiltrate the local tumor site and are reduced by 
anti-CD40 

Absolute tumor infiltrating CD4 counts varied between treatment groups (Figure 5.12 

A), with the number of locally infiltrating CD4s in vehicle treated tumors (7490 

cells/tumor) significantly different (p < 0.01) to those in either  anti-CD40 (1450 

cells/tumor) or the imiquimod + anti-CD40 combination (786 cells/tumor). Notably, the 

numbers of CD4+ cells infiltrating the distal tumors of imiquimod-treated mice were 

significantly (p < 0.01) higher than in distal tumors of mice treated with either vehicle, 

anti-CD40, or the combination treatment (7773 cells/tumor compared to 3300, 1310 and 

1479 cells/tumor respectively; p<0.01). The proportions of activated (CD25+) CD4 T 

cells in the local and distal tumors of individual mice in all treatment groups were very 

variable (ranging from 19.8% to 38.2%) and were not significantly different with the 

sample size used (p > 0.05; Figure 5.12 B). However, treatment with anti-CD40 showed 

a trend for an increased percentage of CD25+ cells (34% local and 38% distal) 

compared to vehicle treatment (28% locally and 23% distally), while proportions 

appeared lower with imiquimod treatment (20% locally and 19% distally). Proportions 

were similar to vehicle treatment with the combination therapy. 

 

Correlation studies of CD4+ CD25+ T cell numbers in the local tumor showed a 

significant positive correlation between increasing numbers of these cells in the anti-

CD40-treated group and increasing tumor size (p < 0.05; Figure 5.12 C). Vehicle,  
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Figure 5.12. CD4+ lymphocytes infiltrate the local tumor site. Immune cell phenotypes of 

tumor infiltrates were analysed and calculated relative to TruCOUNTTM bead numbers per 

sample, these amounts were then used to calculate infiltrating cells relative to tumor size. A. 

Absolute numbers of tumor-infiltrating CD3+ CD4+ lymphocytes from the local (left) and dis-

tal (right) tumors. Data shows mean ± SEM from two experiments combined (n = 8, except 

vehicle and IMQ groups: n = 7, due to low numbers of cells) p(**;††)<0.01; vehicle vs IMQ/

anti-CD40 or anti-CD40, p(***)<0.001; imiquimod vs IMQ/anti-CD40, p(‡‡)<0.01; IMQ vs 

vehicle, anti-CD40 or IMQ/anti-CD40. B. CD25+ lymphocytes as a percentage of absolute 

CD4+ numbers. C. CD4+/CD25+ positive correlation with tumor size for anti-CD40 treatment 

group. Tables show p and r values for vehicle, anti-CD40 and IMQ/anti-CD40 treatment 

groups.  

Treatment  p-value  r-value  

Vehicle  0.11 -0.60 

IMQ 0.14 -0.57 

IMQ/anti-CD40  0.37 0.37 

Anti-CD40 
p = 0.04 
r = 0.72 

Treatment  p-value  r-value  

Vehicle  0.54 -0.25 

Anti-CD40 0.71 0.15 

IMQ 0.86 0.07 

IMQ/anti-CD40  0.74 0.14 
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imiquimod and IMQ/anti-CD40 groups showed no correlation in either local or distal 

tumors.  

 

In the lymphoid organs, observable changes in percentages of CD4+ T cells were seen 

in the TDLNs (Figure 5.13 A), where reduced proportions were detected in all groups 

(all 52%) compared to vehicle (62%), although not significantly, and in the NTDLNs 

(Figure 5.13 B) the combination treatment (52%) significantly (p<0.05) reduced CD4+ 

cells in the NTDLNs compared to vehicle (59%). Percentages of CD4+ T cells in the 

spleen (Figure 5.13 C) were similar between all groups, except imiquimod where the 

proportion of CD4+ cells was significantly higher than the combination treatment (65% 

vs 56%; p<0.01). 

 

5.2.6 CD25+ CD4 T cells are required for the distal response to imiquimod 

The dual tumor infiltrate studies revealed an increase in the CD4 numbers in the distal 

tumor following imiquimod treatment, but not with the effective combination treatment. 

Since CD25+ cells can act as T regulatory cells, we hypothesised that they may be 

abrogating the anti-tumor response at this site, therefore limiting the imiquimod-induced 

systemic anti-tumor response. We conducted a dual tumor experiment with mice 

receiving CD25 depleting antibody (PC61) during the course of imiquimod treatment 

(Figure 5.14). Imiquimod treatment was effective at delaying tumor growth in both 

tumors with a median survival time of 24 days compared to 17 days for vehicle (p < 

0.01; Figure 5.14). Importantly, anti-CD25 treatment alone did not significantly change 

survival time (20 days) compared to vehicle. Contrary to what was expected, depletion 

of CD25+ cells in imiquimod treated mice did not improve the overall survival response  
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TDLN 
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Figure 5.13. No effect of therapy on CD4+ lymphocytes in tumor draining and non-

draining lymphoid tissues. Lymphoid tissues were harvested as described (Figure 5.6) and 

stained for T cell markers. Shown are percentages of CD3+ cells that were positive for CD4 

(left) and CD3+CD4+ cells positive for CD25 (right). A. IMQ-treated tumor draining (TDLN).  

B. Non-IMQ treated tumor draining lymph nodes (NTDLN). Mean ± SEM; p(*)< 0.05; vehicle 

vs IMQ/anti-CD40, p(†)<0.05; vehicle vs IMQ. C. Spleen. Mean ± SEM; p(**)< 0.01; IMQ vs 

IMQ/anti-CD40, p(*,†)< 0.05; IMQ/anti-CD40 vs vehicle or IMQ. The experiment was per-

formed twice (n = 8). 
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Figure 5.14. Depletion of CD4+CD25+ cell does not improve distal tumor response to im-

qiuimod. Imiquimod treated, dual-tumor bearing mice were depleted of T regulatory cells 

(depletion confirmed as described Figure 4.1) and monitored for survival. Log-rank test, p(**)

<0.01; imiquimod vs vehicle, p(*) < 0.05; IMQ + anti-CD25 vs imiquimod. Data is from one 

experiment (n = 6 per group, except IMQ + anti-CD25, n = 8). 

* ** 
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at the distal site, in fact, the response was significantly diminished compared to 

imiquimod treatment alone (20 days median survival vs 24; p < 0.05). 

 

5.2.7 Combination treatment stimulates MHC class I expression in the local 
tumor 

The numbers of CD69+ CD8s infiltrating local and distal tumors in the various 

treatment groups did not directly equate with the magnitude of the reduction in tumor 

volume. We therefore examined the levels of MHC class I in local and distal tumors of 

the various treatment groups to test if differences in tumor targetability existed.  

