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Abstract 

Background: Cancer is a class of diseases characterised by uncontrolled 

proliferation of cells. Cancer represents as a major public health problem 

accounting for approximately 8.8 million deaths each year worldwide. Current 

treatments include surgical removal of tumour mass, chemotherapy, radiotherapy, 

or a combination of these therapies. Often these options result in side effects that 

can be quite detrimental to the patients. Therefore, new treatments are urgently 

needed.  

Cancer therapeutic vaccines are aiming at killing tumour cells without affecting 

normal cells. Vaccine induced cytotoxic T lymphocyte (CTL) responses are 

pivotal for the killing tumour cells. Interleukin 10 (IL-10) is a cytokine with multiple 

biological functions. Blocking IL-10 signalling with an anti-IL-10 receptor antibody 

at the time of immunisation drastically increases vaccine induced immune 

responses and prevents tumour growth in animal models. However, it is not clear 

whether there are unwanted side effects with such a blockade, and no clinical 

grade IL-10 inhibitor for human is available.  

Advanced cancers show a significant increase in angiogenesis resulting in the 

formation of abnormal blood vessels, which restrict blood supply and result in 

reduced oxygen levels within the cancer. Therefore, some areas of the late stage 

tumour are hypoxic and necrotic. Also, the solid tumour microenvironment (TME) 

is immunosuppressive.    

Our laboratory has developed an anaerobic Clostridium ghonii strain. When these 

clostridial spores are administered and regerminated in hypoxic and necrotic 

cancer central region, they cause significant oncolysis, leading to tumour 

regression in animal models. The oncolytic activity may also destroy the TME.  
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Hypothesis and Aims: The hypothesis of the project is (1) Blocking IL-10 at the 

time of immunisation should increase vaccine induced T cell responses without 

eliciting unwanted side effects; (2) Humanised and active IL-10 inhibitors could 

be designed by using computerised programs; (3) Clostridial spores induce 

oncolysis of cancer should also improve immune cell penetrations to cancer in 

situ, thus achieving a robust anti-cancer immune response. To test these 

hypothesis, the thesis is specifically aimed: 1) To investigate whether an 

antibody-mediated blocking of IL-10 signalling at the time of an immunisation will 

generate any unwanted side effects; 2) To establish whether new anti-IL-10 

peptides designed through computer modelling are bioactive in both vitro and in 

vivo; 3) To determine whether oncolytic events in anaerobic Clostridium ghonii 

spore treatment of modelled cancers will improve the immune suppressive TME. 

Results and discussion: (1) In a mouse TC-1 tumour model, blocking of IL-10 

with an antibody at the time of immunisation increases the numbers of IL-10 

producing CD4+ T cells in the spleen and draining lymph nodes, and does not 

result in blood cell infiltration to the intestines and does not cause intestinal 

pathological changes. These results indicate that immunisation with an IL-10 

inhibitor may facilitate a generation of safe and effective therapeutic vaccines 

against chronic viral infection and cancer.  

(2) Computer designed Peptides P1, FFKKF FKKFF KKFFK K-OH and P2, 

FFRRF FRRFF RRFFR R-OH are based on the hydrophobic and hydrophilic 

pattern of the IL10R-binding helix with IL-10. It could be bound with either IL-

10R1 or IL-10, and inhibit inflammatory signals for a long duration and result in 

negligible cytotoxicity in vitro. Furthermore, P2 can enhance the vaccine induced 

antigen specific CD8+ T cell’s responses in mice. As evidenced by both 

experimental and molecular dynamic simulation, the N-terminal hydrophobic 
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peptide constructed with repeating hydrophobic and hydrophilic pattern of 

residues is more likely to inhibit IL-10. In addition, the sequence length and the 

ability of protonation are also important for inhibition activity. 

(3) Intravenous administration of a derivative of Clostridium ghonii (DCG) spore 

leads to pro-inflammatory responses characterised by increased levels of IFN-γ 

or/and Interleukin-9 (IL-9), depending on the dosage of DCG administration. 

Antigen specific CD8+ T cell responses are elicited after DCG spore 

administration, and IFN-γ secreting T cells were attracted to the tumour site.  

Conclusion: Taken together, blocking IL-10 signalling at the time of 

immunisation does not increase unwanted side effects in mice; a peptide P2 

designed through computer modelling is able to inhibit IL-10-mediated signalling 

both in vitro and in vivo; the length of the peptide and the ability of protonation 

are critical for the peptide’s function. Finally, systematic administration of DCG 

spore attracts more IFN-γ secreting T cells to the tumour site. Thus, it is believed 

that if administration of DCG spore is combined with a therapeutic vaccine, more 

antigen specific T cells may be attracted to the tumour site, therefore a better 

outcome for cancer treatment could be achieved.  

In this project, it is the first time to demonstrate that blocking IL-10 at the time of 

immunisation increases immune response without significant side effects; Also, 

the newly developed peptide based IL-10 signalling inhibitors are active, paving 

the way for the testing of a humanised IL-10 inhibitor; the project also showed a 

Clostridium ghonii spore-mediated oncolysis could disrupt the TME, may improve 

vaccine mediated anti-cancer immune responses. If such approaches are 

combined, an exciting new way of cancer therapy may be developed for 

advanced cancers.  
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Cancer is a class of diseases characterised by the uncontrolled division of cells, 

which invade adjacent tissues and distant organs by using a variety of 

mechanisms [1, 2]. Cancer represents a major public health problem, accounting 

for approximately 8.8 million deaths each year worldwide [1, 2]. Approximate 90% 

of cancers are solid tumours sharing common structures and the tumour 

microenvironments (TME) [3-6]. Current treatments of solid tumours include 

surgical removal of tumour mass following early diagnosis. Chemotherapy, 

radiotherapy or a combination of both are used to treat late stage inoperable solid 

tumours or as a supplementary treatment after surgery, but those therapies can 

result in severe side effects [2, 7]. 

More than 80% of solid tumours are diagnosed when surgery is no longer an 

option; chemotherapy and radiotherapy are the prime choices at this stage [2]. 

Both therapies often have significant side effects as normal tissues and organs 

are indiscriminately affected [8]. Therefore, new cancer treatment strategies need 

[2, 9-12] to be developed as cancers and the mortality rates of cancers are 

expected to increase [13]. New therapies, such as small molecules targeting 

specific cancer cell signalling pathways [14] and gene therapies [14, 15] are 

under intensive investigation. However, the clinical efficacy of these treatments 

has not yet to be fully assessed. 

Cancer immunotherapy represents a novel cancer therapy and has shown 

exciting results in clinical trials [16-20]. For example, targeting immune 

checkpoints, such as blocking the PD-1/PD-L1 signalling pathway has shown 

efficacy against melanoma and other solid tumours including cervical cancer [12, 

21-24]. Therapeutic vaccine against cancer elicits tumour specific T cell 

responses. Vaccine induced T cells, especially CD8+ T cells specifically kill 

tumour cells, while leave normal tissue unaffected [25, 26]. Many therapeutic 
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vaccines against different cancers are under development, from basic research 

to clinical trials. A dendritic cell based vaccine against prostate cancer was 

approved by the FDA in 2010 [27, 28]. Although therapeutic vaccines have the 

potential to cure cancer, it is still in the early stage and requires more research 

[29, 30]. An ideal therapeutic vaccine should produce sufficient high-quality 

numbers of effector T cells, which migrate to the tumour sites and kill the tumour 

cells [31, 32]. 

Tumours have a complex structure consisting of cancer cells and stromal cells 

(i.e. fibroblasts and inflammatory cells) that are embedded in an extracellular 

matrix and nourished by an abnormal vascular network [33-35]. Cancer stem 

cells also interact with the TME [36]. Tumour infiltrating hematopoietic cells 

including lymphocytes, tumour related macrophage, myeloid derived 

immunosuppressive cells are also present within the tumour. Compared to 

normal tissues, solid tumour stroma is associated with a changed extracellular 

matrix and an increased number of stromal cells that synthesise growth factors, 

chemokines and adhesion molecules [34, 37-42].  

Solid tumours at advanced stages show an increase in angiogenesis and the 

formation of abnormal blood vessels, which can restrict blood supply and result 

in reduced oxygen levels in the tumour microenvironment [43-45]. Therefore, 

some areas of the late stage tumour are anaerobic and necrotic. Recently, a 3D 

model of tumour microenvironment was created to monitor hypoxia effects on cell 

interactions and cancer stem cell selection was established [46-48]. The anoxia 

regions limit the effectiveness of conventional therapies [48]. However, these 

regions provided a suitable environment for the proliferation of the anaerobic 

bacteria and an opportunity for exploring a novel method for the treatment of late 

solid tumours [49, 50]. Several species of bacteria, including extracellular 
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Clostridium have been developed for bacterial-assisted oncolysis. Numerous 

preclinical studies and trials have demonstrated that Clostridial spores have 

shown distinct advantages which selectively germinated and multiplied as rods 

inside solid tumours [51, 52]. However, the anaerobic bacteria treatment alone 

cannot eradiate tumour completely due to its anaerobic character. Anaerobic 

bacteria treatment leads to inflammatory responses within the tumour, therefore, 

may result in a change of the tumour microenvironment that is otherwise 

immunosuppressive, and allows the vaccine induced T cells to kill tumour cells 

more efficiently. 

Taken together, more robust therapeutic vaccine needs to be developed and at 

the same time, combined with novel strategies to destabilise the tumour 

microenvironment, thereby result in a complete eradication of the tumour. 

Anaerobic bacteria treatment may provide the answer as they can disrupt the 

immunosuppressive tumour microenvironment to an environment that can render 

immune effector cells, especially T cells to migrate to the tumour site, and kill the 

tumour cells more efficiently, and therefore increase the efficacy of therapeutic 

vaccines against cancer. 

In the introduction, I summarise recent advances in cancer therapeutic vaccine 

and anaerobic oncolysis areas and propose combining both therapies for better 

cancer treatment, especially late stage cancer management.  

1.1 Therapeutic vaccines 

In the 1950s, the immune surveillance hypothesis [53] proposed that the immune 

system of the host recognises antigens of newly arising tumours and eliminates 

these tumours before they become clinically evident. The immune system can 

also contribute to tumour escape to form a more aggressive form of tumour cells 
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[53], such as progressive cancer, in which the tumour cells escape the efficient 

control of the immune system [53]. Therefore, activating existing immune 

effectors, or generating new effector cells that are able to kill tumour cells, may 

eradicate tumours [54].  

Recently, it is shown that sequential administration of vaccinia virus-based 

vaccines and PD-1/PD-L1-blocking antibodies confer measurable benefits on 

tumour growth and survival in a murine tumour model [55]. It is further 

demonstrated that a vaccine targeting breast cancer tumour antigen delayed 

tumour growth but was associated with both intra-tumour PD-1 expressing CD8+ 

T cells and regulatory CD4+ T cell infiltrates. Immune checkpoint inhibition with 

either anti-PD-1 or anti-PD-L1 antibodies increased intra-tumour CD8+ T cell 

infiltration and eliminated tumour following preventive vaccination with the 

vaccine [56]. Similarly, a dendritic cell based HPV16 E7 vaccine showed 

therapeutic anti-tumour response in TC-1 tumour bearing mice, PD-L1 blockade 

further improved the therapeutic effect of the dendritic cell based vaccine. These 

studies suggest an efficient strategy for immunotherapy by combining vaccine 

and PD-L1 blockade [57]. 

However, therapeutic vaccines against cancer are still in the early stages of 

development and very few show efficacies in clinical trials [58-60]. These results 

are mostly due to their poor ability to elicit sufficient numbers of the effector CD8+ 

T cells and the tumour immune suppressive environment prevents T cells from 

killing tumour cells [20, 59, 61, 62].  

To further enhance the efficacy of cancer therapeutic vaccines, strategies that 

have been proposed and utilised include: (i) increasing the immunogenicity of 

antigens, such as substituting key amino acids of an antigenic epitope, to 

enhance antigenicity; (ii) increasing the vaccine induced immune response to a 
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higher level by using a synergistic combination of cytokines, Toll like receptor 

ligands and co-stimulatory molecules; and (iii) removing the braking mechanisms 

mediated by regulatory T cells, NKT cells and suppressive molecules such as 

CTLA-4, PD-1, TGF-β and IL-10 [26, 63-65]. 

1.2 Therapeutic vaccine deals with patients that had been exposed to 

tumour/viral antigens 

Patients with cancer often develop natural humoral, CD4+ and CD8+ T cell 

responses to tumour antigens [31]. The ineffective immunity to tumour antigen 

inhibits the effectiveness of therapeutic vaccines. Pre-existing immunity to tumour 

antigens inhibits the effectiveness of therapeutic vaccines and the inhibition is 

sometimes dependent on antigen experienced CD4+ T [66-68]. Antigen-

experienced IL-10 secreting CD4+GITR+ T cells (GITR = glucocorticoid induced 

TNF receptor) inhibit CTL responses through IFN-γ signalling. IL-10 secreting 

CD4+ T cells can be amplified after vaccination and, therefore, prevent the 

generation of therapeutic vaccine induced tumour killing CD8+ T cells [69]. IL-10 

or TGF-β has been identified as inhibiting the effectiveness of therapeutic 

vaccines [27, 70]. The tumour microenvironment contains immune suppressive 

cells, such as regulatory T cells, tumour-associated macrophages, tumour 

residential immune suppressive dendritic cells and myeloid derived suppressor 

cells, as well as immune suppressive cytokines such as IL-10 and TGF-β, which 

also inhibit the efficacy of a therapeutic vaccine. 

Persistent viral infection, such as infection of HIV, hepatitis B virus (HBV), and 

hepatitis C virus (HCV) represents severe global health problems, especially in 

developing countries, chronic infection of these viruses often leads to the 

development of cancer [71-73]. One of the most important hurdles inhibiting the 
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clearance of chronic infection is the functional inactivation of antiviral T cells, 

termed as T cell exhaustion [74-81]. In response to HIV, HBV or HCV infection, 

viral specific CD4+ and CD8+ T cells are either deleted or persist in a state that 

is unable to proliferate to viral antigen stimulation or produce important antiviral 

cytokines such as IFN-γ and TNF-α. Chronic viral infection sometimes leads to 

the development of cancer and secondary infection. Cervical cancer is resulted 

from chronic infection of human papillomavirus (HPV) [82-84]; liver carcinoma is 

associated with the chronic infection of HBV, or HCV [85-88].  

Therapeutic vaccination is a potentially promising strategy to control chronical 

viral infections and cancer [26, 89-96]. It aims at destroying tumour or viral 

infected cells by inducing robust T cell responses, while leaving the normal cells 

unharmed. However, unlike prophylactic vaccines, which achieve their goals by 

developing neutralising antibodies against target pathogen, therapeutic vaccines 

must deal with patients that already elicited un-effective immune responses 

during chronic viral infection or cancer. They must overcome the 

immunosuppressive environment of these viral infected or cancer bearing tissues 

or organs, to be effective [97]. Numerous studies testing the ability of therapeutic 

vaccines to eliminate chronic viral infections have shown only limited success in 

clinical trials for HIV, HBV and HCV [73, 98]. Vaccine-induced immune responses 

are not sustained and are ineffective in eliminating the pathogens and cancers 

[20, 35, 54].  

1.2.1 Interleukin-10  

Interleukin (IL)-10 was first described as a cytokine synthesis inhibitory factor, 

that are produced by mouse Th2 cells and that inhibited the activation of, and 

cytokine production by Th1 cells [99-101]. The human IL-10 is a homodimer with 
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a molecular mass of 37 kDa. Each monomer has a molecular mass of 18.5 kDa 

and consists of 160 amino acids [102]. Murine and human IL-10 share 80% 

sequence identity [32]. There are several viral IL-10 homologs: Epstein-Barr virus 

BCRF1 [103, 104], herpes virus type 2 [105], cytomegalovirus [106] and Orf virus 

[107]. The structure of human IL-10 (ebvIL-10) has been studied by X-ray crystal-

topography [108, 109]. IL-10 is secreted by various cell populations including T 

cell subsets (Th2, Th17, Tc2, Tr1), monocytes and macrophages [100].  

The IL-10 receptor belongs to the class II cytokine family and is composed of IL-

10R1 and IL-10R2 subunits [110, 111]. IL-10R1 binds to IL-10 with high affinity 

and is expressed by most hematopoietic cells, although generally at low levels. 

IL-10R1 is down regulated upon T cell activation at both the mRNA and protein 

levels, however, there are activated T cells that up-regulate IL-10R expression 

[99]. IL-10R1 expression has also been observed on non-hemopoietic cells but 

at a much lower level. IL-10R1 expression is induced in fibroblasts by 

lipopolysaccharides.  

IL-10R2 is the accessory unit for IL-10 signalling and is constitutively expressed 

in most cells and tissues. There is no evidence for significant activation-

associated regulation of IL-10R2 expression in immune cells [99].  

IL-10/IL-10R interaction engages the tyrosine kinases Jak1 and Tyk2, which are 

constitutively associated with IL-10R1 and IL-10R2, respectively. IL-10 induces 

tyrosine phosphorylation and activation of the latent transcription factors stat3 

[112]. The main biological function of IL-10 is to suppress the inflammatory 

response and regulate the differentiation and proliferation of T cells, B cells, 

natural killer cells, antigen-presenting cells (APCs), mast cells, and granulocytes. 

IL-10 acts on antigen-presenting cells by down-regulation of MHC II, co-

stimulatory molecules expression and the production of reactive oxygen and 
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nitrogen intermediates. IL-10 also acts directly on IL-10 receptor expressing T 

cells to reduce their cytokine production and their pathological effects [32, 113, 

114]. Recently, it is shown that IL-10 mediates its anti-inflammatory effects 

through metabolic reprograming of macrophage. IL-10 inhibits LPS-induced 

glucose uptake, glycolysis and promotes oxidative phosphorylation. Furthermore, 

IL-10 suppresses mammalian target of rapamycin (mTOR) activity through the 

induction of an mTOR inhibitor, DDIT4. IL-10 promotes mitophagy that eliminates 

dysfunctional mitochondria characterised by low membrane potential and a high 

level of reactive oxygen species [101]. Numerous investigations, including 

expression analyses in patients, in vitro and animal experiments, suggest a major 

impact of IL-10 in inflammatory, malignant, and autoimmune diseases. IL-10 

overexpression was found in certain tumours, such as melanomas and several 

lymphomas, and is considered to be a factor in promoting further tumour 

development [115, 116]. In contrast, a relative IL-10 deficiency is regarded to be 

of pathophysiological relevance in certain inflammatory disorders characterised 

by a type 1 cytokine pattern such as psoriasis [117].  

1.2.2 Increase of the cytotoxic T cell responses by IL-10 signalling blockade 

at the time of immunisation 

Immunisation in the presence of IL-10 inhibitor increases vaccine induced 

cytotoxic T cell responses [31, 66, 67, 118, 119]. IL-10 is a cytokine that is 

expressed by many cell types including innate and adaptive immune cells [114]. 

Antigen-presenting cells, such as dendritic cells and macrophages, T helper cells, 

including Th1, Th2, and Th17 cells can all produce IL-10 under certain condition 

[99, 100, 112]. The main function of IL-10 is the induction of anti-inflammatory 

response mediated through IL-10 receptor [100]. IL-10 receptor is a class II 

cytokine family member composed of IL-10R1 and IL-10R2 subunits. IL-10R1 
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binds IL-10 with high affinity; IL-10R2 is an accessory subunit for signalling 

transduction, through activation of signal transducer and activator of transcription 

3 (stat3) [99, 112]. IL-10 is produced following TLR ligation on antigen-presenting 

cells, through myeloid differentiation primary-response protein 88 (Myd88) and 

TIR-domain-containing adaptor protein inducing IFN-β (TRIF). The production of 

IL-10 by antigen-presenting cells is regulated by the activation of certain inhibitory 

pathways. IFN-γ can inhibit ERK- and p38-dependent IL-10 production. Another 

negative feedback loop controlling IL-10 production by macrophages is mediated 

by IL-10 itself, through the induction of dual specificity protein phosphatase 1 

(DUSP1), which negatively regulates IL-10 production [99, 112].  

IL-10 inhibits Th1 responses through acting on antigen-presenting cells; IL-10 

also has been shown to inhibit both Th2 and Th17 responses [120-122]. IL-10 is 

elevated during HIV, HCV, and HBV infections, and its level is also increased 

significantly in some cancer patients and is reversely related to prognosis [123]. 

IL-10/IL-10R pathway has been identified as a key regulation of viral persistence 

[97, 124, 125]. Recent reports have shown that blockade of IL-10R by anti-IL-10R 

monoclonal antibodies clear the chronic lymphocytic choriomeningitis virus 

(LCMV) infection in mouse model [71, 124, 126]. Moreover, blockade of IL-10 

signalling at the time of therapeutic vaccine immunisation further improves the 

clearance of chronic viral infection [125]. Immune suppressive pathway signalling 

blockade combined with vaccination may therefore provide a promising 

alternative way to increase the efficacy of therapeutic vaccines for better control 

of chronic viral infection, and chronic viral infection related cancers, such as 

cervical cancer and HBV related liver cancer [73].  

1.2.3 IL-10 signalling blockade at the time of immunisation better clears 

chronic viral infection in animal models 
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IL-10 signalling blockade plus immunisation increases vaccine induces cytotoxic 

T cell responses [31, 66-68, 118]. Chronic infection of lymphocytic 

choriomeningitis virus (LCMV) in mice leads to increased IL-10 production, 

especially by dendritic cells, resulting in continued PD-1 expression on T cells 

[124, 126]. IL-10 signalling blockade by administration of anti-IL10R antibodies 

intraperitoneally facilitates eradication of chronic LCMV infection [124, 126]. 

Similarly, IL-10R blockade prevents mouse cytomegalovirus (MCMV) 

persistence [72]. Interestingly, West Nile virus (WNV), a mosquito-borne RNA 

flavivirus, which can cause life-threatening neurologic disease in elderly and 

individuals with a compromised immune system, can also be controlled by IL-10 

signalling blockade [127]. In human, blockade of IL-10 in vitro restores the 

function of HIV specific and HCV specific T cells [97, 128]. Dual IL-

10R/programmed death (PD)-1 blockade further enhances T cell activity and 

leads to enhanced control of an established persistent viral infection, suggesting 

that IL-10 and PD-1/PD-L1 are functional through distinct pathways to suppress 

T cell activity during persistent viral infection [129].  

Moreover, blockade of IL-10 in mouse chronic LCMV infection model allowed an 

otherwise ineffective therapeutic DNA vaccine to further stimulate antiviral 

immunity, thereby increasing T cell responses and enhancing clearance of 

persistent LCMV replication [125]. Similarly, blocking programmed death (PD)-

1/PD-L1 signals, in combination with therapeutic vaccination, synergistically 

enhances functional CD8+ T cell responses and improves viral control in mice 

chronically infected with lymphocytic choriomeningitis virus [98], although 

blocking TGF-β failed to promote clearance of a persistent viral infection in the 

same LCMV model [130].  



12 

 

Type I interferon signalling is essential for the expressions of the IL-10 and PD-

L1 after persistent virus infection. More recently, it was shown in the LCMV 

chronic infection mouse model that blockade of type 1 interferon signalling by 

using an IFN-I receptor neutralising antibody resulted in enhanced virus 

clearance [131, 132]. Therefore, type 1 interferon has dual opposite roles on 

controlling viral infection. During chronic viral infection, its role for the expression 

of IL-10 and PD-L1 are detrimental for clearance of chronic viral infection.  

1.2.4 IL-10 signalling in tumour immunotherapy  

It has been acknowledged for more than a decade that Toll like receptor signalling 

and neutralising of endogenous immunosuppressive cytokines, such as IL-10 is 

essential for Th1 priming [133]. Intra-tumour injection of Toll like receptor 9 ligand 

CpG, plus anti-IL-10 receptor antibody intraperitoneally, leads to robust anti-

tumour activity, and induces tumour rejection in C26 and B16 tumour models 

[134]. The therapeutic effect was attributed to the improved tumour infiltrating 

dendritic cell (TIDCs), and macrophage [135] function after the CpG stimulation 

and IL-10 signalling blockade in vivo; CpG or anti-IL-10 receptor antibody 

administration alone, or lipopolysaccharide, interferon γ and anti-CD40 

antibodies administration cannot restore the function of TIDCs. Recently, it is 

shown in a human papillomavirus 16 transformed TC-1 tumour model, that HPV 

long E7 peptide/LPS immunisation plus blocking IL-10 signalling by 

intraperitoneal administration of anti-IL-10 receptor antibodies inhibit TC-1 

tumour growth similar to that induced by long E7 peptide/IFA immunisation [68], 

it has been demonstrated in a clinical trial that long E7 peptide/Incomplete 

Freund’s adjuvant (IFA) immunisation has the efficacy to treat HPV16+ valve 

neoplasia [136-138]. Immunisation with long E7 peptide/LPS in the presence of 

anti-IL10 receptor antibodies elicits much stronger antigen specific CD8+ T 
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responses than immunisation without anti-IL-10 receptor antibodies. Similar 

results have been observed when virus like [66, 67, 118] or DNA vaccine [125] 

was used. Therefore, IL-10 signalling blockade at the priming stage, elicits 

stronger CD8+ T cell responses, which is beneficial for chronic viral and cancer 

therapy. 

Interestingly, it has been shown that IL-10 inhibits tumour metastasis in both 

transplantable and spontaneous tumour models [139, 140]. IL-10 deficient mice 

significantly enhanced growth of chemical carcinogenesis, growth of transplanted 

tumours and formation of metastases, and have increased level of myeloid 

derived suppressor cells and CD4+Foxp3+ regulatory T cells [141]. Interleukin-

10 attenuates tumour growth by inhibiting interleukin-6/signal transducer and 

activator of transcription 3 signalling in myeloid-derived suppressor cells in a TC-

1 tumour model [142]. Injection of IL-10 just after a booster vaccination 

significantly enhances anti-tumour immunity [143]. Recently IL-10 and 

exogenous pegylated IL-10 were found to promote CD8+ T cell control of 

developing or established tumours [144, 145]. PEG-IL-10 increases CD8+ T cell 

numbers in large transplanted and spontaneous tumours, and increase the 

expression of IFN-γ, and granzymes in those CD8+ T cells. Depletion of CD4+ T 

cells did not affect the PEG-IL-10 inflicted tumour, while preventing migration of 

T cells to/ from the tumour retained the rejection of tumours upon IL-10 treatment 

[146]. Recently, the safety, anti-tumour activity and immune activation of 

pegylated recombinant human-10 (AM0010) was examined in patients with 

advanced solid tumours [147].Taken together, IL-10 signalling blockade at the 

time of immunisation promotes the generation of robust vaccine induced CD8+ T 

responses, which can inhibit tumour growth. However, IL-10 signalling on tumour 

infiltrating CD8+ T cells is also able to inhibit tumour growth. IL-10 signalling 
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therefore plays a complex role in tumour immunotherapy. Stimulating and 

blocking IL-10 signalling can all prevent tumour growth. Therefore, carefully 

select the targeting cells through IL-10 signalling, such as blockade of IL-10 

signalling at the time of immunisation; and activate IL-10 signalling at the tumour 

site, may achieve better cancer therapy outcome.  

1.2.5 Developing IL-10 signalling inhibitors  

In mice, chronic viral infection can be reversed by IL-10 signalling blockade; IL-

10 signalling blockade at the time of immunisation further enhances chronic viral 

clearance and inhibits tumour growth. Bacillus Calmette-Guerin (BCG) 

immunisation and IL-10 signalling blockade better protect TB challenged mice 

than BCG immunisation alone [121, 122]. IL-10 has been an attractive target for 

therapy in parasite infection, such as visceral leishmaniosis, caused by the 

parasite Leishmania donovoni infection.  

Clinical grade anti-IL-10 or anti-IL-10 receptor antibodies, or IL-10 inhibitors are 

absent. Many attempts have been made to develop IL-10 signalling inhibitors, by 

using different techniques. For example, by using recombinant DNA technique, 

the extracellular domain of human IL-10R1 with the Fc regions of human IgG1 

heavy chain was constructed and expressed in vitro [255]. Purified monomeric 

IL-10 receptor 1/IgG1 Fc fusion proteins can inhibit IL-10 function. By using a 

phage library expressing 15-mer random peptides near the N terminus of a phage 

surface protein pIII that interact with biotinylated recombinant IL-10, peptides 

binding to IL-10 were synthesised and tested using the IL-10 sensitive MC/9 

murine mast cell line, peptide CHRCFHFRRHPVAVF and peptide 

TRHRHVPRFLPLRHV inhibited human IL-10 induced MC/9 cell proliferation 

[148]. These peptides could partially abolish IL-10 induced STAT-3 
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phosphorylation. Moreover, peptide TRHRHVPRFLPLRHV treated murine DC 

induced stronger T cell responses. In a similar attempt, a peptide 

FRSFESCLAKSH, was identified to be able to bind to human IL-10 receptor and 

inhibit human IL-10 induced STAT3 phosphoration and enhances anti-

leishmanial function in vitro [149]. Short oligonucleotide aptameric ligands with 

high specificity and avidity to their target can be generated in a procedure known 

as systematic evolution of ligands by exponential enrichment (SELEX). By using 

high throughput sequencing, an aptameric R5A1 could bind to human IL-10 

receptor and inhibit IL-10 mediated MC/9 cell proliferation. Moreover, truncated 

R5A1 could inhibit a murine CT 26 tumour growth similar to the effects mediated 

by anti-IL-10R antibodies. The techniques utilised above require either in vitro 

protein expression or purification, or labour-intensive panning.  

Computational modelling and simulation have become integral components of 

drug discovery programs in Pharma R&D [150, 151]. Recent advances in 

computing techniques have facilitated simulations of protein/peptide interaction 

in atomic detail, which make structure-based drug design (SBDD) more realistic, 

and the candidates can be screened through further in vitro and in vivo bioassays. 

Recently, by using a SBDD method, the interaction between IL-10 and IL-10R1 

was analysed. It shows that besides several hydrogen bonding, there is extensive 

hydrophobic interaction between IL-10 and IL-10R1 within the ‘binding zone’. 

Thus, the designed inhibiting-active peptides would possess strong hydrophobic 

sequence characteristics. Two IL-10 inhibiting peptides were accordingly 

designed based on the principle that whole or most of the well-defined ‘binding 

zone’ of IL-10/IL-10R1 complex would be chemically blocked. In addition, to verify 

the validity of this method, a ‘negative control’ peptide was also designed, which 

would show nil inhibiting effect. In vitro experiments indicate that our designed IL-
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10 signalling inhibitory peptides are able to prevent anti-IL-10R binding to IL-10R 

on cell surface and inhibit LPS induced IL-10 secretion by macrophage cell line 

U937 [49, 152]. 

In summary, IL-10 signalling inhibitors are under intensive exploration; computer 

based modelling method is superior to conventional methods, such as phage 

display, by reducing the labour intensive and time-consuming panning step.  

1.2.6 Safety Concerns  

IL-10-deficient mice spontaneously develop chronic intestinal inflammation, 

which is mediated by CD4+ T cells and is associated with enhanced Th1 

responses in the early course of disease, and Th2 cytokines progressively 

increase later on [153, 154], suggesting IL-10 is critical for maintaining normal 

biological activities, especially in the gut. IL-10 deficiency increases hepatic 

immunopathology, more severe disease and weight loss during acute murine 

cytomegalovirus infection [155, 156]. IL-10 signalling blockade may therefore 

cause unwanted side effects. Interestingly, blocking IL-10 at the time of 

immunisation does not inhibit the induction of IL-10 producing regulatory T cells, 

but promotes the generation of IL-10+GITR+CD4+ and IL10+IFN-γ+CD4+ T 

regulatory cells [157]. Currently, IL-10 signalling blockade is achieved by 

administration of anti-IL-10 receptor antibodies; which stays in vivo for days, if 

not weeks. The peptide based IL-10 inhibitor may result in less side effects than 

anti-IL-10 receptor antibodies, as these peptides are usually smaller in size and 

molecular weight.  

Taken together, IL-10 signalling blockade at the time of immunisation may 

provide an exciting approach for chronic viral infection and cancer treatment. 
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Novel IL-10 signalling inhibitors are needed to reduce the potential unwanted side 

effects of IL-10 signalling blockade.  

1.3 Late stage solid tumours contain regions of hypoxia 

Solid tumours at advanced stages show angiogenesis of abnormal blood vessels 

restricting blood supply and resulting in reduced oxygen levels in the tumour 

microenvironment [43, 44, 158]. Therefore, some areas of the late stage tumour 

are anaerobic and necrotic [36]. Tumour cells in hypoxic regions adjacent to the 

necrotic area may be viable [159] but are likely to have a decreased supply of 

nutrients such as glucose and essential amino acids [160-162]. Lack of blood 

vessels and hypoxia may also prevent therapeutic agents reaching tumour cells 

at desired concentrations [163, 164]. Hypoxia has been demonstrated to increase 

the invasion and metastasis of late stage melanoma [165]. If tumour cells close 

to blood vessels are killed, the nutrient supply to previously hypoxic cells may 

increase, allowing cells to survive and regenerate the tumour [160-162].  

1.4 The tumour microenvironment is immunosuppressive  

The concept that the tumour microenvironment (TME) is critical for cancer 

development is originated in the ‘seed and soil’ hypothesis proposed by Paget 

[166-168]. The TME not only promotes the development of cancer but also 

prevents immune effector cells from killing tumour cells [169]. The TME is 

complex and consists of many cell types including endothelial cells and their 

precursors, smooth-muscle cells, fibroblasts, myofibroblasts, neutrophils, 

granulocytes (eosinophils and basophils), mast cells, T, B and natural killer 

lymphocytes, and antigen presenting cells (macrophages and dendritic cells) 

[170]. All the cells within the TME can participate in tumour progression and 

regression, depending on the stage of tumour development. Cancer cell 
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autophagy also promotes tumour growth [171]. It is proposed that the TME is a 

dynamic milieu that is in constant evolution [172, 173]. Immune and stromal cells 

can interact with each other to maintain the immune suppressive environment 

[172, 173].  

It has been shown T cell infiltration in TME has positive prognostic import [174]. 

A high ratio of CD8+ T cells to Foxp3+ regulatory T cells in the TME has been 

suggested to have a favourable clinical outcome in ovarian and cervical cancers 

[175, 176]. However, analysis also demonstrates that some tumour infiltrating T 

cells are anergic, expressing high levels of LAG-3, and secrete few cytokines 

[177, 178], even though effective T cells are presented in circulation [177].  

It is accepted that tumour associated dendritic cells are deficient at presenting 

antigen [179, 180]. The presence of CD8+DCs in the TME is beneficial for tumour 

regression but the immune-regulatory properties of plasmolytic DCs (pDCs) in 

the TME is detrimental have been suggested [181]. M2 type tumour infiltrating 

macrophages promote cancer development and prevent effective cancer 

immunotherapy [182-184]. Tumour specific regulatory T cells, which down 

regulate immune responses, are often enriched at the tumour site [185]. 

Moreover, increased levels of immunosuppressive cytokines, such as IL-10 and 

TGF-β, have also been observed systematically and locally at the tumour site 

[113]. The TME is also responsible, at least in part for tumour cell metastasis 

[186]. Similarly, it has recently been suggested to combine pathogen-based 

therapies and immunotherapy for better cancer treatment by others [207]. 

Pathogen based therapy could either break the immune tolerance to enhance the 

effectiveness of cancer vaccines or directly infect and kill cancer 

cells. Adoptive cell transfer can induce a strong durable anti-tumour response, 

with recent advances, including engineering dual specificity into T cells to 
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recognise multiple antigens and improving the metabolic fitness of transferred 

cells [207]. 

1.5 Targeting the tumour microenvironment  

1.5.1 Anaerobic, oncolytic bacteria treatment targets cancer 

microenvironment 

Patients with large inoperable tumours have been observed to become tumour-

free after fever [187]. Intravenous (i.v.) injected spores from an obligate anaerobic 

bacterium, germinated and proliferated inside the hypoxic environment of the 

solid tumour [50, 188]. These regions, that limit the effectiveness of conventional 

therapies, provide a suitable environment for the proliferation of the anaerobic 

bacteria and an opportunity for exploring a novel method for the treatment of late 

solid tumours [49, 189].  

Anaerobic and facultative anaerobic bacteria tested to date fall into three classes 

[190]: (i) lactic acid, Gram-positive anaerobic bacteria such as Bifidobacterium 

longum, Bifidobacterium infantis and Bifidobacterium adolescentis; (ii) 

intracellular, Gram-negative facultative anaerobes such as Salmonella 

typhimurium; and (iii) obligately anaerobic, Gram-positive 

saccharolytic/proteolytic clostridia such as Clostridium novyi. When spores of 

Clostridium novyi are intravenously injected into animals, they germinate 

exclusively within the hypoxic region of tumours [191-193]. Approximately 30% 

of mice treated with Clostridium novyi spores were cured. It is recorded that small 

tumours (<150mm3) are not affected by the oncolytic bacteria treatment but that 

very large tumours (>450mm3) showed substantial necrosis followed by 

shrinkage. It appears that an optimal treatment window exists when tumours are 

approximately 250-300mm3 because the efficacy of oncolytic bacteria treatment 
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depends on the hypoxia region of the tumour`, and the larger the tumour size the 

more extensive is the hypoxia region [193, 194]. Similar success rates were 

recorded in rabbits with intrahepatic tumours and in rats with intra- cranial 

tumours [50, 193, 194]. All cured animals rejected a subsequent challenge of the 

same tumour, suggesting the mechanism underlying this effect is immune 

mediated [159]. Clostridium novyi spores can also germinate and proliferate 

within tumours of dogs [195]. Recently it has been shown in a natural occurring 

canine solid tumour that intra-tumour injection of C. novyi-NT spore results in 

substantial tumour regression in 37% in dogs, with three instances of complete 

tumour regressions [195]. Administration of C novyi-NT. to a human patient with 

advanced leiomyosarcoma resulted in tumour regression [195, 196].  

In contrast to other therapies, side effects of anaerobic bacteria oncolytic 

therapies can be controlled by using antibiotics. For example, C. novyi-NT is 

highly sensitive to clindamycin and various formulations of penicillin [197].  

1.5.2 Pro-inflammatory tumour microenvironment by oncolytic cancer 

therapy 

When bacteria grow in a tumour they may change the environment from 

immunosuppressive to a pro-inflammatory environment (Table 1.2). Bacterial 

infections are accompanied by the release of pathogen-associated molecular 

patterns (PAMPs) including lipopolysaccharides (LPS) from bacteria and heat 

shock protein (Hsp) from the necrotic cells [198]. LPS and Hsp [199, 200] induce 

maturation of dendritic cells (DCs), the professional antigen-presenting cells that 

are essential for potent immune responses. PAMPs interact with Toll-like 

receptors (TLRs), leading to up-regulation of co-stimulatory molecules on 

dendritic cells and secretion of pro-inflammatory cytokines. These in turn, induce 
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the production of IFN-γ by T cells and initiate a Th1-dependent cell-mediated 

response [201, 202]. It has been shown that administration of anaerobic bacteria 

results in significant enhanced tumour regression in wild-type C3H/HeN mice 

than in TLR4-deficient C3H/HeJ mice, suggesting that Toll-like receptor 4 

mediates an anti-tumour host response induced by anaerobic bacteria treatment 

[203]. Furthermore, compared with C3H/HeJ mice intra-tumour IFN-γ, CXCL9 

and CXCL10 levels are significantly increased in C3H/HeN mice after anaerobic 

bacteria treatment. More infiltration of macrophages, neutrophils, CD4+ and 

CD8+ T cells in C3H/HeN mice after bacteria treatment compared with those in 

TLR-4 deficient C3H/HeJ mice [203].  

Bacteria inside the tumours destroy adjacent cancer cells through the secretion 

of lipases, proteases and other enzymes [4] and Clostridial spores have been 

shown to induce strong inflammatory responses and leucocytosis [159, 203]. 

