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Abstract 
High intensity focused ultrasound (HIFU) is a treatment modality using ultrasound waves to 

thermally ablate tissues, including tumours. The coagulative necrosis caused has been 

hypothesised to increase anti-tumour immune response.  This thesis investigated ‘immune-

cold’ sarcoma tumours and ‘immune-hot’ renal cell carcinoma tumours to explore this 

effect.  

Within this thesis an in vivo murine fibrosarcoma model was established to investigate local 

and systemic immune modulation with associated HIFU treatment (Chapter 3). The immune 

profile of untreated tumour highlighted a high proportion of CD4 T cells to be Tregs compared 

to the other tissues. In the first HIFU study a significant increase in the CD8 Tcm T cell 

memory population was seen in the dLN 24-hours after treatment. In subsequent studies, 

the treatment area was reduced due to welfare concerns. This showed that in the dLN there 

was a significantly increase in neutrophils 24-hours after HIFU therapy. When the treatment 

included aPD-L1 antibody therapy, there was an aPD-L1 associated significant reduction in 

the tumour growth 5-days post-treatment.  

Clinical sarcomas have been reported to have varying immune infiltration based on subtype, 

which may be of interest in HIFU treatment of these tumours. Transcriptomic profiling of the 

immune populations within different sarcoma subtypes were assessed in Chapter 4. The 

transcriptomic profile of undifferentiated pleomorphic sarcoma (UPS) and leiomyosarcoma 

(LMS) showed that tumours that have been historically reported with ‘high’ immune 

infiltration (UPS) were characterised by increased antigen presentation and macrophages 

signature, whereas ‘low’ immune infiltration subtype (LMS), was shown to have high 

expression of structural genes. 
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Finally, the investigation of the immunological changes associated with HIFU treatment in 

subtypes of ‘immune hot’ renal cell carcinoma was conducted using spatial transcriptomics 

(Chapter 5). Interestingly, HIFU treatment increased interferon pathway (I and II) expression 

regardless of subtype and treatment specific macrophage and antigen presentation 

signatures in clear cell RCC (ccRCC), which in untreated patients, showed lower abundance 

of these signatures compared to the papillary RCC (pRCC) tumours.   
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1 Introduction 

1.1 An overview of focused ultrasound 

1.1.1 Introducing ultrasound treatments 

Focused ultrasound (FUS) is a non-invasive, non-ionising treatment modality that has 

demonstrated clinical benefit including the treatment of cancer[1], fibroids[2] and tremors 

caused by Parkinson’s disease[3] as well as opening the blood brain barrier for drug delivery[4]. 

Unlike imaging ultrasound, the ultrasound arrays for focused ultrasound are designed for a 

small point of focus using a concave or electrotonically controlled wave impedance with a 

high energy deliverance (typically 103 – 10 4 W/cm2 with a frequency of 0.5 to 10MHz[5] for 

ablation compared to typically imaging ultrasound with an intensity of 100s of W/cm2 with a 

similar frequency[6]). In addition to the treatment using focused ultrasound, a secondary 

method is typically used for imaging during treatment. This can be a standard diagnostic 

imaging probe, where the acoustic waves of ultrasound are recorded as they are reflected 

from the tissue. Recent updates in the technology have led to magnetic resonance imaging 

(MRI) techniques being employed for cross-sectional imaging within tissues during 

treatment. 

1.1.2 Applications for different ultrasound modalities 

There are multiple modalities for the therapeutic use of focused ultrasound including 

mechanical tissue destruction and histotripsy, thermal ablation and improvements in drug 

delivery using cavitation nuclei. To change the treatment modality the frequency, duty cycle 

(percentage of time that the ultrasound is on), and pressures can be altered, and cavitation 

nuclei can be generated in situ or administered intravenously.  
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Boiling histotripsy uses low frequency and large variations in pressure within the tumour to 

create and destroy bubbles formed within the tissue causing mechanical disruption to the 

tissue by a boiling vapour bubble and cavitation clouds[7]. There can be some tissue damage 

caused by the heating with this technique, but this much less than that of the mechanical 

action. The mechanical action can cause shockwaves in the tissue which leads to larger 

areas of the tissue being affected[7,8]. The benefit of this technique is that, compared to 

thermal ablation, this technique is thought to be more localised and due to higher tissue 

tolerances may spare vital structures such as bile ducts and nerves[9]  minimising collateral 

damage. This is in comparison to thermal ablation which may be less localised due to heat 

dissipation and less specific due to lack of tissue property selection. Further, this technique 

has been shown to be immunogenic, causing increased activation markers on antigen 

presenting cells[10,11]. However, histotripsy was not the focus of the studies in this thesis and 

no clinically approved histotripsy device was available in Oxford at the time of study. 

Cavitation focuses on the creation, expansion and destruction of air bubbles within the 

tissue. Exogenous cavitation nuclei are injectable particles that respond to ultrasound in a 

similar manner by oscillating (non-inertial cavitation) or collapsing (inertial cavitation). This 

has been assessed in vivo to impact tumour growth by increasing reactive oxygen species 

and increased drug delivery into tumour by sonoporation[12] which can sometimes include 

injection of cavitation nuclei which contain tumour treating drugs[13] or by co-injecting with 

cavitation nuclei. Intravenous chemotherapy has the undesired effect of off target toxicity 

which limits the dosage available for clinical benefit. Wang et al. have shown that in a study 

of gastric tumours clinically relevant chemotherapy can be delivered with subsequent 

injection of microbubbles and targeted ultrasound treatment with each patient received 

between 2 and 9 treatments of the tumour with few adverse events[14]. Within this study 
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patients had previously not responded to chemotherapy. Another effect of cavitation is 

apoptosis of cells, which is beneficial in cancer studies. Although this is a promising 

therapeutic approach it was not the primary focused ultrasound bioeffect investigated in this 

thesis.  

Ultrasound-based thermal ablation techniques, often referred to as high intensity focused 

ultrasound (HIFU), cause heating of cells within the tissue by intense energy deposition at a 

small focus. This leads to a rapid increase in temperature (typically in excess of 60°C) which 

causes immunogenic cell death by coagulative necrosis[11]. This modality has been used to 

treat many cancer types in small studies including for the treatment of renal cell 

carcinoma[15,16], prostate[17–20], pancreas[21], sarcoma[22] and breast cancer[23–25]. The thesis 

focuses on the HIFU for treatment of cancers and, specifically, the downstream response of 

the immune system to the treatment for soft-tissue sarcoma (STS) and renal cell carcinoma 

(RCC). The investigation into the immune populations in sarcoma and RCC with HIFU 

therapy have previously been limited to in vivo studies.   

1.1.3 How has thermally ablative focused ultrasound been used in cancer 

treatment 

The clinical adoption of HIFU as an upcoming cancer treatment has taken time since its first 

clinical application in the 1960s but is now starting to accelerate. HIFU has been explored in 

several cancer types clinically. Ghai et al. conducted a whole ablation feasibility study in 

patients with prostate cancer, where of the 44 treated patients, only three had residual 

disease 5-months post treatment (7%)[19]. This was theorised to be caused by inadequate 

margins in 1/3 and heat dissipation by vessels in 2/3[19]. The side effects were minimal with 

no change in incidence of erectile dysfunction, incontinence or fistula formation, which are 
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well-recognised risks of prostatectomy and often seen with increasing cancer burden[19]. 

Chin at al. conducted a feasibility study with a 10% untreated margin[20]. The outcome of this 

study was reduced prostate specific antigen levels in the blood of the patients, a 

biochemical indication of treatment response. Biopsies showed remaining disease, 9/29 

with significant disease and 16/29 having indications of remaining disease[20]. This study 

showed no changes in erectile function, and incontinence issues resolved within 1 year in 

all but 1 case [20]. These studies highlight the safety and feasibility of HIFU for the treatment 

of prostate cancer, however, whole ablation within this context was key.  