 

The expression of MHC class I (measured as mean MFI) was not significantly different 

between local and distal tumors in vehicle treated mice (MFI of 476 and 450 

respectively; Figure 5.15 B). A significant increase in the level of MHC class I 

expression was found only with the combination treatment compared to vehicle, but 

only in the locally-treated tumor (MFI of 1398 vs 451; p<0.05). In contrast to MHC 

class I expression, no significant difference in MHC class II expression was detected 

either between local and distal tumor groups or between treatment groups within either 

tumor, although there was a trend towards an increase in MHC class II expression in the 

local tumor upon anti-CD40 treatment (MFI of 374 vs 200 in the vehicle). 

 

5.2.8 Changes in tumor DC numbers and MHC class I and II expression after 
treatment 

To test if the various treatments changed the quantity and capability of the tumor APCs, 

we stained for the subsets of these immune cells in the local and distal tumors. Tumors  
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Figure 5.15. Combination treatment enhances total MHC class I expression in the local 

tumor. Tumor cells were harvested as previously described (Figure 5.6). A. FACS plots of 

whole tumor expression of MHC class I and II from local tumor. Fluorescence expressed as 

percentage of maximum, isotype control (filled histogram) and IMQ/anti-CD40 (empty histo-

gram) shown from local tumor sample. B. MFI of MHC class I and II from whole local and 

distal tumor. Mean ± SEM;   p(*) < 0.05; IMQ/anti-CD40 vs vehicle. The experiment was per-

formed once, with mean MFI shown from three animals (MHC class II) and five animals 

(MHC class I) pooled from each group.   
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Figure 5.16. Flow cytometry for tumor APC infiltrate characterisation. Tumors from ani-

mals  were treated as described (Figure 5.6) and processed for FACS analysis. Compensation 

and thresholds were set using unstained, single stained and isotype controls for the relevant 

antibodies. A. Scatter profile of tumor cell suspension from imiquimod treated tumor. B. 

B220+ and CD11c+ cells were subgated from the side scatter/forward scatter population and 

this population further subgated for pDCA1 and MHC class I. C. MHC class II+ gating of 

CD11c+ cells (separate experiment). Absolute infiltrating cell numbers were calculated as 

mentioned previously (Figure 5.8).  
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were stained for B220 (B cells), CD11c (DCs) and pDCA1 (pDCs) and these cells 

examined for the level of MHC class I or II expression (MFI).  

 

Absolute numbers of CD11c+ cells in the local tumor did not significantly increase 

following any of the treatments (Figure 5.17 A, left panel), however there was a trend 

toward higher numbers in the imiquimod (13366 mean positive cells) and combination 

treatment groups in local tumors (~2-fold increase over vehicle; p=0.062). In contrast, 

the distal tumor CD11c+ cell counts, which were similar to those in the local vehicle-

treated tumors, did not vary between treatment groups. When looking at the DC subset-

specific counts, conventional DC (cDC) were the most common subset in local and 

distal tumors (~80% of total) and their numbers also appeared to be increased in the 

local tumor following imiquimod or combination treatment (~1.5 fold; p=.0.095 and 

0.42, respectively; Figure 5.17 B, left panel). Again, there were no differences in cDC 

numbers between treatment groups in the distal tumor. The number of plasmacytoid 

DCs (pDCs) infiltrating local tumors was significantly and selectively increased after 

imiquimod treatment (1815 pDCs vs 177 in vehicle ; p<0.001) although this effect was 

not observed in distal tumors.  

 

Combination treatment significantly increased MHC class I expression on total CD11c+ 

DCs (Figure 5.18 A) in the local tumor site compared to vehicle (mean MFI of 5565 vs 

2351; p < 0.01).  There also appeared to be a local increase after anti-CD40 or 

imiquimod treatment (~1.4 and 1.7–fold) although this was not significant (both p = 

0.31). A significant and equivalent increase in local MHC class I expression after 

imiquimod treatment was observed in both the cDC and pDC subsets (~2-fold increase;  
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A 

B 

C 

Local Tumor Distal Tumor 

Figure 5.17. Imquimod treatment enhances pDC numbers in the local tumor. Tumor cells 

were harvested as previously described (Figure 5.6). A. Absolute numbers of CD11c+ cells 

presne in the local (left) and distal (right) tumors. Data shows mean ± SEM from one experi-

ment (n = 5). B. Absolute numbers of cDC in local and distal tumors. C. Absolute numbers of 

pDC in local and distal tumors. Mean ± SEM; p(***)< 0.001; IMQ vs vehicle, anti-CD40 or 

IMQ/anti-CD40, p(†††)<0.001; vehicle vs anti-CD40, p(**)<0.01; IMQ/anti-CD40 vs anti-

CD40. 

*** 

††† ** 

201



 199 

 

Figure 5.18. Combination treatment enhances MHC class I expression of tumor dendritic 

cells. Tumor cells were harvested as previously described (Figure 5.6). A. Mean MHC class I 

expression in CD11c+ cells in the local (left) and distal (right) tumors. Mean ± SEM;   p(*) < 

0.05; IMQ/anti-CD40 vs vehicle. B. Mean MHC class I expression of cDC. Mean ± SEM, p

(***) < 0.001; IMQ/anti-CD40 vs vehicle, p(*)<0.05; IMQ/anti-CD40 vs anti-CD40. C. Mean 

MHC class I expression of pDC. Mean ± SEM, p(*) < 0.05; IMQ/anti-CD40 vs vehicle. Data 

is expressed as mean of mean fluorescence intensity for each treatment group (MFI). The ex-

periment was performed once, with mean MFI shown pooled from two experiments (CD11c+; 

n = 8) or one experiment (cDC and pDC; n = 5). 

Local Tumor Distal Tumor A 

B 

* 

*** 
* 

* C 
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Figure 5.18 B).  No increase in MHC class I expression was observed in either cDC or 

pDC in distal tumors after treatment, in keeping with the total DC data.  

 

The level of MHC class II expression on total tumor DCs (CD11c+) appeared to be 

increased in the local tumor only after combination treatment (>2-fold) but this did not 

achieve significance (Figure 5.19), possibly due to the small sample size used (Figure 

5.19; n=3). However, anti-CD40 treatment, did significantly increase MHC class II 

expression, but only in distal tumors (>2-fold increase compared to vehicle; p<0.05). It 

was not possible to examine subset specific expression of MHC class II in this 

experiment because the antibody was unavailable at this time. 