Systemic administration of C. novyi-NT spore results in the spores being 

distributed throughout the body. However, they germinate only within anoxic or 

markedly hypoxic regions of tumours. C. novyi-NT spores and the bacteria induce 

the production of interleukin 6 (IL-6), macrophage inflammatory protein 2-alpha 

(MIP-2), granulocyte-colony stimulating factor (G-CSF) and metallopeptidase 

inhibitor 1 (TIMP-1) that attract a massive influx of inflammatory cells [159]. These 

events initiated largely by neutrophils are followed within days by monocyte and 

lymphocyte infiltration within the tumour. The accumulation of Salmonella, a 

Gram-negative bacterium, within the tumour site, leads to CXCL-9 and CXCL-10 

expression [203], which recruits T cells to the tumour [204]. CTLs have been 

observed to accumulate within the tumour treated with oncolytic bacteria [205, 

206]. Furthermore, oncolytic bacteria can be genetically modified to express 
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cytokines that have anti-tumour activity [206], which can change the tumour 

microenvironment from immune suppressive to pro-inflammatory.  

Administration of anaerobic bacteria does not eradicate late stage tumours but 

the procedure reduces tumour volume and burden and generates a pro-

inflammatory tumour microenvironment. It overcomes the problems with 

therapeutic vaccines, which often fail to show efficacy in clinical trials, because 

of the immune suppressive environment at the late stage tumour site prevents 

vaccine induced T cells from killing tumour cells [35, 134, 169, 170]. The 

administration of anaerobic bacteria, which can reduce tumour mass and lead to 

a pro-inflammatory condition at the tumour site, followed by vaccine treatment 

may improve the efficacy of a therapeutic vaccine. 

1.6 Bacterial oncolysis to combine with novel cancer therapeutic vaccine 

may lead to better treatment outcomes for late stage cancers 

Effective cancer treatment requires the development of novel and effective 

therapies with minimal side effects. Bacteria oncolysis and therapeutic vaccines 

are emerging as therapies with great potential. Combinations of both treatments 

may prove to be an effective way of managing cancer, especially at the later 

stages where surgical removal of the tumour mass is no longer an option. 

Clostridial oncolysis can lyse late stage cancer cells thereby reducing the tumour 

burden and providing a pro-inflammatory environment within the tumour. IL-10 

blockade at the time of immunisation induces stronger vaccine induced T cell 

responses than immunisation without IL-10 inhibition. Increased numbers of 

vaccine induced T cells may migrate to the tumour sites at higher rates and kill 

tumour cells more efficiently following anaerobic bacterial treatment [49]. 

Similarly, it is recently suggested to combine pathogen-based therapies and 
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immunotherapy for better cancer treatment by others [207]. Pathogen based 

therapy could either break the immune tolerance to enhance the effectiveness of 

cancer vaccines or/and directly infect and kill cancer cells. Adoptive cell transfer 

can induce a strong durable anti-tumour response, with 

recent advances including engineering dual specificity into T cells to recognise 

multiple antigens and improving the metabolic fitness of transferred cells [207]. 

1.7 Significance of the project 

The project for the first time, has attempted to determine whether blocking IL-10 

at the time of immunisation will increase immune response without significant 

side effects; It will try to develop peptide based IL-10 signalling inhibitor, paving 

the way for the testing of a humanised IL-10 inhibitor. The project will also 

investigate if Clostridium ghonii (CG) spore administration disrupts the TME. If 

successful, the study will have a significant contribution to the research field of 

therapeutic vaccines, and provide an exciting way to enhance the efficacy of a 

therapeutic vaccine for advanced cancers, by combining novel therapeutic 

vaccines containing IL-10 inhibitor and administration of clostridial spores. 

1.8 Hypothesis and Aims 

The hypothesis of the project is as: (1) Blocking IL-10 at the time of immunisation 

should increase vaccine induced T cell responses without eliciting unwanted side 

effects; (2) Humanised and active IL-10 inhibitors could be designed using 

computerised programs; (3) Clostridial spores induce oncolysis of cancer should 

also improve immune cell penetrations to cancer in situ, thus, achieving a robust 

anti-cancer immune response. To test these hypothesis, the thesis is specifically 

aimed at: 1) To investigate whether an antibody-mediated blocking of IL-10 

signalling at the time of an immunisation will generate any unwanted side effects; 
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2) To establish whether new anti-IL 10 peptides designed through computer 

modelling are bioactive both in vitro and in vivo; and 3) To determine whether 

oncolytic events in anaerobic Clostridium ghonii spore treatment of modelled 

cancers will improve the immune suppressive TME. 



25 

 

Table 1.1 Combining both anaerobic bacteria oncolysis and therapeutic vaccination may achieve better outcome for late stage 

cancer management  

Ref     Year                                    Strategy/Result 

[208]   1947      Intravenous injection of C.histolyticium spores resulted in tumour lysis 

[53]    1957      Immunosurvilliance theroy formly formulated  

[67]    2003      Immunisation and IL-10 signalling blockade enhances vaccine induced CD8 T cell responses 

[209]  2005      Recombinant C. acetobutylicum for IL-2 resulted in enhanced anti-tumour effect 

[210]  2008      Anaerobic DCG spore treatment leads to chemokine secretion and recruit T cells to tumour site 

[28]    2010      First therapeutic vaccine against prostate cancer approved by FDA 

[195]   2012      Clostridium novyi NT spores elicits therapeutic effects in dog naturally occurring tumours 

[68]    2014      Immunisation and IL-10 signalling blockade prevent tumour growth in a mouse transplant tumour model 

[196]   2014     Administration of C. novyi NT to a patient with advanced leiomyosarcoma was effective at inducing tumour regression 
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Table 1.2 Bacterial oncolysis results in local tumour inflammation responses  

 

Bacteriolytic therapy Inflammatory responses in 

Tumour 

Systemic inflammatory responses  Year References 

Clostridium novyi-NT Neutrophil, Monocytes and 

 Lymphocytes infiltration 

Increased IL-6, MIP-2, G-CSF, TIMP-

1, CD8+ T cells are tumour killing 

effector cells 

2004 [159] 

Salmonella Expression of IFN-γ, IP-10; 

CD4, CD8 T cells infiltration 

Increased cell death 2008 [210] 

Salmonella Increased expression of IFN-γ, 

MIG, IP-10 

Increased IFN-γ bacteriolytic effect is 

TLR4 dependent 

2008 [203] 

Salmonella Neutrophil, Macrophage 
infiltration 

T cell deficient mice have lower 
tumour inhibition rate compared with wild-
type mice 

2011 [205] 
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2.1 Mice 

6-8 weeks old adult female C57BL/6 (H-2b) mice were purchased specific pathogen 

free (SPF) from the Animal Resource Centre, Sun Yat-Sen University and kept at the 

Animal Resource Centre, Sun Yat-Sen University, Guangdong province, China; or 

were purchased SPF from the Animal Resource Centre, Shandong University and 

kept at the Animal Resource Centre, Shandong Xing Wei Biopharm company, Jinan, 

Shandong province, China. All experiments were approved by and performed in 

compliance with the guidelines of Foshan First Peoples Hospital Animal 

Experimentation Ethics Committee (Ethics Approval Numbers: FSFH20140310, 

FSFH20160316; Project title: Pre-clinical research on therapeutic vaccine against 

HPV related diseases) or Shandong Xing Wei Biopharm Company, Jinan, Shandong 

province, China (Jinan Xingwei Biopharm Co: JXBC20150708M; Project title: A novel 

therapeutic approach against late stage cancer). When animal experiment was 

needed for my project, a Griffith University Animal Ethics Committee approval was 

sought (Ethics approval number Griffith Uni: MSC/14/13/AEC, Project title: A novel 

therapeutic approach against late stage melanoma). 

2. 2 Antibodies 

Antibodies for Flow cytometry: Anti-CD3-PE (17A2), Anti-CD4-APC (RM4-5) mAbs 

were purchased from BioLegend (San Diego CA). Anti-CD45.2-FITC (104); Anti-

CD11b-PE(M1/70), Anti-CD4-FITC (RM4-4), anti-CD4-PE (RM 4-5), anti-GITR-PE 

(RAM34), anti-IL-10 (JES5-16E3), Anti-IFN-γ-PE (XMG1.2), anti-IL-10-APC (JES5-

16E3), Anti-NK1.1-APC (PK136), Anti-B220-PE(RA3-6B2), Anti-F4/80-PerCP-

Cyanine5.5 (BM8), Anti-IFN-γ PerCP-Cyanine5.5 (XMG1.2), Anti-IL5-PE (TRFK5), 

Anti-IL9-APC (RM9A4), Anti-IL-10-PerCP-Cyanine5.5 (JES5-16E3) were purchased 
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from eBioscience (San Diego, CA, USA). Anti-mouse/Rat Foxp 3 staining kit was 

purchased from eBioscience (San Diego, CA, USA).  

Antibodies for immunohistochemistry: Anti-CD3 mAb (CD 3-12) was purchased from 

GeneTex (Alton Parkway Irvine, CA, USA), anti-Ly-6G (1A8) was purchased from 

BioLegend (San Diego, CA, USA).  

Antibodies for in vivo experiment: Anti-IL-10 receptor (1B1.3) monoclonal antibody 

(MAb) for immunisation were purchased from BioXcell, USA and stored at -80°C till 

further use. Recombinant proteins: Human interleukin 10 receptor α were purchased 

from Creative BioMart, USA (Cat. No IL-10RA-212H), and was re-suspended in 

sterilised Milli Q water to a concentration of 1 µg/µL as stock solution. Recombinant 

Human interleukin 5 receptor α was purchased from Genscript, USA (Cat. No Z03126-

10), and was re-suspended in sterilised Milli Q water to a concentration of 1 µg/µL as 

stock solution. Human IL-10 was purchased from eBioscience (Cat. No: BMS/346). 

Mouse IL-4 was purchased from eBioscience (Cat. No: 14-8041). 

2.3 Peptides  

Long HPV16 E7 peptide GQAEPDRAHYNIVTFCCKCDSTLRLCVQSTHVDIR, and 

HPV16 E7 CTL epitope E7 49-47 RAHYNIVTF, the MHC class I (H-2 Kb) restricted 

ovalbumin (OVA) peptide OVA 257-264 SIIFINKLE, and the MHC class II (H-2Kb) 

restricted peptide OVA 323-339 ISQAVHAAHAEINEAGR, IL-10 inhibitory peptides 

were synthesised and purified by Mimotopes (Melbourne, Australia). The purity of the 

peptides (95%) was determined by reverse-phase HPLC. Peptides were dissolved in 

0.5% DMSO in PBS and, if not used immediately, stored at -20°C.  

The synthesis of P series peptides will be described in Section 2.23 of this chapter (on 

page 39).  
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Peptide 1 (P1): FFKKF FKKFF KKFFK K-OH 

Peptide 2 (P2): FFRRF FRRFF RRFFR R-OH 

Peptide 3 (P3): GTELP SPPSV WFEAE F-OH 

P1.1 FFKKF FKKFF KKFF-OH 

P1.2 FFKKF FKKFF KK-OH 

P1.3 D-FFKKF FKKFF KKFFK K-OH 

P1.4  FRKKF RKKFF KKFFK K-OH 

P1.5 FRKKF RKKFR KKFRK K-OH 

P1.6 FFKAF FKAFF KAFFK A-OH 

P2 FFRRF FRRFF RRFFR R-OH 

P2.1 EFRRE FRREF RREFR R-OH 

P2.2 WYRRF YRRAH RRAHR R-OH 

P2.3 WYHHF YHHAH RRAHR R-OH 

2.4 Other reagents 

DMEM and RPMI 1640 media, fetal calf serum (FCS), 100 U of ampicillin and 100 U 

of streptomycin were from Gibco (Melbourne, Australia). DMSO, PBS, Ovalbumin 

(OVA), Lipopolysaccharide (LPS), Monophosphoryl Lipid A (MPLA), Dextran Sulfate 

Sodium Salt (DSS), Collagenase D, Dnase I and Incomplete Freund’s adjuvant (IFA) 

were purchased from Sigma (Sigma-Aldrich, Australia), Ficoll was purchased from 

Sigma, Cell Stimulation Cocktail, 7-AAD Viability Staining Solution was purchased 

from eBioscience (Melbourne, Australia).  
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2. 5 Cell lines 

2.5.1 Murine mast cell MC/9 (CRL-8306) cell line was purchased from American type 

culture collection (ATCC) (Manassas, VA, USA) and cultured following the protocols 

in the product sheets. Briefly, MC/9 cells were cultured in complete RPMI 1640 media 

supplemented with 10% heat inactivated fetal calf serum (FCS), 100 U of penicillin/ml 

and 100 μg of streptomycin/ml and were cultured at 37°C with 5% CO2. And 5 ng of 

murine IL-4 or 1 ng of human IL-10 as recommended by ATCC, with or without adding 

P1, P2 or P3 respectively. MC/9 cell proliferation was determined by MTT assay 

(purchased from ATCC, USA) following the instruction of the manufacturer.  

2.5.2 U937 cell line (CRL1593.2) was purchased from ATCC USA and the cell culture 

was followed the protocols in the product sheets. Briefly, U937 was maintained in 

complete RPMI 1640 media (Gibco) supplemented with 10% heat inactivated FCS, 

100 U of penicillin/ml and 100 μg of streptomycin/ml and were cultured at 37°C with 

5% CO2.  

2.5.3 Murine TC-1 cell line was purchased from Shanghai institutes for cell resource 

centre, Chinese Academy of Sciences, and cultured following the protocols in the 

product sheets. TC-1 tumour cell line is derived from primary lung epithelial cells of 

C57BL/6 mice and transformed with HPV16 E6/E7. Briefly, TC-1 cells were cultured 

in complete RPMI 1640 media supplemented with 10% heat inactivated fetal calf 

serum, 100 U of penicillin/ml and 100 μg of streptomycin/ml (Gibco), 0.2 mM non-

essential amino acid solution, 1.0 mM sodium pyruvate, 2 mM L-glutamine, 0.4 mg/ml 

G418 and were cultured at 37°C with 5% CO2 [68]  

All cell lines were free of contamination with mycoplasma. The presence of 

mycoplasma in a cell line was routinely checked in the laboratory by PCR [211]. 
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2.6 Commercial kits 

ELISA kits for human and mouse IL-10, IL-12 and IFN-γ were purchased from 

eBioscience, or Biolegend. Multi-cytokine ELISA Kit for cytokines IL-1a, IL-1b, IL-4, IL-

5, IL-6, IL-10, IL-13, IL-17a, IL-23, IFN-γ, TNF-a, GM-CSF was purchased from Qiagen 

(Qiagen, Australia). ELISPOT Plates for IFN-γ were purchased from 

Millipore (Melbourne, Australia), Intracellular staining Fixing and Permeabilising Kit 

was purchased from Biolegend (Western Australia).  

2.7 Immunisation of mice  

Groups of three to eight mice were immunised with relevant antigens and adjuvants 

twice at 14 days apart subcutaneously (s.c.), with or without Intraperitoneal injection 

(i.p.) or s.c. injection of 300-500 µg of anti-IL-10R antibodies. 

2.8 Tumour challenge 

TC-1 tumour challenge was described elsewhere [68]. Briefly, TC-1 cells, 

approximately 70% confluent, were harvested with 0.25% trypsin and washed 

repeatedly with PBS. TC-1 cells (2 × 105) were injected s.c. into the hind flank area in 

0.2 ml of PBS using a 25G needle. Between 4-7 days later and every 3 days thereafter, 

the area was observed and palpated for the presence of a tumour nodule. Tumour 

sizes were assessed every 3 days using callipers to determine the average diameter 

of each tumour. Tumour volumes were calculated as width×width×length. Mice were 

sacrificed when the tumour diameter reached 20 mm. 

2.9 Isolation of mononuclear cells from tumour  

Tumours were excised and cut into small pieces after removal of blood vessels and 

connective tissue by dissection. To isolate blood cells, tumour tissues were incubated 
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for 1 hour, with occasional shaking, in an enzyme mixture that consisted of 1 mg of 

collagenase D/ml, 20 μg of DNase I/ml, and 10% fetal calf serum in RPMI-1640 at 

37°C. The digested tissue was passed through a 70 μm nylon mesh, and the resultant 

cells were washed twice in PBS. Mononuclear cells were obtained with Lymphocyte 

Separation Medium (Axis shield Dundee, UK) following centrifugation at 2000 rpm for 

25 minutes. Mononuclear cells were harvested at the intersection and washed 

extensively with PBS with 2% FCS.  

2.10 Cell surface staining and flow cytometric analysis 

Single cells isolated from spleen, lymph nodes or from tumour were extensively wished 

with PBS containing 2% FCS. After centrifugation at 1300 rpm/min for 5 minutes, the 

cells were stained with relevant antibodies. After extensive washing with PBS 

containing 2% FCS, the cells were acquired on BD FACS Calibur. Flow cytometry data 

was analysed by flowjo (Ashland, OR, USA) or by NovoExpressTM (ACEA Biosciences, 

Inc. Diego, CA 92121, USA). 

2.11 Intracellular staining for cytokines  

Single cells were stained for surface molecules described above, then fixed and 

permeabilised using permeabilisation kit (Biolegend). After intensive wash with 

permeabilisation buffer, the cells were intra-cellularly stained with relevant antibodies 

or isotype-matched control mAb for 20 minutes in the dark at room temperature. 

Samples were acquired by flow cytometry using a FACS Calibur and analysed with 

Flowjo or NovoExpress TM.  
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2.12 ELISA for cytokines from culture supernatants  

All ELISA experiments were performed by following the instruction protocols of the 

ELISA Kits provided by manufacturers described in relevant Chapters. 

2.13 Multi-cytokine ELISA kits for cytokines 

Multi-cytokine ELISA (from Qiagen, Australia) was performed according to the 

manufacturer’s instruction. 

2.14 ELISPOT  

ELISPOT was performed as previously described [212]. Briefly, single spleen or lymph 

node cell suspensions were added to membrane base 96 well plates (Millipore, 

Bedford, MA) coated with anti-IFN-γ (BD Harlingen, San Diego, CA). Peptide was 

added at various concentrations and cells held at 37oC with peptide for 18 hours. 

Antigen specific IFN-γ secreting cells were detected by sequential exposure of the 

plate to biotinylated anti-IFN-γ (BD Harlingen), avidin horseradish peroxidase (Sigma-

Aldrich) and DAB (Sigma-Aldrich). The results were measured by the ELISPOT reader 

system ELR02 (AID Autoimmun Diagnosticka GmbH, Strassberg, Germany). 

2.15 Isolation and staining of intraepithelial lymphocytes (IELs) 

The intestinal lymphocytes were isolated by following Lefrancois’s protocol [213]. 

Briefly, mice were sacrificed by and the intestines were harvested and separated from 

unwanted fat and connective tissue. All procedures were approved by the animal 

ethics committee. Faecal matter in the intestinal was expelled by flushing the entire 

intestine with 40 ml, 4°C CMF solution. After removing remaining fat and connective 

tissues and Peyer’s patches, the intestines were then cut longitudinally and laterally 
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into ~0.5 cm pieces. The intestine pieces were washed with 4°C CMF solution until 

supernatant is clear, which indicates efficient washes have been achieved. 

The intestinal pieces were incubated with 20 ml CMF/FBS/DTE solution at 37oC with 

stirring for another 20 minutes. The intestinal pieces were then transferred to a 50 ml 

conical centrifuge tube and vortex for 15 secs at maximum setting. Intestinal pieces 

were allowed to settle and supernatant transferred to another 50 ml conical tube, 

followed by a 10 minutes incubation on ice. Supernatants contained the IEL and some 

epithelial cells. The IEL supernatant was then centrifuged at 350 g for 5 minutes and 

the supernatant discarded. Counted viable cells were re-suspended in Cell Staining 

Buffer at 5×106 cells/ml. Fc receptors were then blocked with 1.0 g Anti-Mouse 

CD16/CD32 (clone: 93) for 10 minutes on ice, then anti-mouse CD45.2 FITC, anti-

mouse CD3 PE, anti-mouse CD8 PerCP Cyanine 5.5 and anti-mouse CD4 APC added 

as appropriate and incubated on ice for 20 minutes in the dark. The cells were acquired 

on BD FACSCalibur. Flow cytometry data was analysed by flowjo software, and 

statistical significance among different groups was analysed by prism. 

2.16 Immunohistochemistry for intestinal infiltrating CD3+ T cells and 

neutrophils 

Intestines from immunised mice were excised and cut into pieces as described above. 

Mouse intestine pieces were fixed in 10% buffered neutral formalin, processed through 

graded ethanol and three changes of xylene, and infiltrated with paraffin. Tissue 

samples were then embedded into paraffin blocks and 4 mm sections cut using a 

microtome, and mounted onto microscope slides. The Vectastain ® ABC kits, 

purchased from Vector Laboratories (Rabbit IgG, PK-4001), were used for antibody 

detection. Briefly, after a heat-induced antigen retrieval by Dako PT Link, the tissue 
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sections were incubated with primary antibodies, Anti-CD3 mAb (clone CD3-12) or 

anti-Ly-6G (clone 1A8) for 1 h. The sections were washed and incubated with the 

biotinylated secondary antibody for 30 minutes, washed and incubated with Vectastain 

ABC Reagent. The sections were washed and then developed with DAB (Dako) 

followed by Mayer's hematoxylin counterstaining. Murine lymph node was used as the 

positive control for CD3+ T cells in each staining batch and samples from the same 

series without primary antibody served as negative controls.  

Image analysis software Image pro Plus 6.0 (IPP) was used to quantify the numbers 

of intestinal infiltrating CD3 positive or anti-Ly-6G positive cells. The density of tumour 

infiltrating CD3+ T cells or neutrophils was quantified from five high-power fields (HPFs, 

200x). The numbers of intestinal infiltrating CD3+ T cells or neutrophils were 

calculated as the ratio of integrated optional density IOD /area (IOD/area) [214]. 

2.17 In vitro stimulation of U937 cells and peripheral blood mononuclear cells 

(PBMCs) 

2-5×105 of U937 cells or PBMCs were cultured in 1 mL of RPMI with 10% human 

serum containing 100 U of ampicillin and 100 U of streptomycin. The U937 cells were 

either unstimulated or stimulated with 4×10-3 µM of LPS (Sigma, Cat. L3024-5MG) 

overnight, in the presence of different concentration of P1, P2 or P3 or anti-IL-10 (10 

µg/mL, ~0.3 µM) or anti-IL-10R (10 µg/mL, ~0.1 µM) antibodies. Supernatants were 

collected and stored at -80oC till use.  

2.18 Isolation of peripheral blood mononuclear cells  

Heparinised (25 IU/mL) peripheral blood was taken by a nurse from consent 

individuals, and PBMCs were separated by discontinuous density gradients of Ficoll-
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Hypague (GE Healthcare) according to the manufacturer's protocol. Isolated PBMCs 

were washed extensively using RPMI with 10% of human serum. The experiments 

were carried out strictly under research ethics and approved by the Human Ethics 

Committee of the First People’s Hospital of Foshan, China. (Ethics Approval Numbers: 

FSFH 20140310, FSFH20160316, Project title: A therapeutic vaccine incorporating IL-

10 inhibitor.) 

2.19 7-AAD assay  

7-AAD Viability Staining Solution was purchased from eBioscience (Cat. 00-6993). 

Briefly, 5 µL of 7-AAD was added to 5×105 cells for 5 minutes, and 7-AAD staining 

was measured by a BD Accuri flow cytometry. 

2.20 Surface plasmon resonance (SPR) spectroscopy  

The SPR assays were determined at 25°C on a Biacore T100 SPR instrument, using 

a CM5 sensor chip immobilised with IL-10 and IL-10R1 by GE Amine Coupling Kit. A 

channel treated following the same procedure but without IL-10 or IL-10R1 

immobilisation was employed as a blank reference. The running buffer was 

1×phosphate buffered saline at pH of 7.4. To determine the surface binding affinity, 

peptides diluted with the running buffer at various concentrations were injected at a 

flow rate of 10 μL/min for 1 minute, followed by 5 minutes dissociation. Sensorgrams 

from each cycle were subtracted by the corresponding blank run. Then steady-state 

affinity analysis was performed using Biacore T100 Evaluation Software v2.0.3 (GE 

Healthcare) based on three independent repeats. For the competitive binding assay, 

peptides at various concentrations were co-injected with a low concentration of IL-10 

(33 nM) through the IL-10R1 channel. Sensorgrams from each cycle were blank and 

baseline corrected, and then compared with sensorgrams with only IL-10 or the 
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corresponding peptide at the same concentration. The inhibition of IL-10 binding to IL-

10R1 was indicated by a loss in total response unit (RU). 

2.21 Matrix-assisted laser desorption ionisation (MALDI) mass spectrometry 

analysis 

The mass spectra of IL-10R1/peptide complexes were obtained using a 4700 MALDI-

TOF/TOF mass spectrometer (AB Sciex Pt. Ltd., USA). Methods of using MALDI mass 

spectrometry to study the protein/protein and protein/peptide complexes have been 

reported previously [215-217]. Either 4-hydroxy-3-methoxy cinnamic acid (ferulic acid 

[FA], Sigma-Aldrich, Cat. 46278-1G-F) or 3, 5-Dimethoxy-4-hydroxycinnamic acid 

(sinapic acid, Sigma-Aldrich, Cat. 85429-1G) was employed as the matrix to obtain 

the optimal spectra; they were dissolved in 50% methanol/50% MQ, or 60% CAN/40% 

MQ/0.1% TFA, respectively, as a saturated solution. The peptides were prepared in 

MQ water at a concentration of 1×10-6 mol/mL, and IL-10R1 was reconstituted in MQ 

water at a concentration of 6×10-8 mol/mL. A sample mixture consisting of an equal 

volume of protein and peptide at 4×10-8 mol/mL was incubated on ice for 2 hours, and 

utilised for mass analysis. From this mixture, 0.25 μL of matrix solution was spotted 

first on a 192-wells plate (Cat. 4333375, AB SCIEX Australia Pty Ltd), and then 0.25 

μL of mixture was spotted on the same plate, followed by another layer of 0.25 μL 

matrix solution added on to the top of air-dried sample spot prior to introduction into 

the mass spectrometer. The mass spectra were acquired using the linear positive ion 

mode of MALDI-TOF MS. 

2.22 Circular dichroism (CD) spectroscopy 

CD experiments were performed in a Chirascan CD spectrophotometer (Applied 

Photophysics, Leatherhead, UK). A quartz cuvette with a 10 mm path length was used 
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for the recording of spectra over a wavelength range of 190-260 nm with a 1 nm 

bandwidth, 1 nm step size and time of 0.5 s per point. A buffer (5 mM Na2HPO4) 

baseline was collected in the same cuvette and was subtracted from the sample 

spectra. For the CD experiment of different peptides, different concentration (0, 30% 

and 50%, v/v) of 2,2,2-Trifluoroethanol was used as the mimics of near-membrane 

environment.  

2.23 Peptide synthesis and sequence confirmation by LCMS 

The sequences of the P series of peptides studied are listed in peptide section of the 

chapter, together with descriptions of different modifications. All designed peptides 

were synthesised by GenicBio Biotech (Hong Kong, China) with the purity >95% 

obtained by analytical reverse phase high performance liquid chromatography (RP-

HPLC). Their purity was confirmed by RP-HPLC and LC-MS/MS on a Shimadzu 

Prominance Nano HPLC (Japan) coupled to a Triple-ToF 5600 mass spectrometer 

(ABSCIEX, Canada) equipped with a nano electrospray ion source. The protocol has 

been provided in detail previously [218]. Briefly, peptides were re-suspended in 0.1% 

formic acid to the concentration of 4.5 µM. Aliquots (6 µL) of each peptide solution 

were de-salted on a trap column (Agilent Technologies, Australia), placed in-line with 

the analytical nanoHPLC column (Agilent Technologies, Australia). Peptide elution 

used a linear gradient of 1-40% solvent [90:10 acetonitrile: 0.1% formic acid (aq)]. 

Peptide was sequenced based on the b and y-ions of the mass spectra. 

2.24 Molecular dynamics simulation 

The structure of the complex between IL-10 and IL-10R1 was built starting from the 

crystal structure, PDB entry 1J7V. It was first subjected to a 10,000 steps of 

minimisation in generalised Born (GB) solvent model [219, 220] (igb=5) to reach a 
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local minimum using of AMBER version 12-13.07 [221], and the energy of the complex 

and the binding zone were obtained and analysed. From the minimal complex 

conformation, the structures of IL-10 and IL-10R were extracted and subjected to a 

further 10,000 steps minimisation in GB solution, and then free energies were 

calculated based on these structures, respectively.  

The linear conformations of the peptides were built using AMBER. The initial 

conformation of the IL-10R/peptide complex was built by docking the peptide above 

the binding zone in such a way, that its residues align approximately with those in the 

helices of IL-10 (-DLDRDAFSRVKTFFQM-), from which P1 and P2 were designed, 

and it was located about 5 Å from the corresponding binding segment of IL-10R. The 

LEAP module of AMBER was used in the model building process. The ff13 force field 

was employed, and the structure was initially optimised to a nearby minimum, which 

was used as the restarting point for subsequent heating simulation. Each complex 

structure was heated to 325K over 100 ps to avoid being kinetically trapped in local 

minima, and then subjected to simulation at 325K for complex equilibration, with a 

weak restraint at a force constant of 1.0 kcal mol-1 angstrom-2 positioned on IL-10R. 

The simulations were continued until the root mean square deviation (RMSD) of 

structures in reference to the lowest energy structure within a reasonable time range 

is ≤~2Å, then the lowest energy structure can be considered as the representative 

conformation for the complex is simulated over this particular period. H-bonds 

between P1, P2 and IL-10R1 and RMSD were evaluated using PTRAJ and CPPTRAJ 

modules implemented in AMBER. Visualisation of the systems was done using via 

VMD software version 1.9.1 [222, 223]. 

Then, both Molecular Mechanics/Poisson Boltzmann Surface Area (MM/PBSA) and 

Molecular Mechanics/Generalised Born Surface Area (MM/GBSA) methods [224] 
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were performed to evaluate the binding affinity of IL-10/IL-10R1, IL-10R1/P1 and IL-

10R1/P2, and dissociation free energy in solution, ΔG0D,solv, was used here to 

indicate the stability of each complex. The MM-PB(GB)SA method was used to 

compare the free energy between two states, often representing the bound and 

unbound states of two solvated molecules or alternatively two different solvated 

conformations of the same molecule [224-228]. 

[𝐴]𝑎𝑞 + [𝐵]𝑎𝑞 ⇔ [𝐴∗𝐵∗]𝑎𝑞                                                        2.1 

In terms of dissociation of peptide/protein complex, I introduced the following definition. 

                                                       2.2 

where and  are the dissociation free energy and binding free energy 

in water solution, respectively. The calculation of  is performed according to 

the following thermodynamic cycle [229]: 

                 2.3 

The energy minimisation of solvated complexes (in TIP5BOX model) were firstly 

carried out to a local minimum within a short cycle, followed by a 500 ps of heating to 

300 K and then 500 ps of density equilibration with weak restraints on the complexes. 

The equilibration was under constant pressure at 300K for 500 ps. A total of 50 ns of 

production simulation were performed for each complex, recording the coordinates 

every 10 ps. All simulations were run with shake on hydrogen atoms, a 2-fs time step 
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and langevin dynamics for temperature control. The snapshots extracted were 400 for 

IL-10/IL-10R1 and 500 for P1/IL-10R1 and P2/IL-10R1, respectively.  

For the simulation, the complexes obtained by MD simulation in GB solution model 

were initially dissolved in TIP5PBOX water model, subjected to 2500 steps 

minimisation and followed by heating process to 325K during 50 ps. Then, they were 

equilibrated at 325 K for more than 12000 ps. The extracted snapshots were 400 for 

IL-10/IL-10R1 and 500 for P1/IL-10R1 and P2/IL-10R1, respectively. Energy 

decomposition per residue and binding free energy post-processing analysis of the 

trajectories were performed in implicit solvent using the MM-PBSA method as 

implemented in AMBER.  

2.25 Preparation of C. ghonii spores 

The C. ghonii was an American type culture collection (ATCC) strain 25757. The work 

was done in a PC-2 laboratory. To prepare C. ghonii spores (C stands for Clostridium) 

for in vivo anti-tumour study, C. ghonii were first retrieved from -80°C and streaked on 

HI medium agar plates containing appropriate antibiotics. The plates were incubated 

at 37°C under anaerobic conditions for 2 days. Bacterial colonies were inoculated into 

100 ml HI media and grown under anaerobic conditions at 37ºC overnight. The 

bacterial culture was then added to 1 L of sporulation medium (5 g Na2HPO4, 3% 

peptone, 0.5 g L-cysteine, 10 g maltose, 5% w/v dried cooked meat particle (Oxoid), 

pH 7.4) with appropriate antibiotics and incubated under anaerobic conditions at 37ºC 

for 2 weeks for sporulation. After 2 weeks, the sporulation medium was gently mixed 

and centrifuged at 13000 rpm for 15 minutes at 4ºC. The cell pellet was then washed 

with cold PBS twice followed by resuspending in cold PBS and sonicated for 5 minutes 

to release endospores and eradicate vegetative forms of clostridia. Spores were then 
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washed 6-10 times with cold PBS to remove vegetative cell debris. The purity of the 

spore suspension was finally confirmed by microscope inspection. The spore number 

was determined by serial dilution and plating. To determine Colony forming unit (CFU), 

C. ghonii spores were plated on HI agar plates and incubated anaerobically at 37°C 

for 2 days. CFU of on HI agar plates were counted and calculated. 

2.26 Spore treatment 

Treatment was done by intra-tail vein injection 

of DCG spore. When tumour grew to 0.35 

cm3, DCG spores at 1x108/kg mouse body 

weight (doses from 106 to 1010/kg colon 

forming unit) suspended in 200 µL of PBS 

using 26 G needles were injected. Needles 

were changed after every fifth mouse to 

prevent the injection needle from becoming dull, while the mouse was enclosed in a 

restrainer (See Figure 2.1). Dilation of the vein was achieved by warming the tail by 

immersion in warm water for 5 minutes. The vein was entered (needle) in the proximal 

1/3 of the tail, and a successful injection was based on lack of resistance, as the 

plunger was depressed. The usual clinical manifestation post-injection could be mild 

immobility. Most often, the animals were alert but had a reduced activity level (stunned 

appearance). Severe dyspnoea has been reported previously (Oncolytic clostridium 

ghonii strains, and methods of production and use, WO 2013159155 A1) and if 

observed for more than 5 minutes the animals would be humanely euthanised. Tumour 

o ncolysis typically started at 48 or 72 hours, and lasted for one week. 

 

Figure 2.1 Schematic of spore treatment  
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2.27 Measurement of tumour growth 

To monitor oncolysis, tumour volumes would be measured. Tumour major and minor 

axes would be measured using a digital calliper and volumes calculated by the 

following formula, length×width×width [68]. Tumour was expected to take 10-13 days 

to reach our desired size (5-8 mm2). Once tumour reached a mean of 5-8 mm2 tumour-

bearing mice would be randomly assigned into 4 different treatment groups described 

in Chapter 6 (n=16). Then, DCG spore therapy would be initiated by intra tail vein 

injection, respectively. 

 2.28 Statistical analysis  

Statistical analysis was performed by using the two-tailed Student’s test, or Log rank 

test using Prism 4.0, 5.0 or 6.0 (Graphpad Software, San Diego). P<0.05 is considered 

statistically significant. 
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Chapter 3: Blocking IL-10 signalling at the time 

of immunisation does not increase unwanted 

side effects in mice 
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ABSTRACT 

Background: Cancer therapeutic vaccine induced CTL responses are pivotal for the 

killing of tumour cells. Blocking IL-10 signalling at the time of immunisation increases 

vaccine induced CTL responses and improves prevention of tumour growth in animal 

models compared to immunisation without IL-10 signalling blockade. Therefore, this 

immunisation strategy may have potential to curtail cancer in a clinical setting. 

However, IL-10 is able to limit the strength of the immune responses to avoid damage 

to self. IL-10 deficiency leads to autoimmune disease in the gut. Blocking IL-10 at the 

time of immunisation may result in unwanted side effects, especially immune-

pathological diseases in the intestine.  

Methods: I investigated whether blocking IL-10 at the time of immunisation results in 

intestinal inflammation responses in a mouse TC-1 tumour model，which expresses 

the E7 oncoprotein from HPV16, is used as a surrogate for human tumours and in a 

NOD autoimmune disease prone mouse model.  

Results: Blocking IL-10 at the time of immunisation increases the numbers of IL-10 

secreting CD4+ T cells in the spleen and draining lymph nodes, and does not result in 

blood cell infiltration to the intestines resulting in intestinal pathological changes. 

Moreover, immunisation with papillomavirus like particles combined with 

simultaneously blocking IL-10 signalling does not increase the incidence of 

autoimmune disease in Non-obese diabetic (NOD) mice.  

Conclusions: The results indicate that immunisation with an IL-10 inhibitor may 

facilitate the generation of safe, effective therapeutic vaccines against chronic viral 

infection and cancer.  
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3.1 Introduction  

Cervical cancer is the second most common cancer in women worldwide [58, 136, 

230-232]. Chronic infection of human papillomavirus (HPV), especially HPV subtype 

16 and 18, leads to the development of cervical cancer [233-236]. Although a 

prophylactic vaccine against HPV infection has been introduced, treatment of patients 

with chronic HPV infection and cervical cancer remains a big challenge [59, 237, 238].  

Therapeutic vaccine targeting viral infected or cancer cells without hurting normal 

tissues or organs, is a potential therapy for the treatment of chronic HPV infection and 

HPV infection related cancers, by stimulating CTLs against viral/tumour antigens [25, 

31]. The HPV early proteins E6 and E7 are expressed in HPV-associated cancers and 

are ideal targets for a therapeutic vaccine [61, 63, 68, 239].  

Recently, progress has been made in the area of HPV therapeutic vaccine 

development [25, 61, 239, 243, 244]. Long E7 peptide/Incomplete Freunds adjuvant 

(IFA) and a nuclear acid vaccine (VGX-3100) have been shown to have therapeutic 

efficacy against HPV infection related pre-cancerous lesions [29, 60, 240, 241]. 

However, up to now, HPV therapeutic vaccines are still not able to show efficacy 

against cervical cancer [242, 243]. Current therapeutic vaccines often fail to generate 

enough numbers of CTLs. The tumour microenvironment is immunosuppressive, this 

prevents tumour infiltrating CTLs from killing tumour or viral infected cells [244]. To be 

more effective, therapeutic vaccines need to elicit the right type, and enough numbers 

of effector cells either through generation of new effector cells or through the activation 

of endogenous effector cells; these effector cells must then be able to migrate to the 

tumour sites; overcome the immunosuppressive tumour microenvironment and finally 

kill the viral infected or tumour cells [90, 93, 245-247].  
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Interleukin 10 (IL-10) is an anti-inflammatory cytokine, which prevents excessive 

immune responses to both self and foreign antigens, through interacting with IL-10 

receptors on the membranes of their target cells, such as dendritic cells [32, 63, 248-

250]. Cancer patients often have increased levels of serum IL-10; and increased levels 

of IL-10 often indicate poor prognosis [112, 113, 251, and 252]. IL-10 is detected in a 

variety of freshly excised human tumour samples [113, 123, and 253]. IL-10 can be 

secreted by different types of cells, including tumour cells, and hematopoietic cells that 

infiltrate the tumour tissues [73, 250]. Tumour associated T regulatory cells and tumour 

associated antigen presentation cells, such as dendritic cells and macrophages, have 

been shown to produce IL-10 [253]. IL-10 secreting regulatory T cells inhibit vaccine 

induced CD8+ T cell responses, and can be amplified after therapeutic vaccination 

[112, 250, 252, 254, 255].  

Blocking IL-10 at the time of immunisation by administration of anti-IL-10 receptor 

antibody drastically increases vaccine induced CTLs [27, 31, 66, 67, 118, 133, 254]. 