A feasibility study of HIFU treatment of breast cancer was conducted by Wu et al., where 

post-treatment these tumours were resected, and histopathological assessment of the 

tissue was conducted. Tissue samples showed complete necrosis of the HIFU-exposed 

tumour tissue[24]. This study highlighted that the imaging technology was not always able to 

provide clear visualisation of the margins, so in this case large margins were created[24]. The 

study indicated no increased treatment side effects; however, only limited clinical follow-up 

was available. 

Ritchie et al. have conducted two different studies on the treatment of renal cell carcinoma 

with ablative HIFU which has included laparoscopic and extracorporeal treatment 

approaches. The laparoscopic study was conducted to demonstrate the feasibility of 

treatment of RCC. The HIFU treatment was immediately followed by nephrectomy. 

Assessment of frozen tissue sections indicated that there was successful ablation of the 

tumour tissue [16]. There was no incidence of metastasis or local recurrent disease in the 

follow-up for these patients. The extracorporeal study indicated successful ablation in two 

thirds of patients[15]. This approach is favourable over the laparoscopic approach as it is 
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completely non-invasive and, if successful, avoids the need for invasive surgery and 

preserves kidney function. A mean tumour shrinkage of 30% was demonstrated, compared 

to the typical growth of 6 mm typically seen in these tumours if untreated over the same 

time[15]. 

Zhao et al. reported that HIFU treatment was feasible in combination with gemcitabine 

(chemotherapy) as a first line treatment for pancreatic cancer. In a feasibility study this study 

reported a median overall survival on the study as 16.5 months (8-28.5 months) with the 

treatment being well-tolerated and similar median overall survival (10.2-16.2) compared to 

historic published chemoradiotherapy treatments[21] suggesting treatment outcomes of 

chemotherapy with HIFU that were equivalent to chemoradiotherapy. 

These studies represent a selection of some of the clinical applications for the treatment of 

solid cancers by thermal HIFU therapy. These studies have highlighted the benefits of HIFU 

treatment which included the ability to treat these patients with either low grade adverse 

events which resolved quickly or no side effects. Assessment of the immunological 

modulation of cancer patients treated with HIFU has also been a topic of discussion within 

more recent papers, although there remains a relative paucity in the literature. This 

modulation is discussed in section 1.2.2, below. 

  

1.2 Cancer immune environment 

1.2.1 Typical cancer immune environment 

The tumour microenvironment (TME) is made up of stroma, cancer cells and immune cells. 

The immune cells within the tumours include T cells, B cells, natural killer (NK) cells, 

macrophages, monocytes and dendritic cells (DCs), as shown in Figure 1.1. The B cells, 
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macrophages, monocytes and DCs can all act as antigen presenting cells (APCs). The T 

cells, B cells, macrophages and NK cells can have functional effects within the tumour and 

draining lymphatics. It is of note that individual tumour subtypes have different tumour 

microenvironments, and this includes the infiltrating immune cell populations. For example, 

in the interest of this thesis, soft tissue sarcoma (STS) is often reported to have low immune 

abundance in the tumour tissue [26–28], whereas renal cell carcinoma (RCC) is often reported 

to have high immune infiltration [29–32]. 

Within the immune cell types, there are subsets of cells with specific functions. For example, 

T cells include CD8 T cells which are comprised of cytotoxic T cells. Also, CD8 T cells can be 

characterised by their memory phenotype: naïve (Tnaïve), effector (Tem), central memory 

(Tcm) and effector memory (Tem) T cells. Tnaïve cells acquire specific functions after 

encountering antigen presenting cells in the lymphatics, blood or tissues. The CD8 T cells 

that are antigen experienced acquire a Tcm or Tem phenotype. The Tcm types populate the 

lymphatics, whereas the Tem populate the vasculature[33]. Both produce cytotoxic 

responses (perforin) after antigen recognition, the Tcm also produces interleukin-2 (IL-2) and 

can subsequently differentiate into Tem. The Tem produce granzyme B[34] and FasL, which 

binds to cancer cells causing apoptosis, cytotoxic granules and interferon-γ (IFN-γ) for the 

further destruction of cancer cells[35].  

The T cells also have the CD4 T cell subset which can be further characterised into 

conventional T cells (Tconv) and regulatory T cells (Tregs). Tconvs are antigen activated to 

cross-present by MHC-II on DCs and macrophages for the subsequent activation of CD8 T 

cells via MHC-I[36]. Tconv can also produce cytokines to such as IFN-γ in tumour tissue, which 

has been shown to recruit CD8 T cells into the tumour tissue[34]. On the other hand, Tregs 
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have been shown to inhibit the other immune cells such as the CD8 T cells or conventional 

CD4 T cells and are also antigen activated[37]. Often this cell type is highly abundant in 

tumour tissues because of selective self-antigen activation from the tumour in the draining 

lymphatics[38], leading to their highly active phenotype and abundance. These cells inhibit 

the function of the APCs by binding the costimulatory receptor CD80 with CTLA-4[39], 

effectively blocking antigen presentation to CD8 T cells. Also, Tregs can sequester IL-2, 

which is required by all CD4 T cells for survival[40,41] whilst producing regulatory interleukin-

10 (IL-10) and transforming growth factor β (TGF- β)[41].  

Macrophages within tumours can switch between a CD64+ anti-tumour phenotype (M1) and 

a CD163+ protumour phenotype (M2) depending on the cytokine secretion by CD4 

populations and cancer cells in the environment. M1 types are induced by the expression of 

IFN-γ[42] whereas M2 are polarised by TGF- β[43]. M1 produce IL-1β, IL-6, IL-12, IL-23, IFN-β 

and TNF-α which in turn increases CD4 T cell and NK cell population abundances and can 

act as antigen-presenting cells[44]. M2 express IL-10, IL-1β, VEGF [45] and promote 

angiogenesis into tumours[46]. 

The environment of tumours can often have an anti-immunogenic phenotype, derived by the 

phenotype of the tumour, to evade recognition and downstream activation of immune cells 

which would otherwise lead to the eradication of the tumour tissue. The programmed cell 

death protein 1/programmed cell death ligand1 (PD-1/PD-L1) axis and downregulation of 

expression of MHC-I molecules are just some examples of how the tumour cells can act to 

avoid immune responses. The interaction of PD-L1 expressed by cancer cells[47] to PD-1 on T 

cells where it can reduce T cell receptor (TCR) mediated proliferation, cytokine secretion and 
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thus cell surviva[48]. Cancer cells are known to reduce their MHC-I molecule expression, 

reducing the CD8 mediated control of tumours[49].   

 
Figure 1.1: An overview of some of the predominant immune cells and their functions within tumours, created with 
BioRender.com.  

 

1.2.2 Immunomodulatory responses to HIFU 

HIFU initiates necrotic cell death in the treated area[11,24,50], which is an immunogenic cell 

death process[51,52]. Heat-shock proteins (HSP) are often expressed following necrosis[53] and 

HIFU. Specifically, HSP-70 has been shown to induce macrophage expression of TNF-α[54]. 

Assessment of other HSP by Basu et al. showed increased expression of cytokines (TNF-α, 

TNF-β, IL-12, and IL-1β) by macrophages following upregulation in the environment[53]. The 

HSPs were shown to increase DC maturation (in the form of upregulation of CD40 and MHC-

II expression) in the same study[53]. The increase in HSP has also been reported in a prostate 

study by Su et al., where HSP70 and INF-γ was shown to be increased[17]. 