 

5.2.9 No increase in B cell numbers following combination treatment  

To further determine the components of the tumor APC population, the B cell marker 

B220+ (CD45R) was employed with analysis of MHC class I and II expression. B cells 

(CD11c-, B220+ cells) represented a major lymphocyte population in both local and 

distal tumors (>10,000 cells/tumor). However, their absolute numbers were not affected 

by any of the treatments used (Figure 5.20 A). With regards to B cell activation, the 

addition of anti-CD40, either alone or in combination with imiquimod, appeared to 

increased B cell MHC class II expression in the local tumor but this did not achieve 

significance (~2-fold; p = 0.10; Figure 5.20 C). In distal tumors, only anti-CD40 

treatment induced up-regulation of B cell MHC Class II and this was a significant 

increase over vehicle (2.5-fold increase; p < 0.05). No significant differences were seen 

in MHC class I expression levels on B cells between the treatment groups (Figure 5.20 

B). 
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Figure 5.19. Combination treatment enhances MHC class II expression of tumor CD11c+ 

cells. Tumor cells were harvested as previously described (Figure 5.6). Mean MHC class II 

expression in CD11c+ cells in the local (left) and distal (right) tumors. Mean ± SEM;   p(*,†) < 

0.05; anti-CD40 vs vehicle or IMQ/anti-CD40. Data is expressed as mean of mean fluores-

cence intensity for each treatment group (MFI). The experiment was performed once (n = 3) 

Local Tumor Distal Tumor 

*† 
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** 
†† 
*** 

A 

B 

C 

Figure 5.20. Combination treatment does not increase infiltration of B220+ cells. Tumor 

cells were harvested as previously described (Figure 5.6). A. Absolute B220+ cells in local 

(left) and distal (right) tumor. B. Mean MHC class I expression (MFI) of B220+ cells from 

whole local and distal tumor. C. Mean MHC class II expression of B220+ cells. p(**,††)< 

0.01; anti-CD40 vs vehicle or IMQ, p(***)<0.001; anti-CD40 vs IMQ/anti-CD40. Data shown 

is pooled from two experiments (A); n = 8 or one experiment (B, n = 5 and C, n = 3). 

Local Tumor Distal Tumor 
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5.2.10 Imiquimod induces systemic production of effector cytokines 

 

Although potent locally, it was still not clear if imiquimod promoted a systemic immune 

response, therefore we investigated the systemic production of a range of tumor and 

effector cell-related cytokines and chemokines, including those typically linked to 

inflammation and Th1 effector responses. Sera taken from treated mice was tested for 

cytokine production using the Luminex assay, with multiple cytokines being detected in 

each sample. A further control group was included, where naïve (no tumor) mice were 

given s.c. imiquimod in order to discern tumor-dependent responses from the normal 

effects of the agonist. 

 

Sera from the imiquimod-treated, naïve mice contained significantly more IFN-γ 

(p<0.01) and IL-12p70 (p<0.001) than vehicle-treated mice (113.8 pg/ml of IFN-γ and 

201.9 pg/ml of IL12p70 compared to 46.0 and 33.8 pg/ml respectively; Figure 5.21 A 

and B), suggesting imiquimod alone is capable of stimulating cytokines without the 

presence of tumor. However, the levels of both IFN-γ and IL-12p70 were significantly 

higher still in tumor-bearing mice treated with imiquimod (167.4 pg/ml and 267 pg/ml 

respectively). Anti-CD40 treatment of tumor-bearing mice induced production of both 

IFN-γ and IL12p70 (346.6 pg/ml and 101.9 pg/ml). The combination of both imiquimod 

and anti-CD40 induced higher levels of IFN-γ in an additive manner, but nor further 

IL12p70 was induced in comparison to imiquimod alone.  
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A 

B 

Figure 5.21. Combination treatment  stimulates systemic production of Th1 cytokines. 

BALB/c mice were inoculated with 1 x 106 AB1-HA. Following three days of treatment with 

imiquimod, mice were bled and sera extracted via centrifuge. Sera was subsequently analysed 

in a Luminex assay to determine the concentration of a variety of cytokines and chemokines 

using commercially acquired beads. Naïve + IMQ; non-tumor bearing mice treated s.c. with 

imiquimod. A. Concentration of IFN- in sera of treated mice. Mean ± SEM; p(***,†††,‡‡‡)

<0.001; Naïve + IMQ vs vehicle, anti-CD40 or IMQ/anti-CD40, p(*)<0.05; Naïve + IMQ vs 

IMQ, p(**)<0.01; IMQ/anti-CD40 vs anti-CD40. B. Concentration of IL-12p70 in sera of 

treated mice. p(***,†††) < 0.001; Naïve + IMQ vs vehicle or anti-CD40, p(**)<0.01; Naïve + 

IMQ vs IMQ/anti-CD40. Data shown is pooled from two experiments (n = 6 mice).  
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Imiquimod stimulated a significant increase (p<0.001) in production of the Th17 

cytokine, IL-17 (Figure 5.22 A), compared to vehicle and anti-CD40 treatment (mean of 

861.3 pg/ml vs 452.7 and 416.9, respectively), and, interestingly, compared to 

combination treatment (p<0.05, mean of 550.4 pg/ml). Significantly, higher levels of 

the inflammatory cytokine IL-6 (Figure 5.22 B) were induced by the combination 

therapy in an additive manner as compared to vehicle, naïve + imiquimod, imiquimod 

or anti-CD40 alone (mean of 210.4 pg/ml vs 55.7, 48.2, 69.1 and 119.1 pg/ml, 

respectively). IL-1β was only induced by imiquimod therapy and did not require the 

presence of tumor. Interestingly, anti-CD40 appeared to antagonize the capacity of 

imiquimod to induce IL-1β as the levels of IL-1β after combination treatment were 

equivalent to vehicle treated mice. Conversely, significant production of TNF-α was 

only induced by anti-CD40, with equivalent levels observed when used alone or in 

combination with imiquimod (462.2 pg/ml and 572.4 pg/ml). Finally, the production of 

the potentially mesothelial-derived chemokine, KC, was induced by all treatments, with 

an additive increase for the combination treatment. Importantly, little increase in the 

levels of KC were observed in naïve mice after imiquimod treatment, suggesting tumor 

as the sole source. 

 

Draining lymph nodes and spleens were taken from treated animals and cultured for 24 

hours, in order to gather data regarding cytokine production at these sites. Although 

many cytokines were below detectable levels (< 3.2 pg/ml, data not shown), several 

showed high values in draining lymph node samples. IFN-γ production from draining 

lymph nodes was significantly higher (p < 0.01) in combination treated mice (1239.1 

pg/106 cells) compared to vehicle (15.5), anti-CD40 (69.94) and imiquimod (19.65). IL-

6 levels were also significantly higher (p < 0.01) in the combination treated mice (720  
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Figure 5.22. Combination therapy stimulates production of a complex profile of inflam-

matory cytokines. Tumor-bearing mice were treated as previously described (Figure 5.20) and 

sera subsequently analysed in a Luminex assay to determine the concentration of a variety of 

cytokines and chemokines using commercially acquired beads. A. IL-17. p(*) < 0.05; IMQ vs 

IMQ/anti-CD40, p(***)<0.001; IMQ vs vehicle or anti-CD40. B. IL-6 , p(***)<0.001; IMQ/

anti-CD40 vs vehicle, naïve + IMQ, or IMQ. p(**)<0.01; IMQ/anti-CD40 vs anti-CD40. p(††)

<0.01; anti-CD40 vs IMQ, p(†††)<0.001; anti-CD40 vs vehicle or naïve + IMQ. C. IL-1 p

(*)<0.05; naïve + IMQ vs IMQ/anti-CD40, p(***)<0.001; naïve + IMQ vs vehicle, p(†)<0.05; 

IMQ vs IMQ/anti-CD40. D. TNF-, p(***)<0.001; IMQ/anti-CD40 vs vehicle, naïve + IMQ 

or IMQ. p(†††)<0.001; anti-CD40 vs vehicle or IMQ, p(**)<0.01; anti-CD40 vs naïve + IMQ. 