It has been demonstrated that blocking IL-10 concomitantly with immunisation using 

Toll like receptor agonist inhibits tumour growth in a human papillomavirus E7 

transformed TC-1 tumour mouse model, similar to a long E7 peptide/IFA vaccine that 

is effective against HPV infection related pre-cancer [68]. Moreover, it has been shown 

that immunisation and simultaneous IL-10 signalling blockade better control tumour 

growth in the TC-1 mouse model than immunisation without IL-10 signalling blockade 

[257]. Therefore, a therapeutic vaccine that contains IL-10 signalling inhibitor may be 

effective against cervical cancer. IL-10 signalling inhibitors have been developed for 

possible translation this novel immunisation strategy into clinical practice [64, 152].  

However, IL-10 deficiency in mice results in autoimmune disease in the intestinal tract 

driven by unimpeded reactivity of effector CD4+ T cells to antigens of intestinal 
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microorganisms [153]. IL-10 deficiency increases hepatic immunopathology, resulting 

in more severe disease and weight loss during acute murine cytomegalovirus infection 

[155]. IL-10 is required for the generation of IL-10 secreting CD4+ T cells in vitro and 

in vivo [258]. Therefore, blocking IL-10 signalling at the time of immunisation may also 

prevent the generation of antigen induced IL-10 secreting cells and result in unwanted 

side effects, especially in the intestine. Concerns about the development of 

autoimmune disease may prevent the inclusion of IL-10 inhibitor as a component of a 

therapeutic vaccine.  

In the current chapter, I investigated whether immunising mice using TLR4 ligand as 

adjuvant and two different antigens (HPV16 E7 peptide, soluble antigen ovalbumin 

(OVA)), and simultaneously blocking IL-10 signalling would lead to inflammation in the 

gut and cause autoimmune disease. Unexpectedly, the numbers of IL-10 secreting 

CD4+ T cells were increased in mice immunised with HPV16 E7 peptide when IL-10 

signalling is blocked compared to mice immunised without IL-10 signalling blockade.  

3.2 Materials and methods 

3.2.1 Mice 

6-8 weeks old, specific pathogen free (SPF) adult female C57BL/6 (H-2b) mice were 

ordered from the Animal Resource Centre, Sun Yat-Sen University and kept at the 

SPF facility of Animal Resource Centre (Sun Yat-Sen University, Guangdong 

province, China.), with sterilised food and water, 5 mice in each cage with 12 hours 

light. Mice were sacrificed by CO2 inhaltion. Experiments described in the current 

chapter were approved by and performed in compliance with the guidelines of Foshan 

First Peoples Hospital Animal Experimentation Ethics Committee (Ethics number: 

FSFH20160316). 6-8 weeks old adult female autoimmune prone Non-obese diabetic 
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(NOD)/Lt mice were purchased SPF from the Animal Resource Centre, Perth, 

Australia. NOD/Lt mice experiments were carried out at Princess Alexandra Hospital 

Animal House Facilities, University of Queensland.  

The experiment was previously performed by Dr. Xiaosong Liu in compliance with the 

guidelines of the University of Queensland Animal Experimentation Ethics Committee. 

Blood glucose levels of NOD/Lt mice were monitored weekly. Mice were classified to 

be diabetic and were killed following two consecutive weekly blood glucose readings 

>12 mmol/l. Mice were treated with dextran sulfate sodium (DSS) inducing ulcerative 

colitis as mouse models of intestinal inflammation described elsewhere [259].  

3.2.2 Peptides, antibodies and cell lines 

Anti-CD45.2-FITC (104); Anti-CD11b-PE(M1/70), Anti-CD4-FITC (RM4-4), anti-CD4-

PE (RM 4-5), anti-GITR-PE (RAM34), anti-IL-10 (JES5-16E3), Anti-IFN-γ-PE 

(XMG1.2), anti-IL-10-APC (JES5-16E3) were purchased from eBioscience (San 

Diego, CA, USA). Anti-CD3-PE (17A2), Anti-CD4-APC (RM4-5) mAbs were 

purchased from BioLegend (San Diego CA). Anti-mouse/Rat Foxp 3 staining kit was 

purchased from eBioscience (San Diego, CA, USA). Anti-CD3 mAb (CD 3-12) was 

purchased from GeneTex (Alton Parkway Irvine, CA, USA), anti-Ly-6G (1A8) was 

purchased from BioLegend (San Diego, CA, USA). 

Ovalbumin (OVA), Lipopolysaccharide (LPS), Monophosphoryl Lipid A (MPLA) and 

Dextran Sulfate Sodium Salt (DSS) were bought from Sigma. Anti-IL-10 receptor 

(1B1.3a) Monoclonal Antibody (MAb) was ordered from BioXcell, USA and stored at -

80oC till further use.  

Long HPV16 E7 peptide GQAEPDRAHYNIVTFCCKCDSTLRLCVQSTHVDIR, HPV16 

E7 the MHC class I (H-2 Db) restricted epitope RAHYNIVTF, the MHC class I (H-2 
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Db) restricted ovalbumin (OVA) peptide SIIFINKLE, and the MHC class II (H-2 Db) 

restricted peptide ISQAVHAAHAEINEAGR were synthesised and purified by 

Mimotopes (Melbourne, Australia). The purity of the peptides (95%) was determined 

by reverse-phase HPLC. Peptides were dissolved in 0.5% DMSO in PBS and stored 

at -20°C till use. 

3.2.3 Production of recombinant VLPs 

Papillomavirus virus like particles (VLPs) L1E7 were produced, purified and confirmed 

as described elsewhere [260, 261].  

3.2.4 Immunisation of mice  

Groups of three to six mice were immunised as indicated with a): 50 g of OVA and 

15 g of LPS subcutaneously. with or without Intraperitoneal injection (i.p.) of 500 µg 

of anti-IL-10R antibodies; or b): with 50 µg of long E7 peptide/15 µg of 

Monophosphoryl Lipid A (MPLA) with 300 µg of anti-IL-10R antibodies or control 

antibodies subcutaneous injection; or c): with 50 µg of VLPs intramuscularly (i.m.), 

with or without i.p. injection of 500 µg of anti-IL-10R antibodies at 14 days apart. 

3.2.5 ELISA for IL-10 and IFN-γ cytokines from culture supernatants  

ELISA for IL-10 and IFN-γ (eBioscience, USA) was performed according to the 

manufacturer’s recommended procedures and were described in reference [67].  

3.2.6 ELISPOT  

ELISPOT for antigen specific IFN-γ CD8+ T cell response was performed as 

previously described [67]. Briefly, single spleen cell suspensions were added to the 96 

well plates (Millipore, Bedford, MA) previously coated with anti-IFN- (BD Harlingen, 
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San Diego, CA). RAHYNIVTF was added and cells cultured at 37oC overnight. 

Biotinylated anti-IFN-γ (BD Harlingen), avidin horseradish peroxidase (Sigma-Aldrich) 

were sequentially added before developed with DAB (Sigma-Aldrich). Experiment was 

stopped by washing the Elispot plate with tap water. The results were measured by 

ELISPOT reader system ELR02 (AID Autoimmun Diagnosticka GmbH, Strassberg, 

Germany).  

3.2.7 Intracellular staining for IFN-γ, IL-10 

Single spleen cell suspensions or single lymph node cell suspension obtained from 

PBS immunised control mice were stimulated with 25 ng/ml PMA and 1 μg/ml 

ionomycin for 3-5 h in the presence of monensin (BioLegend). For some experiments, 

the cells were cultured for 72 h in the presence of 1 µg/ml of OVA, 1 µg/ml of 

SIINFEKLE or 1 µg/ml of ISQAVHAAHAEINEAGR and then stimulated with PMA and 

ionomycin for 3-5 h in the presence of protein transprot inhibitor. After E7 peptide or 

PMA/Ionomycin stimulation, the cells were firstly surface stained with anti-CD3, CD4 

or CD8 antibodies before intracellularly stained for IL-10 and IFN-γ, by using 

commercial Per/Fix reagents (BD Pharmingen) [67]. 

3.2.8 Isolation and staining of intestinal lymphocytes (IELs) 

The intestinal lymphocytes (IELs) were isolated by following Lefrancois’s protocol 

[213]. Briefly, the mice were sacrificed by cervical dislocation and the intestines were 

harvested and separated from unwanted fat and connective tissue. Faecal matter in 

the intestine was expelled by flushing the entire intestine with 40ml, 4oC CMF solution. 

After removing remaining fat and connective tissues and Peyer’s patches, the 

intestines were then cut longitudinally and laterally into ~0.5 cm pieces. The intestine 

pieces were washed with 4oC CMF solution until supernatants were relatively clear. 
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The intestinal pieces were incubated with 20 ml CMF/FBS/DTE solution at 37oC with 

stirring for another 20 min. The intestinal pieces were then transferred to a 50 ml 

conical centrifuge tube and vortexed by a vortex machine (Biobase, Qingdao, China) 

for 15 sec at maximum setting. Intestinal pieces were allowed to settle and supernatant 

transferred to another 50 ml conical tube, followed by a 10 minute incubation on ice. 

Supernatants contained the IEL and some epithelial cells. The IEL supernatant was 

then centrifuged at 350g for 5min and the supernatant discarded. Counted viable cells 

by trypan blue staining were re-suspended in Cell Staining Buffer at 5×106 cells/ml. Fc 

receptors were then blocked with 1.0 μg Anti-Mouse CD16/CD32 purified (clone: 93) 

for 10min on ice, then anti-mouse CD45.2 FITC, anti-mouse CD3 PE, anti-mouse CD8 

PerCP Cyanine5.5 and anti-mouse CD4 APC added as appropriate and incubated on 

ice for 20 minutes in the dark. The cells were acquired on BD FACSCalibur. Flow 

cytometry data was analyzed by flowjo.  

3.2.9 Immunohistochemistry for intestinal infiltrating CD3+ T cells and 

neutrophils 

Intestines from immunised and control mice were excised and cut into pieces as 

described above. Mouse intestine pieces were fixed in 10% buffered neutral formalin, 

processed through graded ethanol and three changes of xylene, and infiltrated with 

paraffin. Samples were then embedded into paraffin blocks and 4 mm thick sections 

were cut and mounted onto slides. The Vectastain ® ABC kit was used for antibody 

detection and methods have been described elsewhere [262]. Briefly, Anti-CD3 mAb 

(clone CD3-12) or anti-Ly-6G (clone 1A8) were used to detect T cells and neutrophils. 

Murine lymph node was used as the positive control for CD3+ T cells in each staining 

batch and samples from the same series without primary antibody used as negative 
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controls.  

Image analysis software Image pro Plus 6.0 (IPP) was used to quantify the numbers 

of intestinal infiltrating CD3 positive or anti-Ly-6G positive cells. The density of 

infiltrating CD3+ T cells or neutrophils were quantified from five high-power fields 

(HPFs, 200x). The numbers of intestinal infiltrating CD3+ T cells or neutrophils were 

calculated as the ratio of integrated optional density (IOD)/area (IOD/area) [214]. 

3.2.10 Statistical analysis  

Statistical analysis was performed by using the two tailed Student’s test, or Log rank 

test using Prism 4.0 (Graphpad Software, San Diego). P<0.05 is considered 

statistically significant. 

3.3 Results 

3.3.1 Blocking IL-10 signalling at the time of immunisation increases the 

numbers of IL-10 producing cells 

It has been previously shown that HPV16 early protein E7 long peptide/MPLA 

immunisation and simultaneously blocking IL-10 signalling enhance vaccine induced 

E7 specific CD8+ T cell responses compared with immunisation without IL-10 

signalling blockade [64]. IL-10 is critical for the generaton of IL-10 producing T cells. 

The number of IL-10 secreting CD4+ T cells is investigated in HPV16 early protein E7 

long peptide/MPLA immunised mice with or without blocking IL-10 signalling. Mice 

were immunised twice subcutaneously at two weeks apart, with long E7 peptide/MPLA 

with or without administration of anti-IL-10R antibodies subcutaneously. Splenocytes 

and lymphocytes from draining lymph nodes were stained for CD3, CD4, GITR and 

IL-10. While the total numbers of splenic cells and draining lymph nodes were 
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increased in IL-10 signalling blocked group, the ratio of CD4+ and CD4+GITR+ T cells 

were slightly increased in IL-10 signalling blocked group compared with non-IL-10 

signalling blocked group. Unexpectedly, the numbers of IL-10 producing CD4+ T cells 

were significantly (P<0.05) increased in the long E7/MPLA immunised and 

simultaneously IL-10 signalling blocked mice compared to mice immunised without IL-

10 signalling blockade (Figure 3.1A, B). The numbers of CD4+GITR+ IL-10+ T cells 

were also significantly increased in IL-10 signalling blocked and long E7 peptide/MPLA 

immunised mice (Figure 3.1C, D) as measured by IL-10 intracellular staining in 

CD4+GITR+ T cells. The numbers of IFN-γ+IL-10+CD4+ T cells that limit the strength 

of Th1 responses [263] were also increased in immunised and IL-10 signalling blocked 

mice (Figure 3.1E, F). The numbers of CD4+IL-10+ cells in the spleen of IL-10 

signalling blocked group is also increased compared with IL-10 non-blocked group 

(Figure 3.1G). 



56 

 

 

  G 

     
 

 

 
 

 

Figure 3.1 Blocking IL-10 signalling at the time of long HPV16 E7 peptide/MPLA 

immunisation increases the numbers of IL-10 producing cells. Groups of five C57BL/6 

mice were immunised as indicated with 50 µg of long E7 peptide (E7, papillomavirus early 

protein 7, an oncoprotein)/15 µg of Monophosphoryl Lipid A (MPLA), 300 µg of anti-IL-10R 

antibodies or control antibodies s.c on days 0 and 14. Splenocytes and draining lymph node 

cells from immunised mice were harvested and stimulated with 25 ng/ml PMA and 1 μg/ml 

ionomycin for 6h in the presence of monensin on 7 days after final immunisation. Cells were 
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surface stained for CD3, CD4, Glucocorticoid induced TNF receptor (GITR) and intracellular 

stained for IL-10 and IFN-γ. Results for cells of draining lymph nodes were presented. A and 

B: IL-10 secreting CD3+CD4+T cells IL-10 (A) FACS plot and (B) summarised data showing 

IL-10 expression by CD3+CD4+ T cells. C and D: CD3+CD4+ T cells secreting IL-10 and 

IFN-γ dot plots (C) and summarised data from different groups (D) E and F: CD4+GITR+ T 

cells secreting IL-10: FACS profile (E) and summarised data from different groups (F), Splenic 

CD4+IL-10+ cells were shown in (G). P<0.05 is considered statistically significant. 

This phenomenon is further confirmed by using another antigen ovalbumin (OVA). 

Similar to papillomavirus (PV) virus like particles (VLPs) and HPV16E7 long peptide 

immunisation, blocking IL-10 with simultaneous OVA/LPS immunisation enhanced the 

vaccine induced antigen specific CD8+ T cell response by ELISPOT, intracellular 

staining and ELISA (Figure 3.2 A). To investigate if the numbers of IL-10 secreting 

CD4+ T cells were increased after OVA/LPS immunisation and IL-10 signalling 

blockade, mice were immunised with OVA/LPS, with or without administration of anti-

IL-10R antibodies twice, splenocytes and lymphocytes isolated from draining lymph 

nodes were stained for IL-10. Similarly, IL-10 secreting CD4+ T cells, CD4+GITR+ IL-

10+ T cells, and CD4+IFN-γ+IL-10+ T cells were significantly increased in mice 

immunised with OVA/LPS plus administration of anti-IL-10R antibodies, compared 

with mice immunised with OVA/LPS without administration of anti-IL-10R antibodies 

(Figure 3.3).  
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Figure 3.2 Blocking IL-10 signalling at the time of immunisation in mice increases both 

antigen specific IFN-γ secreting CD8+ T and CD4+ T cells’ responses. Group of 3 C57BL/6 

mice were primed with 50 µg of OVA, 15 µg of LPS at 14 days apart with or without 500 µg 

of anti-IL-10R Ab or normal rat serum (NRS). Six days after final examination, spleen cells 

from immunised mice were collected. ELISA, ELISPOT assay and Intracellular Staining for 

IFN-γ were performed as described in Chapter 2 Materials and methods. A: Left: ELISPOT 

assay for CD8+ T cell responses to a MHC- I restricted peptide SIIFNKEL. Middle: Percentage 

of CD3+CD4- T cells. Right: Splenic cells pulsed with SIINFKEL overnight and stained with 

CD4, CD3 and IFN-γ. CD3+, CD4- and IFN-γ+ cells are shown. Results throughout are the 

mean and 1 SEM of three individual mice and represent one of two independent experiments. 

B: IFNγ+CD4+CD3+ T cells Left: FACS profile; Right: Percentage of IFNγ+CD4+CD3+ T 

cells. Ovalbumin (OVA) Lipopolysaccharide (LPS), Normal Rat Serum (NRS), anti-IL-10 

receptor antibody (aIL-10R). P<0.05 is considered statistically significant.  
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Figure 3.3 Blocking IL-10 signalling at the time of OVA/LPS immunisation increases the 

numbers of IL-10 producing cells. Group of 3 C57BL/6 mice were immunised with 50 µg of 

OVA and 15 µg of LPS with or without 500 µg of anti-IL-10R Ab twice at 14 days apart. Six 

days after final immunisation, spleen cells from immunised mice were collected for surface 

staining and intracellular staining for IFN-γ and IL-10. A: Splenic cells were collected and 
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pulsed with 1µg/ml of OVA overnight, lymphocytes were gated. CD4 and IL-10 were stained 

as described in Chapter 2 Materials and methods. B: CD4, GITR and IL-10 were stained. Left: 

FACS profile of CD4+GITR+IL-10+ cells, Right: summarised data of CD4+GITR+IL-10+ 

cells. C: splenic cells were cultured overnight in the presence of 1µg/ml of OVA; cells were 

stained for CD4, IL-10 and IFN-γ. Left: FACS profile. Right: CD4+INF-γ+IL-10+ cells. 

Results throughout are the mean and 1 SEM of three individual mice and represent one of two 

independent experiments. Ovalbumin (OVA) Lipopolysaccharide (LPS), Normal Rat Serum 

(NRS), anti-IL-10 receptor antibody (aIL-10R). P<0.05 is considered statistically significant.  

3.3.2 Blocking IL-10 signalling at the time of immunisation in mice does not 

increase the numbers of spleen CD4+Foxp3+ T cells  

As the numbers of IL-10 secreting CD4+ T cells were increased after immunisation 

together with IL-10 signalling blockade, whether the numbers of Foxp3+CD4+ T cells 

are changed after blocking IL-10 signalling at the time of immunisation is investigated. 

Mice were immunised with HPV16E7 peptide/MPLA in the presence or absence of 

anti-IL-10R antibodies, and the numbers of CD4+Foxp3+ T cells from spleen and 

draining lymph nodes were measured by flow cytometry. The results showed that the 

CD4+Foxp3+ T cells were similar between mice immunised with or without IL-10 

signalling blockade. The total splenic cells and draining lymph node lymphocytes are 

similar, therefore, percentage of Foxp3+ T cells represent the numbers of Foxp3 cells.  
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Figure 3.4 Blocking IL-10 signalling at the time of immunisation in antigen experienced 

mice does not increase the numbers of CD4+Foxp3+ T cells. Group of 4 C57BL/6 mice 

were immunised with 50 µg of long E7 peptide/10 µg of MPLA, 50 µg of long E7 peptide/10µg 

of MPLA/300 µg of anti-IL-10R antibodies, 50 µg of long E7 peptide/10 µg of MPLA/300µg 

of Normal Rat Serum or PBS twice respectively at 14 days apart subcutaneously, 1 weeks after 

final immunisation; splenocytes and lymphocytes from draining lymph nodes were collected 

and single cells made; cells were stained for CD3, CD4 and intracellularly stained for Foxp3 

as described in Chapter 2 Materials and methods. CD3+ cells and then CD4+ T cells were 

gated. Figure shows the numbers of CD4+Foxp3+ cells in draining lymph nodes of different 

immunisation groups in the draining lymph nodes (A) and spleen (B). HPV16E7 long peptide 

(E7); Monophosphoryl Lipid A (MPLA). P<0.05 is considered statistically significant.  
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Figure 3.5 Blocking IL-10 signalling at the time of OVA/LPS immunisation in mice does 

not increase the numbers of CD4+Foxp3+ T cells. Group of 3 C57BL/6 mice were 

immunised with 50 µg of OVA and 15 µg of LPS with or without 500 µg of anti-IL-10R Ab 

twice at 14 days apart. Six days after final immunisation, spleen cells from immunised mice 

were collected for surface staining and intracellular staining of CD4 and Foxp3. Ovalbumin 

(OVA) Lipopolysaccharide (LPS), Normal Rat Serum (NRS), anti-IL-10 receptor antibody 

(aIL-10R). P<0.05 is considered statistically significant. 

3.3.3 Neutralising IL-10 at the time of immunisation does not cause pathological 

changes in intestines 

IL-10 has the function to limit immune responses to self and IL-10 deficiency in mice 

leads to autoimmune disearse in the intestine, whether blocking IL-10 signalling at the 

time of immunisation causes inflammation in important tissues and organs was 

investigated. I especially wished to know whether this immunisation strategy causes 

inflammation in the intestine, as IL-10 knockout mice have chronic inflammation in 

their intestine late in their life. Mice were immunised with long E7 peptide/MPLA twice 
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at 14 days apart, in the presence or absence of anti-IL-10R administration. Two weeks 

after the final immunisation there were no signs of inflammation observed in the heart, 

brain, kidney, and intestine by eye or under the microscope (data not shown and 

Figure 3.6 A) in mice immunised with long E7 peptide/MPLA, long E7 

peptide/MPLA/anti-IL-10R antibody, long E7 peptide/MPLA/Normal Rat Serum or 

PBS, while mice with DSS-induced ulcerative colitis had significant infiltration of blood 

cells in intestine (Figure 3.6). Pathological score of intestinal inflammation was 

determined by a pathologist who does not know which immunisation group the mouse 

was from, using a method published elsewhere [264]. The pathological score was also 

similar among different immunisation groups (Figure 3.6). Furthermore, intestinal 

samples were stained with anti-CD3 (Figure 3.6), or with anti-Ly-6G (1A8) (Figure 3.6) 

for T cells and neutrophils; both T cell and neutrophil infiltration were similar among 

different immunisation groups (Figure 3.6).  
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Figure 3.6 Neutralising IL-10 at the time of immunisation does not cause inflammation 

in intestines. Group of 4 C57BL/6 mice were immunised with 50 µg of long E7 peptide/10 µg 

of MPLA, 50 µg of long E7 peptide/10µg of MPLA/300 µg of anti-IL-10R antibodies, 50 µg 

of long E7 peptide/10 µg of MPLA/300µg of Normal Rat Serum or phosphate-buffered saline 

(PBS) twice at 14 days apart subcutaneously, 2 weeks or 3 months after final immunisation. 

Mouse model of ulcerative colitis was induced by administering 5 % DSS in the drinking water 

for 10 days. Samples of intestines were collected and examined for blood cell infiltration. A: 
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Morphology of intestinal tract. B: Histology characterisation of intestinal tract. Intestinal tract 

sections were stained with hematoxylin/eosion (200×magnification). C, D: 

Immunohistochemistry characterisation of intestinal tract 2 weeks after final immunisation. 

Intestinal tract section were incubated with anti- CD3 (C) or anti-Ly-6G mAb (D). E: 

Pathological score of intestinal tract. F: Expression of CD3 was calculated as integrated 

optional density IOD /area (IOD/area) 2 weeks after final immunisation. Results are from 

pooled two independent experiments (E, F). DSS: Dextran sulphate sodium, E7: HPV16E7 

long peptide, Monophosphoryl Lipid A (MPLA), Normal Rat Serum (NRS), anti-IL-10R 

antibody (aIL-10R). phosphate-buffered saline (PBS). P<0.05 is considered statistically 

significant. 

In another experiment intestines from different immunisation and control groups, one 

week after final immunisation, were cut into pieces and IECs isolated following the 

procedures described above. The IECs were stained for CD45+ cells, T cells and 

neutrophils, and results were analysed by flow cytometry. The results showed that the 

numbers of total CD45+ cells, and the numbers of both T cells and neutrophils were 

similar between mice immunised with long E7 peptide/MPLA, with or without blocking 

IL-10 with anti-IL-10R antibodies (Figure 3.7). 
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Figure 3.7 Neutralising IL-10 at the time of immunisation does not attract T cells and 

neutrophils to the intestines of immunised mice. Group of 4 C57BL/6 mice were immunised 

with 50 µg of long E7 peptide/10 µg of MPLA, 50 µg of long E7 peptide/10µg of MPLA/300 

µg of anti-IL-10R antibodies, 50 µg of long E7 peptide/10 µg of MPLA/300µg of Normal Rat 

Serum or PBS twice at 14 days apart subcutaneously. One week after final immunisation; 
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samples of intestines were collected and examined for blood cells infiltration as described in 

Chapter 2 Materials and methods. CD45+ cells were gated. A: Total CD45+ cells, B: CD3+ T 

cells, C: CD8+ T cells, D: CD4+ T cells, E: CD45+CD11b+Ly6G+ cells. E7: HPV16E7 long 

peptide, Monophosphoryl Lipid A (MPLA), Control antibody (CrtAb), anti-IL-10R antibody 

(aIL-10R). Phosphate-buffered saline (PBS). P<0.05 is considered statistically significant. 

3.3.4 Neutralising IL-10 at the time of immunisation does not increase the 

incidence of diabetics in NOD mice 

It is shown that blocking IL-10 at the time of immunisation increases vaccine induced 

CTL responses, whether the antigens are papillomavirus like particles [67]; soluble 

protein [66, 118, 119] or peptide [64]. Papillomavirus like particles were licensed to 

use in 2006 and therapeutic vaccine based on PV VLPs are under investigation, next, 

whether autoimmune prone NOD mice are more likely to develop diabetes when IL-

10 signalling was blocked at the time of immunisation was investigated. NOD mice, 

which develop diabetes spontaneously, were immunised twice using papillomavirus 

like particles 14 days apart, with or without neutralising IL-10 antibody. The incidence 

of diabetes was similar amongst the immunised, immunised/anti-IL-10R antibody, and 

immunised/Normal Rat Serum (NRS) groups (p>0.05, Log rank test). These results 

suggest that temporarily blocking IL-10 at the time of immunisation is safe, and does 

not increase the incidence of autoimmune disease in autoimmune prone mice (Figure 

3.8). 
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Figure 3.8 Neutralising IL-10 at the time of immunisation does not increase the incidence 

of diabetics in NOD mice. 6-8 weeks old adult female autoimmune prone NOD/Lt mice were 

divided into different groups. No treatment group (square), VLP immunisation (Diamond), 

VLP immunisation plus Normal Rat Serum (Down Triangle), VLP immunisation plus anti-IL-

10R antibody (Cycle). Mice were either untreated or immunised twice with 50 µg of 

papillomvirus like particles with or without 500 µg of anti-IL-10R antibody i.p. on day 0 and 

14. The development of diabetes was monitored weekly. Results are shown of pooled results 

from two independent experiments. L1E7: Papillomavirus virus like particle (VLP) L1E7, I.M: 

intromuscular. P<0.05 is considered statistically significant. 

3.4 Discussion  

In the current study, I demonstrated that temporal blocking of IL-10 signalling at the 

time of immunisation does not result in the infiltration of T cells and neutrophils to the 

intestine. This immunisation strategy also does not increases the development of 

autoimmune disease in NOD mice. I also showed by using two different antigens, OVA 
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and HPV16E7 long peptide as the immunogen, that the numbers of IL-10 producing 

CD4+ T cells, including CD4+GITR+ IL-10+ cells and CD4+IL-10+IFN-γ+ cells are 

significantly increased in mice immunised with OVA or E7 long peptide simultaneously 

with IL-10 signalling blockade, than those immunised without IL-10 signalling blockade 

(P<0.05).  

IL-10 signalling blockade at the time of immunisation increases vaccine induced 

cytotoxic T cell responses [27, 63, 118]. The increased CD8+ T cell responses by IL-

10 signalling blockade can be achieved by the administration of anti-IL-10R antibodies 

subcutaneously and with different TLRs and Incomplete Freund Adjuvant (IFA) [64]. 

Blockade of IL-10 in a mouse chronic LCMV infection model allowed an otherwise 

ineffective therapeutic DNA vaccine to further stimulate antiviral immunity, thereby 

increasing T cell responses and enhancing the clearance of persistent LCMV 

replication [125, 265, 266]. Intra-tumour injection of Toll like receptor 9 ligand CpG, 

plus anti-IL-10 receptor antibody intraperitoneally, leads to robust anti-tumour activity, 

and induces tumour rejection in mouse tumour models [113, 267, 268]. Recently, it 

was shown in a human papillomavirus 16 tumour antigen transformed TC-1 tumour 

model that immunisation plus IL-10 signalling blockade prevents TC-1 tumour growth 

[64], and moreover, this immunisation strategy improved the prevention of tumour 

growth than immunisation without IL-10 signalling blockade [257]. Blocking IL-10 at 

the time of immunisation also promotes the generation of more IFN-γ producing CD4+ 

T cells (Figure 3.2). Therefore, therapeutic vaccines containing a IL-10 signalling 

inhibitor may be effective against chronic HPV infection and HPV infection related 

cancers in human.  

IL-10 deficiency leads to autoimmune diseases in the gut [153, 269]. IL-10 deficiency 

also increases hepatic immunopathology, leading to more severe disease and weight 
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loss during acute murine cytomegalovirus infection [155]. Leishmania major infected 

IL-10-/- mice developed larger lesions but had fewer parasites due to the increased 

level of IL-17 [122]. Blocking IL-10 signalling at the time of immunisation may therefore 

have the possibility of inducing autoimmune diseases in immunised patients. 

Interestingly, our results in NOD mice show that immunisation with papillomavirus like 

particles, a TLR4 receptor stimulator, plus blocking IL-10 signalling does not increase 

the incidence of diabetes in NOD mice, suggesting this immunisation strategy may be 

safe, as IL-10 signalling is blocked only for a short period by administration of IL-10 

inhibitor. In support of the NOD mice results, I observed that blocking IL-10 signalling 

at the time of immunisation in C57/BL6 mice induced mores IL-10 secreting CD4+ T 

cells than immunisation without blocking IL-10 signalling. Antigen experienced 

CD4+GITR+IL-10+, CD4+IL-10+IFN-γ+ cells but not CD4+Foxp3+ T cells (Figures 

3.1, 3.4 and 3.6) were increased in immunised and IL-10 signalling blocked mice. 

CD4+IL-10+IFN-γ+ cells are a group of cells which control the Th1 responses. These 

IL-10 secreting Th1 CD4+ T cells have been identified in parasite infection models 

[270] with both effector and regulatory functions [271-273]. Factors influencing IL-10 

secretion by IFN-γ producing CD4+ T cells include antigen concentration, IL-12 and 

IL-27 levels, and expression of Notch and inducible costimulatory molecule ligands 

(ICOS-L) on dendritic cells [272, 273]. The increased numbers of CD4+GITR+IL-10+ 

T cells and CD4+IFN-γ+IL-10+ T cells in immunised and IL-10 signalling blocked mice 

indicates that the increased IFN-γ secreting CD8+T cell and CD4+ T cell responses 

are balanced with the increased numbers of IL-10 secreting T cells after vaccination 

and simultaneous blocking IL-10 signalling. Increased IL-10 levels secreted by CD4+ 

T cells in vaccinated and IL-10 signalling blocked mice may be beneficial, as increased 

IL-10 may protect the patients from over reaction to this vaccination strategy. Stronger 
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T cell responses without IL-10 may induce autoimmune diseases in vaccinated 

patients.  

In summary, blocking IL-10 signalling at the time of immunisation may be effective 

against HPV chronic infection and HPV infection related cancers, with minimal chance 

of increasing the incidence of autoimmune diseases of immunised patients.  
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Chapter 4: Investigation the possibility of 

using peptides with a helical repeating 

pattern of hydro-phobic and hydrophilic 

residues to inhibit IL-10 
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certain other rights specified in the public license below. The following considerations are for informational
purposes only, are not exhaustive, and do not form part of our licenses.

Considerations for licensors: Our public licenses are intended for use by those authorized to give
the public permission to use material in ways otherwise restricted by copyright and certain other
rights. Our licenses are irrevocable. Licensors should read and understand the terms and conditions
of the license they choose before applying it. Licensors should also secure all rights necessary
before applying our licenses so that the public can reuse the material as expected. Licensors should
clearly mark any material not subject to the license. This includes other CC-licensed material, or
material used under an exception or limitation to copyright. More considerations for licensors.

Considerations for the public: By using one of our public licenses, a licensor grants the public
permission to use the licensed material under specified terms and conditions. If the licensor’s
permission is not necessary for any reason–for example, because of any applicable exception or
limitation to copyright–then that use is not regulated by the license. Our licenses grant only
permissions under copyright and certain other rights that a licensor has authority to grant. Use of the
licensed material may still be restricted for other reasons, including because others have copyright or
other rights in the material. A licensor may make special requests, such as asking that all changes
be marked or described. Although not required by our licenses, you are encouraged to respect those
requests where reasonable. More considerations for the public.

Creative Commons Attribution 4.0 International Public License

By exercising the Licensed Rights (defined below), You accept and agree to be bound by the terms and
conditions of this Creative Commons Attribution 4.0 International Public License ("Public License"). To the
extent this Public License may be interpreted as a contract, You are granted the Licensed Rights in
consideration of Your acceptance of these terms and conditions, and the Licensor grants You such rights in
consideration of benefits the Licensor receives from making the Licensed Material available under these
terms and conditions.

Section 1 – Definitions.

https://wiki.creativecommons.org/Considerations_for_licensors_and_licensees#Considerations_for_licensors
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a. Adapted Material means material subject to Copyright and Similar Rights that is derived from or
based upon the Licensed Material and in which the Licensed Material is translated, altered, arranged,
transformed, or otherwise modified in a manner requiring permission under the Copyright and Similar
Rights held by the Licensor. For purposes of this Public License, where the Licensed Material is a
musical work, performance, or sound recording, Adapted Material is always produced where the
Licensed Material is synched in timed relation with a moving image.

b. Adapter's License means the license You apply to Your Copyright and Similar Rights in Your
contributions to Adapted Material in accordance with the terms and conditions of this Public License.

c. Copyright and Similar Rights means copyright and/or similar rights closely related to copyright
including, without limitation, performance, broadcast, sound recording, and Sui Generis Database
Rights, without regard to how the rights are labeled or categorized. For purposes of this Public
License, the rights specified in Section 2(b)(1)-(2) are not Copyright and Similar Rights.

d. Effective Technological Measures means those measures that, in the absence of proper authority,
may not be circumvented under laws fulfilling obligations under Article 11 of the WIPO Copyright
Treaty adopted on December 20, 1996, and/or similar international agreements.

e. Exceptions and Limitations means fair use, fair dealing, and/or any other exception or limitation to
Copyright and Similar Rights that applies to Your use of the Licensed Material.

f. Licensed Material means the artistic or literary work, database, or other material to which the
Licensor applied this Public License.

g. Licensed Rights means the rights granted to You subject to the terms and conditions of this Public
License, which are limited to all Copyright and Similar Rights that apply to Your use of the Licensed
Material and that the Licensor has authority to license.

h. Licensor means the individual(s) or entity(ies) granting rights under this Public License.
i. Share means to provide material to the public by any means or process that requires permission

under the Licensed Rights, such as reproduction, public display, public performance, distribution,
dissemination, communication, or importation, and to make material available to the public including
in ways that members of the public may access the material from a place and at a time individually
chosen by them.

j. Sui Generis Database Rights means rights other than copyright resulting from Directive 96/9/EC of
the European Parliament and of the Council of 11 March 1996 on the legal protection of databases,
as amended and/or succeeded, as well as other essentially equivalent rights anywhere in the world.

k. You means the individual or entity exercising the Licensed Rights under this Public License. Your
has a corresponding meaning.

Section 2 – Scope.

a. License grant.
1. Subject to the terms and conditions of this Public License, the Licensor hereby grants You a

worldwide, royalty-free, non-sublicensable, non-exclusive, irrevocable license to exercise the
Licensed Rights in the Licensed Material to:

A. reproduce and Share the Licensed Material, in whole or in part; and
B. produce, reproduce, and Share Adapted Material.

2. Exceptions and Limitations. For the avoidance of doubt, where Exceptions and Limitations
apply to Your use, this Public License does not apply, and You do not need to comply with its
terms and conditions.

3. Term. The term of this Public License is specified in Section 6(a).
4. Media and formats; technical modifications allowed. The Licensor authorizes You to exercise

the Licensed Rights in all media and formats whether now known or hereafter created, and to
make technical modifications necessary to do so. The Licensor waives and/or agrees not to
assert any right or authority to forbid You from making technical modifications necessary to
exercise the Licensed Rights, including technical modifications necessary to circumvent
Effective Technological Measures. For purposes of this Public License, simply making
modifications authorized by this Section 2(a)(4) never produces Adapted Material.

5. Downstream recipients.
A. Offer from the Licensor – Licensed Material. Every recipient of the Licensed Material

automatically receives an offer from the Licensor to exercise the Licensed Rights under
the terms and conditions of this Public License.

B. No downstream restrictions. You may not offer or impose any additional or different
terms or conditions on, or apply any Effective Technological Measures to, the Licensed
Material if doing so restricts exercise of the Licensed Rights by any recipient of the
Licensed Material.
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6. No endorsement. Nothing in this Public License constitutes or may be construed as
permission to assert or imply that You are, or that Your use of the Licensed Material is,
connected with, or sponsored, endorsed, or granted official status by, the Licensor or others
designated to receive attribution as provided in Section 3(a)(1)(A)(i).

b. Other rights.

1. Moral rights, such as the right of integrity, are not licensed under this Public License, nor are
publicity, privacy, and/or other similar personality rights; however, to the extent possible, the
Licensor waives and/or agrees not to assert any such rights held by the Licensor to the limited
extent necessary to allow You to exercise the Licensed Rights, but not otherwise.

2. Patent and trademark rights are not licensed under this Public License.
3. To the extent possible, the Licensor waives any right to collect royalties from You for the

exercise of the Licensed Rights, whether directly or through a collecting society under any
voluntary or waivable statutory or compulsory licensing scheme. In all other cases the
Licensor expressly reserves any right to collect such royalties.

Section 3 – License Conditions.

Your exercise of the Licensed Rights is expressly made subject to the following conditions.

a. Attribution.

1. If You Share the Licensed Material (including in modified form), You must:

A. retain the following if it is supplied by the Licensor with the Licensed Material:
i. identification of the creator(s) of the Licensed Material and any others

designated to receive attribution, in any reasonable manner requested by the
Licensor (including by pseudonym if designated);

ii. a copyright notice;
iii. a notice that refers to this Public License;
iv. a notice that refers to the disclaimer of warranties;
v. a URI or hyperlink to the Licensed Material to the extent reasonably practicable;

B. indicate if You modified the Licensed Material and retain an indication of any previous
modifications; and

C. indicate the Licensed Material is licensed under this Public License, and include the
text of, or the URI or hyperlink to, this Public License.

2. You may satisfy the conditions in Section 3(a)(1) in any reasonable manner based on the
medium, means, and context in which You Share the Licensed Material. For example, it may
be reasonable to satisfy the conditions by providing a URI or hyperlink to a resource that
includes the required information.

3. If requested by the Licensor, You must remove any of the information required by Section 3(a)
(1)(A) to the extent reasonably practicable.

4. If You Share Adapted Material You produce, the Adapter's License You apply must not
prevent recipients of the Adapted Material from complying with this Public License.

Section 4 – Sui Generis Database Rights.

Where the Licensed Rights include Sui Generis Database Rights that apply to Your use of the Licensed
Material:

a. for the avoidance of doubt, Section 2(a)(1) grants You the right to extract, reuse, reproduce, and
Share all or a substantial portion of the contents of the database;

b. if You include all or a substantial portion of the database contents in a database in which You have
Sui Generis Database Rights, then the database in which You have Sui Generis Database Rights
(but not its individual contents) is Adapted Material; and

c. You must comply with the conditions in Section 3(a) if You Share all or a substantial portion of the
contents of the database.

For the avoidance of doubt, this Section 4 supplements and does not replace Your obligations under this
Public License where the Licensed Rights include other Copyright and Similar Rights.