Other danger-associated molecular proteins (DAMPs) besides HSP have been shown to 

increase after thermal ablation. In vitro, Hu et al. showed that DCs and macrophages were 
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activated with the increased expression of ATP and HSP produced by colon adenocarcinoma 

(MC-38) that were treated with thermal ablation in vitro[55]. On the DCs, this was assessed 

expression of costimulatory molecules CD80 by median fluorescence intensity (128±12.4 vs 

145±5, p<0.05). A ~2-fold increase in TNF-α expression by macrophages was also seen 

(p<0.05)[55]. Nam et al. showed an increase in HMGB-1 after thermal ablation of murine colon 

cancer CT26[10]. Within this study they also saw increased activation markers (CD40 and 

CD80) on CD11c+ cells and increased ratio of pro-inflammatory M1macrophages compared 

to pro-tumour M2 macrophages[10]. 

Along with the increase in HSP eliciting an immunogenic response, the HIFU increases 

tumour antigen within the environment, which has led to increased recognition by antigen 

recognition pathways. Antigen responses caused the CD4 and CD8 TCR repertoire to 

increase. Chavez et al. demonstrated in a melanoma (B16-OVA and B16-F10) in vivo model, 

there was increased TCR diversity in mice treated with thermal ablation and immunotherapy 

(Toll-like receptor adjuvants) compared to immunotherapy alone[56]. The expanded 

clonotypes were shared in the tumour and blood tissues, suggesting a global immune 

response [56].  

Cells of interest that have been reported to be upregulated in thermally ablated tumours 

include CD4 and CD8 T cells, macrophages and DCs. As described above, CD4 T cells and 

APCs can cross-present for the activation of cytotoxic CD8 T cells. In an in vivo study 

conducted by Hu et al. showed a 3.4-fold increase in CD11c+ cells (DCs) in the tumour in a 

colon adenocarcinoma murine model treated with thermal ablation[57]. In a study conducted 

by Su et al. in an in vivo study of prostate cancer (a typically ‘immune-cold’ tumour) treated 

with thermal ablation showed increased prostate specific CD4 and CD8 T cell expression 
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increases after treatment[17]. Zhu et al. were able to show a significant increase (~2-fold, 

p<0.001) in the proportion of lymphocytes that expressed cytotoxic markers within the 

axillary lymph nodes of patients treated with thermal ablation[58].  

There has been lots of previous work that has focused on antigen presentation after HIFU, 

with overviews of T cell populations also described, as above. Most studies have been 

conducted in in vivo models. Further assessments in human tissues are required to further 

the understanding of the immune response to HIFU treatments with a view to optimising the 

potential clinical benefits. Also, different subtypes of tumours have different tumour 

microenvironments with various immune populations which remain to be explored clinically 

in depth. 

1.3 Soft tissue sarcoma  

1.3.1 An overview of sarcomas and typical treatments 

Soft tissue sarcomas (STS) are heterogenic mesenchymal malignancies with the literature 

reporting between 50 and 100 of known sarcoma subtypes[59–64]. STS affects between 1-2% 

of adults and 7% of children who have cancer[65,66]. These tumours invade adjacent tissues 

such as muscle, fat, nerves, and vessels. Alternatively, sarcoma tumours can be found in 

bone (bone sarcoma, BS) in the cases of osteosarcoma and chondrosarcoma, however, this 

thesis will focus on STS. STSs are relatively rare tumours but confer a poor prognosis at 

diagnosis of recurrent disease[67]. Fifty percent of patients have tumour metastasis within 5 

years (depending on site, grade and subtype)[62,68] with a 5-year survival rate of 16% given 

distant metastasis[69]. Tumour progression can typically be aggressive, often with diagnosis 

made in late stages due to non-specific symptoms, reducing effectiveness in treatment and 
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life expectancy[70]. Median overall survival (OS) for stage 4 STS has between reported from 

18-24 months[71] or 12 to 18 months[72]. 

Patients with STS require specialist care which is best coordinated by a multidisciplinary 

team of healthcare providers, in line with current UK guidance. Brennan et al (2014) 

suggested that “the two of the most important predictors of outcome are 

histology/histologic subtype and grade” with other factors such as size and depth being 

known factors that will affect prognosis[62]. The mainstay treatment of STS is typically total 

resection with clear margins, or limb salvaging surgery with neoadjuvant treatment[72]. The 

issue with traditional cancer treatments on this type of cancer is that due to the 

heterogeneric condition and environment of the tumour the treatments required need to be 

individualised for an improved outcome. Due to the large number of possible STS subtypes 

and the relative rarity of sarcoma, many chemotherapy agents and combination treatments 

have not been tested to full statistical power meaning that the success rate of each therapy 

specific to STS subtype is still limited[73].  

Combination chemotherapy is typically used to treat STS patients; this includes doxorubicin 

and ifosfamide treatment[74]. A significant improvement in the median progression-free 

survival has been reported for individuals on the combined treatment, although this comes 

at the cost of increased toxicities[75]. A study conducted by Cesne et al. investigated 

trabectedin as secondary treatment in a feasibility study as either continuous or interruption 

treatment. The most common further treatments after trabectedin were gemcitabine (three 

patients in each group), gemcitabine plus dacarbazine (two in the continuation group and 

four in the interruption group), or dacarbazine alone (three in the continuation group). The 

median progression free survival for the continuation group who completed cycles was 

significantly higher, although still only a modest improvement, at 10.5 months compared to 
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5.3 months (p<0.01) in the interruption group. The continued trabectedin was also 

associated with significant improvement in progression-free survival[75]. Median overall 

survival in the continuation group was 27.9 month compared to 16.5 months in the 

interruption group [75]. The survival statistics were higher in this study than previous 

studies[75], thus highlighting the importance of tailored treatment strategy for individual STS 

patients. 

Neoadjuvant or adjuvant radiotherapy (RT) is well-established in the STS treatment pathway, 

and there is a wealth of research relating to optimal RT treatment protocols. RT is used in 

combination with other treatments, notably surgical resection, either after the tumour has 

been shrunk by radiotherapy or to reduce the chance of tumour recurrence after surgery. 

Initial research in this area investigated extremity sarcoma and the efficacy of limb sparing 

surgeries with RT compared to amputation alone. Both treatment arms provided similar 

overall survival rates[76], however whilst function and quality of life is significantly improved, 

it was found that there was local recurrence with the limb sparing surgery, regardless of 

tumour subtype. This study has paved the way for limb saving surgeries to date with a view 

to minimising functional loss where possible. 

Saxby et al. found that individuals who have surgical resection without RT are significantly 

more likely to have local recurrence, irrespective of margin size compared to RT patients at 

various follow up intervals, and that adjuvant (post-operative) RT is less effective than 

neoadjuvant (pre-operative) RT[77]. Other findings suggested that surgery without RT had a 

higher incidence in recurrence in older patients compared to the younger patients[77]. 

Myxofibrosarcoma was found to have a significantly higher recurrence rate (36%), compared 

to the next most commonly recurrent type: pleomorphic sarcoma (7%).  
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Recent research has assessed the use of lower doses of radiation to improve wound healing 

while maintaining a response to treatment, one such study focused on myxoid liposarcoma. 

The findings concluded that a safe reduction in radiation provided comparable overall 

survival up to 24 months after treatment[78]. The lower dose of RT used in this study is likely 

to have led to a reduction in the number of post-RT complications and possibly allows for 

eligibility to further treatments that may otherwise have been contra-indicated due to the 

collateral damage that higher doses of radiation may have caused. This is of relevance given 

the growing range of treatments available to STS patients in recent years. In the long term, 

and especially in metastatic STS patients, systemic treatments including chemotherapy 

become more relevant.  