E. KC (IL-8), p(***) < 0.001; IMQ/anti-CD40 vs vehicle or naïve + IMQ, p(†††)<0.001; anti-

CD40 vs vehicle or naïve + IMQ, p(‡‡‡)<0.001; IMQ vs vehicle or naïve + IMQ. 
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pg/106 cells) compared to vehicle (30.2), anti-CD40 (72.5) and imiquimod (5.3). The 

only other cytokine showing measurable values was KC (IL-8), again with the 

combination treatment (3013.0) stimulating production significantly (p < 0.001) higher 

than vehicle (341.5), anti-CD40 (133.8) and imiquimod (10.1).  
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5.3 DISCUSSION 

A key clinical goal of tumor immunotherapy is to resolve the primary lesion, whilst 

inducing an immune response which is potent and specific enough to also destroy distal 

and metastatic deposits in the body. In the previous chapter imiquimod showed promise 

at inducing a strong CTL response that limited a locally-treated tumor. This response 

was enhanced by addition of anti-CD40. In this chapter we investigated the potential of 

imiquimod to promote an anti-tumor effect in a distally located tumor, alone and in 

combination with anti-CD40 immunotherapy and to determine the immune cell 

components and mediators involved in any responses. We found that (i) the systemic 

anti-tumor potency of imiquimod was limited at a distal, untreated tumor site despite 

significant local responses; (ii) anti-CD40 combines successfully with imiquimod to 

improve responses at the distal site and even promotes overall survival; and (iii) this 

response is reliant on CD8 T cells and partially on CD4 T cells, and is associated with 

changes in tumor DC numbers and activation along with induction of a systemic 

cytokine profile indicative of a CD8 effector cell and inflammatory response. 

 

5.3.1 The anti-tumor response to imiquimod is limited at a distal tumor site 

Dual tumor experiments revealed that the immune response induced by locally 

delivered imiquimod had a limited capacity to slow tumor growth at a distal site. This 

result was not entirely unexpected, considering the response to imiquimod at the local 

site in the single tumor model was essentially suboptimal at resolving tumor. However, 

the distal tumor was always less responsive than the locally treated tumor and this could 

suggest that CD8 effector responses induced by imiquimod are not disseminated 

systemically. This would be supported by the CD107 staining pattern observed in 

Chapter 4. Alternatively, responses could be systemic but further suppressed at the 

distal tumor site. 
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The limitation of imiquimod in targeting the distal tumor site suggests that clinically, as 

has been shown previously with BCC and other skin tumors, the response is limited to 

the locally treated site. Since imiquimod is applied clinically as a topical agent, most of 

the literature discusses local responses and limited work has been conducted looking at 

effects on tumors away from the treated site, particularly in the context of CD8 T cell 

involvement.  

Trials that have looked at metastatic disease have generally detailed responses to 

metastatic dermal tumors, easily accessible for topical treatment (Ugurel, Wagner et al. 

2002; Wolf, Smolle et al. 2003; Zeitouni, Dawson et al. 2005), with effective results 

(complete resolution). One case report does describe treatment in a patient with 

metastatic malignant melanoma confined to the skin, which was successfully eradicated 

with AldaraTM treatment. However although this treatment showed signs of potent cell 

mediated responses locally, it was later found to have metastasised to the lymph nodes, 

possibly indicating only a local anti-tumor response was induced (Ugurel, Wagner et al. 

2002). The clinical efficacy of topical imiquimod may even be limited to dermal 

tumors, with subcutaneous tumor failing to respond to treatment after concurrent dermal 

treatment in the same patient (Turza, Dengel et al. 2009). The potential to induce de 

novo T cell responses after local imiquimod is suggested by one study which 

demonstrated migration of epidermal Langerhans cells from the treated site to draining 

lymph nodes, suggesting presentation of tumor antigen to T cells. (Suzuki, Wang et al. 

2000).  

 

Our tumor infiltration data showed that there was no net increase in CD8 T cells in the 

distal tumors of imiquimod treated mice which would suggest that if a systemic 

response is generated, it may not be able access the tumor to mediate attack. However, 
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local tumors also showed no signs of increased CD8 infiltrate after imiquimod, rather 

there was an increase in the proportion of activated (CD69+) cells which seemed to 

correlate with the improved local response. Indeed, this local activation of CD8 T cells 

has been shown by others (in human SCC) treated with imiquimod (Huang, Hijnen et al. 

2009). Thus, it may not be possible to conclude from our data that a systemic response 

is absent from the distal site as it is possible that both local and distal tumors are 

infiltrated by a steady state of T cells that are only activated in the local presence of 

imiquimod. Our own recent findings examining intratumoral treatment of AB1HA with 

the TLR3 ligand polyI:C would support this possibility, and suggests that local 

suppressive mechanisms deactivate effector CD8 T cells (Currie, van der Most et al. 

2008). 

 

Suppression in the form of T regulatory cells does not appear to be a mechanism 

limiting systemic effector responses in this model, since depletion of this subset did not 

improve the response at the distal site. Further experiments involving examination of 

other suppressive mechanisms, such as through PD1 engagement, which has been 

shown to suppress CTL in tumors (Gajewski, Meng et al. 2006; Yang, Chen et al. 2008; 

Karim, Jordanova et al. 2009; Wang, Lau et al. 2009) and production of inhibitory 

cytokines such as IL-10 and TGF-β (Derynck, Akhurst et al. 2001; Downing 2004; 

Jarnicki, Lysaght et al. 2006) would improve our knowledge regarding the limited 

response in the distal tumor.    
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5.3.2 Anti-CD40 effectively combines with local imiquimod to target distal 

tumors 

Collectively our suggest that the immune response to imiquimod is at best weakly 

systemic being confined primarily to the local tumor site and possibly the draining 

lymph nodes. Thus, viral mimicry in a tumor environment does not extend to promoting 

a potent systemic immune response capable of targeting distal, metastatic-like tumors. 

The previous chapter highlighted that anti-CD40 may synergize with imiquimod in the 

treated site to enhance anti-tumor responses and we argued that this may replace CD4 

help that may be missing. Therefore we applied the same theory to our dual tumor 

model. Anti-CD40 displayed a distinct capacity to convert a local CTL response into a 

response capable of targeting the distal tumor. This could be due to quantitative changes 

in the number of CTL in the systemic circuit and/or to changes in the tumor 

environment itself which allow enhanced killing.  

 

Several studies have shown that combining anti-CD40 treatment with TLRs boosts 

antigen-dependent CTL responses (Ahonen, Doxsee et al. 2004; Liu, Idoyaga et al. 