Section 5 – Disclaimer of Warranties and Limitation of Liability.
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a. Unless otherwise separately undertaken by the Licensor, to the extent possible, the Licensor
offers the Licensed Material as-is and as-available, and makes no representations or
warranties of any kind concerning the Licensed Material, whether express, implied,
statutory, or other. This includes, without limitation, warranties of title, merchantability,
fitness for a particular purpose, non-infringement, absence of latent or other defects,
accuracy, or the presence or absence of errors, whether or not known or discoverable.
Where disclaimers of warranties are not allowed in full or in part, this disclaimer may not
apply to You.

b. To the extent possible, in no event will the Licensor be liable to You on any legal theory
(including, without limitation, negligence) or otherwise for any direct, special, indirect,
incidental, consequential, punitive, exemplary, or other losses, costs, expenses, or
damages arising out of this Public License or use of the Licensed Material, even if the
Licensor has been advised of the possibility of such losses, costs, expenses, or damages.
Where a limitation of liability is not allowed in full or in part, this limitation may not apply to
You.

c. The disclaimer of warranties and limitation of liability provided above shall be interpreted in a manner
that, to the extent possible, most closely approximates an absolute disclaimer and waiver of all
liability.

Section 6 – Term and Termination.

a. This Public License applies for the term of the Copyright and Similar Rights licensed here. However, if
You fail to comply with this Public License, then Your rights under this Public License terminate
automatically.

b. Where Your right to use the Licensed Material has terminated under Section 6(a), it reinstates:

1. automatically as of the date the violation is cured, provided it is cured within 30 days of Your
discovery of the violation; or

2. upon express reinstatement by the Licensor.
For the avoidance of doubt, this Section 6(b) does not affect any right the Licensor may have to seek
remedies for Your violations of this Public License.

c. For the avoidance of doubt, the Licensor may also offer the Licensed Material under separate terms
or conditions or stop distributing the Licensed Material at any time; however, doing so will not
terminate this Public License.

d. Sections 1, 5, 6, 7, and 8 survive termination of this Public License.

Section 7 – Other Terms and Conditions.

a. The Licensor shall not be bound by any additional or different terms or conditions communicated by
You unless expressly agreed.

b. Any arrangements, understandings, or agreements regarding the Licensed Material not stated herein
are separate from and independent of the terms and conditions of this Public License.

Section 8 – Interpretation.

a. For the avoidance of doubt, this Public License does not, and shall not be interpreted to, reduce,
limit, restrict, or impose conditions on any use of the Licensed Material that could lawfully be made
without permission under this Public License.

b. To the extent possible, if any provision of this Public License is deemed unenforceable, it shall be
automatically reformed to the minimum extent necessary to make it enforceable. If the provision
cannot be reformed, it shall be severed from this Public License without affecting the enforceability of
the remaining terms and conditions.

c. No term or condition of this Public License will be waived and no failure to comply consented to
unless expressly agreed to by the Licensor.

d. Nothing in this Public License constitutes or may be interpreted as a limitation upon, or waiver of,
any privileges and immunities that apply to the Licensor or You, including from the legal processes of
any jurisdiction or authority.

Creative Commons is not a party to its public licenses. Notwithstanding, Creative Commons may elect to
apply one of its public licenses to material it publishes and in those instances will be considered the
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“Licensor.” The text of the Creative Commons public licenses is dedicated to the public domain under the
CC0 Public Domain Dedication. Except for the limited purpose of indicating that material is shared under
a Creative Commons public license or as otherwise permitted by the Creative Commons policies
published at creativecommons.org/policies, Creative Commons does not authorize the use of the
trademark “Creative Commons” or any other trademark or logo of Creative Commons without its prior
written consent including, without limitation, in connection with any unauthorized modifications to any of
its public licenses or any other arrangements, understandings, or agreements concerning use of licensed
material. For the avoidance of doubt, this paragraph does not form part of the public licenses.

Creative Commons may be contacted at creativecommons.org.

Additional languages available: Bahasa Indonesia, Deutsch, hrvatski, Nederlands, norsk, polski,
suomeksi, svenska, te reo Māori, українська, العربیة, 日本語. Please read the FAQ for more information
about official translations.
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Abstract
Blockade of IL-10 signalling clears chronic viral and bacterial infections. Immunization

together with blockade of IL-10 signalling or relatively low level of IL-10 further enhances

viral and bacterial clearance. IL-10 functions through binding to interleukin 10 receptor (IL-

10R). Here we showed that peptides P1 and P2 with the hydrophobic and hydrophilic pat-

tern of the IL10R-binding helix in IL-10 could bind with either IL-10R1 or IL-10, and inhibit

inflammatory signals with long duration and negligible cytotoxicity in vitro. Furthermore, P2

can enhance antigen specific CD8+ T cell responses in mice induced by the vaccine based

on a long peptide of protein E7 in a human papillomavirus type 16.

Introduction
Interleukin 10 (IL-10) is an anti-inflammatory cytokine with multiple biological functions. Its
expression level is elevated during persistent viral infections such as human immunodeficiency
virus (HIV), hepatitis B and hepatitis C (HBV, HCV) in humans [1–3]. IL-10 blockade has
been shown to enhance T cell responses which in turn control persistent infection of lympho-
cytic choriomeningitis virus or cytomegalovirus [3–5] in mice. Immunization in conjunction
with blockade of IL-10 signalling increases vaccine-induced T cell responses and clears bacte-
ria, parasite and chronic viral infection more efficiently than that with IL-10/IL-10R at normal
or over-expression levels[2, 6–9]. In addition, blocking IL-10 signalling at the time of immuni-
zation is able to control tumour growth in mouse model [10, 11]. IL-10 knockout mice devel-
ops chronic inflammation in intestine only in late life stage, suggesting that temporal blocking
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of IL-10 signalling or lowering IL-10 level may not cause severe side effects if used in clinic.
Therefore, the inhibition of IL-10 may become an exciting new strategy to control chronic viral
infection and related cancers.

IL-10 signals through IL-10 receptor (IL-10R). IL-10R is a class II cytokine family member
composed of IL-10R1 and IL-10R2 subunits. IL-10R1 binds to IL-10 with high affinity while
IL-10R2 is an accessory subunit for signal transduction [12–14]. In vivo inhibition of IL-10 sig-
nalling can be achieved through administration of anti-IL-10R antibodies [15, 16]. However,
clinical grade humanized antibodies are not available for clinical use [17].

Compared to small molecules, biologic drugs such as peptides, nucleotides and proteins
possess the advantages of target-sensitivity, low cytotoxicity, and eco-friendliness [18, 19].
Some attempts have been made to develop large biomolecules into IL10 inhibitors [20, 21]. For
example, the extracellular domain of human IL-10R1/Fc regions of human IgG1 heavy chain is
able to inhibit IL-10 function in vitro. Inhibitory peptides of IL-10 signalling in vitro and in
vivo have also been discovered by phage display techniques. An oligonucleotide aptamer
uncovered by using high throughput sequencing can inhibit a murine CT 26 tumour growth
similar to the effects mediated by anti-IL-10R antibodies [11]. However, above experimental
techniques for peptide discovery are costly and labour intensive. As a result, computational
approaches have been developed to prioritise candidates for experimental validations.

There are two main computational approaches based on ligand activity and receptor struc-
tures, respectively [22–25]. Ligand-based approaches infer new ligands based on the quantita-
tive relation between inhibition activity and physio-chemical and structural information of
known ligands. Structure-based approach, on the other hand, relies on the 3-dimensional
structures (X-ray crystallography or NMR spectroscopy) of biological targets to search for the
best inhibitors based on the highest binding interactions between the candidate inhibitors and
the target.

Structure-based drug design has been becoming increasingly successful. For example, a
group of βpep peptides (antiparallel β-sheet structure and a preponderance of positively
charged and hydrophobic residues) were designed and screened for the ability to inhibit endo-
thelial cell (EC) proliferation, an in vitro indicator of angiogenic potential; out of 30 designed
peptides, one potent angiogenesis inhibitor was found more effective than other well-known
antiangiogenics [26]. A gluten peptide analogue was designed successfully as a tight-binding
ligand for HLA-DQ2 (one of the two pharmacological targets of celiac sprue) [27]. The struc-
ture of circumsporozoite protein (CSP) of Plasmodium falciparum, a leading candidate antigen
for inclusion in a malaria subunit vaccine, was employed to design a peptide UK-39. The intra-
muscular delivery of UK-39 to mice and rabbits elicits IgG antibodies, which in turn inhibited
invasion of hepatocytes by P. falciparum sporozoites. This is an example of the rational devel-
opment of a malaria vaccine [28]. A peptide was designed to inhibit urokinase-type plasmino-
gen activator receptor (uPAR), which plays critical role in cancer cell growth, survival,
invasion, and metastasis can inhibit cell migration and lung metastasis [29]. A group of
designed peptides containing an aldehyde at the C terminus can inhibit syndrome (SARS) chy-
motrypsin-like protease (3CL) with an IC50 value of 98 nM [30]. Several designed peptide
ligands were also found to enhance MHC binding and hence T cell recognition of gp100 in
HLA-DR4+ melanoma patients [31].

Most of studies designed drug candidates (peptides or small molecules) directly using the
crystal or NMR structures of the targets proteins or receptor/ligand binding areas, also in con-
cert with molecular dynamics simulation in some cases, to elucidate the key structural charac-
teristics, such as α-turn [29], β-sheet [26, 28], hydrogen bonding between side chain of the
ligand and receptor [27], the conserved peptide region of the target [32], steric space of the
binding area of the target [30], hydrophobicity of the residues within the binding area [31], and
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so forth; then, molecular moieties (e.g., amino acids, nucleic acids and chemical groups etc.)
can be chosen with emphasis on one or multiple characteristics, to build up the drug molecules,
which would be validated by further bioassays.

In the current paper, we designed two peptides (P1 and P2) that can inhibit IL-10 via struc-
ture-based analysis, focusing on the helix structure of the ligand protein (IL-10) within the
binding area of IL-10/IL-10R, as well as the amino acid pattern of the helix sequence. More spe-
cifically, we obtained our peptides based on physio-chemical properties of the IL10 peptide seg-
ments in the interface of the IL-10/IL-10R complex structure. In vitro tests confirmed the
usefulness of the designed peptides in inhibiting IL-10 level; more significantly, the ex vivo
assay also suggested that one designed peptide could enhance the CD8+ T cell responses using
a mouse model.

Materials and Methods

Mice
We purchased 6–8 weeks old adult female C57BL/6 (H-2b) mice that are specific pathogen free
(SPF) from the Animal Resource Centre, Sun Yat-Sen University, Guangdong province, China
and kept them under SPF conditions with irradiated food and autoclaved water, and with
cycles of light and dark of 12 hours at the centre. Mice were randomly separated into groups of
3–5 mice in each cage. No animals became sick or died prior to the experimental endpoint. The
mice were euthanized with cervical dislocation according to the hospital’s AEC protocol. All
experiments were approved by and performed in compliance with the guidelines of Foshan
First Peoples Hospital Animal Experimentation Ethics Committee.

Cell lines, peptides and antibodies
Murine mast cell MC/9 cell line was purchased from ATCC, USA and cultured following the
protocols in the product sheets. Briefly, MC/9 cells were cultured in complete RPMI 1640
media (Gibco) supplemented with 10% heat inactivated fetal calf serum (FCS), 100 U of peni-
cillin/ml and 100 μg of streptomycin/ml and were cultured at 37°C with 5% CO2 and 5 ng of
murine IL-4 or 1 ng of human IL-10 as recommended by ATCC, with or without adding P1,
P2 or P3 respectively. MC/9 cell proliferation was determined by MTT assay (purchased from
ATCC, USA) following the instruction of manufacturer.

Human macrophage cell line U937 was maintained in complete RPMI 1640 media (Gibco)
supplemented with 10% heat inactivated FCS, 100 U of penicillin/ml and 100 μg of streptomy-
cin/ml and were cultured at 37°C with 5% CO2.

Long HPV16 E7 peptide GQAEPDRAHYNIVTFCCKCDSTLRLCVQSTHVDIR, and
HPV16 E7 CTL epitope RAHYNIVTF, Ova specific CTL epitope SIINFEKL were synthesised
and purified by Mimotopes (Melbourne, Australia). Designed peptides P1, P2, P3 and P4 were
synthesized by GenicBio Biotech (Hongkong, China). The purity of the peptides was deter-
mined by reverse-phase HPLC and was found to be more than 95%. Peptides were dissolved in
0.5% DMSO in PBS and, if not used immediately, stored at -20°C. Lipopolysaccharide (LPS)
and Incomplete Freund’s adjuvant (IFA) were purchased from Sigma.

Recombinant Human interleukin 10 receptor alpha was purchased from Creative BioMart,
USA (Cat. No IL10RA-212H), and was re-suspended in sterilized Milli Q water to a concentra-
tion of 1 μg/μL as stock solution. Recombinant Human interleukin 5 receptor alpha was pur-
chased from Genscript, USA (Cat. No Z03126-10), and was re-suspended in sterilized Milli Q
water to a concentration of 1 μg/μL as stock solution.

Human IL10 was purchased from ebioscience (Cat. No: BMS/346). Mouse IL4 was pur-
chased from ebioscience (Cat. No: 14–8041).

Design of Peptide-Based IL-10 Inhibitor
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Anti-IL10 receptor (1B1.3) monoclonal antibody (MAb) for ex vivo immunisation was pur-
chased from BioXcell, USA and stored at -80°C till further use. Anti-IL-10 (Cat. 506802), Anti-
IL-10R antibodies (Cat. 308802) for in vitro experiments were purchased from BioLedgend. PE
conjugated anti-IL10R antibody was purchased from BioLegend (Cat. 308803).

Direct binding assays
Surface Plasmon Resonance (SPR) Spectroscopy. The SPR assays were determined at

25°C on a Biacore T100 SPR instrument, using a CM5 sensor chip immobilized with IL-10 and
IL-10R1 by GE Amine Coupling Kit. A channel treated following the same procedure but with-
out IL-10 or IL-10R1 immobilisation was employed as a blank reference. The running buffer
was 1X phosphate buffered saline at pH of 7.4. To determine the surface binding affinity, pep-
tides diluted with the running buffer at various concentrations were injected at a flow rate of
10 μL/min for 1 min, followed by 5 min dissociation. Sensorgrams from each cycle was sub-
tracted by the corresponding blank run. Then steady-state affinity analysis was performed
using Biacore T100 Evaluation Software v2.0.3 (GE Healthcare) based on three independent
repeats. For the competitive binding assay, peptides at various concentrations were co-injected
with a low concentration of IL-10 (33 nM) through the IL-10R1 channel. Sensorgrams from
each cycle was blank and baseline corrected, and then compared with sensorgrams with only
IL-10 or the corresponding peptide at the same concentration. The inhibition of IL-10 binding
to IL-10R1 was indicated by a loss in total response unit (RU).

MALDI (Matrix-assisted laser desorption ionisation) mass spectrometry analysis. The
mass spectra of IL-10R1/peptide complexes were obtained using a 4700 MALDI-TOF/TOF
mass spectrometer (AB Sciex Pte. Ltd., USA). The methods of using MALDI mass spectrometry
to study the protein/protein and protein/peptide complexes have been reported previously[33–
35]. Either 4-hydroxy-3-methoxy cinnamic acid (ferulic acid [FA], Sigma-Aldrich, Cat. 46278-
1G-F) or 3, 5-Dimethoxy-4-hydroxycinnamic acid (sinapic acid, Sigma-Aldrich, Cat. 85429-
1G) was employed as the matrix to obtain the optimal spectra; they were dissolved in 50%
methanol/50% MQ, or 60% CAN/40%MQ/0.1% TFA, respectively, as a saturated solution.
The peptides were prepared in MQ water at a concentration of 1×10−6 mol/mL, and IL-10R1
was reconstituted in MQ water at a concentration of 6×10−8 mol/mL. A sample mixture con-
sisting of an equal volume of protein and peptide at 4×10−8 mol/mL was incubated on ice for 2
hours, and utilized for mass analysis. From this mixture, 0.25 μL of matrix solution was spotted
first on a 192-wells plate (Cat. 4333375, AB SCIEX Australia Pty Ltd), and then 0.25 μL of mix-
ture was spotted on the same plate, followed by another layer of 0.25 μL matrix solution added
on to the top of air-dried sample spot prior to introduction into the mass spectrometer. The
mass spectra were acquired using the linear positive ion mode of MALDI-TOF MS.

Cell-based assays
In vitro stimulation of U937 cells: 2–5×105 of U937 cells were cultured in 1 mL of RPMI with
10% human serum containing 100 U of ampicillin and 100 U of streptomycin. The U937 cells
were either unstimulated or stimulated with 4×10−3 μM of LPS (Sigma, Cat. L3024-5MG) over-
night, in the presence of different concentration of P1, P2 or P3 or anti-IL-10 (10 μg/mL,
~0.3 μM) or anti-IL-10R (10 μg/mL, ~0.1 μM) antibodies. Supernatants were collected and
stored at -80°C till use.

Surface staining of IL-10 receptor on U937 cell membrane: 2–5×105 of U937 cells were
stained with PE conjugated anti-IL10R antibody for 30 minutes on ice, then washed with PBS
with 2% of FCS and analysed with an Acuri flowcytometor (BD, USA) as described previ-
ously [36].
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Isolation of peripheral blood mononuclear cells: Heparinised (25 IU/mL) peripheral blood
was taken from informed individuals, and peripheral blood mononuclear cells (PBMCs) were
separated by discontinuous density gradients of Ficoll-Hypague (GE Healthcare) according to
the manufacturer's protocol. Isolated PBMCs were washed extensively using RPMI with 10%
of human serum. This bioassay was carried out strictly under research ethics and approached
by the Human Ethics Committee of the 1st People’s Hospital of Foshan, China.

In vitro stimulation of PBMCs: 2–5×105 of PBMCs were cultured in 1 mL of RPMI with 10%
human serum containing 100 U of ampicillin and 100 U of streptomycin. The PBMCs were
either unstimulated or stimulated with 4×10−3 μM of LPS (Sigma, Cat. L3024-5MG) overnight,
in the presence of different concentration of P1, P2 or P3 or anti-IL-10 (10 μg/mL, ~0.3 μM) or
anti-IL-10R (10 μg/mL, ~0.1 μM) antibodies. Supernatants were collected and stored at -80°C
till use.

7-AAD assay: 7-AAD Viability Staining Solution was purchased from eBioscience (Cat. 00–
6993). Briefly, 5 μL of 7-aad were added to 5×105 cells for 5 minutes, and 7-aad staining was
measured by a BD Accuri flow cytometry.

ELISA. Human IL-10 ELISA MAX™ Deluxe 5 plates were purchased from Biolegend (Cat.
430604) and performed following the manufacturer’s instruction. Human IL12p40 and
IL12p70 ELISA kits were purchased from eBioscience, IL12p40 or IL12p70 levels from super-
natants collected from stimulated PBMCs were measured by ELISA following the instruction
from manufacturer.

Ex vivo assay
Immunization of mice. Groups of five to eight mice were immunized s.c. with 50 μg long

Human Papillomavirus Type 16 (HPV16) E7 peptide, or 15 μg of LPS, with or without 250 μg
of anti-IL10R antibodies dissolved in PBS. In the case of immunization with incomplete
Freund's adjuvant (IFA), the dissolved long HPV16 E7 peptide was emulsified in 50% (v/v)
IFA before s.c. vaccination. The total injected volume was 100 μL/mouse. Mice were lightly
anaesthetized with isofluorane (Abbott, Maidenhead, U.K.) during immunization.

ELISPOT. ELISPOT was performed as described previously [37]. Briefly, single spleen cell
or lymph node suspensions were added to membrane base 96 well plate (Millipore, Bedford,
MA) coated with anti-IFN-γ (BD Harlingen, San Diego, CA). Designed peptide was added at
various concentrations and cells incubated with the peptide at 37°C for 18 hours. Antigen spe-
cific IFN-γ secreting cells were detected by sequential exposure of the plate to biotinylated anti-
IFN-γ before s.c. vaccination (BD Harlingen), avidin–horseradish peroxidase (Sigma–Aldrich)
and DAB (Sigma–Aldrich). The results were measured by ELISPOT reader system ELR02
(AID Autoimmun Diagnostika GmbH, Strassberg, Germany).

Statistical analysis
Statistical analysis was performed by the two tailed Student’s test. Survival rate comparison
among different groups was performed by log rank test, by using Prism 5.0 (Graphpad Soft-
ware, San Diego). Results are considered as significant if P value is less than 0.05.

Results

The design of peptide inhibitors of IL-10
The specific interaction between IL-10 and IL-10R dictates their biological events. The specific-
ity requires the complementary in terms of their surface topology and chemical composition.
As shown in Fig 1, a helical segment of IL-10 (Helix 1 of IL-10) is responsible for most binding
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interactions with IL10-R. In addition, there are significantly more electron negative oxygen
atoms (either carboxylate or hydroxyl oxygen) than acidic hydrogens (amide hydrogen on
backbone, or those on side chains of certain amino acids) in IL10-R binding residues, thus we
speculated that peptide sequenced with more of acidic hydrogens would favour its interference
with IL-10/IL-10R interaction. We employed the hydrophobic and hydrophilic pattern of the
helix segment of IL-10 to designed peptide inhibitors. This helix ranges from residues 20 to 40

Fig 1. Illustration of peptide design. (A) A space-filling model of the interface structure of the IL-10/IL-10R protein–protein complex. (B) An expansion of the
interface between the two proteins to indicate a few residue to residue contacts. The complex structure of IL-10 (Grey) and IL-10R1 (Green) along with the
binding interface (Red). Val33 indicates the location of a helical bend for the binding helix. (C) Mimicking of this interface could produce an antagonist to
inhibit the interaction. The binding helical region of IL-10 (black) is aligned with designed peptides (P1 and P2[38] in Blue) along with the hydrophilic/
hydrophobic (HP) pattern (Red). Two control peptides (P3 and P4) are also shown (Orange).

doi:10.1371/journal.pone.0153939.g001
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(PDB 1J7V, S1 and S2 Tables). Helix 1, however, is not straight but bends at residue Val33 (Fig
1B). Val33 is surrounded by a repeated HHPP pattern for a helical conformation (Fig 1C)
where HP denotes hydrophilic and hydrophobic residues, respectively.

Thus, we designed our peptides based on this HHPP pattern but without breaking the pat-
tern at Val33, to strengthen its helical conformation. We employed Phe (F) for representing
hydrophobic residues as it has the highest number (3) of occurrence near the bend. Then, we
picked positively charged Lys (K) or Arg (R) for representing hydrophilic residues and improv-
ing solubility as both appeared in the helix. The sequences of our designed peptides 1 and 2 (P1
and P2) are aligned with the binding helix in Fig 1B. As a control, we also designed a peptide
P3 with no similar pattern and high ratio of electron negative residues, to make it more likely
to be repellent to the binding area. Besides, a peptide P4 with a HPHH pattern was obtained as
a second control.

Binding of P1 and P2 to IL-10 and IL-10R1
First, we obtained mass spectra of IL-10R1 mixed with designed peptides P1 and P2 and the
random control peptide P3. As Fig 2A shows, only P1 and P2 form a complex structure with
IL-10R1 detectable by MALDI MS using linear mode under the condition. As they were
designed to mimic the binding between IL-10 and IL-10R1, we further confirmed that P1 and
P2 bind with IL-10 as well by the MALDI MS. As shown in S1 Fig, both P1 and P2 but not P4
oligomerised with IL-10, and they formed multiple charged complexes with different molar
ratios, including 4:1, 5:4 and 5:3 (IL10-R1/peptide). To address the specificity of the interac-
tion, the possibility of the interaction of P1 and P2 with another cytokine IL-4 and cytokine
receptor IL-5R, was also examined using MALDI MS. No peak corresponding to any complex
was observed within a broader mass range (10 to 100 kD), when P1 or P2 was mixed with IL-4
or IL-5R (S2 and S3 Figs). P4 did not form any detectable complexes with any of these proteins,
though it would self-oligemerise with the presence of IL-5R (S3C Fig), a similar scenario also
occurred in the case of P2 plus IL-5R.

Next, we performed binding affinity analysis by SPR spectroscopy (Fig 2B). P1 and P2 dis-
played a level of binding affinity with IL-10R1 at 16.0 ± 1.95 μM and 62.1 ± 8.84 μM, respec-
tively and with IL-10 at 8.94 ± 0.37 μM and 36.1 ± 2.40 μM, respectively. No binding to IL-
10R1 or IL-10 was observed for either P3 or P4. We also observed that 10 nM of P1 or 15 nM
of P2 can prevent 33 nM of IL10 from binding to immobilised IL10-R1, resulting in a lower
total response unit compared with only the peptides or IL-10 at the corresponding concentra-
tions. No such competitive binding was observed for either P3 or P4.

Additionally, we investigated the intensity of anti-IL-10R antibody binding to IL-10R on the
membrane of human macrophage U937 cells by using a PE conjugated anti-IL-10R antibody
(clone: 3F9) and analysed the intensity of this antibody binding to IL-10R1 by flow cytometer.
More antibody binds to IL-10R1 after LPS stimulation, and is positively correlated with the
dose of LPS (Fig 2C). Binding to IL-10R was reduced when either P1 or P2, but not P3 or P4
was present in culture of LPS stimulated U937 cells, suggesting P1 and P2 compete with anti-
IL10R antibody in binding to IL-10R (Fig 2C).

P1 and P2 prevent proliferation of IL-10 dependent MC/9 cell line
Mouse mast cell line MC/9 growth is IL-10 dependent [39]. We therefore investigated whether
P1 or P2 is able to prevent IL-10 mediated MC/9 cell growth. MC/9 cells were cultured at dif-
ferent numbers for 48 hours and cell proliferation was measured by MTT assay, which mea-
sures the MC/9 cell proliferation. MC/9 proliferation showed significant increment and can be
easily detected when 1×104 of MC/9 cells or more cells were cultured 48 hours for MTT assay
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Fig 2. (A) MALDI mass spectra of IL-10R1 when mixed with P1, P2 and P3 as shown. Only P1 and P2
displayed a peak corresponding to the mass of the complex structure. (B) An overlay of sensorgrams of the
SPR competitive binding assay of peptides P1 and P2. Compared with sensorgrams with only IL-10 or the
corresponding peptide at the same concentration, a loss in total response was observed when P1 or P2 were
co-injected with IL-10. (C) IL-10R expression levels in 3×105 U937 with anti-human CD210 using flow
cytometry: stimulated with different amount of LPS overnight; unstimulated and stimulated with LPS (4×10−3

μM), LPS (4×10−3 μM) + P1 (4.5 μM), P2 (4.1 μM), P3 (5.6 μM) or P4 (4.2 μM), and LPS (4×10−3 μM)
+ aIL10R1 overnight, respectively; the mean fluorescence intensity (MFI) result of IL10-R expression.

doi:10.1371/journal.pone.0153939.g002
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(Fig 3A). Thus, cell number of 1×104 was selected in the assay. The addition of 5×10−5 μM of
IL-10 (the dose used in IL10 dependent MC/9 cell culture [39]) led to approximately 133%
increase in cell proliferation (Fig 3B). This IL-10 promoted cell proliferation was inhibited
effectively by adding either P1 or P2, showing slight higher level compared to that with only
culture media, but not by P3 (5.6 μM) or P4 (4.2 μM), respectively (Fig 3B). It seems the pres-
ence of P1 or P2 counteracted the effect of IL-10, suggesting that the IL-10 was inhibited by P1
or P2, but not P3 and P4.

P1 and P2 inhibit LPS-mediated IL-10 production by human
macrophage U937 cells
The inhibition of IL-10 signalling by P1 and P2 was further studied in biological assays by
employing a macrophage U937 cell line and human peripheral blood mononuclear cells
(PBMCs). U937 and PBMCs secrete IL-10 when stimulated with Toll like receptor ligands CpG
or lipopolysaccharide (LPS) [40], to maintain a balanced immune response. The secretion of IL-
10 is reduced in the presence of anti-IL10 or anti-IL10R antibodies, while the production of IL-
12 increased [41, 42]. We first reproduced these trends (S4 Fig) and then showed that P1 and P2
exhibited a similar effect of anti-IL-10 or anti-IL-10R antibodies (Fig 4A) that they decreased
the level of IL-10 by approximately 80% (P1 at 4.5 μM) and 64% (P1 at 4.1 μM), respectively;
nor did P3 or P4 showed such activity. That was at the dose of 10 μg/mL, both P1 and P2,
although not as potent as anti-IL10, can inhibit IL-10 level better than anti-IL10R (approxi-
mately 4 and 2 folds for P1 and P2, respectively). In addition, it can be seen that P1 even statisti-
cally reduced the level of IL-10 within original U937 cells before LPS stimulation, an effect
similar to that of anti-IL10. The dose-dependent study (Fig 4B and 4C) showed that 50% reduc-
tion of IL-10 level required about 0.45 μM for P1 and 2.05 μM for P2, indicating the inhibitory
activity of P1 was higher than that of P2. The time dependence of IL-10 secretion with and with-
out P1/P2 inhibition suggested the sustained activity of P1 and P2 for 48 hours (Fig 4D).

Fig 3. P1 and P2 are able to inhibit growth of mouse MC/9 mast cells measured by MTT assay. (A) Different numbers of mouse MC/9 mast cells were
cultured in RPMI 1640 media with 10% FCS and 2×10−5 μM of IL4 for 48 hours, blue arrow indicated the cell numbers chosen for maximal growth potential.
(B) 1×104 of MC/9 cells were cultured either in media with 2×10−5 μM of IL4 (media), or plus 5×10−5 μM of IL10 (IL10 only), or plus 5×10−5 μM of IL10 together
with different peptides (P1, P2, P3 and P4 at 10 μg/mL, equals to 4.5, 4.1, 5.6 and 4.2 μM, respectively) for 48 hours before MTT assay was performed.

doi:10.1371/journal.pone.0153939.g003
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P2 increases LPS-mediated IL-12 production by human PBMCs
Human PBMCs secrete IL-12 upon stimulation with LPS or CpG [43], a cytokine that is able to
promote Th1 immune responses for clearance of viral infected cells or tumour cells. IL-12
expression is suppressed by IL-10, and the inhibition of IL-10 should increase the production
of IL-12. We thus examined IL-12p40 by ELISA. As shown in Fig 5, adding anti-IL-10 or anti-
IL-10R antibodies increases IL-12 production by LPS stimulated human PBMCs. IL-12p40
(Fig 5A) production increased by about 25% in the presence of P2 at 8.2 μM, but not P1 at
9 μM. Fig 5B further confirmed that P3 or P4 didn’t increase the level of IL-12. IL-12p40 by
LPS stimulated PBMCs increased as P2 concentration increasing (Fig 5B), showing a dose
dependent trend. This occured despite that P1 can block IL-10 signalling more efficiently than

Fig 4. P1 and P2 reduce IL-10 secretion in U937 cells stimulated by LPS. Supernatants were measured in the presence of IL-10 by ELISA. The
concentration of LPS is 4×10−3 μM: (A) 3×105 human U937 were either left unstimulated (UN) or stimulated with LPS, LPS+0.3 μM of anti-IL10 (aIL10), LPS
+0.1 μM of aIL10R, LPS+P1, 2, 3 and 4 at 4.5, 4.1, 5.6, 4.2 μM overnight, respectively. (B) 1×105 of U937 cells were treated with LPS and different
concentration of P1 overnight. (C) 1×105 of U937 cells were treated with LPS and different concentration of P2 overnight. (D) 1×105 of U937 cells were
unstimulated or stimulated with LPS, LPS+aIL10, LPS+aIL10R, LPS+P1 and LPS+P2 for 4, 12, 24 and 48 hours.

doi:10.1371/journal.pone.0153939.g004
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P2 suggested by other assays (Figs 2, 3 and 4). We also found that P2 was able to promote
human T cell secreting IFNγ about 5% and 6% higher than LPS stimulated and unstimulated
PBMCs, respectively, which isanother evidence showing that P2 is able to promote Th1
response (Fig 5C).

P2 increases antigen specific CD8+ T cell response induced by long E7
peptide/IFA from a human papillomavirus type 16 (HPV 16)
First, mouse splenic cells were stimulated with LPS overnight, with P1, P2, P3 or anti-IL-10R
antibodies respectively. IL-12p40 from supernatants was measured by ELISA. The statistical
analysis showed that P2, but not P1 or P3, was able to increase IL-12 secretion by LPS stimu-
lated mouse splenic cells, which was an effect similar to that induced by antiIL-10R antibodies
(Fig 6A). It has been widely accepted that HPV 16 E7-specific cytotoxic T lymphocytes (CTLs)
can be generated by immunization with E7 protein in IFA, resulting in long-lasting protection
against HPV16-transformed tumor cells [44–47]. To test whether P1 and P2 can increase the
CTLs, groups of mice were immunized with a long papillomavirus E7 peptide in IFA, or E7/
IFA/P1, E7/IFA/P2, E7/IFA/P3, E7/IFA/OVA CTL epitope (an irrelevant peptide to HPV16),
E7/MPLA/anti-IL10R antibody twice or left unimmunized at 7 days apart. Seven days after
final immunization, E7 specific IFNγ CD8+ T cell responses were measured by ELISPOT
assay. E7/IFA/P2 induced higher numbers of CD8 E7 specific T cell responses than E7/IFA,
E7/IFA/P3 and E7/IFA/OVA CTL epitope. The result indicates that P2 was biofunctional ex
vivo and could enhance antigen specific CD8+ T cell response induced by long E7 peptide/IFA
of the human papillomavirus type 16 at a magnitude less than E7/MPLA/anti-IL10R (Fig 6B).

Discussion
Receptor engagement with IL-10 favours the exposure of the chemotactic
(-DLRDAFSRVKTFFQM-) with a helical conformation, which we chose as the key binding
motif. Based on its major residue pattern of ‘HHPP’ (Fig 1), peptides (P1 and P2) were
designed, which also align well with the α-helical protein folding principle:- the peptide car-
bonyl O atom and amide proton between the ith and (i+4)th amino acid positions form a paired

Fig 5. P2 increases IL-12 secretion by LPS stimulated PBMCs: (A) 3×105 human PBMCs were either left overnight unstimulated (UN) or stimulated with LPS
(4×10−3 μM), LPS+0.3 μM of anti-IL10 (LPS+aIL10), LPS and P1 at 9.0 μM, LPS and P2 at 8.2 μM, respectively. Supernatants were measured for the
presence of IL-12p40 by ELISA. (B) 1×105 of human PBMCs were either unstimulated or stimulated with LPS or LPS with P3, P4 and different concentration
of P2 overnight, IL-12 p40 from supernatants were measured by ELISA. (C) 1×106 PBMCs were stimulated in the presence of 100 ng/mL of LPS, 5 μg/mL of
P2 or P3 for 72 hours. Cells were stimulated with stimulation cocktail (ebioscience) in the final 6 hours and stained with anti-CD3, anti-CD8 and intracellularly
stained with IFNγ. FACS were performed and CD3+CD8+IFNγ+ were analyzed with Flowjo.

doi:10.1371/journal.pone.0153939.g005
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hydrogen bonding, resulting in a folded structure with a regular turn every 3.6 amino acids
[48]. It has been shown that hydrophobic interactions between the amino acid side groups con-
tribute significantly towards the nucleation of helical conformation [49], thus Phe, an amino
acid with strong hydrophobic side group, is used in P1 and P2. In addition, hydrophobic inter-
actions between the side groups of the ith and (i+4)th amino acids might enhance the α helice
[50]. Therefore, to maintain the α-helical periodicity, a repeat primary sequence containing 2
Phe and 2 hydrophilic amino acids is proposed. Considering there are more electron negative
oxygen atoms than acidic hydrogens in IL10-R1 in the binding interface area, positive charged
amino acids were chosen, i.e., Lys and Arg in the cases of P1 and P2, respectively.

Various in vitro studies indicated that the designed peptides, P1 and P2, could be biological
active through binding to IL-10 and IL-10R1 and with a competitive binding to IL-10R1. We
further showed that both P1 and P2 can inhibit IL-10 dependent MC/9 cell proliferation (Fig
3). In the presence of IL-4, IL-10 significantly promotes MC/9 proliferation [51]; when either
P1 or P2 is present, this IL-10 mediated effect on MC/9 proliferation is abolished, while control
peptides (P3 and P4) have no effect, suggesting that IL-10 might be inhibited by P1 or P2. P1
and P2 reduce LPS mediated IL10 secretion by human macrophage U937 cells in a dose and

Fig 6. (A) 5x105 of mouse splenic cells were either left unstimulated, or stimulated with 100 ng of LPS, or same amount of LPS and P2, P3 and anti-IL-10R
antibodies overnight. IL12p40 from supernatants were measured by ELISA as described in Materials and Methods. (B) Four C57BL/6 mice from each group
were primed either with HPV16E7 peptide/MPLA/aIL10R antibodies or with HPV16E7/IFA with P1, P2, P3, irrelevant peptide (OVA CTL epitope) or left
unimmunized on day 0, and then boost immunized with long E7 peptide/IFA on day 7. Six days after final immunization, spleen from immunized mice were
collected, single spleen cells isolated, and cultured in the presence of a MHC I restricted HPV16 E7 specific peptide RAHYNIVTF overnight, ELISPOT assay
for IFNγ was performed as described in materials and methods.

doi:10.1371/journal.pone.0153939.g006
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time dependent manner. P2 could further increase LPS induced IL-12 secretion by human
PBMCs. More importantly, P2 enhances antigen specific IFNγ secreting CD8+ T cell responses
induced by early protein E7 long peptide/LPS vaccination of a papillomavirus type 16 in an ex
vivo assay.

In order for a peptide to be useful as potential drug candidates, its cytotoxicity has to be low.
We evaluated the cytotoxicity of P1 and P2 using 7-AAD cell-viability assay (S5 Fig). The
results of two independent assays indicated that there is no significant difference for cell death
in the presence or absence of P1 or P2. That is, the cytotoxicity of P1 or P2 is negligible, indicat-
ing that the inhibition effect on IL-10 in U937 cells by P1 and P2 is not caused by cell death.

It is noted that the ELISA shows that P1 and P2 are able to reduce IL-10 secreted by U937
cells at levels much lower than the results obtained through the SPR assay, this may be attrib-
uted to the fact that P1 and P2 can also bind to IL10 as indicated by MALDI MS (S1 Fig) and
SPR experiments (Fig 2B). In addition, the detection sensitivities of ELISA and SPR under dif-
ferent biological conditions are not always consistent [52–54]. Mullenix compared ELISA and
SPR for assessing clinical immunogenicity of panitumumab, and found that ELISA was much
more sensitive in detecting mAbs with high affinity than SPR due to the binding kinetics; for
instance, ELISA showed a sensitivity of 0.016 μg/mL compared to 15.382 μg/mL provided by
SPR for one mAb [54].

When antigen presenting cells are stimulated with Toll like receptor ligands, such as TLR4
ligand LPS, they produce both IL-10 and IL-12 [55–58]; as the secretion of IL-10 after TLRs
stimulation is a feedback mechanism to prevent excess immune responses to avoid autoimmu-
nity [59, 60]. Reducing IL-10 expression level enhances IL-12 production by antigen presenting
cells, which is critical for vaccine mediated Th1 responses [43, 61, 62]. In another experiment,
human macrophage cell line U937 cells were stimulated with LPS, IL-10 secretion by U937 was
measured by ELISA. Blocking IL-10 signalling by adding anti-IL10, or anti-IL10R antibodies
reduces IL-10 secretion by LPS stimulated U937 cells (Fig 4). Addition of P1 and P2, but not
the control peptide P3 or P4 to U937 culture media, inhibits IL-10 secretion by the LPS stimu-
lated U937 cells (Fig 4). The inhibition is not because that P1 and P2 are toxic to the U937 cells
(S5 Fig). All of these in vitro cell-based assays suggest that the designed peptide successfully
inhibit the intended target IL-10.