A study conducted by Hasan et al. (2021) retrospectively analysed patients with STSs and BS 

after surgical treatment for curative intent regarding surgical margins and the incidence of 

local recurrence (LR) and subsequent metastasis (LRSM)[79]. Current surgical practices aim 

to retain limb function (to ameliorate the reduction to quality of life) which may be 

detrimental to OS; informing surgeons on the cost/benefits of the chosen margin. However, 

the results show that this is not the case, the incidence of LR had little correlation with LRSM 

but more so the type of tumour. The study was conducted at a single site and included 

paediatric patients; 63 ± 23 for LR only and then a further population analysis including 

patients 58 ± 22, and 67 ± 26 years for LRSM and LR respectively. The study did not define 

the negative margin of the sarcoma, which limits the comparison of the few LR which had 

LRSM to those which did not. 

Immunotherapy for the treatment of STS is now emerging as a treatment. Immune 

checkpoint therapies act to alter invading tumour growth through CD8+ cytotoxic T cell 

activation causing an anti-tumour response, in the cases of programmed cell death protein-
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1/programmed cell death ligand-1 (PD-1/PD-L1) therapies. STS tumours seem to 

downregulate CD8 T cell activation which allows for rapidly growing invasive tumours to 

form, reducing survival. 

A study conducted by D’Angelo et al. (2019) analysed nivolumab monotherapy and 

nivolumab and ipilimumab combination therapy in a unblinded double arm study in both BS 

and STS to determine disease progression and toxicity[59].  This therapy aimed to control 

immune checkpoint blockade by PD-L1 and the activation of effector T cells by cytotoxic T-

lymphocyte-associated protein 4 (CTLA-4). The monotherapy had very little lasting response 

compared to current treatment modalities for sarcomas, whereas the combined therapy 

had promise as a second line therapy with an objective response rate (ORR) of 16% and a 

median OS of 14.3 months[59]. The current US food and drug administration (FDA) approved 

doxorubicin and olaratumab combined therapy has an OS of 24 months for patients of a 

similar cohort[59]. The benefit of the monotherapy was individuals tended to be more tolerant 

with fewer adverse events compared to the combined therapy[59]. 

Further studies by the same group have used bempegaldesleukin in combination with 

nivolumab to treat STS[80]. The study analysed the clinical outcomes of the patients as well 

as tumour samples before and after treatment. The study found that the combination was 

safe with few side effects and adverse reactions although there was one severe reaction 

which may have resulted in death. PD-1 expression at baseline was associated with ORR and 

CD8 and PD-1 are associated with ORR suggesting the treatment influenced the tumour 

microenvironment for those who had a response. A positive response was seen with 

changes in the PD-1+ population. RNA analysis was able to cluster the samples into three 

distinct immunological types were dependent on CD8+ and neutrophils. 
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Pembrolizumab (aPD-L1) has been evaluated as a monotherapy for STS and BS[81]. The study 

by Tawbi found a median PFS of 18 weeks with variability based on subtype. Undifferentiated 

pleomorphic sarcoma (UPS) had the highest response to the treatment with a median PFS 

of 30 weeks; this is often reported as an immune ‘hot’ tumour. The study suggested that the 

sarcoma subtype influenced the success of the treatment but due to the small cohort size 

of each sample, this was not significant. The study reported no expression of PD-L1 on 

biopsies, except in only a subset of UPS tumours (3 out of the 70 evaluable tissues).   

1.3.2 Immune environments of soft tissue sarcoma 

STS tumours have classically been thought of as immunogenically ‘cold’ tumours having 

very little interaction with the immune system. However, recent literature has demonstrated 

variation in the response that the immune system produces in STS dependent on the type of 

tumour and location[26,81]. In addition, some tumours produce an immunosuppressive 

tumour microenvironment caused by downregulation of cytotoxic cells or dysregulation and 

exhaustion (likely by PD-1 expression)[82]. There has been a reduction in response to 

immunotherapy effectiveness in some STS, specifically those that are immunogenically 

‘cold’ compared to immunologically ‘hot’[81] as suggested by Tawbi et al. 

Much of the immunological research in sarcoma has focused on immune checkpoint 

inhibitor molecules. A study conducted by Smolle et al. assessed the clinical staging, 

demographics and outcome data compared to tumour infiltrating immune cells analysed 

using IHC. The data assessed many individuals and subtypes. The study showed large 

variation in population numbers of key cells including T cells, and subsets and the 

expression of PD-1 or PD-L1[27]. The study showed statistically significant differences in T 

cells and subsets (CD4, CD8, cytotoxic CD8 and Tregs) between the various STS types[27]. 
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Myxofibrosarcoma and UPS tended to have the highest proportion of T cells, while 

leiomyosarcoma had low T cell population abundance. Correlations between immune cells, 

checkpoint markers and clinical demographics was conducted and found that there was a 

strong positive correlation assessed by spearman’s Rho correlation with PD-1 + cells and 

FoxP3+ cells (0.737), with a weak positive correlation of PD-L1 and Tregs (0.311)[27]. Also 

indicated that increased age had a positive influence on the PD-1+PD-L1+ and PD-L1+ 

(p<0.05) cells[27]. The prognostic factor analysis found that these immune and checkpoint 

markers had no effect on metastasis but advanced age (p < 0.001), high CD3-PD-L1+ (p < 

0.05) and low FoxP3 cells (p < 0.05) were associated with worse overall survival. There was 

also a trend towards increased risk of LR with higher levels of PD-1+ Tregs, PD-L1+PD-1+ 

cells, and CD3−PD-1+ cells (all p>0.05) [27].  

D’Angelo et al. conducted a similar study. However, this study showed that low CD3+ and 

CD4+ infiltration correlated with an improved OS of individuals by immunohistochemistry 

(IHC) and clinical data[83]. The study focused on immune cell infiltrates in sarcoma tissues 

including CD3, CD4, CD8, and FOXP3 stains with subsequent PD-L1 staining. The results 

showed that tumours that were larger (p<0.05) or metastasised (7/11, 64%, p<0.05) tended 

to have a higher proportion of CD8+ T cells. Tumours that express PD-1 were highly infiltrated 

with CD3+ (p<0.001) or CD8+ (p<0.01)[83] T cells. PD-L1 expressing tumours were associated 

with high CD8 T cell abundance (p<0.05) and PD-L1 positive immune cells were associated 

with high CD8 T cell abundance (p<0.05). The issue with this study and many studies is the 

large variation in sarcoma subtype and low abundance of cases which leads to small groups 

of each with very little statistical power for deconvolution of all factors[83]. The differences in 

the findings between the two studies could be explained by immune differences of individual 

tumours within the same subtype as suggested by Smolle et al.   
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Another key cell type noted in the sarcoma TME was macrophage populations. Dancsok et 

al. assessed FFPE tissue microarrays from various STS and BS using IHC to quantify tumour-

associated macrophages. The study found that there was more of the M2 type macrophages 

than the M1 type[84]. M1 have been associated with a better outcome linked to the immune-

promoting mediation whereas M2 have been associated with a worse prognosis with a link 

to the immune-suppressing mediation[84], as previously discussed in section 1.2. This 

suggested that the immune environment is pro-tumour within these cancer types. 

The importance of the B cell lineage has been highlighted as a prognostic indicator using 

RNA sequencing from The Cancer Genome Atlas (TCGA) data and sarcoma tissue. Petitperez 

et al. were able to classify tumours into “sarcoma immune classifications (SIC)” from low (A) 

microenvironment immune cell composition to high (E)[26]. For example, UPS and 

dedifferentiated liposarcoma mostly clustered into the ‘hot’ immune type, while 

leiomyosarcoma was mainly associated with the immune ‘cold’ cluster. The immune profiles 

found in the immunogenic environment were T cell lineage cells, including CD8 T cells and 

Tregs. Other immune cell types included monocytes and myeloid dendritic cells expression 

profiles reduced in the ‘cold’ clusters compared to the ‘hot’ cluster. The data suggested 

(p>0.05) that high B cell infiltration into STS resulted in poorer outcomes. CD8 T cell 

infiltration differences did not correlate with outcome in this study.  