2005; Scarlett, Cubillos-Ruiz et al. 2009) primarily during the priming phase where the 

effect is mediated through increased antigen presentation and co-stimulatory molecule 

expression such as B7 and CD70, a response also known to be reliant on type I IFN and 

independent of CD4 T cells (Ahonen, Doxsee et al. 2004). We did not specifically 

measure antigen-presentation after combination therapy in our model so it is possible 

that such a mechanism exists. However, it needs to be noted that the enhanced anti-

tumor activity seen in the distal site with the combination was not associated with an 

increase in CD8 T cell infiltration. 
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Thus, anti-CD40 may have more direct effects in the tumor environment which improve 

CD8 responses. For instance, suppressive factors such as TGF-β in the distal tumor may 

limit CD4 and CD8 T cell responses. Anti-CD40 is known to convert TGF-β secreting 

tolerogenic DC into IL-12 secreting immunogenic DC (Zhang, Kedl et al. 2009). This 

reversal of non-immunogenic to mature antigen-presenting DC at the distal site may 

partially explain the improved systemic response, with increased uptake and 

presentation of tumor antigen to naïve T cells boosting the anti-tumor CTL response. 

Blood TGF-β was measured in conjunction with a co-workers assay, however this 

cytokine was not significantly upregulated in our model, which is supported in the 

literature for the AB1 parental cell line (Fitzpatrick, Bielefeldt-Ohmann et al. 1994), 

potentially dispelling this theory.  

 

Alternatively, anti-CD40 has anti-angiogenic properties which could combine with CD8 

responses to target tumor vascularisation and hence tumor growth. These effects are 

known to be due to IL-10, IL-12, and type I IFN (Li, Li et al. 2005; Majewski, Marczak 

et al. 2005; Li and Li 2008), which were all upregulated in our SuperArray and luminex 

experiments. These properties may combine well with imiquimod’s reported anti-

angiogenic effects on blood vessels and could also explain why the combination 

treatment had further effect on local tumors in mice not eventually cured of both 

tumors. 

 

5.3.3 Targeting of distal tumor is reliant on CD8 and CD4 T cells and associated 
with local upregulation of MHC class I and II 

Depletion experiments in the previous chapter showed that imiquimod’s anti-tumor 

activity was reliant on CD8 T cells. These effector cells were also critical for the anti-
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tumor immune response to the combination treatment, although in contrast to the single 

tumor data CD4s were also important, with their depletion limiting responses to the 

level of imiquimod alone. Further experiments showed that, although CD8 T cells are 

present in the local and distal tumors following imiquimod and combination treatment, 

the quantity of cells is not important in the anti-tumor response. This contrasts with 

other findings of synergistic responses of anti-CD40 with TLR7 agonists, where 10-20 

fold increases in CD8 T cell numbers were found and was associated with IFN-γ 

production (Ahonen, Doxsee et al. 2004). It could be argued that the tumor size of the 

combination treated mice was much smaller and therefore the CD8 numbers actually 

equate to an effective expansion of CD8 T cells relative to targets. Importantly, 

activated CD8 T cells were present in distal lymphoid organs upon addition of anti-

CD40, suggesting a qualitative change in the response to the therapy and may be an 

indicator of their involvement in distal tumor immune responses. 

 

Anti-CD40 treatment has been shown to induce the CD4-independent generation of 

CD8 responses (Bennett, Carbone et al. 1998; Ridge, Di Rosa et al. 1998; Schoenberger, 

Toes et al. 1998), raising the question why is the combination treatment partially reliant 

on CD4s to bridge the response gap from local imiquimod treatment alone? CD4 T cells 

were more prevalent in distal tumors of the imiquimod alone treatment group whereas 

the combination showed reduced numbers in comparison. These data could suggest that 

anti-CD40 has a direct effect on CD4 function. Indeed, the presence of functional CD40 

on activated CD4 T cells (i.e. in the autoimmune setting) has been demonstrated 

(Fanslow, Clifford et al. 1994; Munroe and Bishop 2007), with direct ligation leading to 

costimulatory activity akin to CD28, and release of IL-2.  
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It has been shown that CD4 T cells are required for the maintenance of CD8 T cell 

responses, preventing exhaustion (Barber, Wherry et al. 2006) and providing a 

postlicensing signal in the tumor (Marzo, Kinnear et al. 2000). It is therefore possible 

that anti-CD40 provides a local postlicensing signal to CD8 T cells directly in the tumor 

itself. This may occur through effects directly on DCs because co-stimulatory and 

antigen-presenting capacity of APCs is greatly enhanced by ligation of CD40 on the cell 

surface and blocking of CD40L negates CTL priming (Schoenberger, Toes et al. 1998). 

Since CD4 depletion limited the efficacy of the combination, this suggests that anti-

CD40 might actually be indirectly or directly engaging CD4 help, rather than bypassing 

it. This could involve the release of CD4-activating cytokines from DCs after CD40 

ligation, as has been demonstrated for NK cell activation in anti-tumor responses 

induced by FGK therapy (Turner, Rakhmilevich et al. 2001). Alternatively, it is possible 

that anti-CD40 may exert its effects through mechanisms other than bypassing the 

requirement for CD4 T cell help. For example, anti-CD40 antibodies have strong effects 

on tumor blood vessels. This could alter the tumor stroma, allowing CTLs to kill tumor 

cells. Ongoing studies are aimed to distinguish between these two possibilities.  

 

Ultimately, the gap between CD8 T cell responses and tumor regression was bridged by 

CD40 stimulation. Notably, MHC class I expression in the local tumor was increased 

with the combination treatment, suggesting an improvement in the quality of the local 

response at least. Imiquimod and combination treatment increased numbers of CD11c+ 

cells in the local tumor and MHC class I and II expression of these cells in the local 

tumor, but not the distal tumor. Along with our antigen presentation and CD107 data 

from chapter 4, this is suggestive of a local priming response. In keeping with work by 

others (Palamara, Meindl et al. 2004; Schiller, Metze et al. 2006) in human BCC, 

increased numbers of plasmacytoid DC were found in the locally imiquimod treated 
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tumor. In addition, although combination with anti-CD40 reduced numbers of these 

cells, increased MHC class I expression was evident on remaining cells. pDCs are a 

very important component of the anti-viral response due to their ability to rapidly 

secrete large amounts of type I IFN, however their ability to cross-present antigen, a 

vital factor for anti-tumor responses, remains uncertain (Salio, Palmowski et al. 2004; 

Shinohara, Lu et al. 2006; Sapoznikov, Fischer et al. 2007; Jaehn, Zaenker et al. 2008). 

In contrast, cDC, which were the most numerous DC subset in AB1-HA, have well 

documented capacity to cross-present antigen (Villadangos and Schnorrer 2007; Lin, 

Zhan et al. 2008) including HA from AB1HA (Dr A. McDonnell, PhD thesis 2008, 

University of Western Australia) but have significantly reduced TLR7 expression DC 

(Edwards, Diebold et al. 2003) and hence limited responsiveness to TLR7 agonists. 