Because P2 can enhance IL-12 secretion by LPS stimulated human PBMCs in vitro (Fig 5),
we investigated whether P2 is bioactive ex vivo by using a mouse vaccination model based on
early protein 7 (E7) long peptide/IFA of human papillomavirus type 16 [63]. We found that P2
not only enhances IL-12 production by LPS stimulated mouse splenic cells (Fig 6A), but also
increases vaccine-induced, antigen-specific CD8+ T cell responses (Fig 6B). These results indi-
cate that P2 is also bioactive ex vivo. Taken together, we have designed potential IL-10 inhibit-
ing peptides by using a structure-based method. The reason why P1 cannot enhance the
secretion of IL-12 remains elusive; it may be attributed to the interplay between P1 and other
cellular factor(s) on IL-12 pathways, which opens for further investigation.

IL-10 inhibition clears chronic viral infection in animal infection models [64–67]. Inhibiting
IL-10 at the time of immunization enhances T cell responses induced by peptide [63], virus like
particle [37], DNA [68], adenovirus [69] vaccines. Immunization together with IL-10 inhibi-
tion further improves clearance of chronic viral [68], bacterial [70] infection and prevent
tumour growth [63]. As a result, many attempts have been made to design IL-10 inhibitors that
may be clinically useful. Recombinant or phage display techniques have been employed for
identifying protein or peptide based IL-10 inhibitor, but they are labour intensive and time
consuming [55, 71, 72]. Although peptides screened by phage display bind to IL-10 receptor at
lower concentrations than our designed peptide, structure-based design provides an inexpen-
sive alternative.
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Therapeutic vaccines have begun to show efficacy against Human papillomavirus infection
that is related pre-cancers [73–76]. The efficacy of 16 E7 long peptide/IFA based vaccine is
demonstrated in a double blind placebo controlled trial [75, 76]. However, the efficacy of the
same vaccine remain to be established in cervical cancer patients [73]. Combining therapeutic
vaccine with other treatment, and further increasing the vaccine induced responses are highly
desirable [73]. Long E7 peptide/IFA combined with a IL-10 peptide inhibitor enhances vac-
cine-induced, antigen-specific CD8+ T cell response (Fig 6). Our unpublished data also indi-
cate that inhibiting IL-10 at the time of immunization does not lead to unwanted side effects in
important organs include intestine, where IL-10 knockout mice develops chronic inflammation
[60]. These results argue strongly to move our current vaccination strategy from bench side to
clinical trial.

Conclusions
We reported here a structure-based design for discovering new protein topo-mimetics that
inhibits IL-10/IL-10R interaction. We demonstrated that designed peptides P1 and P2, but not
control peptides, bind to IL-10R1 by different in vitro assays. P1 and P2 inhibit the growth of
IL-10 depending murine mast cell MC/9, as well as LPS mediated IL-10 production by human
macrophage cell line U937, in a dose and time dependent manner. P2 also promotes LPS medi-
ated IL-12 production by human PBMCs. Moreover, P2 enhances CD8 T cell responses
induced by an E7 peptide based vaccine for human papillomavirus 16.

As a proof of concept, in this work, we used the in vitro and ex vivo assays to show that this
particular α-helix segment with “HHPP” pattern could be targeted to design IL-10 inhibiting
peptide. The designed sequences worth further validation and optimisation. Other peptide seg-
ments of IL-10 or IL-10R might also be used to direct the design of inhibitors, however, the
determination of the key structural characteristic would be vital. In a broader context, the
results from this study provide ideas into the development of much simpler peptide-based ther-
apeutics than the resource-consuming techniques such phage display and humanized mono-
clonal antibody production. Since more disease-related proteins and receptors have been
characterised with reliable and generic structural information, this design concept could be
expanded and utilised in the design of protein surface topo-mimetics for a similar scenario.

Supporting Information
S1 Fig. MALDI mass spectra of IL-10 mixing with P1, P2 and P4: (A) IL-10, (B) IL-10+P1,
(C) IL-10+P2 and (D) IL-10+P4.Only P1 and P2 display peaks corresponding to the mass of
the peptide-protein complex structures (in the spectra, X = IL-10, B = P1 and C = P2).
(TIF)

S2 Fig. MALDI mass spectra of IL-4 mixing with P1, P2 and P4: (A) IL-4, (B) IL-4+P1, (C)
IL-4+P2 and (D) IL-4+P4. No peak corresponding to the mass of the peptide-protein complex
structure was found. Only peaks of IL-4 oligomers can be observed (e.g., 21+ denotes to singly
charged dimer).
(TIF)

S3 Fig. MALDI mass spectra of IL-5R mixing with P1, P2 and P4: (A) IL-5R, (B) IL-5R+P1,
(C) IL-5R+P2 and (D) IL-5R+P4. No peak corresponding to the mass of the protein-peptide
complex structure was found (in the spectra, X, B and C denote to IL-10, P2 and P4, respec-
tively). P2 and P4 would oligomerise under the condition, respectively.
(TIF)
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S4 Fig. Anti-IL10 (aIL10) and anti-IL10R (aIL10R) reduce IL-10 secretion by LPS stimu-
lated U937 cell. Supernatants were measured for the presence of IL-10 by ELISA. The amount
of LPS (abbreviated as ‘L’ when coupled with other reagents) is 4×10−3 μM, 3×105 human
U937 cells were either left unstimulated (UN, repeated) or stimulated with LPS (repeated),
LPS+aIL10 with different concentration, LPS+aIL10R with different concentration overnight,
respectively.
(TIF)

S5 Fig. Two independent 7-AAD cell death assays measured by flow cytometry.M2 of the X
axis is the 7 aad+ cells (dead cells), Y axis represents the cell numbers.
(TIF)

S1 Table. Hydrogen bonds between IL-10 and IL-10R1 complex [side chain NH (HN),
hydroxyl hydrogen (HO); backbone amide nitrogen (H), backbone carbonyl oxygen (O),
and carboxylate oxygen (OX), sequences followed the PDB entry 1J7V].
(DOCX)

S2 Table. Hydrophobic interaction regions between IL-10 and IL-10R1.
(DOCX)
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ABSTRACT
Interleukin 10 (IL-10) is a cytokine that is able to downregulate inflammation. Its overexpression is directly
associated with the difficulty in the clearance of chronic viral infections, such as chronic hepatitis B,
hepatitis C and HIV infection, and infection-related cancer. IL-10 signaling blockade has been proposed as
a promising way of clearing chronic viral infection and preventing tumor growth in animal models.
Recently, we have reported that peptides with a helical repeating pattern of hydrophobic and hydrophilic
residues are able to inhibit IL-10 significantly both in vitro and in vivo.1 In this work, we seek to further
study the inhibiting mechanism of these peptides using sequence-modified peptides. As evidenced by
both experimental and molecular dynamics simulation in concert the N-terminal hydrophobic peptide
constructed with repeating hydrophobic and hydrophilic pattern of residues is more likely to inhibit IL10.
In addition, the sequence length and the ability of protonation are also important for inhibition activity.

KEYWORDS
circular dichroism
spectroscopy; ELISA;
interleukin-10 inhibiting
peptide; interleukin-10
receptor; molecular dynamic
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Introduction

Interleukin 10 (IL-10) is a cytokine with pleiotropic effects in
immune regulation and inflammation. IL-10 is also known as
human cytokine synthesis inhibitory factor (CSIF), and is
encoded by the IL-10 gene. It is produced by many cells of the
adaptive immune system, including T helper subtype 1 (Th1),
Th2 and Th17 cell subsets, T Reg cells, CD8+ T cells and B
cells, and also expressed by cells of the innate immune system,
including dendritic cells (DCs), macrophages, mast cells, natu-
ral killer (NK) cells, eosinophils and neutrophils.2 IL-10 plays a
central role in infection by limiting the immune response to
pathogens and thereby preventing excessive damage to the
host.3

IL-10 can abort T cell responses when present during prim-
ing stage of an immune response and inhibit ongoing T cell
activity to viral infections.4 Also, IL-10 acts directly on T cells
to limit proliferation, functional differentiation, and effector
activity.5,6 Remarkable over-expression of IL-10 has been found
in the serum of patients with chronic viral infections and can-
cers, which can diminish immune responses to the viruses and
thus result in detrimental consequences, while lower IL-10 pro-
duction are associated with clearance of viral infection and
enhanced viral control during chronic HCV, HBV, HIV and
EBV infections.7

The IL-10/IL-10R pathway has been identified as a key regula-
tion check point of viral persistence. Recent reports have shown

that inhibition of IL-10 signaling by anti-IL-10 monoclonal anti-
bodies clears the chronic lymphocytic choriomeningitis virus
(LCMV) infection in the mouse model.4,8,9 Moreover, inhibition of
IL-10 at the time of therapeutic vaccine immunization further
improves the clearance of chronic viral infection.10 It has been
demonstrated that IL-10 inhibition and immunization simulta-
neously prevent tumor growth in mouse tumor models.11,12 Block-
ade of IL-10 combined with vaccination may provide a promising
alternative to increase the efficacy of therapeutic vaccines for better
control of chronic viral infection, and chronic viral infection-
related cancers, such as cervical cancer andHBV relevant liver can-
cer.13 Therefore, a clinical grade IL-10 signaling inhibitor is
urgently needed to investigate whether blocking IL-10 signaling at
the time of immunization can improve the efficacy of a therapeutic
vaccine against chronic viral infection or tumor in clinical trial.

IL-10 signals via an interaction with its IL-10 receptor (IL-
10R). IL-10R is a class II cytokine family member composed
of 2 subunits: IL-10R1 is the unique ligand-binding subunit
and IL-10R2 is the signaling subunit that is shared with other
family member cytokines, including IL-22, IL-26, IL-28, and
IL-29.14-16 Thus, if the binding sites important for IL-10/IL-
10R1 signaling can be determined, it will then be possible to
develop drugs (e.g., small organic molecules, peptides, proteins
and DNA segments) to block the IL-10 signaling and therefore
inhibit the effect of IL-10 overexpression. However, very few
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clinically useful molecules are suitable for this purpose; one
possible reason is that classical small molecules are not always
ideal for disrupting protein–protein interactions.17,18 Addi-
tionally, endogenous proteins or humanized monoclonal anti-
bodies are difficult to produce and are high cost.

There are no IL-10 signaling inhibitors currently available
for clinical use. Previously, a monoclonal antibody against IL-
10 or an IL-10 receptor antibody was used to block IL-10 sig-
naling in vivo using an animal model. Many attempts have
been made to develop clinical grade anti-IL-10 anti-bodies,
anti-IL-10 receptor antibodies, or IL-10 signaling inhibitors,
using different techniques such as recombinant DNA technol-
ogy, phage display and screening, and selection of short oligo-
nucleotide aptamers.3 However, these techniques are time
consuming and labor intensive.

Structure-based biofunctional peptide design in drug and
vaccine development supported by computational modeling is
becoming increasingly successful.19-23 A recent report used a
structure-based approach involving rational defining of the pro-
tein interfaces of non-continuous and unstructured nature, to
design peptides that bind IL-10R1 in vitro.24 We proposed a way
for designing IL-10 inhibiting peptides based on a helix segment
of IL-10 within IL-10/IL-10R1 interaction region, and demon-
strated that peptides with repeating pattern of hydrophobic and
hydrophilic residues are able to inhibit IL-10 both in vitro and in
vivo.1 We have confirmed that the peptides are able to bind IL-
10R, so as to inhibit the signaling of IL-10 with high efficiency
supported by the following assays1:- i) Surface Plasmon Reso-
nance (SPR) spectral analysis suggested the peptides displayed a
level of binding affinity at sub micro-molar level with IL-10R,
and in addition their binding competed with IL-10; ii) an MTT
[3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bro-
mide] assay of mouse mast cell MC/9 cells indicated that the
peptides counteracted the effect of IL-10 stimulation and limited
cell proliferation, iii) the peptides inhibited IL-10 secretion, con-
firmed by ELISA using LPS-stimulated human PBMCs and
macrophage U937 cell lines; iv) the peptides competed with
anti-IL-10R antibodies for binding with IL-10R1 while showing
negligible cytotoxicity; and v) one peptide enhanced vaccine
induced antigen specific CD8+ T cell responses. These results

indicated that the peptides are functional, with in vivo bio-
activity, and potentially may block IL-10 signaling in human.

Though verified experimentally, the underlying inhibiting
mechanism behind our design warrants further investigation,
to help optimize the design method. In this study, using the
sequences of 2 designed IL-10 inhibiting peptides,1 i.e., P1
(FFKKFFKKFFKKFFKK-OH) and P2 (FFRRFFRRFFRRFFRR-
OH), as models, a number of synthetic peptides with different
sequence modifications (including sequence length, N-/C- ter-
minal hydrophobicity, protonation capability, chirality and sec-
ondary structure variation) were introduced, and the key
structural characteristics affecting IL-10 inhibition were
clarified.

Results

Rational structure-based introducing sequence
modifications

As shown in Fig. S1,1 the design of P1 and P2 employed the
hydrophobic and hydrophilic pattern of the helix segment of
IL-10 (PDB 1J7V), which bends at residue Val33. Val33 is sur-
rounded by repeated hydrophilic and hydrophobic residues. To
strengthen the helical conformation, P1 or P2 don’t have the
breaking pattern observed at Val33. It has been noted that the
biophysical properties of protein-binding peptides, such as
main chain hydrogen bond forming ability with target protein,
sequence length, secondary structures, side-chain/main-chain,
salt bridge,25-29 affect its binding activity directly. In this study,
we thus synthesized sequence-modified peptides (P1.1 to 1.5,
P2.1 to 2.3 listed in Table 1) based on P1 and P2, to further
clarify the sequential characteristics that could influence IL-10
inhibitory activity. In addition, to maintain the helical confir-
mation propensity, we followed the a-helical folding principle
when carrying out the substitution, to ensure a regular turn
every 3.6 amino acids formed by the peptide carbonyl O atom
and amide proton between the ith and (i+4)th amino acid posi-
tions.30 Briefly, the modifications to the peptides include:- i)
C-terminal truncation (P1.1 and 1.2), ii) all D-form amino acid
substitutions (P1.3) and iii) residue substitution to change the

Table 1. The sequences of P1, P2 and peptides modified based on P1 or P2.

Name Sequence Net charge MW (Da) Modification description

P1 FFKKF FKKFF KKFFK K-OH +8 2220.84 —
P1.1 FFKKF FKKFF KKFF-OH +6 1964.49 C-ter truncate (2 amino acids)
P1.2 FFKKF FKKFF KK-OH +6 1670.14 C-ter truncate (4 amino acids)
P1.3 D-FFKKF FKKFF KKFFK K-OH +8 2220.84 D-amino acid substitution
P1.4 FRKKF RKKFF KKFFK K-OH +8 2238.82 Sequence pattern, (FxKK)2(FFKK)2

a

P1.5 FRKKF RKKFR KKFRK K-OH +12 2256.85 Sequence pattern, (FxKK)4
P1.6 FFKAF FKAFF KAFFK A-OH +4 1992.45 C-ter hydrophobic substitution and sequence

pattern (FFKy)4
b

P2 FFRRF FRRFF RRFFR R-OH +8 2444.95 —
P2.1 EFRRE FRREF RREFR R-OH 0 2372.70 N-ter hydrophilic substitution and helical

structure stabilization by E-R bridges
P2.2 WYRRF YRRAH RRAHR R-OH +8 2343.72 N-ter hydrophobicity decreased & C-ter helical

structure stabilization by AH
P2.3 WYHHF YHHAH RRAHR R-OH +4 2267.53 N-ter hydrophobicity decreased and helical

structure stabilization by AH, HH and WH
bridge

P3 (negative control) GTELP SPPSV WFEAE F-OH ¡3 1792.99 —

a,bx and y represent hydrophilic and hydrophobic amino acids, respectively.
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hydrophobicity, helix propensity and sequence pattern
(P1.4, 1.5, 2.1, 2.2 and 2.3). The IL-10 inhibiting activity of
these peptides was evaluated using IL-10 ELISA of LPS stimu-
lated human U937 cells, in comparison with anti-IL-10 (aIL10)
and anti-IL-10R1 (aIL10R) as positive controls.

Modulation of P1 and P2 secondary structures using
2,2,2-Trifluoroethanol

In a previous study,1 it was shown that P1 and P2 compete with
IL-10 in binding with IL-10R1 (Fig. S2). The conformations of
these peptides, especially when they approach a near-mem-
brane environment, could shed light on their interaction mech-
anism with IL-10R1. Therefore the membrane mimetic 2,2,2-
trifluoroethanol (TFE) was used to modulate the secondary
structures of P1 and P2.

The CD spectra of the P1 and P2 in the presence of TFE at
different concentrations are shown in Fig. 1. In buffered aque-
ous solution, P1 exhibits a far-UV CD spectrum characteristic
of random coil structure, however, addition of TFE (0-50 % v/
v) to native P1 showed that an a-helical structure can be
induced, as evidenced by the characteristic negative ellipticity
maxima at approximately 210 and 220 nm (Fig. 1A). The far-
UV CD spectra demonstrate that in 10 and 30% v/v TFE, there
is a relative low degree of a-helical secondary structure
induced, which increases upon addition to 50% v/v TFE. A sim-
ilar scenario can be observed for P2 (Fig. 1B). In addition, at the
same concentration of TFE, P1 exhibited a higher helical pro-
pensity than P2 at a concentration of 4.5 mM.

P1 or P2 binds to IL-10R1 with different affinity: formation of
a (P1/IL-10R1 or P2/IL-10R1) 1:1 complex
Figure 2 shows the binding affinity analysis of P1/P2 and P3
(control peptide) with IL-10R1 by SPR spectroscopy. The sen-
sorgrams of the concentration of each peptide in relation to
time are recorded in Fig. 2A-C, from which it can be observed
that P1 and P2 forms complexes with IL-10R1, while P3 cannot
find a stable complex with IL-10R1 up to a concentration of
186 mM. The speed of complex formation of P1 is higher than
that of P2 at a similar concentration. At relatively low

concentration, P1 seemed more sensitive in binding IL-10R1.
Overall, P1 and P2 displayed a level of binding affinity at 17.8
and 63.6 mM to IL-10R1, respectively, as shown in Fig. 2D. No
binding to P3 was observed.

In our previous studies, positive-ion MALDI mass spec-
trometry of a P1/IL-10R1 or P2/IL-10R1 mixture showed the
presence of a small but reproducible peak corresponding to an
[P1/IL-10R1]H+ or [P2/IL-10R1]H+ complex.1 No multiply-
charged adduct peaks, formed between P1/P2 and IL-10R1,
were detected using MALDI mass spectrometry, and no corre-
sponding peak was identified in the case of P3 (negative con-
trol). Thus, to further study the potential for the interplay of
bioactive peptides P1 and P2 with IL-10R1, molecular dynam-
ics (MD) simulation was used to model the complexes formed,
and compared to the negative control peptide P3. After individ-
ually docking P1, P2 and P3 around the defined binding zone of
IL-10/IL-10R1 (Fig. S1), the MD simulation confirmed that P1
can equilibrate to a stable 1:1 complex with IL-10R1 within
about 80 ns after being heated to 325K, with its potential energy
stabilized at about 90 kcal/mol (Fig. S3). In terms of the P2/IL-
10R1 complex, it stabilized within a much shorter duration as
the root-mean-squared-deviation (rmsd) was below 2A

�
during

the entire equilibration after the heating process, and the poten-
tial energy showed a smaller variation of »50 kcal/mol less
(Fig. S4). Though P3 was initially docked with a similar orienta-
tion as those for P1 and P2, it gradually moved away from IL-
10R1 at a relatively rapid pace (it started leaving after 2,000 ps,
and had a distance of »132.19 A

�
at 4,500 ps, see Fig. S5), sug-

gesting that it is unlikely to bind to IL-10R1 under the experi-
mental conditions (see Methods). This was in accordance with
our previous report that P1 or P2 can prevent IL10 from bind-
ing to immobilized IL10-R1, and no competitive binding was
observed for P3.1

MD simulation confirms P1 or P2 binds to IL-10R1 with
higher affinity than IL-10
The representative structures of 1:1 complexes P1/IL-10R1
and P2/IL-10R1 (shown in Fig. S3C and S4C) were selected
to evaluate the interaction mechanism. For the representa-
tive structure of the P1/IL-10R1 complex, there were 9 H-

Figure 1. Effect of different TFE concentrations on the conformation of P1 and P2. Far-UV CD spectra of P1 (A) and P2 (B). Representative data are shown from 3 indepen-
dent experiments performed in triplicate.
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bonds, as listed in Table 2; the involvement of P1 in form-
ing these H-bonds only included the Lys residues of the
second and the third ‘FFKK’ units. In the case of the repre-
sentative structure of P2/IL-10R1 complex (Fig. S4), the
hydrophilic interaction was stronger, involving 15 H-bonds,
contributed by nearly every Arg residue of the 4 ‘FFRR’
units (Table S1). Almost all these H-bonds involved the
hydrogen of side chain amide of Arg residues of P2, except
for one (Phe14: O-Arg95: HN). Basically all Phe residues
were involved in the hydrophobic interaction with either
IL-10R1 or the peptides themselves.

It was of interest to compare the stability of complexes
formed by IL-10/IL-10R1, P1/IL-10R1 and P2/IL-10R1 theo-
retically. Both MM/PBSA and MM/GBSA methods have
been proven to provide relatively accurate binding free
energies for protein/ligand interactions,31-34 though
the accuracy largely depends on a few parameters, including
simulation length, solute dielectric constant and the number
of snapshots.35

Table 3 shows the DG0
D,solv of each complex. The different

DG0
D,solv values (both PBSA and GBSA methods) of the 3 com-

plexes IL-10R1/IL-10, IL-10R1/P1 and IL-10R1/P2, suggested
that the complex involving P1 or P2 is much more stable by
7.07 or 22.93 kcal/mol respectively, using PBSA method. This
is consistent with the results obtained through the GBSA
method (for details of calculation see Table S2-S4). These
results meant that IL-10R1 would bind preferentially to P1 or
P2 rather than IL-10, further supporting the SPR assay result

that P1 and P2 compete with IL10 in binding to immobilized
IL10-R1.1

In vitro inhibition of IL-10 activity by truncated and mutated
P1 and P2 peptides: the key structural characteristics of
inhibiting peptides
IL-10 is known to negatively regulate antigen presentation cells
secreting IL-12; if IL-10 signaling is blocked, antigen presenta-
tion cells will produce more IL-12, which is critical to mount a
T helper 1 response. Strong Th1 responses correlate with viral
clearance and tumor rejection.3 Using U937 cells as a model,
Fig. 3 displays the IL-10 ELISA results of the IL-10 inhibition
activity of the P1 modified peptides. Compared to the

Figure 2. Interactions between P1/P2/P3 and IL-10R1 using Surface Plasmon Resonance Spectroscopy. Sensorgrams of the surface binding affinities of peptide P1 (A),
P2 (B) and P3 (C) at different concentrations in relation with time, and (D) Binding affinity measurement of P1, P2 and P3 with IL-10R1.

Table 2. Hydrogen bonds between P1 and IL-10R1 complex [side chain NH (HN),
hydroxyl hydrogen (HO); backbone amide nitrogen (H), backbone carbonyl oxygen
(O), carboxylate oxygen (OX) and hydroxyl oxygen (or amide-connected oxygen on
side chain, OH).

P1 IL-10R1 Bond length (A
�
)

Lys7: HN,1 Ser137: OH 1.94
Lys7: HN,2 Asp133: Ox 1.80
Lys8: HN,1 Ser137: O 2.36
Lys8: HN,2 Ser140: OH 2.23
Lys12: H Asp99: OX,1 1.95
Lys12: HN,1 Arg95: O 2.13
Lys12: HN,2 Glu100: OX 1.80
Lys16: HN,1 Asp99: OX,2 1.75
Lys16: HN,2 Ser191: OH 2.05
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inhibitory activity of P1, it can be clearly seen that, at same con-
centration, C-terminal truncation reduced the inhibiting mag-
nitude. P1.1 (C-terminal Lys-Lys truncated) reduced inhibition
by about 30% (P = 0.0049) and the inhibition was negligible for
P1.2 (C-terminal Phe-Phe-Lys-Lys truncated). The D-form P1
(P1.3) was able to increase the inhibitory effect by approxi-
mately 40% (P = 0.0031). To unveil the influence of the
sequence pattern, the ‘FFKK’ unit of P1 was substituted by
‘FFKA’ or ‘FRKK’ in P1.4 or P1.5, where Ala and Arg represent
hydrophobic and hydrophilic substitutions, respectively. It was
observed that neither P1.4 nor P1.5 could inhibit the IL-10
(Fig. 3). Similar truncations and D-form substitution of P2
showed consistent results with P1 (data not shown).

Previous results indicated only P2 (not P1) promoted LPS
mediated IL-12 production by human PBMCs and enhanced
CD8 T cell responses induced by an E7 peptide based vaccine
for human papillomavirus 16.1 Therefore, more sequence mod-
ifications were introduced to P2. The first consideration was
N-terminal hydrophobicity, i.e., the sequence starting with Phe-
Phe. To investigate this highly hydrophilic residue Glu was
substituted for Phe in P2.1. Moreover, to evaluate the impor-
tance of helix and sequence flexibility, helix stabilized residues
were introduced in P2.2 and P2.3. Their activities on the IL-10
secretion of LPS-stimulated U937 cells are displayed in Fig. 4,
together with aIL10 and aIL10R as positive controls and P3 as
the negative control. It can be observed that aIL10, aIL10R and

P1 inhibited IL-10 secretion significantly; the inhibition magni-
tudes of aIL10 and P1 were close to 100%, respectively. They
also seemed to eliminate any IL10 that should have been pro-
duced by untreated cells. The addition of P2 counteracted the
stimulatory effects of LPS, while the hydrophilication of its
N-terminus, by substituting the first Phe of every ‘FFRR’ unit
by Glu in sequence P2.1, eliminated the inhibitiory activity
completely. P2.2 and P2.3, in contrary, increased the secretion
of IL-10 by U937 cells, by approximately 14% (P < 0.0001) and
7% (P < 0.05) compared to LPS stimulation, respectively.

Discussion

Peptide based, clinical grade IL-10 signaling inhibitors

It has been shown that blocking IL-10 clears chronic viral infec-
tions in animal models. Furthermore, IL-10 signaling blockade
combined with immunization improves the clearance of chronic
viral infections, and controls tumor growth in vivo. Therefore, it
is worth investigating whether this strategy will improve the
efficacy of therapeutic vaccines against chronic viral infection
and cancer, especially pathogen related cancers. However, there
is no available clinical grade IL-10 signaling inhibitor. The
many attempts to develop a human IL-10 signaling inhibitor
have met with little success. Recently, we have demonstrated
that, by using a structure-based method, IL-10 signaling inhibit-
ing peptides, P1 and P2 have the ability to inhibit IL-10 signal-
ing in vitro, and P2 can increase a vaccine induced T cell
response in vivo. Therefore, P2 has the potential to be used in
the clinic. Similarly, a report by Ruiz-G�omez et al. made the
use of a regular expression syntax to define minimal descriptors

Table 3. The dissociation free energy (DG0D,solv, in kcal/mol) of IL-10R with IL-10,
P1 or P2 (the full calculation results were listed in S6 Table).

IL-10/IL-10R1 P1/IL-10R1 P2/IL-10R1

DG0D,solv PB ¡39.46 ¡46.53 ¡62.39
GB ¡28.71 ¡40.75 ¡66.39

Figure 3. The effects of truncated and mutated P1 peptides on IL-10 level in U937
cells stimulated by LPS. Supernatants were measured for the presence of IL-10 by
ELISA. The concentration of LPS is 4 £ 10¡3 mM: 3 £ 105 human U937 were either
left unstimulated (UN) or stimulated with LPS, LPS + 0.1 mM of anti-IL10R, LPS +
0.3 mM of aIL10, LPS + 0.1 mM of aIL10R, L+P1, P1.1, P1.2, P1.3, P1.4, P1.5, P2 and
P3 at 4.50 mM overnight, respectively. P values were calculated using 2 tailed
Student’s t-test.

Figure 4. The effects of mutated P2 peptides on IL-10 secretion in PBMCs stimu-
lated by LPS. Supernatants were measured for the presence of IL-10 by ELISA. The
concentration of LPS is 4 £ 10¡3 mM (100 ng): 1 £ 106 human U937 were either
left unstimulated (UN) or stimulated with LPS, LPS + 0.3 mM of anti-IL10, LPS
+0.1 mM of anti-IL10 receptor (aIL10R), LPS + P1, P2, P2.1, P2.2, P2.3 and P3 at
4.50 mM overnight, respectively. P values were calculated using 2 tailed Student’s
t-test.
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of geometric and functional constraints in IL-10/IL-10R1, to
help design IL-10R1 mimetics, which were shown to interfere
IL-10/IL-10R1 interaction in vitro.24 It is now possible to inves-
tigate whether blocking IL-10 at the time of immunization can
better control chronic viral infection, and increase the efficacy
of a therapeutic vaccine against cancer. However, understanding
how P1 and P2 inhibit IL-10 signaling is a necessity.

The importance of a-helical structure, hydrogen bonding
and length for inhibiting activity

TFE is capable of destabilizing hydrophobic interactions within
polypeptide chains but is able to stabilize local hydrogen bonds
between proximal residues in a polypeptide. Consequently, as a
cosolvent it can stabilize the formation of any secondary struc-
tures.36,37 From the data of CD spectra, it can be concluded
that the degree of a-helical structure present in P1 and P2,
plays a key role in the interactions with IL-10R1 and the effect
of the flexibility of the helical structures are worthy of further
study. Given that the protein adopts a predominantly a-helical
structure in the presence of TFE, it is likely that the different
near-membrane environment affects the IL-10 inhibiting activ-
ity of P1 and P2.

We have previously shown that the interaction between IL-
10 and its receptor mainly involves 5 H-bonds and 3 hydropho-
bic interaction regions related to the peptide segment
DLDRDAFSRVKTFFQM, based on MD simulation (Fig. S1c.f.

1). It can be seen that several Ser residues of IL-10R1 contribute
significantly to these hydrophilic interactions, including Ser191
that forms an H-bond with IL-10. A previous study has found
that LPS-induced production of IL-10 is promoted by the ser-
ine/threonine kinase38; in addition, it has been demonstrated
that the short strong H-bond formed between enzyme and tar-
gets are important for enzymatic reactions.38 The strong hydro-
gen bonding network can increase the enzyme-resistance of a
protein.39-41 In the cases of IL-10/IL-10R1 interaction, the par-
ticipation of these Ser residues in forming stable H-bonds
would reduce their propensity in enzymatic reactions catalyzed
by the kinases, so as to decrease the secretion of IL-10 com-
pared to LPS stimulation only. These results meant that a pep-
tide constructed with amino acids that are relatively easier to be
protonated, in combination with strong hydrophobic residues,
would favor the interaction with IL-10R1. This was further con-
firmed by the inhibitory activity of P2.1; the Glu substitution
neutralized the sequence (net charge 0), which reduced the pro-
pensity for H-bond formation between P2.1 and IL-10R1, as
there are more electron negative oxygen atoms exposed within
the binding-zone of IL-10R1.1 Although residue Glu is able to
form intra-helical salt bridges (Glu-…Arg+) to stabilize the heli-
cal conformation of P2.1,42 hydrogen-bond forming capability
plays a more significant role for the inhibiting activity.

Additionally, the length of the peptide also plays a key role
in the inhibition activity, as evidenced in Fig. 3. It was also of
interest to find that all D-amino acid substitution increased the
inhibiting activity. There is a report that partial D-amino acid
substitutions of membrane-active peptides can improve in vivo
activity, which may be attributed to its higher stability while
keeping the secondary structure.43 The toxicity of this peptide
ex vivo needs further clarification.

Balanced hydrophobic and hydrophilic residue repeating
sequence pattern

The change of sequence pattern introduced in P1.4 and P1.5
eliminated inhibiting activity. Furthermore, the amino acid
substitutions might also change the total hydrophobicity of
these peptides, as Ala is more hydrophobic than Lys, while Arg
is more hydrophilic than Phe. In terms of the structure of P1.4,
the substitution of ‘Lys’ by ‘Ala’ would largely stabilize the helix
conformation,44,45 especially when placing ‘Ala’ near the
C-terminus of designed helices,46 thus reducing the flexibility
of the sequence; meanwhile, it would decrease the net charges
(from +8 to +4), leading to the reduction in its capacity in
forming hydrogen bond. In contrast, the introduction of ‘Arg’
in replacing ‘Phe’ of P1.5 increases the net charge of the
sequence to +12, which could reduce the stability of the peptide
with certain secondary structure due to stronger repulsion,
thus decrease its binding with IL-10R1. It has been found that
Arg side chains may regulate the biological functions of mem-
brane proteins, including sodium channels,47 acetylcholine
receptors,48 and integrins,49 via charge-charge interactions,
which are implicated for regulating the voltage gating of cation
channels.50 Recently, it has been found that Arg directly associ-
ates with the opening and closing of voltage-gated proton chan-
nels, which play important roles in various physiological
processes, including the innate immune response.51 Thus, pro-
moting the effect by having more Arg may be counteracted by
simultaneously introducing structure instability.

The biological hydropathy scale devised predicts that Trp and
Tyr would be the least energetically favored of the hydrophobics,
and they are able to participate in both hydrophobic and polar
interactions with proximal residues.52,53 In P2.2 and P2.3, we
used ‘WY’ and ‘FY’ to substitute ‘FF’ in the first and second
‘FFRR’ units, respectively, to make the N-terminus less hydro-
phobic (but still hydrophobic overall). Additionally, stabilizing
the last helix was facilitated by 2 ‘AH’ substitutions of ‘FF’, as
Ala is able to significantly stabilize helices in short peptides54-56

and His has been found to increase the stability of helices by H-
bonding.57,58 Moreover, in P2.3, we replaced ‘RR’ by ‘HH’ in the
first 2 ‘XXRR’ (X represents an amino acid) units, which would
also stabilize the first helix at physiological pH57; additionally, it
has been reported that solvent-exposed intra-helical Trp and
His bridges could increase the helical conformation.59 In con-
trast to P2, the ELISA results show that the secretion of IL-10
was increased in the presence of P2.2 or P2.3, These results sug-
gest that the repeating sequence pattern with balanced hydro-
phobicity similar to ‘HHPP’was crucial to the activity.

In summary, besides the primary considerations regarding
the sequence modifications described in Table 1, there could be
potential “side-effects” raised by these changes a, contributing
to negligible activity overall, if too much effort was advocated
to improving one biophysical property.

Conclusions

In this work, we have further clarified the key structural charac-
teristics of the 2 peptides (P1 and P2) that were shown to
inhibit IL-10 secretion in vitro and in vivo.1 The IL-10 inhibit-
ing peptides have the following features:- (i) a repeated
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hydrophobic and hydrophilic pattern with preferred helix-
forming propensity; (ii) a length that is crucial to the biological
function, whereby a minimum length of 14 amino acids is sug-
gested; (iii) the chirality of amino acids were less relevant; and
(iv) high N-terminal hydrophobicity appears to be vital. Finally,
the likelihood of being protonated is another important factor
for IL-10 inhibition yet the repulsion caused by being over-pos-
itively charged results in activity abolition. The results from
this study combine insight from both experimental and theo-
retical bases into the development of an IL-10 inhibiting pep-
tide, and the inhibiting characteristics of these peptides may
provide clues for designing other peptides with optimal activity.
We are currently working on the design of peptides with stron-
ger IL-10 signaling inhibition ability. If successful, these pepti-
des can be used as immune regulators to inhibit IL-10
bioactivity in vitro, and in vivo, to disrupt the tumor micro-
environment, and to enhance vaccine induced T cell responses
against chronic viral infection and cancers.

Materials and methods

Peptide synthesis and sequence confirmation by LCMS

The sequences of the peptides studied are listed in Table 1,
together with descriptions of different modifications. All designed
peptides were synthesized by GenicBio Biotech (Hongkong,
China) with the purity >95% obtained by analytical reverse
phase high performance liquid chromatography (RP-HPLC).
Their purity was confirmed by RP-HPLC and LC-MS/MS on a
Shimadzu Prominance Nano HPLC (Japan) coupled to a Triple-
ToF 5600 mass spectrometer (ABSCIEX, Canada) equipped with
a nano electrospray ion source. The protocol has been provided
in detail previously.60 Briefly, peptides were re-suspended in
0.1% formic acid to the concentration of 4.5 mM. Aliquots
(6 mL) of each peptide solution were de-salted on a trap column
(Agilent Technologies, Australia), placed in-line with the analyti-
cal nanoHPLC column (Agilent Technologies, Australia). Peptide
elution used a linear gradient of 1-40% solvent [90:10 acetoni-
trile: 0.1% formic acid (aq)]. Peptide was sequenced based on the
b and y-ions of the mass spectra.

Surface plasmon resonance (SPR) spectroscopy

The binding affinities of the peptides were determined at 25�C on a
Biacore T100 SPR instrument, using an IL10R-immobilized CM5
sensor chip prepared with a GE Amine Coupling Kit. A channel
treated following the same procedure but without IL10R immobili-
zation was employed as a blank reference. The running buffer was
1X phosphate buffered saline, pH 7.4. Peptides diluted with the
running buffer at various concentrations were injected at a flow
rate of 10 mL/min for 1 min, followed by 5 min dissociation. Sen-
sorgrams from each cycle was substracted by the corresponding
blank run. Steady-state affinity analysis was performed using Bia-
core T100 Evaluation Software v2.0.3.

Circular dichroism (CD) spectroscopy

CD experiments were performed in a Chirascan CD spectro-
photometer (Applied Photophysics, Leatherhead, UK). A

quartz cuvette with a 10 mm path length was used for the
recording of spectra over a wavelength range of 190-260 nm
with a 1 nm bandwidth, 1 nm step size and time of 0.5 s per
point. A buffer (5 mM Na2HPO4) baseline was collected in the
same cuvette and was subtracted from the sample spectra. For
the CD experiment of different peptides, different concentra-
tion (0, 30% and 50%, v/v) of 2,2,2-Trifluoroethanol was used
as the mimics of near-membrane environment.

Antibodies

Anti-IL-10 (Cat. 506802), Anti-IL-10R antibodies (Cat.
308802) were purchased from BioLedgend.

Cell line

U937 cell line (CRL1593.2) was purchased from ATCC (USA),
and their culture was followed the protocols in the product
sheets.

Human IL10 ELISA

Human IL-10 ELISA MAXTM Deluxe 5 plates (Cat. 430604),
were purchased from Biolegend, and performed following the
manufacturer’s instruction.

Molecular dynamics simulation

The structure of the complex between IL-10 and IL-10R1 was
built starting from the crystal structure, PDB entry 1J7V. It was
first subjected to a 10,000 steps of minimization in generalized
Born (GB) solvent model61,62 (igb = 5) to reach a local mini-
mum using of AMBER version 12-13.07,63 and the energy of
the complex and the binding zone were obtained and analyzed.
From the minimal complex conformation, the structures of IL-
10 and IL-10R were extracted and subjected to a further 10,000
steps minimization in GB solution, and then free energies were
calculated based on these structures, respectively.

The linear conformations of the peptides were built using
AMBER. The initial conformation of the IL-10R/peptide com-
plex was built by docking the peptide above the binding zone
in such a way, that its residues align approximately with those
in the helice of IL-10 (-DLDRDAFSRVKTFFQM-), from which
P1 and P2 were designed, and it was located about 5 A

�
from

the corresponding binding segment of IL-10R. The LEAP mod-
ule of AMBER was used in the model building process. The
ff13 force field was employed, and the structure was initially
optimized to a nearby minimum, which was used as the restart-
ing point for subsequent heating simulation. Each complex
structure was heated to 325K over 100 ps to avoid being kineti-
cally trapped in local minima, and then subjected to simulation
at 325K for the purpose of complex equilibration, with a weak
restraint at a force constant of 1.0 kcal mol-1 angstrom-2 posi-
tioned on IL-10R. The simulations were continued until the
root mean square deviation (RMSD) of structures in reference
to the lowest energy structure within a reasonable time range is
�»2A

�
, then the lowest energy structure can be considered as

the representative conformation for the complex simulated
over this particular period. H-bonds between P1, P2 and
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IL-10R1 and RMSD were evaluated using PTRAJ and
CPPTRAJ modules implemented in AMBER. Visualization of
the systems was done using via VMD software version
1.9.1.64,65

Then, both Molecular Mechanics/Poisson Boltzmann Sur-
face Area (MM/PBSA) and Molecular Mechanics/Generalized
Born Surface Area (MM/GBSA) methods66 were performed to
evaluate the binding affinity of IL-10/IL-10R1, IL-10R1/P1 and
IL-10R1/P2, and dissociation free energy in solution, DG0

D,solv,
was used here to indicate the stability of each complex. The
MM-PB(GB)SA method was used to compare the free energy
between 2 states, often representing the bound and unbound
states of 2 solvated molecules or alternatively 2 different sol-
vated conformations of the same molecule.67-71

½A�aq C ½B�aq , ½A�B��aq

In terms of dissociation of peptide/protein complex, we
introduced the following definition.