Smolle et al. have assessed the sarcoma immune profile from immunohistochemistry (IHC), 

supported by TCGA data[85]. The immune cells identified by the IHC showed variability both 

within and between the sarcoma subtypes. This was corroborated by the TCGA data. 

Immune abundances with higher amounts of CD68+ macrophages (p< 0.005) and CD20+ B 

cells (p <0.05) were significantly associated with increased risk of LR[85]. The increased 
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expression of these antigen presenting cell types being associated with worse prognosis is 

indeed contrary to the expected function of these cells. The B cell abundance corroborated 

the previous analyses by Petitprez as discussed. Also, high cytotoxic memory CD8 T cell 

abundance above the median was associated with worse OS (p < 0.05)[85]. Regulatory 

immune cells (Tregs or M2 macrophages) were not highlighted or assessed within this data, 

yet are cell types whose abundance is expected to have an impact. 

On the flip side, B cells have also been found to be important in a study by Sorbye et al. as a 

positive prognostic factor. CD20 B cells were found to be highly localised in the tumour 

tissue of patients that had improved survival which was correlated (p<0.01) with disease-

specific survival (DSS)[86]. This was along with higher CD4 (p<0.01) T cells assessed by 

univariate analysis. When assessed by multivariate analysis, the significant improvement of 

DSS with B cells was associated with wide tumour margins (p<0.01) which differs for the 

assessment by Petitprez and Smolle. Also, there were more tumour types assessed by 

Sorbye, which most likely covered a larger variation in immune populations and phenotypes. 

 

1.4 Renal cell carcinoma  

1.4.1 An overview of renal cell carcinomas and typical treatments 

Renal cell carcinomas (RCC) arise from the epithelial tissue within the kidney. RCC accounts 

for 3% of female cancer and 5% of male cancers worldwide[87]. These tumours are 

characterised into three subtypes: chromophobe (chRCC), clear cell (ccRCC) and papillary 

(pRCC) renal cell carcinomas[88]. The most common subtype is ccRCC, with an incidence of 

around 75-92% of diagnosed RCC tumours, followed in incidence by pRCC at around 7-17%, 
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and chRCC has an incidence of 2-6% in resected tumours[89,90]. With the advent of increasing 

cross-sectional imaging, RCC is becoming more commonly incidentally diagnosed.  

The gold standard treatment strategy for non-metastatic RCC is partial or whole surgical 

resection of the kidney (nephrectomy) in surgical candidates. Leibovich et al. reported 

retrospective outcomes from partial and whole nephrectomy of RCC from 1980 to 2010. In 

ccRCC, at 5 years there was a 74% (73-76%) PFS maintained at 60% (57-62%) at 15-years 

following resection. For pRCC PFS was 91% (89–93%) at 5 years and 86% (83–90%) at 15 

years[90]. This demonstrated that resection is a very good treatment strategy for those 

tumours that had not metastasised, but nephrectomy comes at the cost of loss of kidney 

function, and this may impact quality of life post-resection. Imaging surveillance or thermal 

ablation of smaller RCC tumours are options, typically used in poor surgical candidates. For 

solitary or metastatic RCC (mRCC), traditional cancer treatments including radiotherapy 

and chemotherapy are not typically indicated due to chemo- and radio-resistance[91].   

Typically, RCC are locally advancing and/or metastatic[87]. Common locations of metastasis 

include lung, lymph nodes, bone and liver[89]. In the case of locally advancing and metastatic 

disease, patients are often treated with cytoreductive nephrectomy to reduce tumour 

burden with or without additional treatment interventions. 

Even though radiotherapy is not a mainstay treatment of RCC, a feasibility study was 

conducted by Tang et al. has shown the response of oligometastatic ccRCC to radiotherapy 

after nephrectomy. One-year progression-free survival was 64%[91] suggesting the possible 

future use of this treatment. However, this treatment again relies upon nephrectomy as the 

first line of treatment. 
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A systematic review conducted by Dahm et al. was able to show that interferon or 

sunitinib (tyrosine-kinase inhibitor, TKI) was likely to increase progression-free survival in 

metastatic RCC cases, with the caveat that treatment with TKI before surgery increased 

survival compared to TKI after surgery[92]. This led to clinical approval of sunitinib for first line 

treatment of mRCC in 2006. Although these studies were able to show that there is 

improvement in progression-free survival for those with metastatic disease, none of these 

studies were curable or able to save the kidney. 

Treatment strategies for mRCC also include immunotherapy, mainly interferon and 

interleukin-2 treatments due to the high response rates to these treatments[93–95]. This may 

be owing to the immune cell infiltration in these tumours, and the association of expression 

of immunomodulators including immune-checkpoint inhibitors and stimulatory molecules 

owing their responsiveness to immunotherapy treatments[29]. An overview of the immune 

populations in RCC is discussed in the subsequent section. Nivolumab (PD-1 inhibitor) with 

ipilimumab (CTLA-4) has been shown to produce better treatment outcomes than 

sunitinib (TKI) in patients with advanced RCC after nephrectomy. A study by Tannir et al. 

showed that progression-free survival at 90 months was increased in patients where it was 

intended to treat the disease. For Nivolumab + ipilimumab this was 22.8% compared to 

sunitinib alone which was 10.8%[96]. 

Choueiri et al. have investigated the response of advanced ccRCC to adjuvant 

Pembrolizumab (PD-1 inhibitor) following partial or radical nephrectomy (and any, non-brain 

metastatic lesions negative surgical margins) in a double-blind study[97]. The risk of death 

was calculated to be 38% lower in the pembrolizumab compared to placebo group with 

significant improvements in survival (p<0.005). Choueiri et al. have also assessed immune 
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checkpoint and antiangiogenic therapies in a randomised control experiment of patients 

that had previously had immunotherapy. Patients were treated with either belzutifan (HIF2α) 

or everolimus (mTOR inhibitor). The objective response rate to belzutifan treatment was 

21.9% (17.8 26.5%) compared to 3.5% (1.9 to 5.9%) in the everolimus group (P<0.001, partial 

response)[98]. 

Typically, in poor surgical candidates, multifocal RCC or oligometastatic disease, RCC may 

also be treated with locoregional therapies, including microwave ablation, cryo-ablation as 

standard of care, and therapeutic ultrasound-based therapies including HIFU and 

histotripsy are under investigation. These all have the advantage of being minimally or non-

invasive and are nephron-sparing. With thermally ablative treatment of any tumour, not least 

RCC by any modality, unlike resection, tumour debris remains in situ[99–101] (the so called ‘in 

situ cancer vaccine’). Thus, it is anticipated that the immune response mounted to the 

primary treated tumour would provide extra-beneficial effects in metastatic disease. 

RCC can occur in transplant kidneys as an unfavourable outcome of the transplant[102]. 

Typically, the kidney is resected in this case. These transplants are required as lifesaving 

therapy for the loss of kidney function in many disease settings. Being able to treat the 

tumour without removal of the kidney would be an ideal outcome from HIFU treatment.  

1.4.2 Immune environment of renal cell carcinoma 

As previously discussed, RCC tumours are regarded as highly infiltrated tumour types[103]. 

The TME and immune infiltration of the RCC subtypes are vastly different from each other. 

Many single cell analyses have assessed the immune populations within the tumours. 