Thus, any local enhancement of cross-presentation by pDC in our system is likely due 

to indirect effects of type I IFN on CD8α+ cDC (Le Bon, Etchart et al. 2003; 

Yoneyama, Matsuno et al. 2005). Alternatively, pDCs could be directly contributing to 

the effector phase of the immune response, with a tumoricidal activity also having been 

ascribed to them (Stary, Bangert et al. 2007), although this seems unlikely given the 

absence of response in nude mice (chapter 4). For confirmation of the importance of 

pDCs, we planned depletion experiments to ascertain their involvement and type I IFN 

producing capability, however these were not conducted due to time and cost 

constraints.  

 

Luminex studies showed a systemic production of IL-12p70 following imiquimod 

treatment, which, along with IL-6 production by DCs following CD40 ligation has been 

implicated in Th17 induction (Perona-Wright, Jenkins et al. 2009), as well as the 

accepted role in favouring a Th1 effector response when anti-CD40 is used in 

218



 216

combination with TLR3 or TLR7/8 agonists (Napolitani, Rinaldi et al. 2005). These 

results were reflected in our SuperArray analyses of imiquimod treated tumors, which 

although showing a mixed cytokine response, with a number of pro-and anti-

inflammatory cytokines upregulated, the key pathways stimulated were Th1 and Th17 

and showed reliance on CD4 and CD8 responses.  The production of IFN-γ in 

combination treated mice also suggests a profound effector response and its 

involvement confirms our previous work (chapter 4) showing a dependence on 

perforin/IFN-γ. The presence of systemic inflammatory cytokines and upregulation of 

inflammatory cytokine genes at the imiquimod treated site point to the stimulation of an 

environment suggestive of immune cell infiltration and activation. 

 

In conclusion, these results suggest a mechanism where activation and migration of DCs 

to local tumor is influenced by a Th17/Th1 inflammatory/effector profile as a result of 

local high IFN and inflammatory cytokine levels produced by pDCs/cDCs and local 

MHC class I upregulation following anti-CD40 stimulation, leading to enhanced quality 

of CD8 effectors (Figure 5.23). Activation and differentiation of CD8 T cells into anti-

tumor effectors most likely occurs in the treated tumor draining lymph nodes, after 

which CTLs leave the lymph nodes and migrate towards the tumor, but also to other 

lymphoid tissues. These CTLs effectively kill tumor cells in the local tumor. Systemic 

CD40 stimulation allowed CTL to also target and kill tumor cells in distal tumors that 

were not exposed to imiquimod, possibly by altering the function of tumor infiltrating 

APCs or blood vessels, or other mechanisms. In this model imiquimod effectively turns 

the treated tumor into its own vaccine site which is augmented by anti-CD40 treatment. 
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Figure 5.23. Theory of combination treatment targeting of distal tumor. Local treatment 

of tumor with imiquimod stimulates a potent inflammatory response highlighted by the pro-

duction of local and systemic type I IFN and upregulation of MHC class I on local DCs. Anti-

CD40 bypasses CD4 help, providing a qualitative enhancement of local immune responses and 

driving the systemic response, preventing exhaustion of tumor-specific systemic CD8 effector 

cells with subsequent destruction of distal tumor cells.  
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5.4 CHAPTER SUMMARY 

TLR7 agonists have displayed their most impressive clinical results as topical agents 

capable of inducing complete resolution of typically dermal tumors. These responses are 

due to their promotion of a Th1-skewed immune response, with upregulation of key 

immune stimulating cytokines, similar to those stimulated by viruses. However their 

capacity to stimulate a systemic effector response that can target distal tumor is not 

known. The findings in this chapter show (i) locally applied imiquimod has limited 

capacity to target a distal tumor; (ii) anti-CD40 immunotherapy synergizes with local 

applied imiquimod to target and effectively resolve distal tumors in a CD8 T cell-reliant 

manner; and (iii) combined imiquimod and anti-CD40 stimulates activation of CD8 T 

cells and increases MHC class I+ DC numbers in the local tumor. These results have 

important implications for translation. If an easily accessible tumor mass can be treated 

with a TLR agonist such as imiquimod, then distal metastases could be sensitized to the 

ensuing CTL response using anti-CD40 antibodies. Importantly, imiquimod has been in 

clinical use as AldaraTM for a number of years, with toxicity and efficacy studies 

confirming its viability, and clinical grade anti-CD40 antibodies are currently being 

trialled for human use by pharmaceutical companies (eg Pfizer).   
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CHAPTER 6 
 
 

GENERAL DISCUSSION 
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6.1 GENERAL DISCUSSION 

The control and resolution of tumors, particularly distant metastases, is a necessary 

requirement for immunotherapy to be deemed successful. Anti-tumor responses have 

been quite commonly observed in primary tumors, especially following local 

application of various therapies, however, rarely do these responses translate to an 

immune reaction potent enough to resolve distal/metastatic tumors. Conventional 

therapies such as chemotherapy and radiotherapy induce apoptosis in tumor cells, and 

this response has been associated with stimulation of an, albeit weak, anti-tumor 

immune response (Nowak, Lake et al. 2003; van der Most, Currie et al. 2006; Obeid, 

Tesniere et al. 2007; Zitvogel and Kroemer 2007). However, in general this form of 

apoptosis is considered to be non-immunogenic, or in other words, a non-dangerous 

event for the host, and is therefore not acted upon by the immune system with a 

resultant potent anti-tumor CTL response (Voll, Herrmann et al. 1997; Bischoff, Holl et 

al. 2000; Lake and van der Most 2006). Additionally, side effects which increase 

morbidity and the systemic suppression of the immune system, add to the drawbacks of 

conventional treatments.  

Therefore, in recent years much focus has been applied to changing the context in which 

tumor cells and their antigen are seen by the immune system, with the hope of inducing 

potent systemic CTL responses capable of resolving primary tumor and distant 

metastases. The spotlight has recently focused on TLR agonists due to their potent 

immune stimulating properties, their improved safety when compared to the actual live 

infections they mimic, and the potential to drive the appropriate immune response 

required by careful selection of the right agonist or combinations of agonists (Iwasaki 

and Medzhitov 2004; Kawai, Sato et al. 2004; Ishii, Uematsu et al. 2006; Verstak, 

Hertzog et al. 2007; Schon and Schon 2008). TLR7 agonists are especially attractive as 
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both mono therapies and vaccine adjuvants, since they potently mimic viral infection 

and promote potent Th1 responses. Indeed, there has been considerable success with 

these compounds as topical agents against dermal cancers due to their ‘three-pronged’ 

attack on tumors (apoptosis, immunomodulation and anti-angiogenesis) (Meyer, Nindl 

et al. 2003; Schon, Bong et al. 2003; Schon, Wienrich et al. 2004; Saito and Gale 2007). 

These studies have shown the presence of apoptosis in vivo, CD4+ and CD8+ T cell 

infiltration and the upregulation of a number of cytokines, but especially type I IFNs. 

The majority of the responses have been attributed to the immune system, however the 

in vivo responses to TLR7 agonists are complex (Schon and Schon 2004; Schon and 

Schon 2007) and likely involve cooperation and interaction between multiple 

components of the immune and apoptotic response. Despite this there have been limited 

studies specifically investigating the specific importance of viral-like apoptosis in anti-

tumor responses and how it integrates with the known immune responses to these 

agonists.  