DG0
D; solv D ¡DG0

bind; solv;

where DG0
D;solv and DG0

bind;solv; are the dissociation free energy
and binding free energy in water solution, respectively. The cal-
culation of DG0

bind;solv; is performed according to the following
thermodynamic cycle33:

The energy minimization of solvated complexes (in TIP5-
BOX model) were firstly carried out to a local minima within a
short cycle, followed by a 500 ps of heating to 300 K and then
500 ps of density equilibration with weak restraints on the com-
plexes. The equilibration was under constant pressure at 300K
for 500 ps. A total of 50 ns of production simulation was per-
formed for each complex, recording the coordinates every
10 ps. All simulations were run with shake on hydrogen atoms,
a 2 fs time step and langevin dynamics for temperature control.
The snapshots extracted were 400 for IL-10/IL-10R1 and 500
for P1/IL-10R1 and P2/IL-10R1, respectively.

For the simulation, the complexes obtained by MD simula-
tion in GB solution model were initially dissolved in TIP5P-
BOX water model, subjected to 2500 steps minimization and
followed by heating process to 325K during 50 ps. Then, they
were equilibration at 325 K for more than 12000 ps. The snap-
shots extracted were 400 for IL-10/IL-10R1 and 500 for P1/IL-
10R1 and P2/IL-10R1, respectively. Energy decomposition per
residue and binding free energy post-processing analysis of the
trajectories were performed in implicit solvent using the MM-
PBSA method as implemented in AMBER.

Statistical analysis

Statistical analysis was performed by the 2 tailed Student’s t-test
by using Prism 5.0 (Graphpad Software, San Diego). Results are
considered as significant if P value is less than 0.05.
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ABSTRACT:  

Anaerobic Clostridial spores cause significant oncolysis in hypoxic tumour 

microenvironment, resulting in tumour regression in both animal models and 

clinical trials. The immune mediated responses play a critical role in the anti-

tumour effect by the anaerobic spore treatment. It is demonstrated that 

intravenous administration of Clostridium ghonii (DCG) spores leads to both 

tumour local and splenic inflammatory response characterised by increased 

numbers of IFN-γ/IL-9 secreting T cells in the spleen and the tumour in a mouse 

TC-1 tumour model. Low numbers (less than 20 cell/million splenic cells) of 

antigen specific T cells in the spleen of the tumour bearing mice are also elicited 

after intravenous CG spore delivery. Interestingly, the results showed that a 

mixed IL-9/IFN-γ secreting T cell response was elicited when the tumour bearing 

mice received a low dose of CG spore (1x108 CFU/kg), while a IFN-γ secreting T 

cell response was elicited with a high dosage of CG spore (3x108 CFU/kg). The 

results suggested dosage of CG spore will determine the types of the immune 

responses elicited by TC-1 tumour bearing mice. When combined with a 

therapeutic vaccine, a better cancer treatment outcome may be achieved.  

6.1 Introduction 

Cancer is a class of diseases characterised by the uncontrolled proliferation of 

cells, which invade adjacent tissues and distant organs using a variety of 

mechanisms [49, 274]. It represents a major public health problem, accounting 

for approximately 8.8 million deaths each year worldwide [1]. Majority of cancers 

are solid tumours that share common structures and the unique tumour immune 

suppressive microenvironments [3, 4, 158, 275]. For these cancers, treatment 

includes surgical removal of tumour mass following early diagnosis. 

Chemotherapy, radiotherapy or a combination of both are used to treat late stage 
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inoperable solid tumours or potential remaining tumours after surgery, but these 

therapies can result in severe side effects [2, 7, 276-278]. Therefore, new cancer 

treatment strategies need to be developed as cancers and cancer mortality rates 

are expected to increase [2, 9, 13, 279-281]. 

Cancer immunotherapy is currently undergoing extensive research, as it targets 

cancer cells while leaves the normal tissues and organs unaffected [20, 182, 282-

285]. It has shown exciting results in clinical trials, and gradually becoming a new 

choice for cancer patients. For example, targeting immune checkpoints, such as 

blocking PD-1/PD-L1 signalling pathway have shown efficacy against melanoma 

and other solid tumours [22, 286-291]. Cancer therapeutic vaccines elicit tumour 

specific T cell responses [292, 293]. Vaccine induced T cells, especially CD8+ T 

cells specifically kill tumour cells, while leave normal tissues or organs unaffected. 

Many therapeutic vaccines against different cancers are under development, at 

stages from basic research to clinical trials. A dendritic cell based vaccine against 

prostate cancer was approved by the FDA in 2010 [27, 28]. Although therapeutic 

vaccines have the potential to cure cancer, they are still in the early stage and 

require more research [16, 62, 235, 240].  

Cervical cancer is the 3rd most diagnosed cancer in woman worldwide [233, 294]. 

It is related to the infection of human papillomavirus, especially subtypes 16 and 

18 [233]. HPV early proteins E6 and E7 are oncoproteins, which are usually the 

target of a therapeutic vaccine. Therapeutic vaccines against HPV related pre-

cancer are showing efficacy, however, they remain to be seen as effective against 

cervical cancer [233]. One of the key problems that limit the efficacy of a 

therapeutic vaccine is the immune suppressive tumour microenvironment. 

Malignant tumours have a complex structure consisting of cancer cells and 

stromal cells (i.e. fibroblasts and inflammatory cells) that are embedded in an 
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extracellular matrix and nourished by an abnormal vascular network [34, 35]. 

Tumour infiltrating hematopoietic cells including lymphocytes, tumour related 

macrophage, myeloid derived immunosuppressive cells. Compared to normal 

tissues, solid tumour stroma is associated with a changed extracellular matrix 

and an increased number of stromal cells that synthesise growth factors, 

chemokines and adhesion molecules [34, 37-42].  

The anoxia regions within the tumour that limit the effectiveness of conventional 

therapies provide a suitable environment for the proliferation of the anaerobic CG 

spores and an opportunity for exploring a novel method for the treatment of late 

solid tumours [4, 49, 51, 187]. Several species of bacteria, including extracellular 

Clostridium have been developed for bacterial-assisted oncolysis [49]. Numerous 

preclinical studies and trials have demonstrated that Clostridial spores have 

shown distinct advantages which are selectively germinated and multiplied as 

rods inside solid tumours [49]. Normally, bacterial infections are accompanied by 

the release of pathogen-associated molecular patterns (PAMPs) including 

lipopolysaccharides (LPS) from bacteria and heat shock protein (Hsp) from 

necrotic cells. LPS and Hsp induce maturation of dendritic cells (DC), the 

professional antigen-presenting cells that are essential for a potent immune 

response. PAMPs interact with Toll-like receptors (TLRs), leading to up-

regulation of co-stimulatory molecules on dendritic cells and secretion of pro-

inflammatory cytokines. These, in turn, induce the production of IFN-γ by T cells 

and initiate a Th1-dependent cell-mediated response [49]. It has been shown that 

administration of anaerobic Clostridial spores results in significant enhanced 

tumour regression in wild-type C3H/HeN mice than in TLR4-deficient C3H/HeJ 

mice, suggesting that Toll-like receptor 4 mediates an anti-tumour host response 

induced by anaerobic bacteria treatment [203]. Furthermore, compared with 
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C3H/HeJ mice, intra-tumour IFN-γ, CXCL9 and CXCL10 levels are significantly 

increased in C3H/HeN mice after anaerobic treatment. There is also more 

infiltration of macrophages, neutrophils, CD4+ and CD8+ T cells in C3H/HeN 

mice after bacteria treatment compared with those in TLR 4 deficient C3H/HeJ 

mice [203]. However, the cytokine levels after intravenous administration of 

anaerobic Clostridial spore treatment, and antigen specific T cell responses have 

not been studied thoroughly. Besides, there is a self-limiting process where 

anaerobic Clostridial spore treatment of solid tumour mass would not eradiate 

tumour completely, because of its anaerobic character where the peripheral rim 

of the tumour was often not anaerobic. Thus, combined therapy of Clostridial 

spore treatment with a therapeutic vaccine should be investigated to achieve 

better outcome for cancer treatment.  

In the current chapter, I demonstrated that intravenous administration of CG 

spore results in strong IFN-γ/IL-9 T cell responses in the spleen and within the 

tumour of a HPV E7 transformed TC-1 tumour bearing mouse model, depending 

on the dosage of administered CG. IFN-γ/IL-9 secreting T cells are attracted to 

the tumour site. Low numbers of HPV E7 specific CD8+ T cell responses are 

elicited after CG treatment. It is argued that combining both therapeutic vaccines 

and DCG treatment may increase the efficacy of the therapeutic vaccine and 

warrant further investigation.  

6.2 Materials and methods 

6.2.1 Mice 

6-8 weeks old adult female C57BL/6 (H-2b) mice were purchased specific 

pathogen free (SPF) from the Animal Resource Centre, Shan Dong University 

and kept at the Animal Resource Centre, Shandong Xing Wei Biopharm company, 
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Jinan, Shandong province, China. All experiments were approved by and 

performed in compliance with the guidelines of Shandong Xing Wei Biopharm 

Company Animal Experimentation Ethics Committee (Ethics Approval Number: 

JXBC20150708M, Project title: A novel therapeutic approach against late stage 

cancer). 

6.2.2 Antibodies 

Anti-CD45.2-FITC (104) Anti-CD8a-PerCP-Cyanine5.5 (53-6.7), Anti-CD3-FITC 

(17A2), Anti-CD3-APC (17A2), Anti-CD4-PE (RM4-5), Anti-NK1.1-APC (PK136), 

Anti-B220-PE (RA3-6B2), Anti-F4/80-PerCP-Cyanine5.5 (BM8), Anti-IFN-

gamma PerCP-Cyanine5.5 (XMG1.2), Anti-IL5-PE (TRFK5), Anti-IL9-APC 

(RM9A4), Anti-IL-10-PerCP-Cyanine5.5 (JES5-16E3) were purchased from 

eBioscience (Melbourne, Australia). 

6.2.3 Cell lines  

Murine TC-1 cell line was purchased from Shanghai institutes for cell resource 

centre, Chinese Academy of Sciences, and cultured following the protocols in the 

product sheets. TC-1 tumour cell line derived from primary lung epithelial cells of 

C57BL/6 mice and transformed with HPV16 E6/E7. Briefly, TC-1 cells were 

cultured in complete RPMI 1640 media supplemented with 10% heat inactivated 

fetal calf serum, 100 U of penicillin/ml and 100 μg of streptomycin/ml (GIBCO), 

0.2 mM non-essential amino acid solution, 1.0 mM sodium pyruvate, 2 mM L-

glutamine, 0.4 mg/ml G418 and were cultured at 37°C with 5% CO2. The TC-1 

cells were routinely tested for mycoplasma as described elsewhere [64]. 
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6.2.4 TC-1 tumour challenge 

TC-1 tumour challenge has been described elsewhere [64]. Briefly, TC-1 cells, 

approximately 70% confluent, were harvested with 0.25% trypsin and washed 

repeatedly with PBS. TC-1 tumour cells (2 × 105) were injected subcutaneously 

into the hind flank area in 0.2 ml of PBS using a 25G needle. Between 4-7 days 

later and every 3 days thereafter, the area was observed and palpated for the 

presence of a tumour nodule. Tumour sizes were assessed every 3 days using 

callipers to determine the average diameter of each tumour. Tumour volumes 

were calculated as width×width×length. Mice were sacrificed when the tumour 

diameter reached 20 mm. 

6.2.5 Preparation of C. ghonii spores 

To prepare C. ghonii spores for in vivo anti-tumour study, C. ghonii were first 

retrieved from -80°C and streaked on HI medium agar plates, which were 

incubated at 37°C under anaerobic conditions for 2 days. Bacterial colonies were 

inoculated into 100 ml HI media and grown under anaerobic conditions at 37ºC 

overnight. The bacterial culture was then added to 1 L of spore forming medium 

(5 g Na2HPO4, 3% peptone, 0.5 g L-cysteine, 10 g maltose, 5% w/v dried cooked 

meat particle (Oxoid), pH 7.4) and incubated under anaerobic conditions at 37ºC 

for 2 weeks for sporulation. After 2 weeks, the sporulation medium was gently 

mixed and centrifuged at 13000 rpm for 15 minutes at 4ºC. The cell pellet was 

then washed with cold PBS twice followed by resuspending in cold PBS and 

sonicated for 5 minutes to release endospores and eradicate vegetative forms of 

clostridial. Spores were then washed 6-10 times with cold PBS to remove 

vegetative cell debris. The purity of the spore suspension was finally confirmed 

by microscope inspection. The spore number was determined by serial dilution 
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and plating. To determine colony forming unit (CFU), C. ghonii spores were plated 

on HI agar plates and incubated anaerobically at 37°C for 2 days. CFU of on HI 

agar plates were counted and calculated. 

6.2.6 Multi-cytokine ELISA for cytokines 

Multi-cytokine ELISA kits for cytokines were purchased from Qiagen (Australian), 

and experiments were performed following the instruction provided within the kit. 

ELISA results were read by using an ELISA plate reader (Polarstar Omega 96-

well microplate reader (BMG Labtech GmBH, Germany) at 450 nm. 

6.2.7 Flow cytometric analysis 

Single spleen cells or single cells isolated from tumour were washed with wash 

buffer extensively with PBS containing 2%FCS, before surface stained with 

relevant antibodies. After extensive wash, cells were acquired on BD FACS 

Calibur (Becton Dickinson). Flow cytometry data was analysed by 

NovoExpressTM (ACEA Biosciences, Inc. Diego, CA 92121, USA). 

6.2.8 Isolation of tumour cells  

Tumours were excised and cut into small pieces after removal of blood vessels 

and connective tissue by dissection. To isolate blood cells, tumour tissues were 

incubated for 1h, with occasional shaking, in an enzyme mixture that consisted 

of 1 µg of collagenase D/ml, 20 μg of DNase I/ml, and 10% fetal calf serum in 

RPMI-1640 at 37°C. The digested tissue was passed through a 70 μm nylon 

mesh, and the resultant cells were washed twice in PBS. Mononuclear cells were 

obtained with Lymphocyte Separation Medium (Axis shield) following 

centrifugation at 2000 rpm for 25 minutes. Cells were stained for surface 

molecules and then fixed and permeabilised using permeabilisation kit 
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(Biolegend), before intra-cellularly stained with anti-mouse IFN-γ, IL-5 or IL-9 

respectively or isotype-matched control mAb for 20 minutes in the dark at room 

temperature. Samples were analysed by flow cytometry using a FACS Calibur 

analyser (Becton Dickinson). 

6.2.9 ELISPOT 

ELISPOT was performed as described [295]. Briefly, single spleen cell or lymph 

node suspensions were added to a membrane base 96-well plate (Millipore, 

Bedford, MA) coated with anti-IFN-γ (BD Harlingen, San Diego, CA). Peptide was 

added at various concentrations and cells held at/incubated at 37°C with peptide 

for 18 h. Antigen specific IFN-γ secreting cells were detected by sequential 

exposure of the plate to biotinylated anti-IFN-γ before s.c. vaccination. (BD 

Harlingen), avidin–horseradish peroxidase (Sigma–Aldrich) and DAB (Sigma-

Aldrich). The results were measured by ELISPOT reader system ELR02 (AID 

Autoimmun Diagnostika GmbH, Strassberg, Germany). 

6.2.10 Statistical analysis 

Statistical analysis was performed by using the two-tailed Student’s test, or Log 

rank test using Prism 6.0 (Graphpad Software, San Diego). P<0.05 is considered 

statistically significant. 

6.3 Results 

6.3.1 Intravenous administration of CG does not change the numbers of T 

cells in the spleen of TC-1 tumour bearing mice  

To investigate the immune responses elicited in the spleen of the TC-1 tumour 

bearing mice after intravenous CG spore treatment, C57/BL6 mice were 
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inoculated with TC-1 tumour cells. When the tumour grew to 300 mm3 in size, 

tumour bearing mice were either injected intravenously with 1x108 CFU/kg 

amounts of CG spores or 3x108 CFU/kg amounts of CG spores, control groups 

include non-treatment or PBS treatment. Eleven days later, the percentages of 

hematopoietic cells of the spleens among different groups were analysed. The 

percentages (CD45+ T cells out of total cells) of CD45+ cells were similar among 

CG treated groups and the control groups. The number of T cells including both 

CD4+ and CD8+ T cells are similar among 4 experimental groups. The 

percentages of F4/80+, NK1.1+ and B cells of the spleen are slightly reduced in 

CG spore treated groups compared with the control groups, although not 

statistically significant (Figure 6.1).  
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Figure 6.1 Intravenous administration of CG does not increase the numbers of T 

cells in the spleen of TC-1 tumour bearing mice. Group of 6 six - week old female 

C57/BL6 mice were inoculated with 2x106 of TC-1 tumour cells subcutaneously. When 

tumour grew to 300mm3 in size, tumour bearing mice were either injected intravenously 

with a; 1x108 CFU/kg amount of CG, b: 3x108 CFU/kg amount of CG, c: PBS or d: Nil 

treatment. 11 days after CG injection, mice were sacrificed and spleens were isolated and 
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single cell suspension was made by physical disruption of spleen described in material 

and methods. Single spleen cells were stained with relevant antibodies and run through 

flow cytometer. The results were analysed by Flowjo. A: numbers of CD45+ cells, B: 

F4/80+; C: NK1.1+, D: B220+; E: CD3+; F: CD4+, G: CD8+ T cells. P<0.05 is 

considered statistically significant.  

6.3.2 Intravenous administration of CG spores results in mixed or strong 

IFN-γ T cell responses in the spleen of TC-1 tumour bearing mice depending 

on the dosage of CG  

The cytokine profile of splenic T cells by intracellular staining was then 

investigated. The results showed that the percentages of IL-5 secreting T cells, 

which represent a Th2 response, were similar among CG spore treated and non-

treated groups; IL-9 secreting CD8+ T cells were significantly (P<0.05) reduced 

in the 3x108 CFU/kg treated group; the IL-10 secreting CD3+ T cells were 

significantly increased in the 1x108 CFU/kg treated group but not in the 3x108 

CFU/kg treated group; while the IFN-γ secreting T cells were significantly 

increased in the 1x108 CFU/kg treated group but not in the 3x108 CFU/kg treated 

group (Figure 6.2).  
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Figure 6.2 Intravenous administrations of CG results in strong Th1 T cell responses 

in the spleen of TC-1 tumour bearing mice. Group of 6 six-week-old female C57/BL6 

mice were inoculated with 2x106 of TC-1 tumour cells subcutaneously. When tumour 

grew to 300mm3 in size, tumour bearing mice were either injected intravenously with a; 
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1x108 CFU/kg amount of CG, b: 3x108 CFU/kg amount of CG, c: PBS or d: Nil treatment. 

11 days after CG injection, mice were sacrificed and spleens were isolated and single cell 

suspension was made by physical disruption of spleen described in material and methods: 

1x106 of splenic cells were stimulated with PMA and ionomycin in the presence of protein 

transport inhibitor for 10 hours, and then surface stained with anti-CD3, anti-CD4, anti-

CD8a, followed by intracellular staining with anti-IFN-γ, anti-IL-5, anti-IL-9, or anti-IL-

10 respectively. A: CD3+IFN-γ+ cells, B: CD3+IL-5+, C: CD3+IL-9+; D: CD3+IL-10+ 

T cells. E: Or 1×106 of splenic cells were stimulated with different amount of MHC I 

restricted HPV16E7 peptide overnight, antigen specific CD8+IFN-γ+ T cell responses 

were measured by ELISPOT assay as described in materials and methods. P<0.05 is 

considered statistically significant. 

To investigate whether systematic CG spore treatment elicits antigen specific 

CD8+ T cell responses in TC-1 bearing mice, HPV16 E7 specific CD8+ T cell 

responses were measured by an Elispot assay. Our results clearly showed that 

E7 specific CD8+ T cells were elicited after CG treatment in CG spore treated 

mice, whether in 1x, or 3x 108 CFU/kg treated groups, although the numbers are 

low, less than 10 cells per 1 million splenic cells (Figure 6.3).  
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Figure 6.3 Intravenous administration of CG does not significantly increase the 

numbers of T cells infiltrating to the tumour site. Group of 6 six-week-old female 

C57/BL6 mice were inoculated with 2x106 of TC-1 tumour cells subcutaneously. When 

tumour grew to 300mm3 in size, tumour bearing mice were either injected intravenously 

with a; 1x108 CFU/kg amount of DCG, b: 3x108 CFU/kg amount of DCG, c: PBS or d: 
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Nil treatment. 11 days after DCG injection, mice were sacrificed and tumours were 

isolated and single cells were made by digest with Collagenase D and cells were stained 

with anti-CD45. Some cells were subject to Ficoll separation to enrich mononuclear cells 

in tumour cells, and then stained with anti-CD45, anti-CD3, anti-CD4, anti- CD8a, anti- 

NK1.1, anti-B220, and anti-F4/80. A: The numbers of CD45+ T cells; B: CD3+, C: 

CD3+CD4+; D: CD3+CD8+ T cells, E: B220+; F: NK1.1+; F: F4/80+ cells. P<0.05 is 

considered statistically significant. 

6.3.3 Intravenous administration of DCG spores leads to inflammation 

responses within tumour of TC-1 tumour bearing mice 

We investigated the numbers of hematopoietic cells and cytokine secretion by T 

cells in the tumour after DCG spore treatment. Compared with the untreated 

mice, the CD45+ cells are slightly increased (without statistical significance) in 

DCG spore treated mice; the percentages of T cells, but not B cells infiltrating to 

tumour are slightly increased in DCG spore treated mice, while B220+, NK1.1+ 

and F4/80+ cells are similar among the DCG treated and non-treated groups.  

The IFN-γ secreting T cells in the 3x108 DCG spore treated group were 

significantly increased compared with non-treated and PBS treated group, while 

the 1x108 DCG spore treated group is statistically significant compared with non-

treated group. Interestingly, IL-9 secreting T cells are significantly increased in 

the 1x108 CFU/kg treated group compared with control groups and the 3x108 

DCG spore treated group, while IL-9 secreting T cells are similar between the 

3x108 DCG spore treated group and control groups (Figure 6.4).  
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Figure 6.4 Intravenous administration of DCG leads to strong inflammation 

responses within tumour of TC-1 tumour bearing mice. Group of 6 six-week-old 

female C57/BL6 mice were inoculated with 2x106 of TC-1 tumour cells subcutaneously. 

When tumour grew to 300mm3 in size, tumour bearing mice were either injected 
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intravenously with a; 1x108 CFU/kg amount of DCG, b: 3x108 CFU/kg amount of DCG, 

c: PBS or d: Nil treatment. 11 days after DCG injection, mice were sacrificed and tumours 

were isolated and single cells were made by digest with Collagenase D and cells were 

stained with anti-CD45. Some cells were subject to Ficoll separation to enrich 

mononuclear cells in tumour cells, stimulated with PMA and ionomycin in the presence 

of protein transport inhibitor overnight and surface stained for CD45, CD3, followed by 

intracellular stained with anti-IFN-γ, anti-IL-9; anti-IL-5 and anti-IL-10. (Or stimulated 

with PMA and ionomycin overnight, supernatant from stimulated mononuclear cells of 

the tumour were measured by Multi-cytokine ELISA for cytokines secreted by tumour 

infiltrating immune cells. The multi-cytokine Elisa can detect IL-1a, IL-1b, IL-4, IL-5, 

IL-6, IL-10, IL-13, IL-17a, IL-23, IFN-g, TNF-a, and GM-CSF). P<0.05 is considered 

statistically significant. 

Next, infiltrating T cells’ cytokine secretion profile after non-specific 

PMA/Ionomycin stimulation overnight was investigated, and the cytokines 

released to the supernatant were measured by multi-cytokine ELISA. It is shown 

in the results that the levels of IL-6, IL-17, TNF-α are slightly increased in DCG 

treated groups without statistical significance, but IFN-γ is significantly increased 

(P<0.05) in mice treated with 3x108 CFU/kg DCG treated group (P<0.05), further 

supporting the above intracellular staining result.  

6.4 Discussion 

In the current chapter, I demonstrated that intravenous administration of DCG 

spores to TC-1 tumour bearing mice elicited strong splenic as well as tumour 

local immune responses, characterised by increased IFN-γ or/and IL-9 secreting 

T cells in the spleen and the tumour site. Low numbers of tumour antigen E7 

specific CD8+ T cell responses are detected in the spleen of the tumour bearing 
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mice; moreover, whether a strong INF-γ response or a mixed response of 

increased IFN-γ and IL-9 are determined by the dosage of DCG spore 

administered intravenously to the TC-1 tumour bearing mice.  

It has been shown previously that facultative anaerobic bacteria can colonise 

solid tumours often resulting in tumour growth retardation or even clearance. This 

phenomenon has been observed in tumour models of mouse, rat, dog and in 

clinics [193-196]. When C. novyi-NT spores were administered together with 

conventional chemotherapeutic drugs, extensive haemorrhagic necrosis of 

tumours often developed within 24 h, resulting in significant and prolonged anti-

tumour effects [192]. The bacteria were also found to markedly improve the 

efficacy of radiotherapy in several of the mouse models tested [191]. Innate and 

adaptive immune mediated responses have been shown to play critical role for 

the anti-tumour effect of DCG treatment. Re-challenging mice, which had cleared 

tumours, showed that clearance was due to a specific immune reaction. The 

therapeutic effects are reduced in TLR4-/- mice [203]. Depletion experiments 

revealed that during induction phase, CD8+ T cells are the sole effectors 

responsible for tumour clearance while in the memory phase CD8+ and CD4+T 

cells were involved. This was confirmed by adoptive transfer. CD4+ and CD8+ T 

cells could reject newly set tumours while CD8+ T cells could even reject 

established tumours. Detailed analysis of adoptively transferred CD4+ T cells 

during tumour challenge revealed expression of granzyme B, FasL, TNF-α and 

IFN-γ in such T cells that might be involved in the anti-tumour activity [296]. In 

another study, it was found that approximately 30% of mice treated with such 

spores were cured of their cancers despite the viable tumour rim initially 

remaining after spore germination. The mechanism underlying this effect was 

shown to be immune-mediated, because cured animals rejected a subsequent 
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challenge of the same tumour. Similar effects were observed in rabbits with 

intrahepatic tumours. It was particularly notable that the induced immune 

response, when combined with the bacteriolytic effects of C. novyi-NT, could 

eradicate large established tumours [159]. 

It is further shown in the current study that DCG administration results in 

increased levels of IFN-γ in the spleen; and increased IFN-γ or IL-9 secreting T 

cells infiltrating to the tumour site. High dose (3x108 CFU/kg) of DCG spore 

treatment leads to increased IFN-γ secreting T cells, low dose (1x108 CFU/kg) 

DCG spore treatment leads to both IFN-γ and IL-9 secreting T cells infiltrating to 

the tumour site, while the splenic IL-10 secreting T cells are increased in the low 

dosage DCG spore treated group. IL-9 secreting T cells have been shown [297] 

to mediate anti-tumour immunity in a melanoma model. It is not yet to know 

whether the IL-9 secreting T cells in low dose DCG spore treated mice are 

contributing the anti-tumour effect, as IFN-γ has been shown to be critical for 

rejecting the tumour.  

E7 specific IFN-γ secreting CD8+ T cells from the spleens of DCG treated mice 

were also detected, although at low numbers. E7 specific IFN-γ secreting CD8+ 

T cells cannot be detected from the tumour by ELISPOT assay. If more antigen 

specific T cells were elicited after simultaneous vaccination or passive transfer of 

tumour antigen specific T cells, more antigen specific T cells will most likely to be 

attracted to the tumour site, and reject the established tumour. 

Taken together, the tumour microenvironment is hostile to the effector T cells 

infiltrating to the tumour site, the DCG spore treatment increases the levels of 

pro-inflammatory cytokines to the tumour site and attract T cells to the tumour. If 

combined with therapeutic vaccine, DCG spore treatment may attract more 

tumour antigen specific T cells to the tumour site and may eventually increase 
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the efficacy of a therapeutic vaccine if used together; the new strategy warrants 

further investigation.  
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Chapter 7: Overall discussion, conclusions 

and future directions 
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7.1 Overall Discussion 

This project focuses on two research areas. First, whether blocking IL-10 at the 

time of immunisation will result in unwanted side effects; and whether a peptide 

based IL-10 signalling inhibitor can be developed. Secondly, whether 

administration of anaerobic bacteria intravenously elicits pro-inflammatory 

immune responses in tumour bearing mice. In this chapter, the main findings of 

the studies presented in this thesis are summarised and discussed. Finally, 

recommendations for future research will be presented. 

At present, traditional cancer therapies are not satisfactory and new therapies for 

cancer are urgently needed [189, 232, 298, 299]. Many new strategies have been 

employed to fight cancers [298-303].  

Therapeutic vaccine is an exciting way to target cancers. It aims to elicit new 

effector T cells, or activate existing effector T cells of a patient. The effector T 

cells, especially vaccine induced CD8+ T cells can kill tumour cells, while leaving 

the normal tissues and organs unaffected. Therapeutic vaccine has shown 

efficacy in many clinical trials against cancers of different origins. In the case of 

the human papillomavirus, early protein E7 long peptide/IFA vaccine, and a 

nucleotide vaccine had high efficacy against HPV related pre-cancer condition. 

However, therapeutic vaccine is still in its early stages of development, and the 

efficacy of therapeutic vaccine against cervical cancer remains to be 

demonstrated [60, 240, 304, 305].  

An ideal cancer therapeutic vaccine should be able to elicit sufficient numbers of 

high quality of effector T cells, which can migrate to the tumour site and overcome 

the immune suppressive tumour microenvironment, thereby killing the tumour 

cells onsite. Great efforts have been made to increase vaccine induced CD8+ T 
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cell responses. For example, different TLR ligands have been used to boost 

vaccine induced T cell responses [29, 68]; cytokines [65, 306], such as IL-7 [307] 

and GM-CSF [306] can increase the efficacy of therapeutic vaccines; and 

blocking the immune checkpoint PD-1/PD-L1 pathway also increases the vaccine 

induced T cell responses [289]. IL-10 is a cytokine with the ability to control or 

terminate immune responses to both self and foreign antigens [114, 250] . 

Temporal IL-10 blockade at the time of immunisation enhances nucleotide, 

peptide, and papillomavirus-like particle induced CD8 + T cell responses [63, 66-

68, 118] compared to immunisation without IL-10 signalling blockade [63, 66-68, 

118]. Blocking IL-10 signalling at the time of immunisation better inhibit tumour 

growth compared to immunisation without IL-10 signalling blockade [257]. This 

immunisation strategy also promotes the infiltration of more T cells to the tumour 

site compared with long E7 peptide/IFA (Appendix 3). Together these results 

suggest that this immunisation strategy may be effective against human chronic 

viral infection, chronic viral infections related cancers and warrant further 

investigation (Appendix 1). 

IL-10 is a cytokine responsible for limiting the attitude of immune responses to 

avoid excessive responses that might cause damage to self and has multiple 

biological functions [101, 308, 309]. IL-10 deficiency results in autoimmune 

disease in IL-10 gene knockout mice, especially the chronic inflammatory disease 

of the intestine [153, 154]. IL-10 deficiency increases hepatic immunopathology, 

more severe diseases and weight loss during acute murine cytomegalovirus 

infection [155, 156]. Therefore, it is of immense importance to know if temporal 

blocking IL-10 at the time of immunisation causes unwanted side effects.  

It is investigated whether blocking IL-10 at the time of immunisation results in 

intestinal inflammatory responses, by examining the IL-10 producing CD4+ T 
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cells and other blood cells infiltrating to the intestine of immunised mice. As IL-10 

is temporally blocked, the half-life of anti-IL-10 receptor antibodies lasts for days 

or weeks, the side effects of this immunisation strategy were investigated from 

two weeks to three months after immunisation. The results showed that blocking 

IL-10 at the time of immunisation increases IL-10 production by CD4+ T cells in 

the spleen and draining lymph nodes, and does not result in blood cell infiltration 

to the intestines leading to intestinal pathological changes. Increased IL-10 levels 

secreted by CD4+ T cells in vaccinated and IL-10 signalling blocked patient may 

be beneficial, as increased IL-10 may protect the patients from over reaction to 

the vaccination. Stronger T cell responses without IL-10 may cause intestinal 

autoimmune diseases in vaccinated patients. To the best of my knowledge, this 

is the first time that the potential side effects were studied after immunisation and 

temporal IL-10 signalling inhibition. Immunisation with an IL-10 inhibitor elicits 

stronger CTL responses, while at the same time does not cause unwanted side 

effects, therefore, this immunisation strategy may facilitate the generation of safe, 

more effective therapeutic vaccines against chronic viral infection and cancers. 

The results argue strongly to translate this novel immunisation strategy into 

practice.  

Blocking IL-10 at the time of immunisation induces stronger CTL responses than 

immunisation without IL-10 signalling blockade. So far, immunogens including 

VLPs, peptides, soluble protein and DNA have been shown to elicit stronger CTL 

responses when IL-10 signalling is blocked [63]. IL-10 signalling blockade 

facilitates eradication of chronic LCMV infection [124, 126]. Similarly, IL-10R 

blockade prevents mouse cytomegalovirus (MCMV) persistence [72]. 

Interestingly, West Nile virus (WNV) can also be controlled by IL-10 signalling 

blockade [127]. In human, blockade of IL-10 in vitro restores the function of HIV 
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specific and HCV specific T cells [97, 128]. Dual IL-10R/programmed death (PD)-

1 blockade further enhances T cell activity and leads to enhanced control of an 

established persistent viral infection.  

Moreover, it is shown in a human papillomavirus 16 transformed TC-1 tumour 

model, that HPV long E7 peptide/LPS immunisation plus blocking IL-10 signalling 

by anti-IL-10 receptor antibodies inhibit TC-1 tumour growth similar to that 

induced by long E7 peptide/IFA immunisation [68]. Recently, it is demonstrated 

that blocking IL-10 at the time of immunisation better prevent TC-1 tumour growth 

than immunisation without IL-10 signalling blockade [257]. Therefore, it is 

necessary and urgently needed to develop IL-10 inhibitors that can be used in 

clinics. An IL-10 inhibitor that can be used in human would also benefit the 

treatment of chronic viral infection, and increase the vaccine induced T cell 

responses targeting other diseases. 

Many attempts have been made to develop IL-10 inhibitors. Different IL-10 

inhibitors have been developed by using recombinant protein technology, or by 

phage display techniques. For example, peptide CHRCFHFRRHPVAVF and 

peptide TRHRHVPRFLPLRHV inhibit human IL-10 induced MC/9 cell 

proliferation [148]. These peptides could partially abolish IL-10 induced STAT-3 

phosphorylation. Moreover, peptide TRHRHVPRFLPLRHV treated murine DC 

induced stronger T cell responses in vitro [148]. Short oligonucleotide aptameric 

ligands with high specificity and avidity to their target are generated in a 

procedure known as systematic evolution of ligands by exponential enrichment 

(SELEX). By using high throughput sequencing, an aptameric R5A1 could bind 

to human IL-10 receptor and inhibit IL-10 mediated MC/9 cell proliferation. 

Moreover, truncated R5A1 could inhibit a murine CT 26 tumour growth similar to 
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the effects mediated by anti-IL-10R antibodies [310]. Recently, aptamer targeting 

IL-4 receptor and CpG has been shown to inhibit tumour growth [311]. However, 

these techniques are time consuming and labour intensive.  

Computational modelling and simulation have become integral components of 

drug discovery programs in Pharma R&D [150, 151]. Recent advances in 

computing techniques have facilitated simulations of protein/peptide interaction 

in atomic detail, which make structure-based drug design (SBDD) more realistic, 

and the candidates can be screened through further in vitro and in vivo bioassays. 

For example, 3D modelling and molecular dynamics simulation of interleukin-10, 

from the Indian major carp, catla are established [312]. Peptides designed by 

computer modelling have advantages over in vitro protein expression and phage 

display technology to quickly design and test the bioactivity of the peptides. 

Peptides also are easy to make in large quantity with minimal side effects. 

By using computer-modelling technology, peptides that may interact with IL-10 

receptor, and subsequently interfere IL-10 signalling were designed and 

synthesised. Two peptides (P1 and P2) with bioactivity to block IL-10 signalling 

in vitro were confirmed. P1 and P2 bind to IL-10R1 in vitro; but cannot bind to IL-

5 receptor; they are able to inhibit IL-10production by LPS stimulated U937 cells. 

These peptides also inhibit IL-10 depended MC/9 cell growth. The interaction 

between Glycosaminoglycans and IL-10 using a combination of nuclear magnetic 

resonance (NMR) spectroscopy and computer simulations have been reported 

[313]. Recently, a similar approach of computer modelling and simulation was 

used to design peptide based IL-10 inhibitor by others, however, these peptides 

have not been tested in any in vitro and in vivo experiments [314]. The results 

described in Chapter 4 therefore provide a new platform for designing and 
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subsequently confirming the biological function of peptide based IL-10 receptor 

inhibitor.  

P2 enhances a HPV long E7/MPLA vaccine induced T cell responses in mice. 

Therefore, P2 peptide has the potential to be used as an immune activator to 

incorporate into a therapeutic vaccine for cancer immunotherapy. However, P2 

binds to IL-10R1 with less affinity compared with an anti-IL-10R antibody. The 

biological function of P2 needs to be improved. It has been reported that by using 

a combination protocol of molecular dynamics modelling, MM/GBSA binding free 

energy calculations, and binding free energy decomposition analysis, two novel 

peptides with 27 residues, pep27 and pep27-24M, were successfully obtained. 

Immunocytochemistry and flow cytometry analysis verified that both peptides can 

specifically bind to the extracellular domain of HER2 protein at cellular level with 

the ability to have strong affinity and high specificity to HER2 positive tumours 

[315]. With more comprehensive computer modelling and simulation 

technologies and the 3D structure of IL-10 receptor becoming more accurate 

[309], it is anticipated that peptide based IL-10 signalling inhibitor with high 

efficacy of inhibiting IL-10 signalling will be available.  

To further understand the mechanism that P1 and P2 bind to IL-10 receptor and 

interrupt IL-10 signalling, the secondary structures of these peptides were studied 

by CD; and their ability to bind to IL-10R1 by SPR spectroscopy, MD simulation 

and in vitro inhibition assay by modifying P1 and P2 respectively. The results 

showed that the N-terminal hydrophobic peptide constructed with repeating 

hydrophobic and hydrophilic patterns of residues is more likely to inhibit IL-10. In 

addition, the length of the sequence and the ability of protonation are also 

important for their inhibition activity. The results demonstrated the importance of 

a-helical structure, hydrogen bonding and length; and balanced hydrophobic and 
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hydrophilic residue repeating sequence pattern for the peptides’ inhibiting activity. 

Based on the above results, these peptides may be modified to increase their 

affinity to IL-10 receptor by substituting key amino acids at the N terminal side of 

the peptides.  

IL-10 regulates immune responses by inhibiting the ability of antigen presenting 

cells to present antigens to T cells. The mechanisms of IL-10-mediated 

immunosuppression include interference in TLR-mediated or IFNγ-mediated 

dendritic cell (DC) and macrophage activation as well as direct induction of genes 

that suppress APC function [316]. IL-10 inhibits the function of antigen presenting 

cell through reprograming metabolic function [101]. How P1 and P2 influence the 

IL-10 signalling is currently unclear. It may interact with the membrane of the 

tumour cells, and induce cancer cell apoptosis through mechanism yet to know. 