Zhang et al. conducted a large study of the immune populations in the RCC subtypes from 

TCGA data (2018). This study reported that a high proportion of the immune cells within the 
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RCC types were macrophages (35%) with CD8 T cells being the second most abundant 

immune cell type. The macrophages were further subcategorised into the resting 

macrophages (M0), and M1 and M2 types previously discussed in section 1.2.1. The pro-

tumour M2 macrophages were most prevalent in the pRCC tumours and was associated 

with worse prognosis in this tumour subtype[29]. The assessment of T cells showed that naïve 

CD4 T cells were the most common T cell in pRCC and chRCC, whereas CD8 T cells were 

the most common subtype in ccRCC, with CD8 T cells having positive prognostic indication 

in chRCC and a very small negative indication in both pRCC and ccRCC[29]. Whereas the CD4 

T cells were split into multiple subtypes, the regulatory T cells were highly associated with 

negative outcomes in ccRCC but far less so in pRCC and chRCC. Activated memory CD4 T 

cells were associated with positive outcomes in pRCC, but negative outcomes in chRCC and 

ccRCC. Zhang et al. were also able to assess the prognostic indications of immune 

modulators. This assessment found that there were differences in the prognostic indications 

based on tumour subtype. Expression of CTLA-4, LAG3, and TIGIT showed shorter OS. With 

pRCC, the expression of LAG3, IDO1 and PD-L1 was associated with shorter OS[29]. For both 

subtypes, high TIM-3 expression was associated with higher OS survival[29]. 

Ricketts et al. also assessed the RCC phenotype from the TCGA. In their assessment of the 

immune populations within RCC dependent on subtype, they found upregulation of almost 

all immune genes in ccRCC compared to pRCC and chRCC apart from Th17 and CD56bright 

and IL-8 genes[104]. This agrees with other studies findings that ccRCCs are more 

immunogenic than the other RCC types. However, this study did not subcategorise the 

macrophages or T cells as Zhang et al. did, meaning that the subtle differences in 

subpopulations were not identified within this study. Although there is a difference between 

the individual tumours in each subtype, TCR signalling also seemed to be detected at a 
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similar level across all RCC types[104], suggesting that there is a similar ability of the T cells to 

respond to antigen within the tissue.  

Single cell analyses by Zhang et al. of RCC tumours compared to healthy control tissues. The 

study focused on the assessment of the myeloid populations in ccRCC. The study found that 

there was a higher frequency of macrophage populations in the ccRCC compared to healthy 

control tissues [103]. Also, that the monocyte population smaller in the ccRCC samples [103].    

A study by Clark et al. assessed the TME of treatment naïve ccRCC patients and found that 

CD8 T cell infiltration was related to poorer OS[105]. Further investigation highlighted that CD8 

T cell abundance correlated with higher INF-γ expression which was hypothesised to lead to 

increased immune evasion markers such as PD-L1 and CTLA-4[105].  On the other hand, 

reduced VEGF (angiogenesis) expression was associated with lower CD8 T cells and 

increased myeloid lineage, which may in turn produce a poorer outcome with pro-tumour 

macrophage abundance[105]. This may suggest that the increased CD8 T cell abundance is 

associated with increased angiogenesis and poorer outcomes.  

Tertiary lymphoid structures (TLS) have been noted as important in RCC studies. In a study 

by Meylan et al., the immune populations in the TME of tumours with and without 

association of TLS were compared by transcriptomic profiling. This found that B cell, T cell, 

monocyte and fibroblast genes were upregulated in areas associated with TLS of the TME[106]. 

This was then validated across TLS+ and TLS- tumours where the B cell signatures were seen 

to be expressed in areas surrounding TLS. The study suggested links to macrophage 

presence and cell killing by CD68+ macrophages[106] (M1) within these tumours. TLS have 

been associated with improved prognosis in many tumours besides RCC, including 

pancreas and hepatocellular carcinoma[107,108]. 
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Taken together, these studies suggest variability in the immune cells of the TME based on 

subtype of RCC. The immune environment has been linked to effects on survival outcomes, 

and they have an effect on the immune response to immune modulating HIFU therapy.  

1.5 Conclusion 

HIFU has been demonstrated to be clinically safe and feasible for thermal ablation of many 

different solid benign and cancerous tumours in a non-invasive manner. The coagulative 

necrosis cell death mechanism of thermal ablation has been reported as immunogenic by 

the increase of DAMPs including HSPs, HMGB-1 and ATP within the environment that leads 

to increased activation of APCs. The technique also increases tumour antigen within the 

environment, which can be recognised by the APCs such as DCs and macrophages to 

activate cytotoxic T cells.  

STS have a large variety of subtypes which arise in various soft tissues and locations 

throughout the body with great heterogeneity. Within the sarcoma environment, the immune 

infiltration into tumours is lower than that of other cancer types. The reason for this is not 

well understood. However, it does mean that the use of immunotherapies for the treatment 

of these tumours has been limited with relatively poor outcomes in the past, and treatment 

personalised to the tumour genetics will become increasingly important.  Further 

investigation into the immune environment of sarcomas is warranted. The investigation of 

the use of HIFU therapy may be able to provide information on the mechanisms for this low 

infiltration as well as provide a treatment strategy for these patients potentially in 

combination with immunotherapy.  

There is a desperate clinical need for improved outcomes in metastatic STS for which there 

are otherwise very limited treatment options over local control with surgery and radiotherapy 
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and palliation. Thus, there is a great precedence to further investigate STS immunology and 

immunomodulatory effects of HIFU. The activation of the immune populations by HIFU 

treatment may be able to improve immune infiltration into the sarcoma tumours which can 

have further anti-tumour effects. Alternatively, the abundance anti-tumour subpopulations 

may become more frequent. 

In the case of RCC, nephron-sparing locoregional therapies such as HIFU and cryoablation 

are of great clinical value not least due to preservation of renal function. Also, the success 

of HIFU treatment and the possible immunological effects may be of benefit in the treatment 

of metastatic disease. The STS and RCC subtypes have markedly different immune 

phenotypes, thus the investigation of their modulation with HIFU treatment is of interest as 

a basic science question. These differences are of interest for future studies as well as 

having translational importance in terms of personalised immunotherapies and potentially 

combination therapies which may become transformative for advanced cancers. 
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1.6 Hypothesis 

The tumour microenvironment, encompassing tumour, stroma and immune cells, differs by 

tumour subtype, affecting the type and activation status of tumour infiltrating immune 

populations including T cell subpopulations and antigen presenting cells (APCs).  

In this thesis, I will focus on the ‘immune-cold’ sarcoma tumours and ‘immune-hot’ renal 

cell carcinoma tumours, exploring the effects of HIFU treatment on the immune response to 

the tumour.   

I am hypothesising that the HIFU treatment will increase immune infiltration into immune 

‘cold’ sarcoma tumours combined with increased activation of antigen presenting cells in 

secondary lymphoid organs and subsequent activation of T cells and increased memory T 

cell populations. This will be assessed in a murine sarcoma in vivo model, in chapter 3. 

Sarcomas have different subtypes which have different immune profiles. The transcriptomic 

profile of the immune cells and the tumour surrounding these cells will indicate the 

difference in the immune infiltrations. I am hypothesising that in the lower infiltrated 

leiomyosarcoma (LMS) the abundance and activity of cytotoxic CD8 T cells will be less 

pronounced than that of the highly infiltrated undifferentiated pleomorphic sarcoma (UPS).  

This will be investigated in chapter 4. 

Finally, I am hypothesising that the immune populations infiltrating the of RCC tumours 

following HIFU treatment will be different depending on the subtype of RCC because of the 

inherent, tumour type specific pre-treatment differences. Specifically, I will focus on relative 

abundance and distribution of antigen presenting cells and cytotoxic T cells in two types of 

RCC, papillary RCC (pRCC) and clear cell RCC (ccRCC), without HIFU treatment as well as 
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post HIFU.  I will test the hypothesis that HIFU treatment will increase CD8 T cell abundance 

and activity.  These hypotheses will be tested in chapter 5. 