 

We therefore formulated the hypothesis that the mimicking of persistent, apoptotic viral 

infection in an established murine malignant mesothelioma tumor with TLR7 agonists 

would promote a potent anti-tumor immune response both locally and systemically. 

 

The presumption that apoptosis may play vital role in the response to TLR7 agonists 

was based on the fact that these agonists mimic viral infection, with the subsequent 

intracellular stimulation of pro-apoptotic pathways (Schon, Bong et al. 2003; Schon and 

Schon 2004; Schon and Schon 2007; Schon and Schon 2007). We did find convincing 

evidence that TLR7 agonists in general were pro-apoptotic against our mesothelioma 

model in vitro, and the finding that cytotoxicity was reliant on caspase 3 and 9 
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activation was suggestive of a viral-related apoptotic effect. Although, obviously in 

vitro observations do not necessarily translate to the complex reality of a solid tumor, 

and more work is needed to determine the presence and nature of apoptosis following 

TLR7 therapy in vivo. In contrast to other studies with imiquimod (Schon, Bong et al. 

2003; Leverkus 2004), we did not find caspase-8 to be important for anti-tumor 

responses in vitro. Indeed, our SuperArray results suggest a complex situation in the 

tumor following TLR7 agonist treatment, likely due to anti-apoptotic and suppressive 

mechanisms of the tumor in conjunction with the pro-apoptotic effects of the agonist 

itself and the action of cytokines and effector cells.  

 

Progression of our studies to the in vivo tumor were not reliant on AB1-HA expressing 

TLR7. However our rationale that viral-like apoptosis integrated with simulated viral 

infection to produce anti-tumor responses was potentially dependent upon interaction of 

the agonist with this receptor on tumors. Our observation that a range of murine tumor 

types and various human cell lines of mesothelioma expressed TLR7 was perhaps not 

an unexpected finding considering the common expression of TLRs reported in several 

types of tumors (Schmausser, Andrulis et al. 2005; Szczepanski, Stelmachowska et al. 

2007; Yu and Chen 2008; Zhou, McFarland-Mancini et al. 2009). It was, however, 

important for our hypothesis since if our tumor cells were not TLR7 expressors the 

potential to induce apoptosis through viral pathways (or the ability to rule it out as 

significant) could have been limited. Importantly, whilst there is an indication that 

expression of TLRs in human cancer cells can either promote or inhibit tumor 

progression (Zeromski, Mozer-Lisewska et al. 2008), some evidence in the field 

suggests expression may correlate with effectiveness in solid tumors (Schwartz, Liu et 

al. 2008).  
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However, our finding that the TLR7 inactive compound 3M-006 was pro-apoptotic in 

vitro, but didn’t induce any anti-tumor responses in vivo and that imiquimod wasn’t 

effective in nude mice suggested that TLR7 was not required for induction of apoptosis 

and that apoptosis per se was not sufficient to limit tumors. These findings do not, 

however, rule out the possibility of a synergistic action between TLR7 engagement on 

tumor and the pathways of apoptosis being required for induction of an immune 

response. This concept could be explored using the Schulz et al model, where TLR7 

agonists could be loaded into tumor cells and delivered to the tumor (Schulz, Diebold et 

al. 2005), therefore delivering an apoptotic tumor cell containing viral-like elements, 

without concurrently stimulating APCs. This could also be further explored by 

determination of expression levels in the tumor cells and whether these related to in 

vitro apoptotic responses and in vivo efficacy. A TLR7 knockout AB1-HA tumor cell 

line would have been a useful tool to delineate the necessity of such expression and its 

involvement in the apoptotic response, as would an apoptotic-resistant line. If tumor 

TLR expression is shown to be required for efficacy, such knowledge could be used 

regarding the choice of TLR agonist as anti-tumor therapy, with tumors being screened 

for expression prior to making a decision. 

 

Further SuperArray analyses with the inclusion of a 3M-006-like compound, capable of 

causing apoptosis but not signaling through TLR7 would ‘narrow down’ the likely 

pathways involved in TLR7 agonist induced apoptosis and determine whether this 

apoptosis has a viral signature. The expression of individual genes could then be more 

closely scrutinized. Whilst implantation of a TLR7 knockout tumor in TLR7 knockout 

mice also would have been illuminating regarding the dependence of apoptosis on the 

receptor, other cytosolic mechanisms of detecting viral products are known to be 

present (RIG-I, MDA5) and blockade of these would also be required if full 
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confirmation of virally-induced apoptosis was deemed necessary. However, regardless 

of whether virally-induced apoptosis is occurring it appears that the immune response to 

the TLR7 agonist shows all the fundamentals of a response to viral infection; reliance 

on type I IFN, upregulation of inflammatory cytokines and chemokines, and 

dependence on perforin/IFN-γ+ effector cells (Peters 1996; Koyama, Ishii et al. 2008).  

 

Collectively, we could not definitively prove or disprove our hypothesis that 

simultaneous apoptosis induction along with the presence of viral-like PAMPs (viral 

mimicry) promotes the anti-tumor response. We did find the necessary components 

though, namely effective tumor death and a requirement for TLR7 engagement, albeit 

on host cells.  

 

Another component of our hypothesis was that viral-like agonists would promote both 

local and systemic anti-tumor responses. Our results pointed to a potent local anti-tumor 

response against MM which was initially indicative of a systemic response to the 

agonist. This was proven to be unlikely given the local degranulation and antigen 

presentation results, although a limited response against distal tumor was suggestive of 

a weak systemic action. The next question was how to overcome this limited response 

to target the distal tumor. Results from this thesis suggest a number of anti-tumor 

mechanisms could be at play resulting from TLR7 agonist treatment, including local 

enhancement of DC infiltration of the tumor by type I IFN and improvement in the 

quality of effector cell generation in the draining lymph node. Our results suggest 

changing the immunogenic context via the application of viral-like agonists in the 

primary tumor site, therefore converting it into a vaccination site, may be a suitable 
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precursor to the inclusion of systemic immunotherapy in the form of anti-CD40 or other 

similar immune stimulants. 

 

As far as we are aware, our study is the first to examine the systemic effects of local 

tumor treatment with a TLR7 agonist on a distal tumor using a non-dermal, solid tumor. 

Although our model was not a classic metastatic tumor model (with spontaneously 

arising metastases), it does provide promising signs that the typically locally generated 

anti-tumor responses of imiquimod found by us and others (Bong, Bonnekoh et al. 

2002; Sterry, Ruzicka et al. 2002; Ugurel, Wagner et al. 2002; Dendorfer, Oppel et al. 

2003; Stockfleth, Trefzer et al. 2003; Geisse, Caro et al. 2004) can be harnessed (for 

instance in non-dermal metastatic melanoma) by the addition of anti-CD40 therapy. 