It would also be interesting to study if P1 and P2 interrupt the IL-10/IL-10R 

signalling pathway, and/or the IFNγ-mediated dendritic cell activation or up or 

down of transcription factors of other signalling pathways to mediate their ability 

to interrupt IL-10 signalling.  

Furthermore, the results also suggest that P2 should be further analysed in pre-

clinical and clinical trials, to investigate their stabilities, their structural changes 

and their functions when incorporated into a vaccine. Studies also need focus on 

the toxicity, their distribution when administered in a vaccine. And investigating 

whether P2 disrupts the tumour microenvironment by itself or delivered by a 

controlled release delivery system such as graphene oxide [119]. Finally, 

research should be focused on whether P2 enhances vaccine induced T cell 

responses in patients. 

Tumour immune suppressive environment prevents vaccine induced or 

endogenous T cells from killing tumour cells [186]. There are many mechanisms 



144 
 

that are utilised by the tumour to evade the killing of tumour cells by vaccine 

induced T cells. These include immune checkpoint receptors on effector T-cells 

and myeloid cells (PD-1, CTLA-4), and release of inhibitory cytokines (IL-10, 

TGFβ) and metabolites such as IDO [186, 317]. Therapeutic approaches that 

target these pathways, particularly immune-checkpoint receptors, such as PD-1, 

can induce durable anti-tumour responses in patients with advanced-stage 

cancers, including melanoma and other solid tumours, for example, lung cancers 

[21, 22, 318]. Nevertheless, many patients do not have good responses to 

monotherapy approaches and alternative strategies are required to achieve 

optimal therapeutic benefit. Therapies targeting multiple pathways of cancer 

development and maintenance are now considered and under study. These 

strategies include eliminating the bulk of tumour cells to provoke tumour-antigen 

release and antigen-presenting cell (APC) function, and targeting multiple 

signalling pathways to disrupt TME and enhance anti-tumour activity [319-321].  

Facultative anaerobic bacteria can colonise within the hypoxia region of the solid 

tumours often resulting in tumour growth retardation, or very few times even 

tumour clearance, therefore providing a novel opportunity to target the immune 

suppressive TME. Systemic administration of C. novyi-NT spore results in the 

spores being distributed throughout the body [51, 189, 196]. They germinate in 

the hypoxic regions of the tumour and inhibit the tumour growth. Little mechanistic 

knowledge is available for this phenomenon and much needed to be done to 

apply this novel cancer treatment strategy into practice. 

Bacteria inside the tumours destroy adjacent cancer cells through the secretion 

of different enzymes, such as lipases, proteases [4]. Clostridial spores have been 

shown to induce strong inflammatory responses and leucocytosis [159, 203]. C. 

novyi-NT spores and the bacteria induce the production of interleukin 6 (IL-6), 
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macrophage inflammatory protein 2-alpha (MIP-2), granulocyte-colony 

stimulating factor (G-CSF) and metallopeptidase inhibitor 1 (TIMP-1) that attract 

a massive influx of inflammatory cells [159]. The accumulation of Salmonella, a 

Gram-negative bacterium, within the tumour site, leads to CXCL-9 and CXCL-10 

expression [203], which recruits T cells to the tumour [204]. Cytotoxic T cells have 

been observed to accumulate within the tumour treated with oncolytic bacteria 

[205, 206].  

It is shown that intravenous injections with E. coli TOP10 can induce clearance 

of CT26 tumours in BALB/c mice. Importantly, re-challenging the mice that had 

cleared tumours showed that clearance was due to a specific immune reaction. 

Accordingly, lymphopenic mice never showed tumour clearance after infection of 

the bacteria. Depletion experiments revealed that during induction phase, CD8+ 

T cells are the sole effectors responsible for tumour clearance while in the 

memory phase CD8+and CD4+ T cells were involved.  

To further advance the knowledge of cellular immune responses elicited by 

anaerobic bacteria oncolysis, it is then investigated in Chapter 6 whether 

intravenously injection of DCG elicits pro-inflammatory immune responses in a 

mouse TC-1 model. Results show that DCG administration results in increased 

levels of IFN-γ/IL-9 in the spleen; and increased numbers of IFN-γ or IL-9 

secreting T cells infiltrating to the tumour site. High dose of DCG spore treatment 

led to increased IFN-γ secreting T cells, while low dose DCG spore treatment 

resulted in both IFN-γ and IL-9 secreting T cells infiltrating to the tumour site. IL-

9 secreting T cells have been shown [297] to mediate anti-tumour immunity in a 

melanoma model. It is not yet known whether the IL-9 secreting T cells in low 

dose DCG spore treated mice are contributing to the anti-tumour effect, as IFN-γ 

is critical for rejecting the tumour. E7 specific IFN-γ secreting CD8+ T cells from 
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the spleens of DCG treated mice were also detected, although at low numbers. 

E7 specific IFN-γ secreting CD8+ T cells from lymphocytes isolated from the 

tumour were not detected by ELISPOT assay, which may be beyond the limit of 

the ELISPOT assay. Cytokine secretion profile by infiltrating T cells from DCG 

treated mice was also detected by ELISA after non-specific PMA/Ionomycin 

stimulation overnight, the results showed that IL-6, IL-17 and TNF-α are slightly 

increased in both DCG treated groups, but IFN-γ is significantly increased in mice 

treated with higher dose of 3x108 CFU/kg DCG treated group, further supporting 

the above intracellular staining results. Taken together, the results indicate that 

proper amount of DCG will need to be determined to maximise the efficacy of the 

therapeutic effects.  

The tumour antigen (HPV16 E7) specific CD8+ T cell responses can be detected 

by ELISPOT assay from spleen but not from tumour site. This result indicates 

that DCG spore administration elicits low numbers of E7 specific CD8+ T cell 

responses, although it promotes the inflammatory responses within the tumour 

and in the spleen. The result argues the necessity of providing more antigen 

specific CD8+ T cells during DCG spore cancer treatment. 

The experimental results described in Chapter 6 are only preliminary 

investigation of using DCG to target the TME. T cell infiltrating to the tumour site 

is only examined 11 days after DCG spore treatment. Also, the functions of B 

cells and innate cells such as dendritic cells and macrophage have yet to be 

analysed. Most importantly, experiments should also be conducted to determine 

whether combining both anaerobic bacteria treatment and a therapeutic vaccine 

achieves better cancer therapy outcome.  
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7.2 Conclusions  

Summarise above, the following conclusions can be drawn from the studies 

presented in this thesis: 

1. Blocking IL-10 at the time of immunisation increases the numbers of IL-10 

secreting CD4+ T cells in the spleen and draining lymph nodes, does not result 

in blood cell infiltration to the intestines, and does not lead to intestinal 

pathological changes, compared with immunisation without IL-10 signalling 

blockade. The results indicate that immunisation with an IL-10 inhibitor does not 

increase the chance of eliciting unwanted autoimmune disease in the intestine, 

therefore, this immunisation strategy may facilitate the generation of safe, 

effective therapeutic vaccines against chronic viral infection and cancers.  

2. Peptides P1 and P2 with the hydrophobic and hydrophilic pattern of the IL-10R 

binding helix in IL-10 are designed through computer simulation and structure 

analysis showed that they can bind with either IL-10R1 or IL-10, and inhibit 

inflammatory responses for a prolonged duration with negligible cytotoxicity in 

vitro. P1 and P2 can inhibit IL-10 dependent proliferation of MC/9 cells. P1 and 

P2 reduce LPS mediated IL-10 production by U937 cells. Furthermore, P2 

enhances antigen specific CD8+ T cell responses in mice, which are elicited by 

the vaccine based on a long peptide of protein E7/MPLA. The P2 peptide has the 

potential to be used to form a vaccine that contains IL-10 signalling inhibitor, for 

immunotherapy against chronic viral infections and cancers.  

3. The inhibiting mechanisms of P1 and P2 were studied through using sequence-

modified peptides P1 and P2 by performing in vitro experiments and molecular 

dynamics simulation in concert. Results demonstrate that N-terminal hydrophobic 

peptide constructed with repeating hydrophobic and hydrophilic patterns of 
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residues is more likely to inhibit IL-10; in addition, the sequence length and the 

ability of protonation are also important for the inhibitory ability of these peptides. 

4. Intravenous administration of a strain of anaerobic bacteria spore DCG leads 

to a pro-inflammatory response characterised with increased numbers of IL-9 

or/and IFN-γ secreting T cells, depending on the dosage of DCG. IFN-γ secreting 

T cells are attracted to the tumour site, although the numbers of antigen specific 

T cells elicited after DCG treatment is low. The results indicate that if combined 

with a therapeutic vaccine, more antigen specific T cells may be attracted to the 

tumour site after DCG spore treatment. The strategy may achieve a better 

outcome in cancer treatment. 

Taken together, my PhD project has advanced the knowledge on therapeutic 

vaccine for cancer therapy. Temporary blocking of IL-10 at the time of 

immunisation does not induce unwanted side effects in the intestine compared 

with immunisation without IL-10 signalling blockade. My work also demonstrates 

that two peptides (P1 and P2) designed by computer modelling and simulation 

are bioactive both in vivo and in vitro. The N-terminal of the peptides, and the 

sequence length and the ability of protonation are also important for the inhibitory 

ability of these peptides at blocking the signalling mediated by IL-10. Furthermore, 

P2 increases vaccine induced antigen specific CD8+ T cell responses. Finally, 

intravenous administration of anaerobic bacteria DCG spore results in pro-

inflammatory response at the tumour site characterised by IL-9/IFN-γ secreting T 

cell responses, and IFN-γ secreting T cells are attracted to the tumour site after 

DCG treatment, depending on the dosage of administrated DCG spores. The 

results argue strongly for combining the DCG treatment with therapeutic vaccine; 

and that the efficacy of a therapeutic vaccine may drastically be improved after 

DCG treatment.  
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7.3 Future directions 

(1) In this project, a therapeutic vaccine co-administered simultaneously with an 

IL-10 inhibitor was shown to increase T cell mediated immune response, without 

an increase of side effects. Recently, blocking PD-1/PL-L1 signalling pathway 

increases vaccine induced tumour regression in several tumour models, including 

cervical cancer models in mice. The possible mechanism underlying this 

phenomenon depends on blocking tumour infiltrating CD8+ T cell PD-1/PD-L1 

pathway, and therefore enhances the effector function of the CD8+ T cells. Thus, 

it will be very interesting to investigate whether combining blocking PD-1/PD-L1 

with blocking IL-10 signalling will increase the efficacy of the therapeutic vaccine. 

Similarly, local administration of IL-10 signalling inhibitor, anti-PD1 or anti-PD-L1 

antibody may further increase the efficacy of the therapeutic vaccine. 

(2) There is no humanised IL-10 inhibitor available. When a peptide based IL-10 

signalling inhibitor was designed and tested, the biological activities of the peptide 

are confirmed both in vitro and in vivo. Further experiments are needed to test a 

range of doses and combinational use with a vaccination strategy;  

(3) The administration of anaerobic clostridial spores in animal models of cancer 

results in inflammatory responses in both spleen and tumour, promote IFNγ/IL-9 

secreting T cells infiltrating to tumour site. Thus, it’s worth investigating the pro-

inflammatory responses for the administration of DCG spore in the TC-1 tumour 

model. For example, after intravenous delivery of DCG spore, both spleen and 

tumour local T cell responses will be examined continuously from day 1 to day 

15. This is because the numbers and function of tumour infiltrating T cell may 

vary greatly between different days after the DCG spore treatment. Tumour 

infiltrating T cell numbers will be determined by flow cytometry. The function of 
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both T cells and T regulatory cells will be studied using ELISA, ELISPOT and 

intracellular staining of cytokines and other functional assays. Similarly, the 

function of dendritic cells, especially the tumour residential dendritic cell functions 

after DCG spore treatment will be studied. It should also be interesting to know 

dendritic cell’s activation status, antigen up-taking, processing and presenting 

ability after DCG spore treatment.  

(4) Finally, pre-clinical experiments for the potential use of peptide 2 in clinical 

trials would be needed to establish its half-life, tissue distribution and toxicity in 

vivo. In addition, it will be ideal to know if vaccines that contain IL-10 signalling 

inhibitor, such as P2 elicit robust T cell responses in the human body compared 

with the vaccine without IL-10 inhibitor. It is also necessary to know whether the 

vaccines containing an IL-10 inhibitor controls tumour growth better if combined 

with anaerobic DCG treatment of advanced cancers. 
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This appendix contains a co-authored paper, with the bibliographic details as 

follows: 

 

Title: Manipulating IL-10 signalling blockade for better immunotherapy 

Authors: Guoying Ni, Tianfang Wang, Shelley Walton, Bin Zhu, Shu Chen, 

Xiaolian Wu, Yuejian Wang, Ming Q. Wei, Xiaosong Liu 

Journal: Cellular Immunology 

Article type: Review paper 

Publication status: Published 

Publication link: http://dx.doi.org/10.1016/j.cellimm.2014.12.012 

I am the first author of this paper and my significant contribution to this paper 

involved:  

Literature review about the related contents: IL-10 signalling blockade plus 

immunisation better clear chronic viral infection in animal models, IL-10 signalling 

in tumour immunotherapy, developing IL-10 signalling inhibitor. I also wrote the 

first draft of this paper. 
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Interleukin 10 is a cytokine with the ability to reduce or terminate inflammation. Chronic viral infection,
such as infection of chronic hepatitis B, hepatitis C and HIV, has increased levels of interleukin 10 in
peripheral blood. Serum IL-10 levels are also high in certain cancers. Blocking IL-10 signalling at the time
of immunisation clears chronic viral infection and prevents tumour growth in animal models. We review
recent advances in this area, with the emphasis on potential use of this novel strategy to treat chronic
viral infection and cancer in human.
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1. Introduction

Persistent viral infection, such as infection of HIV, hepatitis B
virus, and hepatitis C virus represents severe global health prob-
lems, especially in developing countries [1–3]. One of the most
important hurdles inhibiting the clearance of chronic infection is
the functional inactivation of antiviral T cells, termed as T cell
exhaustion [4–11]. In response to HIV, HBV or HCV infection, viral
specific CD4 and CD8 T cells are either deleted or persist in a state
that are unable to proliferate to viral antigen stimulation or pro-
duce important antiviral cytokines such as IFNc and TNFa. Chronic
viral infection sometimes leads to the development of cancer and
secondary infection. Cervical cancer is resulted from chronic infec-
tion of human papillomavirus [12–14]; liver carcinoma is associ-
ated with the chronic infection of hepatitis B, or hepatitis C virus
[15–17]. Currently, treatment of chronic viral infection and cancer
is difficult, therefore, new therapy for chronic viral infection and
cancer is urgently needed [18].
Therapeutic vaccination is a potentially promising strategy to
control chronically viral infection and cancer [19–25]. It aims at
destroying tumour or viral infected cells by inducing robust T cell
responses, while leaving the normal cells unharmed. However,
unlike prophylactic vaccines, which achieve their goals by develop-
ing neutralizing antibodies against target pathogen, therapeutic
vaccines have to deal with patients that already elicited un-effec-
tive immune responses during chronic viral infection or cancer.
They have to overcome the immunosuppressive environment of
these viral infected or cancer bearing tissues or organs, in order
to be effective [26]. Numerous studies testing the ability of thera-
peutic vaccines to eliminate chronic infections have shown only
limited success in clinical trials for HIV, HBV and HCV [3,27]. Vac-
cine-induced immune responses do not sustain and are ineffective
in eliminating the pathogens [28–30] and cancers.

Interleukin 10 (IL-10) is a cytokine that is expressed by many
cell types including innate and adaptive immune cells [31]. Anti-
gen presentation cells, such as dendritic cells and macrophages, T
helper cells, including Th1, Th2, and Th17 cells can all produce
IL-10 under certain condition [32–34]. The main function of IL-10
is the induction of anti-inflammatory response mediated through
IL-10 receptor [33]. IL-10 receptor is a class II cytokine family
member composed of IL-10R1 and IL-10R2 subunits. IL-10R1 binds
IL-10 with high affinity; IL-10R2 is an accessory subunit for signal-
ling transduction, through activation of signal transducer and acti-
vator of transcription 3 (stat3) [32,34]. IL-10 is produced following
TLR ligation on antigen presentation cells, through myeloid differ-
entiation primary-response protein 88 (Myd88) and TIR-domain-
containing adaptor protein inducing IFNb (TRIF). The production

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cellimm.2014.12.012&domain=pdf
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of IL10 by antigen presentation cells is regulated by the activation
of certain inhibitory pathways. IFNc is able to inhibit ERK- and
p38-dependent IL-10 production. Another negative feedback loop
controlling IL-10 production by macrophages is mediated by IL-
10 itself, through the induction of DUSP1, which negatively regu-
lates IL-10 production [32,34].

IL-10 inhibits Th1 responses through acting on antigen presen-
tation cells; IL-10 also has been shown to inhibit both Th2 and
Th17 responses [35–37]. IL-10 is elevated during HIV, HCV, and
HBV infections, and its level is also increased significantly in some
cancer patients and is reversed related to prognosis [38]. IL-10/IL-
10R pathway has been identified as a key regulation of viral persis-
tence [26,39,40]. Recent reports have shown that blockade of IL-
10R by anti-IL-10 monoclonal antibodies clear the chronic lympho-
cytic choriomeningitis virus (LCMV) infection in mouse model
[1,39,41]. Moreover, blockade of IL-10 signalling at the time of
therapeutic vaccine immunisation further improves the clearance
of chronic viral infection [40]. Immune suppressive pathway sig-
nalling blockade combined with vaccination may therefore provide
a promising alternative way to increase the efficacy of therapeutic
vaccines for better control of chronic viral infection, and chronic
viral infection related cancers, such as cervical cancer and HBV
related liver cancer [3]. In the current review, we update recent
findings in the field, with emphasis on the effort to translate the
findings into practice.

2. IL-10 signalling blockade plus immunisation better clear
chronic viral infection in animal models

IL-10 signalling blockade plus immunisation increases vaccine
induce cytotoxic T cell responses [42–46]. Chronic infection of lym-
phocytic choriomeningitis virus (LCMV) in mice leads to increased
IL-10 production, especially by dendritic cells, resulting in contin-
ued PD-1 expression on T cells [39,41]. IL-10 signalling blockade
by administration of anti-IL10R antibodies intraperitoneally facili-
tates eradication of chronic LCMV infection [39,41]. Similarly, IL-
10R blockade prevents mouse cytomegalovirus (MCMV) persis-
tence [2]. Interestingly, West Nile virus (WNV), a mosquito-borne
RNA flavivirus, which can cause life-threatening neurologic disease
in elderly and individuals with a compromised immune system, can
also be controlled by IL-10 signalling blockade [47]. In human,
blockade of IL-10 in vitro restores function of HIV specific and HCV
specific T cells [26,48]. Dual IL-10R/programmed death (PD)-1
blockade further enhances T cell activity and leads to enhanced con-
trol of an established persistent viral infection, suggesting that IL-10
and PD-1/PD-L1 are functional through distinct pathways to sup-
press T cell activity during persistent viral infection [49].

Moreover, blockade of IL-10 in mouse chronic LCMV infection
model allowed an otherwise ineffective therapeutic DNA vaccine
to further stimulate antiviral immunity, thereby increasing T cell
responses and enhancing clearance of persistent LCMV replication
[40]. Similarly, blocking programmed death (PD)-1/PD-L1 signals,
in combination with therapeutic vaccination, synergistically
enhances functional CD8+ T cell responses and improves viral con-
trol in mice chronically infected with lymphocytic choriomeningi-
tis virus [27], although blocking TGF-b failed to promote clearance
of a persistent viral infection in the same LCMV model [50].

Type I interferon signalling is essential for the expression of the
IL-10 and PD-L1 expression after persistent virus infection. More
recently, it was shown in the LCMV chronic infection mouse model
that blockade of type 1 interferon signalling by using an IFN-I
receptor neutralizing antibody resulting enhanced virus clearance
[51,52]. Therefore, type 1 interferon has dual opposite roles of con-
trolling viral infection. During chronic viral infection, its role for
the expression of IL-10 and PD-L1 are detrimental for clear chronic
viral infection.
3. IL-10 signalling in tumour immunotherapy

It has been acknowledged for more than a decade that Toll like
receptor signalling and neutralizing of endogenous immunosup-
pressive cytokines, such as interleukin 10 is essential for Th1 prim-
ing [53]. Intra-tumour injection of Toll like receptor 9 ligand CpG,
plus anti-IL10 receptor antibody intraperitoneally, leads to robust
anti-tumour therapeutic activity, and induces tumour rejection in
C26 and B16 tumour models [54]. The therapeutic effect was
attributed to the improved tumour infiltrating dendritic cell (TID-
Cs), and macrophage [55] function after the CpG and IL-10 signal-
ling blockade in vivo; CpG or anti-IL-10 receptor antibody
administration alone, or lipopolysaccharide, interferon gamma
and anti-CD40 antibodies administration cannot restore TIDCs.
Recently, it is shown in a human papillomavirus 16 transformed
TC-1 tumour model, that HPV long E7 peptide/LPS plus blocking
IL-10 signalling by intraperitoneally administration of anti-IL10
receptor antibodies inhibit TC-1 tumour growth similar to that
induced by long E7 peptide/IFA immunisation [45], which has been
demonstrated in a clinical trial that long E7 peptide/IFA immunisa-
tion has the efficacy to treat HPV16+ valve neoplasia [56–58].
Immunisation with long E7 peptide/LPS in the presence of anti-
IL10 receptor antibodies elicits much stronger antigen specific
CD8 T responses than without anti-IL-10 receptor antibodies. Sim-
ilar results have been observed when virus like particles [42–44] or
DNA vaccine [40] was used. Therefore, IL-10 signalling blockade at
the priming stage, elicits stronger CD8+ T cell responses, which is
beneficial for chronic viral and cancer therapy.

Interestingly, it has been shown that IL-10 inhibits tumour
metastasis in both transplantable and spontaneous tumour models
[59,60]. IL10 deficient mice significantly enhanced growth of
chemical carcinogenesis, growth of transplanted tumours and for-
mation of metastases, and have increased level of myeloid derived
suppressor cells and CD4+ Foxp3+ regulatory T cells [61]. Injection
of IL-10 just after a booster vaccination significantly enhances anti-
tumour immunity [62]. Recently IL-10 and exogenous pegylated
IL-10 was found to promote CD8+ T cell control of developing or
established tumours [63,64]. PEG-IL-10 increases CD8+ T cell num-
bers in large transplanted and spontaneous tumours, and increase
the expression of IFN-c, and granzymes in those CD8+ T cells.
Depletion of CD4 T cells did not affect the PEG-IL-10 inflicted
tumour control [63], while preventing migration of T cells to/from
the tumour retained the rejection of tumours upon IL-10 treatment
[65]. Taken together, IL-10 signalling blockade at the time of
immunisation promote the generation of robust vaccine induced
CD8 T responses, which are able to inhibit tumour growth. How-
ever, IL-10 signalling on tumour infiltrating CD8 T cells is also able
to inhibit tumour growth. IL-10 signalling therefore plays a com-
plex role in tumour immunotherapy. Stimulating and blocking IL-
10 signalling can all prevent tumour growth. Therefore, carefully
select targeting cells through IL-10 signalling, such as blockade of
IL10 signalling at the time of immunisation; and activate IL-10 sig-
nalling at the tumour site, may achieve better cancer therapy
outcome.
4. Developing IL-10 signalling inhibitors

In mice, chronic viral infection can be reversed by IL-10 signal-
ling blockade; IL-10 blockade at the time of immunisation further
enhances chronic viral clearance and inhibits tumour growth. Bacil-
lus Calmette-Guerin (BCG) immunisation and IL-10 signalling
blockade better protect TB challenged mice than BCG immunisation
alone [35,36,66]. IL10 has been an attractive target for therapy in
parasite infection, such as visceral leishmaniasis, caused by the par-
asite Leishmania donovoni infection. Clinical grade anti-IL-10 anti-
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bodies or anti-IL-10 receptor antibodies, or IL10 inhibitor are
absent; many attempts have been made to develop IL-10 signalling
inhibitors, by using different techniques. For example, using recom-
binant DNA technique, the extracellular domain of human IL-10R1
with the Fc regions of human IgG1 heaving chain was constructed
and expressed in vitro [67]. Purified monomeric IL-10 receptor 1/
IgG1 Fc fusion proteins are able to inhibit IL-10 function. By using
a phage library expressing 15-mer random peptides near the N ter-
minus of a phage surface protein pIII that interact with biotinylated
recombinant IL-10, peptides binding to IL-10 were synthesized and
tested using the IL-10 sensitive MC/9 murine mast cell line, peptide
CHRCFHFRRHPVAVF and peptide TRHRHVPRFLPLRHV inhibited
human IL-10 induced MC/9 cell proliferation [68]. The peptides
were able to partially abolish IL-10 induced STAT-3 phosphoryla-
tion. Moreover, peptide TRHRHVPRFLPLRHV treated murine DC
induced stronger T cell responses. In a similar attempt, a peptide
FRSFESCLAKSH, was identified to be able to bind to human IL-10
receptor and inhibit human IL-10 induced STAT3 phosphorylation
and enhances anti-lesihmanial funchuman IL-10 induced STAT3
phosphoration tion in vitro [69]. Short oligonucleotide aptamer
ligands with high specificity and avidity to their target can be gen-
erated in a procedure known as systematic evolution of ligands by
exponential enrichment (SELEX). By using high throughput
sequencing, an aptamer R5A1 was able to bind to human IL10 recep-
tor and inhibit IL10 mediated MC/9 cell proliferation. Moreover,
truncated R5A1 was able to inhibit a murine CT 26 tumour growth
similar to the effects mediated by anti-IL10R antibodies. The tech-
niques utilized above require either in vitro protein expression or
purification, or labour intensive panning.

Computational modelling and simulation have become integral
components of drug discovery programs in Pharma R&D [70,71].
Recent advances in computing techniques have facilitated simula-
tions of protein/peptide interaction in atomic detail, which make
structure-based drug design (SBDD) more realistic, and the candi-
date(s) can be screened through further in vitro and in vivo bioas-
says. Recently we used a SBDD method, to analyse the interaction
between IL-10 and IL-10R1. It shows that besides several hydrogen
bonding, there is extensive hydrophobic interaction between IL-10
and IL-10R1 within the ‘binding zone’. Thus, the designed inhibit-
ing-active peptides would possess strong hydrophobic sequence
characteristics. Two IL-10 inhibiting peptides were accordingly
designed based on the principle that whole or most of the well-
defined ‘binding zone’ of IL-10/IL-10R1 complex would be chemi-
cally blocked. In addition, to verify the validity of this method, a
‘negative control’ peptide was also designed, which would show
nil inhibiting effect. In vitro experiments indicate that our designed
IL10 signalling inhibitory peptides are able to prevent anti-IL10R
binding to IL10R on cell surface and inhibit LPS induced IL10 secre-
tion by macrophage cell line U937.

Taken together, IL-10 signalling inhibitors are under intensive
exploration; computer based modelling method is superior than
conventional methods, such as phage display, by reducing the
labour intensive and time consuming panning step.
5. Safety concerns

IL-10-deficient mice spontaneously develop chronic intestinal
inflammation, which is mediated by CD4+ T cells and is associated
with enhanced Th1 responses in the early course of disease, and
Th2 cytokines progressively increases later on [72,73], suggesting
IL-10 is critical for maintaining normal biological activities, espe-
cially in the gut. IL-10 deficiency increases hepatic immunopathol-
ogy, more severe disease and weight loss during acute murine
cytomegalovirus infection [74,75]. IL-10 signalling blockade may
therefore cause unwanted side effects. Interestingly, blocking IL10
at the time of immunisation does not inhibit the induction of IL10
producing regulatory T cells, but promotes the generation of
IL10 + GITR + CD4+ and IL10 + IFNc + CD4+ T regulatory cells
(unpublished data). Currently, IL-10 signalling blockade is achieved
by administration of anti-IL10 receptor antibodies; which stays
in vivo for days, if not weeks. The peptide based IL10 inhibitor
may have the advantage than anti-IL10 or anti-IL10 receptor anti-
bodies, that its half-life in vivo may shorter than antibodies; there-
fore, the side effect of blocking IL10 signalling may be reduced.

Taken together, IL10 signalling blockade and immunisation may
provide an exciting approach for chronic viral infection and cancer
treatment. Novel IL10 signalling inhibitors are needed to reduce
the potential side effects of IL10 signalling blockade.
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Abstract:  

Late stage solid tumours cause significant cancer mortality rates worldwide and effective 

therapy remains a big challenge. Cancer therapeutic vaccines elicit tumour specific T cells 
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that kill tumour cells yet often fail to result in tumour destruction because of the limited T cell 

response and the local immune-suppressive environment. Blocking interleukin 10 (IL-10) 

signalling at the time of therapeutic vaccination elicits much stronger T cell responses than 

vaccination without IL-10 blocking. Anaerobic oncolytic bacteria target hypoxic regions of 

the late stage tumour tissues which not only stops tumour growth but also provides a 

pro-inflammatory environment that may increase the effectiveness of a therapeutic vaccine by 

recruiting more effector T cells to tumour site. In this review, we argue that combining both 

bacterial and vaccine therapies may improve the efficiency of late stage cancer management.  

Keywords: Therapeutic vaccine, Interleukin 10 (IL-10), Anaerobic bacterial oncolysis 
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1. Introduction:  

Cancer is a class of diseases characterized by the uncontrolled division of cells which invade 

adjacent tissues and distant organs using a variety of mechanisms [1]. Cancer represents a 

major public health problem, accounts for approximately 8 million deaths each year 

worldwide [1].  Approximate 90% of cancers are solid tumours sharing common structures 

and tumour microenvironments [2, 3]. Current treatments of solid tumours include surgical 

removal of tumour mass following early diagnosis.  Chemotherapy, radiotherapy or a 

combination of both are used to treat late stage inoperable solid tumours but this can result in 

severe side effects [4]. New therapies, such as small molecules targeting specific cancer cell 

signalling pathways [5] and gene therapies [5] are under intensive investigation. However, the 

clinical efficacy of these treatments has yet to be fully assessed. 

More than 80% of solid tumours are diagnosed when surgery is no longer an option; 

chemotherapy and radiotherapy are the prime choices at this stage. Both therapies often have 

significant side effects as normal tissues and organs are indiscriminately effected [6] 

Therefore, new targeted cancer treatment strategies need to be developed as cancers and 

mortality rates are expected to increase [7], [8].  

Tumours have a complex structure consisting of cancer cells and stromal cells (i.e. fibroblasts 

and inflammatory cells) that are embedded in an extracellular matrix and nourished by an 

abnormal vascular network[9][10].Compared to normal tissues, solid tumour stroma is 

associated with a changed extracellular matrix and an increased number of stromal cells that 

synthesize growth factors, chemokines and adhesion molecules [9]. [11-16] 
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2.1 Late stage solid tumours contain regions of hypoxia [17] 

Solid tumours at advanced stages show angiogenesis of abnormal blood vessels restricting 

blood supply and resulting in reduced oxygen levels in the tumour microenvironment [18, 19]. 

As a consequence, some areas of the late stage tumour are anaerobic and necrotic. Tumour 

cells in hypoxic regions adjacent to the necrotic area may be viable [20] but are likely to have 

a decreased supply of nutrients such as glucose and essential amino acids [21-23]. Lack of 

blood vessels and hypoxia may also prevent therapeutic agents reaching tumour cells at 

desired concentrations [24]. Hypoxia has been demonstrated to increase the invasionand 

metastasis of late stage melanoma [25]. If tumour cells close to blood vessels are killed, the 

nutrient supply to previously hypoxic cells may increase, allowing cells to survive and 

regenerate the tumour [26], [21-23].  

2.2 The tumour microenvironment is immunosuppressive  

The concept that the tumour microenvironment (TME) is critical for cancer development 

originated in the ‘seed and soil’ hypothesis proposed by Paget [27-29]. The TME not only 

promotes the development of cancer but also prevents immune effector cells from killing 

tumour cells [30]. The TME is complex and consists of many cell types including endothelial 

cells and their precursors, smooth-muscle cells, fibroblasts, myofibroblasts, neutrophils, 

granulocytes (eosinophils and basophils), mast cells, T, B and natural killer lymphocytes, and 

antigen presenting cells (macrophages and dendritic cells) [31]. All the cells within the TME 

can participate in tumour progression and regression, depending on the stage of tumour 

development. It is proposed that the TME is a dynamic milieu that is in constant evolution 
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[32].  Immune and stromal cells can interact with each other to maintain the immune 

suppressive environment [32].  

T cell infiltration in TME has been shown to have positive prognostic import [33] . A high 

ratio of CD8+ T cells to Foxp3+ regulatory T cells in the TMC has been suggested to have a 

favourable clinical outcome in ovarian and cervical cancers [34, 35] . However, analysis also 

demonstrates that some tumour infiltrating T cells are anergic, expressing high levels of 

LAG-3, and secrete few cytokines [36], [37], even though effective T cells are present in 

circulation [36].   

It is accepted that tumour associated dendritic cells are deficient at present tumour associated 

antigen (TAA) to T cells [38], [39]. The presence of CD8+DCs in TME is beneficial for 

tumour regression but the immune-regulatory properties of plasmacytoid DCs (pDCs) in the 

EME have been suggested [40]. M2 type tumour infiltrating macrophages promote cancer 

development and hinder cancer immunotherapy [41-43]. Tumour specific regulatory T cells, 

which down regulate immune responses, are often enriched at tumour site [44]. Moreover, 

increased levels of immunosuppressive cytokines, such as interleukin 10 and TGFβ, have also 

been observed systematically and locally at tumour site [45].  

3 Targeting the tumour microenvironment [38, 46-50] 

3.1 Anaerobic oncolytic bacteria treatment targets cancer microenvironment 

Patients with large inoperable tumours have been observed to become tumour-free after fever 

[51]. Intravenous (i.v.) injected spores from an obligate anaerobic bacterium, germinated and 

proliferated inside the hypoxic environment of the solid tumour [52]. These regions, that limit 
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the effectiveness of conventional therapies, provided a suitable environment for the 

proliferation of the anaerobic bacteria and an opportunity for exploring a novel method for the 

treatment of late solid tumours.  

Anaerobic and facultative anaerobic bacteria tested to date fall into three classes [53]: (i) 

lactic acid, Gram-positive anaerobic bacteria such as Bifidobacterium longum, 

Bifidobacterium infantis and Bifidobacterium adolescentis; (ii)  intracellular, Gram-negative 

facultative anaerobes such as Salmonella typhimurium; and (iii) obligately anaerobic, 

Gram-positive saccharolytic/proteolytic clostridia such as Clostridium novyi.   When spores 

of Clostridium novyi are intravenously injected into animals, they germinate exclusively 

within the hypoxic region of tumours [54] , [55]. Approximately 30% of mice treated with 

Clostridium novvi spores were cured of their cancers. It is recorded that small tumours 

(<150mm3) are not affected by the oncolytic bacteria treatment but that very large tumours 

(>450mm3) showed substantial necrosis followed by shrinkage. It appears that an optimal 

treatment window exists when tumours are approximately 250-300mm3 because the efficacy 

of oncolytic bacteria treatment depends on the hypoxia region of the tumour,and the larger the 

tumour size the more extensive is the hypoxia region [56] . Similar success rates were 

recorded in rabbits with intrahepatic tumours and in rats with intra- cranial tumours  [57]. All 

cured animals rejected a subsequent challenge of the same tumour, suggesting the mechanism 

underlying this effect is immune mediated [20]. Clostridium novyi spores can also germinate 

and proliferate within tumours of dogs [58]. Recently it has been shown in a natural occurring 

canine solid tumour that intra-tumour injection of C. novyni NT spores results in substantial 

tumour regression in 37% in dogs, with three instances of complete tumour regressions [58]. 
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Administration of C. novyi NT to a human patient with advanced leiomyosarcoma resulted in 

tumour regression [58, 59].   

In contrast to other therapies, side effects of anaerobic bacteria oncolytic therapies can be 

controlled by using antibiotics. For example, C. novyi-NT is highly sensitive to clindamycin 

and various formulations of penicillin [60].   

3.2 Pro-inflammatory tumour microenvironment by oncolytic cancer therapy 

When bacteria grow in a tumour they may change the environment from immunosuppressive 

to a pro-inflammatory (Table 2). Bacterial infections are accompanied by the release of 

pathogen-associated molecular patterns (PAMPs) including lipopolysaccharides (LPS) from 

bacteria and heat shock protein (Hsp) from necrotic cells [61]. LPS and Hsp [70] induce 

maturation of dendritic cells (DC), the professional antigen-presenting cells that are essential 

for a potent immune responses. PAMPs interact with Toll-like receptors (TLRs), leading to 

up-regulation of co-stimulatory molecules on dendritic cells and secretion of 

pro-inflammatory cytokines. These, in turn, induce the production of IFN-γ by T cells and 

initiate a Th1-dependent cell-mediated response [62, 63].  It has been shown that 

administration of anaerobic bacteria results in significant enhanced tumour regression in 

wild-type C3H/HeN mice than in TLR4-deficient C3H/HeJ mice, suggesting that Toll-like 

receptor 4 mediates an antitumor host response induced by anaerobic bacteria treatment[64] . 

Furthermore, compared with C3H/HeJ mice intra-tumour IFNγ, CXCL9 and CXCL10 levels 

are significantly increased in C3H/HeN mice after anaerobic treatment. More infiltration of 

macrophages, neutrophils, CD4+ and CD8+ T cells in C3H/HeN mice after bacteria treatment 

compared with those in TLR 4 deficient C3H/HeJ mice [64].  
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Bacteria inside tumours destroy adjacent cancer cells through the secretion of lipases, 

proteases and other enzymes [3] and clostridial spores have been shown to induce strong 

inflammatory responses and leucocytosis [20, 64]. Systemic administration of C. novyi-NT 

spores results in the spores being distributed throughout the body. However, they germinate 

only within anoxic or markedly hypoxic regions of tumours. C. novyi-NT spores and the 

bacteria induce the production of interleukin 6 (IL-6), macrophage inflammatory protein 

2-alpha (MIP-2), granulocyte-colony stimulating factor (G-CSF) and metallopeptidase 

inhibitor 1 (TIMP-1) that attract a massive influx of inflammatory cells [20]. These events, 

initiated largely by neutrophils, are followed within days by monocyte and lymphocyte 

infiltration within the tumour. The accumulation of Salmonella, a Gram-negative bacterium, 

within the tumour site , leads to CXCL9 and CXCL10 expression [64], which recruits T cells 

to the tumour [65]. Cytotoxic T cells have been observed to accumulate within the tumour 

treated with oncolytic bacteria  [66] [67]. Furthermore, oncolytic bacteria can be genetically 

modified to express cytokines that have anti-tumour activity [67] which can change the 

tumour microenvironment from immune suppressive to pro-inflammatory.    

Administration of anaerobic bacteria does not eradicate late stage tumours but the procedure 

reduces tumour volume and burden and generates a pro-inflammatory tumour 

microenvironment. It overcomes the problems with therapeutic vaccines, which often fail to 

show efficacy in clinic, because of the immune suppressive environment at the late stage 

tumour site prevents vaccine induced T cells from killing tumour cells [10, 30, 31, 38]. The 

administration of anaerobic bacteria, which can reduce tumour mass and lead to a 
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pro-inflammatory condition at the tumour site, followed by vaccine treatment may improve 

the efficacy of a therapeutic vaccine.          