 

1.7 Thesis Aims 

i. Development of a pre-clinical sarcoma model to investigate immune modulation 

with HIFU treatment (Chapter 3). 

ii. Assessment of the transcriptomic profile of immune populations associated with 

soft tissue sarcoma to determine mechanisms for low immune abundances in 

sarcoma subtypes (Chapter 4). 

iii. Investigate the immunological changes associated with HIFU treatment in renal 

cell carcinoma and investigate differences based on subtype (Chapter 5). 
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2 Methodology 

2.1 Cell culture of MCA205 cell line 

All cell culture work was conducted in a lamina flow category 2 biological hood. MCA205 is 

a mouse fibrosarcoma cell line and was purchased from Millipore (SCC173) and was grown 

under recommended conditions from Millipore.  

Briefly, cells were expanded in expansion media comprised of RPMI-1640 (R0883), 

supplemented with 2 mM L-glutamine (Sigma-Aldrich, G7513), 1 mM sodium pyruvate 

(S8636), heat-inactivated 10% foetal bovine serum (FBS, Gibco, 10270-098), 1x non-

essential amino acids (Sigma-Aldrich, M7145), 100U/mL penicillin- 100 µg/mL streptomycin 

(Sigma-Aldrich, P433), and 1x β-mercaptoethanol (Gibco, 21985023) in a T75 flask with vent 

cap (Corning, 430641U). Cells were incubated at 37°C with 5% supplemental CO2 for 3 to 4 

days, to 80% confluency (checked by visual inspection under 20x magnification) before 

being passaged.  

At passage, cells were washed with 1x DPBS (no Mg++ or Ca++, Gibco, 14190094) followed 

by an incubation with 0.05% trypsin-EDTA (Gibco, 15400054) diluted in DPBS at room 

temperature (RT) for 5 minutes. Cells were centrifuged at 300 RCF for 5 minutes at RT and 

the supernatant was discarded. Cells were seeded at 1 x 106 cells per new T75 flask in 25 mL 

media. A minimum of 2 passages was completed from frozen before cells were implanted.  

 

2.2 In vivo model 

Female C57BL/6NCrl mice were obtained from Envigo by the Biomedical Services at the 

John Radcliffe Hospital (Oxford, United Kingdom) for initial growth studies. Subsequently 
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mice were obtained from Charles River by the Biomedical Services at the Radiobiology 

Research Institute (Oxford, United Kingdom). Mice were housed in individually ventilated 

cages, in groups of up to 6 individuals. Housing conditions were in line with Home Office 

(HO) Legislation. All procedures were performed under a HO approved project licence 

(PCB113E8E) and all people involved had appropriate HO personal license and training.  

2.2.1 Induction and monitoring of fibrosarcoma tumours  

Typically, under 2% isoflurane (obtained through Biomedical Sciences) anaesthesia with a 2 

L/min flow rate, 2x 105 MCA205 cells in RPMI-1640 (with no FCS), unless specified, were 

injected into the mouse flank above the left leg. Care was taken to achieve implantation to 

the left of the centre line so that draining lymph nodes could be compared to contralateral 

lymph nodes. Tumours were treated when they were palpable, typically 8 to 11 days post 

implantation. Once implanted, the mouse was shaved for improved visibility of the tumour. 

Tumours were measured using callipers, typically every other day. Volume was calculated 

by:  

      𝑎𝑏𝑐

2
 

Where a, b and c represent width, height and length.  

2.2.2 HIFU Equipment  

Ultrasound was generated within a water-bath filled with pre-heated (37°C) degasses 

distilled water (see schematic in Figure 2.1). The transducer was a single element spherically 

focused (Sonic Concept, H107C) with a focal length of 63 mm. The ultrasound was 

generated by a signal amplifier (EMI model 3100LA RF) which was attached to the wave form 
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generator (Agilent, 33220A) and oscilloscope (Teledyne Lecroy, wavesurfer 3014z). This 

enabled output voltage to be assessed throughout experiments. Typically, a pressure of 4.3 

MPa (peak negative peak), with a duty cycle of 100%, and frequency of 1.6 MHz was utilised, 

unless otherwise stated. A second, unused transducer was mounted at 90° to the 

transducer in use. These transducers had linear arrays (GE, L11-5v) mounted within a 

rectangle cut out, which were each connected to a Verasonics research system (Verasonics 

Vantage 256) for alignment and mapping of cavitation effects.  

During treatment, B mode ultrasound was recoded and assessed with a custom algorithm, 

written by Dr Micheal Gray to assess cavitation events occurring outside the aligned tumour 

area during treatment, whilst also ensuring maintenance of alignment of the ultrasound 

exposure and the tumour during treatment. Post-experimental analysis of recorded passive 

acoustic mapping (PAM) data was assessed by a custom algorithm, written by Dr Micheal 

Gray to compare cavitation energy delivered to individual mice. 

2.2.3 In vivo HIFU Treatment  

These treatments focused on a partial ablation model to explore the mechanisms of immune 

modulation caused by the treatment. This was partly due to welfare concerns with the 

alignment and treatment of these tumours, as well as maintaining an unablated margin of 

tissue surrounding the ablation area to determine the local immune response caused by the 

treatment of these tumours. Complete ablation may not preserve a non-ablated margin of 

viable tumour. Partial ablation preserved this to allow for the assessment of the surrounding 

tissue for the subsequent immune modulation by histology or flow cytometry. 

Mice bearing MCA205 fibrosarcoma tumours were treated with one dose of HIFU under 

anaesthetic.  
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Whilst positioned and mounted in a specialised mouse holder, the remaining hair on the 

tumour was removed with depilation cream (VEET, Reckitt Benckiser) before being placed in 

a 37°C warmed water-bath. The HIFU array was aligned using B-mode ultrasound, as shown 

in Figure 2.1. Control mice were anesthetised, placed in the water-bath and recovered after 

3 minutes to simulate the alignment time. Mice were recovered in a warming box before 

being return to their home cage. 

 
 

Figure 2.1: (A) Schematic top-down overview of the set up and alignment for the HIFU treatment of fibrosarcoma in an in 
vivo setting, with (B) a photo of the experimental set-up, (C) Schematic of front on view of ultrasound treatment transducer 
array with B mode and passive acoustic mapping (PAM) ultrasound array. Created with BioRender.com 
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2.2.4 In vivo immunotherapy treatment 

Mice were treated with αPD-L1 therapy in combination with HIFU or sham treatment (ie 

placement in the water bath but no exposure to HIFU). A PD-L1 blocking antibody was 

purchased from BioXCell: InVivoMAb Rat IgG2b, anti-Mouse PD-L1 (10F.9G2, BE0101). 

Isotype control was also purchased from BioXCell: InVivoMAb Rat IgG2b, anti-Mouse 

keyhole limpet hemocyanin (LTF-2, BE0090). Immunotherapy was administered via the tail 

vein at a dose of 200 µg diluted in PBS, immediately prior to HIFU. For the survival study, 

subsequent injections via the tail vein were administered 5- and 10-days after HIFU 

treatment.  

2.2.5 Blood sampling and processing 

Blood was taken from the inferior vena cava after culling. 50 µL of blood was diluted in 100 

U/mL heparin (obtained through Biomedical Sciences) as an anti-coagulant. Red blood cells 

were lysed using Pharmalyse buffer (BD Biosciences, 555899) for 10 minutes at RT before 

the addition of PBS. Samples were centrifuges at 500 RCF for 5 minutes at RT. The 

supernatant was discarded, and the samples were resuspended in PBS before subsequent 

analysis.  