Encouragingly, in previous non-tumor studies the combination of TLR7/8 agonists with 

anti-CD40 in mice has produced tumor antigen-specific expansion of CD8 T cells 

(Ahonen, Doxsee et al. 2004; Sanchez, McWilliams et al. 2007; Warger, Rechtsteiner et 

al. 2007). In contrast, although effective systemically, our study found no net increase in 

CD8 T cells over imiquimod alone, which, with the total MHC class I upregulation in 

tumors and DCs was suggestive of a qualitative response rather than quantitative. It may 

be that further expansion of CD8 T cells is not needed in our model and that the 

activation status and quality of the response is most important. Previous work has 

shown that dying cells loaded with ssRNA or TLR7/8 agonists can convert tissue 

resident, lymph node homing monocytes to DC, with the capability of ‘cross-dressing’ 

other MHC class I deficient DCs in the lymph node for efficient cross-presentation of 

endogenous tumor antigen to T cells (Qu, Nguyen et al. 2009). Anti-CD40 is known to 

increase MHC class I upregulation and promote maturation of DCs (Frleta, Lin et al. 

2003; de Goer de Herve, Durali et al. 2005; Kontani, Teramoto et al. 2007), and in our 

system could be amplifying the cross-dressing of lymph node DCs in the tumor draining 
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lymph node. We did not examine antigen presentation or conduct an in vivo CTL assay 

during combination treatment, but these two experiments could provide useful evidence 

of the enhancement provided by anti-CD40 in the systemic anti-tumor response. 

Additionally, our studies focused necessarily on HA-responses but it is possible that a 

increase in the function/quality of the total tumor-specific CTL repertoire is occurring - 

in vitro CTL studies measuring total tumor killing would address this issue. 

 

Our work detailed the likelihood of imiquimod stimulating anti-tumor responses in the 

local tumor site only, effectively turning the tumor into its own vaccine, which was 

significantly enhanced by anti-CD40. Promisingly, these findings suggest that TLR7 

agonists could be a potent facilitator of other immune therapies, however the 

requirement for local dosing could limit the applicability of the therapy, since many 

tumors are not accessible for direct local treatment. Malignant mesothelioma, however, 

is accessible through intrapleural delivery, and access to humanized anti-CD40 

therapies may soon be a reality with pharmaceutical companies such as Pfizer and 

GlaxoSmithKline quite far advanced in their development of this important 

immunotherapy. Hence strategies that target the accessible tumor with the already 

commercially available imiquimod, whilst boosting the quality of local and systemic 

APCs with anti-CD40, may hold promise for patients in the near future.  

 

As an alternative option, tumor cell lysate is known to work as a ‘vaccine’ with and 

without the pulsing of DCs prior to vaccination (Ravindranath, Bauer et al. 1997; 

Chakraborty, Sporn et al. 1998; Sondak and Sosman 2003; Ovali, Dikmen et al. 2007). 

Although not examined in our study the combination of necrotic and/or apoptotic tumor 

cells as an antigen source with imiquimod acting as an adjuvant could produce potent 
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results. This theory could be utilized clinically following surgery, where there is access 

to tumor cells, or with ex vivo cell lines. If the tumor itself is not accessible for 

continuous imiquimod treatment, tumor cell lysate could be given at an alternate site as 

a source of antigen, with persistent local dosing of the TLR7 agonist. Additionally, the 

application of TLR7 agonists using our protocol may have a role to play in conjunction 

with chemotherapy, since TLR7 engagement has been shown to enhance the 

susceptibility of tumor cells to cytotoxic drugs (Shi, White et al. 2007). Gemcitabine 

and doxorubicin are now known to stimulate immune responses in tandem with 

apoptotic death of tumor cells (Nowak, Lake et al. 2003; Casares, Pequignot et al. 

2005), at least in mice, and TLR7 agonists could be employed prior to chemotherapy (to 

sensitize tumor cells) and during treatment at the tumor site to bolster the 

Th1/inflammatory response in the presence of tumor antigen-containing apoptotic cells. 

 

Studies from this thesis showed the potent immune stimulating properties of imiquimod 

may have promise in combination with debulking surgery. Cryosurgery has been 

commonly applied to melanoma lesions, resulting in necrosis and antigen release 

(Oeseburg, Oldhoff et al. 1975; Breitbart 1990; Gazzaniga, Bravo et al. 2001; Scala, 

Gipponi et al. 2006). Imiquimod has successfully synergised with this cryosurgery with 

large numbers of responders to re-challenge associated with IFN-γ production and T cell 

proliferation (Redondo, Del Olmo et al. 2007). We have previously shown potential in 

AB1-HA debulking studies using gemcitabine chemotherapy in conjunction with anti-

CD40 (Broomfield, Currie et al. 2005), which with work from this thesis suggests the 

tumor responds well to partial removal of suppression followed by treatment with 

immunostimulatory adjuvants. Although debulking surgery is not common practice for 
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MM, it is prudent to note that if tumor is left in situ, it can act as a source of antigen for 

cross-presentation in combination with immunotherapeutic agents. 

 

In summary, the work from this thesis, whilst not categorically proving or disproving 

our general hypotheses, suggests that viral-like apoptosis is not a key component of the 

observed anti-tumor efficacy of the tested TLR7 agonist in MM. Further studies 

scrutinizing the importance of TLR7 engagement for apoptosis induction and anti-tumor 

responses are needed. Our work, however has uncovered effective TLR7 agonist-

induced local anti-MM immune responses, the stimulation of which was found to 

integrate potently with systemic immunotherapy, essentially converting the tumor site 

into its own ‘vaccine’. These promising results indicate potential applications for 

combination TLR7 agonist/immunotherapy treatment in targeting and resolving tumors 

distal to the primary, imiquimod treated tumor site. 
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6.2 CONCLUSIONS 

TLR7 agonist therapy alone is unlikely to be potent enough as a treatment for human 

malignant mesothelioma, however in combination with an immunotherapy capable of 

stimulating DC maturation, it can be a potent tool with which to promote the context of 

‘danger’ in the tumor environment. Our results have detailed that TLR7 agonist-induced 

apoptosis in the tumor is not a vital component of anti-tumor effectiveness, and that in 

vivo, functional TLR7+ immune cells are absolutely required. The immune response to 

imiquimod is reliant on type I IFN and CD8 T cells and is restricted to the local site of 

treatment, with limited potency against a distally located tumor. Imiquimod’s local anti-

tumor properties can be enhanced by anti-CD40 antibodies to target distal tumor in a 

CTL-dependent manner, promoting upregulation of MHC class I on local tumor DCs 

and quality of CD8 T cell responses.  

 

These results have a number of important implications for future treatment of tumors: 

(i) changing the context in which the immune system ‘sees’ tumor cells by mimicking 

viral infection can have potent local anti-tumor effects; (ii) these anti-tumor effects may 

be enhanced by immunotherapy to target distal tumors or metastases, and (iii) TLR7 

agonists may effectively stimulate anti-tumor responses in combination with tumor 

debulking surgery. Protocols such as these have the potential to be implemented in the 

near future, since TLR7 agonists are currently available commercially and have been 

rigorously tested for toxicity and efficacy. 
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