4 Therapeutic vaccines against cancer  

In the 1950s, the immune surveillance hypothesis [68] proposed that the immune system of 

the host recognizes antigens of newly arising tumours and eliminates these tumours before 

they become clinically evident. In contrast, the immune system can also contribute to tumour 

escape to form a more aggressive form of tumour cells [68] . Progressive cancer, in which the 

tumour cells escape the efficient control of the immune system, was considered a rare event 

[68]. Therefore, activating existing immune effectors, or generating new effector cells that are 

able to kill tumour cells, may eradicate tumours [69]. Therapeutic vaccines against cancer are 

still in the early stages of development and very few show efficacy in clinical trials. Only a 

dendritic cell based vaccine against prostate cancer was approved by the FDA in 2010 [70, 

71] . An ideal therapeutic vaccine should produce effector T cells which migrate to the tumour 

sites and kill the tumour cells [72, 73]. However, current therapeutic vaccines often fail in 

clinical trials, due to their poor ability to elicit a sufficient number of the effector CD8+ T 

cells critical for killing tumour cells andthe tumour immune suppressive environment.[74].  

Patients with cancer often develop natural humoral, CD4+ and CD8+ T cell responses to 

tumour antigens [55]. The ineffective immunity to tumour antigen inhibits the effectiveness of 

therapeutic vaccines. Pre-existing immunity to tumour antigens inhibits the effectiveness of 

therapeutic vaccines and the inhibition is dependent on antigen experienced CD4+ T cells [46, 

75, 76]. Antigen-experienced IL10 secreting CD4+GITR+ T cells (GITR = glucocorticoid 
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induced TNF receptor) may inhibit CTL responses through IFNγ signalling. IL10 secreting 

CD4+ T cells can be amplified after vaccination and, therefore, prevent the generation of 

therapeutic vaccine induced tumour killing CD8+ T cells [77].  IL10 or TGFβ have been 

identified as inhibiting the effectiveness of therapeutic vaccines [70, 78] . As described above, 

the tumour microenvironment contains immune suppressive cells, such as tumour associated 

macrophages, dendritic cells and myeloid derived suppressor cells, as well as immune 

suppressive cytokines such as IL-10 and TGFβ. 

To further enhance the efficacy of cancer therapeutic vaccines, strategies that have been 

proposed and utilized include: (i) increasing the immunogenicity of antigens, such as 

substitute key animo acids of an antigenic epitope, to enhance antigenicity ; (ii) increasing the 

vaccine induced immune response to higher quantity and quality by using a synergistic 

combination of cytokines, Toll like receptor ligands and co-stimulatory molecules; and (iii) 

removing the braking mechanisms mediated by regulatory T cells, NKT cells and suppressive 

molecules such as CTLA-4, PD-1, TGF beta and IL10 [79, 80].  

4.1 Interleukin 10  

Interleukin (IL)-10 was first described as a cytokine synthesis inhibitory factor, produced by 

mouse Th2 cells and that inhibited the activation of, and cytokine production by, Th1 cells [81, 

82].  . The human IL-10 is a homodimer with a molecular mass of 37 kDa. Each monomer 

has a molecular mass of 18.5 kDa and consists of 160 amino acids [83]. Murine and human 

IL-10 share 80% sequence similarity. There are several viral IL-10 homologs: Epstein-Barr 

virus (BCRF1) [84]
,
[85], herpes virus type 2 [86], cytomegalovirus[87] and Orf virus [88].   
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The structure of human IL-10 (ebvIL-10) has been studied by X-ray crystal-topography [89], 

[90]. IL-10 can be secreted by various cell populations including T cell subsets (Th2, Th17, 

Tc2, Tr1), monocytes and macrophages [82].  

The IL-10 receptor belongs to the class II cytokine family and is composed of IL-10R1 and 

IL-10R2 subunits [91, 92]. IL-10RI binds to IL-10 with high affinity and is expressed by most 

hematopoietic cells, although generally at low levels.  T cells is down regulated upon T cell 

activation at both the mRNA and protein levels, however, there are activated T cells that 

up-regulate IL-10R expression [81]. IL-10R1 expression has also been observed on 

non-hemopoietic cells but at a much lower level. IL-10R 1 expression was induced in 

fibroblasts by lipopolysaccharides and in epidermal cells or keratinocytes.  

IL-10R2 is the accessary unit for IL-10 signalling and is constitutively expressed in most cells 

and tissues.  There is no evidence for significant activation-associated regulation of IL-10R2 

expression in immune cells [81].  

IL-10/IL-10R interaction engages the tyrosine kinases Jak1 and Tyk2, which are 

constitutively associated with IL-10R1 and IL-10R2, respectively. IL-10 induces tyrosine 

phosphorylation and activation of the latent transcription factors stat3 [93]. The main 

biological function of IL-10 is to suppress the inflammatory response and regulate the 

differentiation and proliferation of T cells, B cells, natural killer cells, antigen-presenting cells, 

mast cells, and granulocytes. IL10 acts on APCs by down-regulation of MHC II, 

co-stimulatory molecules expression and the production of reactive oxygen and nitrogen 

intermediates. IL-10 also acts directly on IL10 receptor expressing T cells to reduce their 
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cytokine production and their pathological effects [45, 73, 94]. Numerous investigations, 

including expression analyses in patients and in vitro and animal experiments, suggest a major 

impact of IL-10 in inflammatory, malignant, and autoimmune diseases. IL-10 overexpression 

was found in certain tumours, such as melanomas and several lymphomas, and is considered 

to be a factor in promoting further tumour development [95],[96]. In contrast, a relative IL-10 

deficiency is regarded to be of pathophysiological relevance in certain inflammatory disorders 

characterized by a type 1 cytokine pattern such as psoriasis [97].  

4.2 Increase of cytotoxic T cell responses by IL-10 signalling blockade plus immunization 

Immunization in the presence of IL10 inhibitors increases vaccine induced cytotoxic T cell 

responses [72, 75, 76, 98] [79], [99].  Intra-tumour injection of a Toll-like receptor 9 ligand 

(CpG) along with anti-IL10 receptor antibody intra-peritoneally, leads to anti-tumour 

therapeutic activity and induces tumour rejection in C26 and B16 tumour models [38]. The 

therapeutic effect was attributed to the improved tumour infiltrating dendritic cells (TIDCs) 

and macrophage [100] function after the CpG treatment and IL-10 signalling blockade in vivo. 

CpG or anti-IL-10 receptor antibody administration alone, or lipopolysaccharide, interferon 

gamma and anti-CD40 antibodies administration cannot restore the function of TIDCs.   

Human papillomavirus (HPV) long Early protein 7 (E7) peptide/LPS plus blocking IL-10 

signalling by intraperitoneally administration of anti-IL10 receptor antibodies, inhibit HPV E7 

transformed TC-1 tumour growth comparable to that induced by long E7 peptide/IFA 

immunization [46].  In a clinical trial, Long E7 peptide/IFA immunization has been 

demonstrated to be effective in the treatment of HPV16+ valve neoplasia [101-103]. These 
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results suggest that blockingIL-10 signalling at the time of immunization can prevent tumour 

growth.   

5 Bacterial oncolysis combined with novel cancer therapeutic vaccine may lead to better 

treatment outcomes for late stage cancers. 

Effective cancer treatment requires the development of novel and effective therapies with 

minimal side effects. Bacteria oncolysis and therapeutic vaccines are emerging as therapies 

with great potential and combinations of both may prove to be an effective way of managing 

cancer, especially at the later stages where surgical removal of the tumour mass is no longer 

an option.  Clostridial oncolysis is able to lyse late stage cancer cells thereby reducing the 

tumour burden and providing a pro-inflammatory environment within the tumour. Interleukin 

10 blockade at the time of immunization induces stronger vaccine induced T cell responses 

than does immunization without IL10 inhibition. Increased numbers of vaccine induced T 

cells may migrate to tumour sites at higher rates and kill tumour cells more efficiently 

following anaerobic bacterial treatment.  

6 Future Directions 

The anti-tumour actions of anaerobic bacteria treatment are complex but may be a 

consequence of the production of microbial extracellular enzymes that destroy the hypoxic 

cancer cells. Subsequently, immune mechanisms may participate in tumour destruction.   

More T cells are often recruited to the tumour site after bacterial treatment and immune 

competent mice have a higher tumour cure rate than immune deficient mice. Tumour bearing 

mice treated with anaerobic bacteria can reject subsequent tumour challenge. It is, therefore, 
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important to investigate how anaerobic bacterial treatment changes the immune suppressive 

environment of the tumour. It is uncertain as to whether tumour associated dendritic cells or 

macrophages within the tumour site become immunogenic. M2 type macrophages become M1 

type, N2 type neutrophils become N1 type neutrophils.  It is not known if bacterial treatment 

reduces the immune suppressive cytokine levels especially interleukin 10 or  TGFβ levels at 

the tumour site.  In addition, the way that T cells are recruited to the tumour side after 

bacterial oncolysis awaits clarification, as does whether tumour cells are more sensitive to 

killer cells after bacterial treatment.   Once the mechanisms of bacterial oncolysis are 

understood investigations should focus on whether combining both bacterial oncolysis with a 

novel therapeutic vaccine incorporating IL10 signalling inhibitor better improves the outcome 

of cancer management in animal models prior to clinical trials.    
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Table 1 Combing both Anaerobic bacteria oncolysis and therapeutic vaccination may 

achieve better outcome for late stage cancer management  

Ref Year Strategy/Result 

[104] 1947 Intravenous injection of C.histolyticium spores resulted in tumour 

lysis 

[68] 1957 Immunosurvilliance theroy formly formulated  

[76] 2003 Immunization and IL10 signalling blockade enhances vaccine 

induced CD8 T cell responses 

[105] 2005 Recombinant C. acetobutylicum for IL2 resulted in enhanced 

anti-tumour effect 

[65] 2008 Anarobic bacteria treatment leads to chemokine secretion and 

recruit Tcells to tumour site 

[71] 2010 First therapeutic vaccine against prostate cancer approved by FDA 

[58] 2012 Clostridium novyi NT spores elicits therapeutic effects in dog 

naturally occurring tumours 

[46] 2014 Immunization and IL10 signalling blockade prevent tumour growth 

in a mouse transplant tumour model 

[59] 2014 Administration of C. novyi NT to a patient with advanced 

leiomyosarcoma was effective at inducing tumour regression 
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Table 2 Bacterial oncolysis result in local tumour inflammation responses  

Bacteriolytic 

therapy 

Inflammatory 

responses in 

Tumour 

Systemic 

inflammatory 

responses 

Year References 

Clostridium 

novyi-NT 

Neutrophil, 

Monocytes and 

Lymphocytes 

infiltration 

Increased IL6, 

MIP-2, G-CSF, 

TIMP-1 CD8+ T 

cells are tumour 

killing effector 

cells  

2004 [20] 

Salmonella  Expression of 

IFNγ, IP-10; 

CD4, CD8 T 

cells infiltration 

Increased cell 

death 

 2008 [65] 

Salmonella Increased 

expression of 

IFNγ, MIG, 

IP-10 

Increased IFNγ 

Bacteriolytic 

effect is TLR4 

dependent 

2008 [64] 

Salmonella Neutrophil, 

Macrophage 

infiltration 

T cell deficient 

mice have lower 

tumour 

inhibition rate 

compared with 

wild-type mice 

2011 [66] 
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We recently reported that blockade of IL-10 signalling at the time of a human papillomavirus (HPV) long
E7 peptide/LPS immunization leads to the regression of established HPV-16 immortalized tumours in
mice similar to that induced by long E7 peptide/incomplete Freund’s adjuvant (IFA)-based vaccination.
In this paper, we demonstrated that blockade of IL-10 signalling at the time of long E7 peptide/LPS could
elicit stronger T cells responses and render the tumour more accessible for immune cell infiltration than
vaccination with long E7 peptide/IFA. Furthermore, priming with long E7 peptide/LPS and IL10 signalling
blockade then boosting with long E7 peptide/IFA elicits stronger CD8+ T cell responses than long E7 pep-
tide/IFA immunization. The results suggest that priming with long E7 peptide/LPS and IL10 signalling
inhibitor, then boosting with long E7 peptide/IFA elicits may lead to better HPV infection related tumour
regression in clinic.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

Human papillomavirus (HPV) infection accounts for approxi-
mately 5.3% of cancers worldwide, including cervical cancer and
some of the genital, head and neck cancers [1–4]. It is estimated
that 50 million women carry HPV and approximately 500,000
women develop cancer each year [5]. HPV type 16 and 18 infection
is associated with 70% of cervical cancer. The prophylactic vaccine
against HPV infection (Gardasil�, Cervarix�) was introduced to the
market in 2006 and is effective at preventing persistent HPV16/18
infection [6,7].

However, Gardasil� and Cervarix� are ineffective for women
who had already been infected with HPV [1]. Existing treatments
for cervical cancer, such as surgery, chemotherapy and radiother-
apy often fail to prevent recurrent diseases and sometimes result
in significant side effects. As a consequence, there is an urgent need
to develop better strategies to treat chronic HPV infection related
tumours [8–10].

The ideal cancer therapeutic vaccine, which would cure people
who already have cancer, is in an active state of investigation
[11–13]. Compared with surgery, radio- or chemo-therapy treat-
ment, cancer therapeutic vaccine targets tumour cells without
harming normal cells, tissues or organs [14,15]. However, vaccines
often fail to promote the regression of tumours in clinical trials
[10,15–18]. The low therapeutic efficacy of cancer vaccines may
be due to tumour-induced immune escape mechanisms and the
immune suppressive tumour microenvironments [10,19,20].
Tumour cells often express high levels of immune suppressive
molecules, such as PD-L1 [21–23], and reduced MHC molecules
on their cell membranes [24,25]. Immune suppressive myeloid-
derived suppressor cells, tumour infiltrating regulatory T cells,
tumour associated macrophage and immune suppressive cytoki-
nes, such as interleukin 10 and TGFb, can inhibit cytotoxic T cells
from killing tumour cells [26–30]. Therefore, an effective response
that is able to lead tumour regression due to a therapeutic vaccine,
requires inducing successful specific cytotoxic T lymphocytes
(CTLs). These effector T cells are able to migrate to tumour sites,
overcome the hostile tumour microenvironment and kill the
tumour cells [31,32].

Recently, therapeutic vaccines against chronic human papillo-
mavirus infection related pre-cancer have shown efficacy [33–
35]. Synthetic long E6/E7 peptide formulated in incomplete Fre-
und’s adjuvant (IFA), chimeric papillomavirus capsid protein
L1L2E7 and E7 DNA vaccines, resulted in pre-cancer cervical
intraepithelial neoplasia (CIN) and vulvar intraepithelial neoplasia
(VIN) regression in clinical trials [33–37]. Of the three trials that
show clinical efficacy only the long E6/E7 peptide/IFA trial is ran-
domized, double blind and placebo controlled. L1L2E7 vaccine

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cellimm.2015.11.002&domain=pdf
http://dx.doi.org/10.1016/j.cellimm.2015.11.002
mailto:wyjian@fsyyy.com
mailto:xiaosongl@yahoo.com
http://dx.doi.org/10.1016/j.cellimm.2015.11.002
http://www.sciencedirect.com/science/journal/00088749
http://www.elsevier.com/locate/ycimm
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requires simultaneously local administration of the immune
response modifier imiquimod which is a Toll like receptor 7 ligand,
to be effective [36]. Vaccine induced CD8+ T cell responses, are crit-
ical for the regression of CIN or VIN [20,33,34,37].

Interleukin 10 is a cytokine with the ability to control or termi-
nate immune responses to both self and foreign antigens [38].
Temporal IL-10 blockade at the time of immunization enhances
nucleotide, peptide, papillomavirus-like particles induced CD8+ T
cell responses [39–43] and clears chronic viral infection more effi-
ciently than without IL10 signalling blockade [44–46]. Recently, it
was demonstrated that a candidate adenovirus vectored-HIV-1
vaccine elicits stronger CD8+ T cell responses to its delivered HIV
conserved regions when IL-10 signalling is temporal blocked
[47]. Moreover, MPL, a detoxified from of LPS, has similar ability
to induce CD8+ T cell responses as LPS when vaccination and
blocking IL-10 signalling simultaneously [41]. Administration of
anti-IL-10R antibodies through subcutaneously injection also
enhances vaccine induced CD8+ T cell responses [41]. All these
results suggest that this immunization strategy may be effective
against human chronic viral infection and chronic viral infection
related cancers and warrant further investigation.

We demonstrated recently [41] that immunization with long E7
peptide/LPS and temporal blockade of IL-10 signalling with anti-IL-
10R antibodies prevents HPV16 E7 transformed TC-1 tumour
growth in both prophylactic and therapeutic settings in mice, sim-
ilar to that resulted from immunization with synthetic long E7
peptide/IFA. In this paper, we investigated the memory CD8+ T cell
responses elicited by immunization and blocking IL10 signalling
simultaneously, and compared vaccine induced CD8+ T cell
responses, T cell infiltration to tumour site after either long E7 pep-
tide/IFA or long E7 peptide/LPS/anti-IL10R immunization.
2. Materials and methods

2.1. Mice

Six to eight-week old adult female C57BL/6 (H-2b) mice were
purchased specific pathogen free (SPF) and kept under SPF condi-
tions throughout at the Animal Resource Centre, Sun Yat-Sen
University, Guangdong province, China. The mice were fed irradi-
ated food and autoclaved water and kept in 12 h light and dark
cycles. All experiments were approved by and performed in com-
pliance with the guidelines of Foshan First Peoples’ Hospital Ani-
mal Experimentation Ethics Committee. Mice were 3–5 mice per
cage. No animals became ill or died prior to the experimental end-
point. Mice were euthanised with cervical dislocation by individu-
als with appropriate technical proficiency in accordance with the
hospital AEC protocol.
2.2. Cell line, peptides and antibodies

TC-1 tumour cells were obtained from Chinese academy of
sciences, Shanghai institutes for cell resource centre. TC-1 tumour
cell line, derived from primary lung epithelial cells of C57BL/6 mice
and transformed with HPV16 E6/E7, was maintained in complete
RPMI 1640 media (Gibco) supplemented with 10% heat inactivated
fetal calf serum (FCS), 100 U of penicillin/ml and 100 lg of strepto-
mycin/ml and were cultured at 37 �C with 5% CO2 [41]. The TC-1
cells were routinely tested for mycoplasma by using Lonza MycoA-
lert Mycoplasma Detection Kit according to the operation guide.

Long HPV16 E7 peptide GQAEPDRAHYNIVTFCCKCDSTLRLCVQS
THVDIR, and HPV16 E7 CTL epitope RAHYNIVTF were synthesised
and purified by Mimotopes (Melbourne, Australia).The purity of
the peptides (95%) was determined by reverse-phase HPLC. Pep-
tides were dissolved in 0.5% DMSO in PBS and, if not used immedi-
ately, stored at �20 �C. Lipopolysaccharide (LPS) and incomplete
Freund’s adjuvant (IFA) were purchased from Sigma.

Anti-IL10 receptor (1B1.3) monoclonal antibody (MAb) was
purchased from BioXcell, USA and stored at �80 �C till further
use. Anti-mouse CD4 PerCP-Cy5.5 (clone RM4-5), Anti-mouse
CD8a FITC (clone 5.3–6.7), Anti-mouse IFN-c PE (clone XMG1.2)
and Rat IgG1 j Isotype Control PE antibody were purchased from
eBioscience. Anti-CD3 mAb (clone CD3-12) for immunohistochem-
istry staining was purchased from GeneTex, United states.

2.3. Tumour challenge

Mice were divided into three groups, each group has 8 mice: (1)
unimmunised control; (2) long E7 peptide/IFA and (3) long E7
peptide/LPS/anti-IL10R antibody group [41]. Mice were inoculated
with TC-1 tumour cells 7 days before immunization. Spleens and
tumour tissues were collected at different time points for experi-
ments described in the paper, the experiment lasts 40 days.

TC-1 tumour challenge has been described elsewhere [41].
Briefly, TC-1 cells, approximately 70% confluent, were harvested
with 0.25% trypsin and washed repeatedly with PBS. TC-1 tumour
cells (3 � 105) were injected subcutaneously into the hind flank
area in 0.1 ml of PBS using a 25G needle. Between 4 and 7 days
later and every 3 days thereafter, the area was observed and pal-
pated for the presence of a tumour nodule. Tumour sizes were
assessed every 3 days using callipers to determine the average
diameter of each tumour. Tumour volumes were calculated as
width �width � length. Mice were sacrificed when the tumour
diameter reached 20 mm.

2.4. Immunization of mice

Groups of eight mice were immunized s.c. with 50 lg long
HPV16 E7 peptide, 15 lg of LPS, and 250 lg of anti-IL10R antibod-
ies dissolved in PBS. In the case of immunization with IFA, the dis-
solved long HPV16 E7 peptide were emulsified in 50% (v/v) IFA
before s.c. vaccination. The total injected volume was 100 ll/-
mouse. Mice were lightly anaesthetized with isofluorane (Abbott,
Maidenhead, U.K.) during immunization.

2.5. ELISPOT

ELISPOT was performed as described [43,48]. Briefly, single
spleen cell or lymph node suspensions were added to a membrane
base 96-well plate (Millipore, Bedford, MA) coated with anti-IFN-c
(BD Harlingen, San Diego, CA). Peptide was added at various con-
centrations and cells held at 37 �C with peptide for 18 h. Antigen
specific IFN-c secreting cells were detected by sequential exposure
of the plate to biotinylated anti-IFN-c before s.c. vaccination. (BD
Harlingen), avidin–horseradish peroxidase (Sigma–Aldrich) and
DAB (Sigma–Aldrich). The results were measured by ELISPOT
reader system ELR02 (AID Autoimmun Diagnostika GmbH, Strass-
berg, Germany).

2.6. Intracellular staining for IFNc

Tumours were excised and cut into small pieces after removal
of blood vessels and connective tissue by dissection. To isolate
blood cells, tumour tissues were incubated for 1 h, with occasional
shaking, in an enzyme mixture that consisted of 1 mg of collage-
nase D/ml, 20 lg of DNase I/ml, and 10% fetal calf serum in
RPMI-1640 at 37 �C. The digested tissue was passed through a
70 lm nylon mesh, and the resultant cells were washed twice in
PBS. Mononuclear cells were obtained with Lymphocyte Separa-
tion Medium (Axis shield) following centrifugation at 2000 rpm
for 25 min. Mononuclear cells were harvested and incubated with
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HPV16 E7 CTL epitope RAHYNIVTF or cell stimulation cocktail
(eBioscience) in the presence of monensin at a density of 1 � 106 -
cells/ml overnight at 37 �C and 5% CO2. Cells were stained for sur-
face molecules and then fixed and permeabilized using
permeabilization kit (Biolegend). Before intra-cellularly stained
with anti-mouse IFN-c or isotype-matched control mAb for
20 min in the dark at room temperature. Samples were analysed
by flow cytometry using a FACS Calibur analyser (Becton
Dickinson).

2.7. Immunohistochemistry for tumour infiltrating CD3+ T cells

Tumours from mice were excised and cut into pieces along the
largest diameter after removal of blood vessels and connective tis-
sue by dissection. Mouse tumour pieces were fixed in 10% buffered
neutral formalin, processed through graded ethanol and three
changes or xylenes, and infiltrated with paraffin. Tissue samples
were then embedded into paraffin blocks and 4 mm sections, cut
using a microtome, mounted onto microscope slides. The Vectas-
tain� ABC kits were purchased from Vector Laboratories (Rabbit
IgG, PK-4001), and were used for antibody detection. Briefly, after
a heat-induced antigen retriever by Dako PT Link, the tissue sec-
tions were incubated with primary antibody, Anti-CD3 mAb (clone
CD3-12) for 1 h. The sections were washed and incubated with the
biotinylated secondary antibody for 30 min, washed and incubated
with Vectastain ABC Reagent. Again the sections were washed and
then developed with DAB (Dako) followed by Mayer’s hematoxylin
counterstaining. Murine lymph node was used as the positive con-
trol in each staining batch and samples from the same series with-
out primary antibody served as negative controls.

Image analysis software Image pro Plus 6.0 (IPP) was used to
quantify the numbers of tumour infiltrating CD3 positive cells.
The density of tumour infiltrating CD3+ T cells was quantified from
five high-power fields (HPFs, 200�). The numbers of tumour infil-
trating CD3+ T cells were calculated as the ratio of integrated
option density IOD/area (IOD/area) [49].

2.8. RT-PCR

Tumours were excised and cut into pieces along the largest
diameter of the tumours after removal of blood vessels and con-
nective tissue by dissection. Mouse tumour pieces were fixed in
RNAlater (Invitrogen) and stored at �20 �C. Quantitative analyses
for IFNc or IL-10 expression in tumour were performed by RT-
PCR. Total RNA was extracted from using the RNeasy mini kit (Qia-
gen, Germany) according to the manufacture’s recommended pro-
tocol. The cDNA synthesis was performed using M-MLV reverse
transcriptase (Invitrogen), oligo-dT and random primers, according
to the manufacturer recommendation. We used 50 ng of cDNA in
each amplification reaction. Expression of a house keeping gene
GAPDH was used as internal control. Amplified fragments were
resolved in 1.5% agarose gels stained with 0.5 lg/ml ethidium bro-
mide (Sigma). Specific primers for IFNc (Forward TGAGACAAT-
GAACGCTACACACT and Reverse GTCACCATCCTTTTGCCAGT), IL-10
(Forward TACAGCCGGGAAGACAATAACT and Reverse TCCAC
TGCCTTGCTCTTATTTT), and GAPDH (Forward AGGCCGGTGCTGAG-
TATGTC and Reverse TGCCTGCTTCACCACCTTCT). The relative
quantification of IFNc or IL-10 in comparison to a reference gene
(GAPDH) was determined with Image grey scale scanning software
(Gel DocTM EZ Imager, BIO-RAD).

2.9. Statistical analysis

Statistical analysis was performed by the two tailed Student’s
test. Survival rate comparison among different groups was per-
formed by log rank test, by using Prism 5.0 (Graphpad Software,
San Diego). Results are significant if P value is less than 0.05.
3. Results

3.1. Long HPV16 E7 peptide/LPS immunization and simultaneous IL-10
signalling blockade elicits stronger antigen specific IFNc+CD8+ T cell
responses

IFA has been in the principal choice of adjuvant in many
peptide-based vaccines [50,51]. To compare T cell responses
induced by blockade of IL10 signalling at the time of immunization
with IFA-based immunization, C57BL/6 mice were primed and
boosted with long E7 peptide/IFA or long E7 peptide/LPS/aIL10R
subcutaneously twice on day 0 and day 7. Antigen specific IFNc
+CD8+ T cell responses were determined by ELISPOT assay and
the numbers of splenic IFNc+CD8+ T cell and IFNc+CD4+ T cells
were determined by intracellular staining and analysed by flow
cytometry after the splenic cells were un-/non-specifically stimu-
lated with cell stimulation cocktail (PMA and ionomycin). Mice
vaccinated with long E7 peptide/LPS/aIL10R displayed a more
robust antigen specific IFNc+CD8+ T cell responses by ELISPOT
(Fig. 1A), and high percentages of IFNc+CD8+ and IFNc+CD4+ T
lymphocyte (Fig.1B and C) than did mice immunized with long
E7 peptide/IFA.
3.2. Blockade of IL10 signalling at the time of immunization with the
Long HPV16 E7 peptide resulted in increased IFNc+CD8+ and IFNc
+CD4+ T cell infiltration in TC-1 tumour

We have previously reported [41] that blockade of IL10 sig-
nalling at the time of immunization with a HPV16 long E7 pep-
tide/LPS based vaccine prevents TC-1 tumour cell growth in both
prophylactic and therapeutic settings similar to those immunized
with long E7 peptide/IFA We sought to determine if T cells infil-
trate the tumour following both vaccinations. C57BL/6 mice was
inoculated subcutaneously at the flank with 2 � 105 of TC-1
tumour cells. On day 7 mice were immunized with either 50 lg
of long E7 peptide, 15 lg of LPS and 250 lg of anti-IL10 receptor
antibodies subcutaneously or with 50 lg of long E7 peptide and
IFA subcutaneously twice 7 days apart or left unimmunized.

Mice were sacrificed on day 25 or day 40 after tumour inocula-
tion. Tumours were collected and digested with collagenase and
DNase I followed by Ficoll separation of mononuclear cells to pro-
vide a suspension of single cells. The cells were stained with anti-
CD3, anti-CD4 or anti-CD8 respectively and intracellularly stained
(ICS) with IFNc. Our results showed that blockade of IL10 signalling
at the time of immunization with long E7 peptide resulted in mor-
eIFNc+CD8+ and IFNc+CD4+ at the tumour site, superior to IFA-
based vaccination (Fig. 2A and B).

Next, we stained tumour infiltrating CD3+ T cells by immuno-
histochemistry techniques on day 25 after tumour inoculation.
The expression levels of CD3+ cells were significantly higher in
tumours with long E7 peptide/LPS/anti-IL10R vaccination than
those with IFA-based vaccination (P < 0.05, Fig. 4). The CD3+ T cells
were mainly located at the capsule and tumour periphery with few
diffused all over the tumour area.

In another experiment, the mRNA levels of IFNc and IL-10 of the
tumour tissues among different immunization groups and control
groups were examined. Quantitative analyses for IFNc or IL-10
mRNA expression in tumour were performed by RT-PCR. Blockade
of IL10 signalling at the time of immunization with the Long E7
peptide/LPS/anti-IL10R antibody and long E7/IFA have similar
overall IFNc mRNA levels, but higher IFNc mRNA expressions than
un/non-immunized mice (P < 0.05, Fig. 2C). Interestingly, the



Fig. 1. Higher numbers of antigen specific IFNc+CD8+ T cell responses are detected in mice immunized with E7 peptide/LPS/aIL10R compared with mice immunized with
long E7 peptide/IFA. Groups of five C57BL/6 mice were primed and boosted on day 0 and day 7 respectively with long E7 peptide/IFA or with long E7 peptide/LPS/aIL10R. (A)
Spleen from immunized mice were collected, single spleen cells isolated and cultured in the presence of a MHC I restricted HPV16 E7 specific peptide RAHYNIVTF [overnight/
hours]. ELISPOT assay for IFNc was performed as described in Section 2. (B) and (C) The harvested spleen cells (1 � 106) were stimulated with cell-stimulation cocktail
(eBioscience) overnight in the presence of protein transport inhibitor as described in Section 2. Cells were harvested and stained with anti-mouse CD4, anti-mouse CD8a and
anti-mouse IFNc, and analysed by flow cytometry. The number in the upper right quadrant is the percentage of CD8+IFNc+ or CD4+IFNc+ cell out of total CD8+ or CD4+ cells.
The experiment shown is the results of one of the three similar independent experiments.
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Fig. 2. Blocking IL-10 at the time of immunization enhances tumour infiltrating IFNc+CD8+, IFNc+CD4+ T cells. Group of eight C57BL/6 mice were inoculated subcutaneously
at the flank with 2 � 105 of TC-1 tumour cells. Seven days later, mice were immunized with 50 lg of long E7 peptide, 15 lg of LPS and 250 lg of anti-IL10 receptor antibodies
subcutaneously, or with 50 lg of long E7 peptide and IFA subcutaneously twice 7 days apart, or left unimmunized. Mice was monitored as described in Section 2 and
sacrificed on day 25 or day 40 after tumour inoculation. Three independent experiments were performed. (A and B) Day 25 (A) or day 40 (B) after tumour inoculation, tumour
tissues were harvested and digested with collagenous D as described in Section 2. White blood cells were isolated by Ficoll separation from single tumour cells, and then
stimulated with cell-stimulation cocktail or without stimulus overnight in the presence of protein transport inhibitor. Cells were then stained with anti-mouse CD4, anti-
mouse CD8 and anti-IFNc, and analysed by flow cytometry. (C) Total mRNA from tumour tissues were isolated as described in Section 2, RT PCR for housekeeping gene
GAPDH, IL-10 and IFNc was performed. Left, Electrophoresis of PCR product. Right: relative expression levels of IL-10 and IFNc. GAPDH was used as a control.
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Fig. 3. A more vigorous antigen specific IFNc+CD8+ T cell responses were detected following priming with a HPV16E7 peptide/LPS/anti-IL10R antibodies and boosted with
HPV16E7/IFA. Groups of five C57BL/6 mice were primed either with HPV16E7 peptide/LPS/aIL10R antibodies or with HPV16E7/IFA on day 0, and then boost immunized with
long E7 peptide/IFA. Control groups include E7 peptide/LPS/aIL10R, or E7 peptide/LPS immunized on day 7 respectively. (A) Six days after final immunization, spleen from
immunized mice were collected, single spleen cells isolated, and cultured in the presence of a MHC I restricted HPV16 E7 specific peptide RAHYNIVTF overnight, ELISPOT
assay for IFNc was performed as described in Section 2. (B and C) 1 � 106 of single spleen cells were incubated with cell-stimulation cocktail (eBioscience) overnight at 37 �C
and 5% CO2. Cells were then stained with anti-mouse CD4, anti-mouse CD8 and anti-mouse IFNc or isotype-matched control mAb. IFNc+CD8+ T cell (B) and IFNc+CD4+ T cell
(C) were analysed by flow cytometry.
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mRNA of IL-10 levels are similar among immunization and control
groups (P > 0.05, Fig. 2C).
3.3. Priming with long E7 peptide/LPS/anti-IL10R antibody and boost
immunize with long E7 peptide/ IFA induce a more vigorous antigen
specific IFNc+CD8+ T cell responses than IFA-based immunization

We investigated whether long E7 peptide/IFA combined with
long E7 peptide/LPS and blockade of IL10 signalling immunization
in a prime-boost strategy could induce a more vigorous antigen
specific IFNc+CD8+ T cell responses than IFA-based immunization.
C57BL/6 mice were either immunized with long E7 peptide/IFA
twice or primed with long E7 peptide/LPS/aIL10R, boosted with
long E7 peptide/IFA, or primed once with long E7 peptide/LPS/
aIL10R, or with long E7 peptide/LPS respectively. Seven days after
vaccination, the spleens from immunized mice were harvested and
subjected to an ELISPOT assay. Nonspecific IFNc+CD8+ T cell
responses from splenic cell cultures stimulated with PMA and ion-
omycin were ICS stained analysed by flow cytometry. The results
showed that mice primed with long E7 peptide/LPS/aIL10R and
boosted with long E7 peptide/IFA displayed a more robust antigen
specific and non-specific IFNc+CD8+ T cell responses than those
primed with long E7 peptide/IFA immunization (Fig. 3).
4. Discussion

In this paper, we compared vaccine induced cytotoxic T cell
responses after immunization with either long E7 peptide/LPS/



Fig. 4. Groups of eight C57BL/6 mice were inoculated subcutaneously at the flank with 2 � 105 of TC-1 tumour cells. 7 days later, mice were immunized with 50 lg of long E7
peptide, 15 lg of LPS and 250 lg of anti-IL10 receptor antibodies subcutaneously, or with 50 lg of long E7 peptide and IFA subcutaneously twice 7 days apart, or left
unimmunized. Mice was monitored as described in Section 2 and sacrificed on day 25 after tumour inoculation. (A) Histology study of TC-1 tumours. Tumour sections were
stained with hematoxylin/eosin (200� magnification). (B and C) Immunohistochemistry characterization of tumours. Tumour sections were incubated with antibodies
against CD3. Antigen–antibody reaction was detected through peroxidase/DAB staining (B: 100 �magnification, C: 200 �magnification). Positive control is in the insets. (D)
CD3 expression of TC-1 tumours: expression of CD3 was calculated as integrated option density (IOD)/area (IOD/area).
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aIL-10R antibody or long E7 peptide/IFA. Long E7 peptide/LPS/aIL-
10R immunization elicited higher numbers of antigen specific CD8
+ T cell responses than did E7/IFA. This immunization strategy also
leads to more IFNc secreting CD4+ and CD8+ T cells trafficking to
tumour sites. Moreover, priming with long E7 peptide/LPS/aIL-
10R, and then boosting with long E7 peptide/IFA, elicits stronger
CD8+ T cell responses than long E7 peptide/IFA.

Progress has been made in the area of therapeutic vaccine
development against chronic human papillomavirus infection
related diseases [19,34]. Synthetic long E7 peptide/IFA [34],
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chimeric protein L1L2E7 [36] and DNA vaccine [37] have been
shown to have efficacy for the treatment of HPV related pre-
cancer in clinical trials. Of these, only long E7 peptide-based vac-
cine is a double blinded, placebo controlled, trial. However, the
clinical trials of therapeutic vaccines against cervical cancer often
fail to show efficacy although vaccine induced T cell responses
can be observed. Therefore, improving the efficacy of therapeutic
vaccines against cervical cancer remains an urgent task.

Previously [41], we showed that immunization with long E7
peptide/LPS/aIL-10R antibody and long E7 peptide/IFA similarly
prevent tumour growth in both prophylactic and therapeutic set-
tings. In the current paper, we report that long E7 peptide/LPS/anti
IL10R antibody immunization elicits greater numbers of IFNc
secreting CD8+ T cells than immunization with long E7 peptide/
IFA (Fig. 1). We analysed vaccine induced T cell tumour infiltration
after mice were immunized with these two vaccines using flow
cytometry and immunohistochemistry technics. The numbers of
tumour infiltrating IFNc secreting CD4+ and CD8+ T cells are signif-
icantly higher in TC-1 tumour bearing mice immunized with long
E7 peptide/LPS/anti IL-10R antibody compared with tumour bear-
ing mice immunized with long E7 peptide/IFA (Fig. 2). The results
show that long E7 peptide/LPS/aIL-10R antibody immunization not
only produces more CD8+ T cells but also renders the tumour
microenvironment more accessible for T cell infiltration. The
increased T cell infiltration in mice immunized with long E7
peptides/LPS/anti-IL-10R antibody may result from the higher
numbers of antigen specific INFc secreting CD8+ T cells elicited
after long E7 peptide/LPS/aIL-10R antibody immunization. Another
possible explanation may be as a result of the use of anti-IL10R
antibodies during immunization which results in more T cells trav-
elling to the tumour site. Finally, short peptides emulsified in
poorly biodegradable, incomplete Freund’s adjuvant (IFA) primed
CD8+ T cells that did not become located at the tumour site but
accumulated at the persisting, antigen-rich vaccination site, and
died [52].

Interestingly, the total IFNc mRNA levels of tumour tissue are
similar between the two immunization methods, although much
higher than those from tumour of non-immunized mice. IFNc
can be secreted by CD4+, CD8+ T cells, as well as by NK, NKT cells,
which may explain the difference of IFNc secretion by T cells, but
the overall IFNc levels are similar between the two groups. The
mRNA levels of IL-10 are similar among immunized and non-
immunized groups (Fig. 2) and this may reflect the similar tumour
regression rate between tumour bearing mice immunized either
with long E7 peptide/LPS/anti IL10R antibodies or with long E7
peptide/IFA [41]. The ratio of tumour infiltrating CD8+ T cells and
Foxp3+CD4+ T cells is prognostic for cervical cancer and M2 type
macrophage is associated with the progress of cervical cancer
[53]. Therefore, although E7 long peptide/LPS/anti-IL10R antibody
immunization recruits more IFNc secreting CD8+ and CD4+ T cells
to tumour sites, the overall tumour killing and tumour protection
rate was similar between the two immunization methods. Immu-
nization and IL10 signalling blockade combining targeting tumour
micro environment may result in a better tumour regression
outcome.

Long E7 peptide/IFA immunization results in complete and pro-
longed clinical responses in some chronically HPV infected pre-
cancer patients but it has no clinical efficacy in cervical cancer
patients [54,55]. IL10 signalling blockade and immunization elicits
stronger CD8+ T cell responses than long E7 peptide/IFA immu-
nization (Fig. 1). However, IL-10 signalling blockade may cause
harmful side effects to immunized individuals [39,40]. IL-10
knockout mice suffered chronic inflammatory diseases in the gas-
tral intestinal tract [56]. Blockade of IL10 and immunization leads
to inflammation in the liver during murine cytomegalovirus infec-
tion [57]. An immunization strategy by priming with long E7
peptide/LPS/anti-IL10R antibody immunization then boosting with
long E7 peptide/IFA was used. This strategy could elicits stronger
CD8+ T cell responses than E7/IFA immunization. The result ren-
ders further investigation to know if this immunization strategy
results in better tumour regression than long E7 peptide/IFA
immunization or long E7 peptide/LPS/anti-IL10R antibody
immunization.
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