2.2.6 Lymphoid tissue harvesting and processing 

The inguinal and brachial lymph nodes were harvested after culling. The draining and 

contralateral lymph nodes and spleen were harvested and stored separately in PBS (Gibco, 

10010-023) at 4°C before processing. Tissues were processed within 6 hours of harvesting. 

Spleen, contralateral lymph nodes (cLN, comprised of inguinal and brachial LNs), and 

draining lymph nodes (dLN, comprised of inguinal and brachial LNs) were processed by 
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mashing through a 70 µm sieve (VWR International Ltd, 732-2758) with PBS. Once 

homogenised, samples were spun at 500 RCF for 5 minutes before resuspension. Red blood 

cells from homogenised spleen were lysed in Pharmalyse buffer for 10 minutes at RT, before 

subsequent dilution in PBS. Samples were centrifuged at 500 RCF for 5 minutes. LNs were 

immediately resuspended in PBS after the first centrifugation. Spleens and lymph nodes 

were not taken for histological evaluation due to difficulty in maintaining vasculature and 

orientation post-harvest, and workflow constraints. 

2.2.7 Tumour harvesting 

The tumour was harvested, the skin and surrounding connective tissue was removed, 

depending on subsequent processing the tumour was then placed in neutral buffered 

formalin (NBF, Sigma-Aldrich, HT5012) or PBS. Tumours for embedding were transferred 

from NBF to 70% ethanol (Merck Life Science UK, 32221-M), 24 hours after excision.  

2.2.8 Cell suspensions from tumour tissue 

Tumours were weighed before being cut to break open the tumour capsid. Tumours were 

incubated in digestion mix. Digestion mix was comprised of RPMI-1640 supplemented with 

1 mg/mL DNAse (PanReac AppliChem, A3778.0100), 1 mg/mL collagenase IV (Merck, C4-

28), and 1 mg/mL hyaluronidase (MP Biomedicals, 0210074080). Subsequently, samples 

were diluted in RPMI-1640 before being mashed through 70 µm sieve with RPMI-1640. Once 

homogenised, samples were spun at 500 RCF for 5 minutes before resuspension. Red blood 

cells from homogenised tumours were lysed in Pharmalyse buffer for 5 minutes, before 

subsequent dilution in PBS and centrifugation at 500 RCF for 5 minutes. 
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2.3 Ethical approval for the use of human tissue 

Sarcoma and renal tumour tissues for transcriptomic analysis were obtained from Oxford 

Radcliffe Biobank (OCB), through The Oxford Centre from Histopathology Research 

(OCHRe). Ethical approval and patient consent checking for the use of tissue was obtained 

through OCHRe research tissue bank ethics reference 19/SC/0173 for renal tissue (24/A082, 

Supplementary Figure 2.1) and sarcoma tissue (22/A020, Supplementary Figure 2.2) with the 

ethics letter from OCHRe (Supplementary Figure 2.3). 

 

2.4 Histological based assays 

2.4.1 Tissue embedding 

In vivo study tissues were embedded at the Botnar Research Centre (Oxford, United 

Kingdom). The tumours were processed on an automated Leica ASP300S (Leica 

Biosystems), the samples were dehydrated in increasing ethanol concentration followed by 

incubation in xylene and then incubation in paraffin wax. Tissues were embedded in paraffin 

wax (Sigma-Aldrich, 76242) using a Leica EG1140H and Leica EG1140C (Leica Biosystems). 

Blocks were intended to be embedded with the skin facing side at the front of the block.  

All in vivo tumours were cut on a Leica HistoCore BIOCUT (Leica Biosystems) at 5 µm before 

being air dried at RT for 1 hour and overnight baking at 70°C.  

All human slides (STS and RCC) were cut by technicians at OCHRe using RNase clean 

conditions (deionised water in the waterbath and cleaning with RNAaway, Thermo Scientific, 

7002) followed by drying at RT. 
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2.4.2 Haematoxylin and Eosin staining 

For mouse in vivo and human sarcoma tumour samples, 5 µm tissue slides were 

deparaffinised in xylenes (Sigma-Aldrich, 214736), a subsequently rehydrated in decreasing 

ethanol concentration at 2 minutes per step, diluted in deionised (DI) water (100%, 100%, 

90%, 70%, 0%). Slides were immersed in Harris haematoxylin solution (Sigma-Aldrich, 

HHS32) for 2 seconds before being rinsed in running water. This was followed by subsequent 

immersion in Eosin Y salt (Sigma, E-4382) dissolved in 80% ethanol, pH 8, corrected with the 

addition of acetic acid (BDH, 270133V) for 30 seconds. Slides were washed in DI water and 

dehydrated by increasing concentration of ethanol at for 2 minutes per step (70%, 90%, 

100%, 100%). Slides were immersed in xylenes before being mounted in EcoMount 

(BIOCARE medical, EM897L) and applying coverslip.  

2.4.3 Manual immunohistochemistry staining 

For the manual staining of in vivo and human sarcoma tumours, markers of interest as 

outlined in Table 2.1 were used. The baked 5 µm tissue slides were deparaffinised in xylenes 

(Sigma-Aldrich, 214736), a subsequently rehydrated in decreasing ethanol concentration at 

2 minutes per step, diluted in DI water (100%, 100%, 90%, 70%, 0%). Heat-induced antigen 

retrieval (HIER) was completed by immersion in DI water prior to the appropriate antigen 

retrieval solution (outlined in Table 2.1), both heated in a steamer (Russel Hobbs, 21140) to 

99°C. Either 1x citrate antigen retrieval buffer (Insight Biotechnology, GTX30936) was used to 

achieve pH6 or 1x eBiosciences IHC Antigen Retrieval Solution - High pH (Invitrogen, 00-

4956-58),  was used to achieve pH9.  Slides were incubated for 25 minutes before being 

immersed in RT PBS. In the case of CK8 staining, slides were then immersed in 1 µg/mL 
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proteinase K (Invitrogen, AM2546) diluted in 1x PBS, at 37°C for 15 minutes then washed in 

1xPBS for 5 minutes. 

Endogenous peroxidase activity was blocked by incubating slides for 10 minutes in 3% 

hydrogen peroxide (Fisher Scientific UK Ltd, 10687022) followed by washing in PBS. Non-

specific protein binding was blocked by incubation with 1% bovine serum albumin (BSA, 

Sigma-Aldrich, A7906) for 30 minutes. Slides were washed in PBS and as much liquid as 

possible was removed before staining with primary antibody, diluted in 1% BSA, for 1 hour 

as outlined in Table 2.1. The slides were washed thrice with PBS. The subsequent 

corresponding secondary antibody for detection (polymer conjugated horseradish 

peroxidase goat IgG) as outlined in Table 2.1, was incubated with the slides for 30 minutes 

before slides were washed thrice with PBS. Slides were then incubated with 

3,3'diaminobenzidine (DAB) substrate (abcam, ab64238) for 2 minutes for chromatic 

detection before washing in PBS. Slides were subsequently dehydrated and mounted as 

outlined in Section 2.4.2.  

 

 

 

 

  



37 
 

Table 2.1: Table of antibodies used in manual immunohistochemistry staining. 

 
 

2.4.4 Automated immunohistochemistry staining 

The clinical sarcoma samples obtained from OCHRe were stained using the LeicaBOND 

system (Leica Biosystems) for the detection of CD45 cells. The baked 5 µm tissue slides were 

automatically stained for CD45 (HI30, BD biotechnology) at a dilution of 1:500. Briefly, the 

LeicaBOND was set to use a IHC protocol with a 30-minute bake and dewax protocol, with a 

20-minute HIER step. Epitope retrieval solution 2 (Leica Biosystems, AR9640) was used to 

achieve pH9 HIER. Slides were subsequently dehydrated and mounted as outlined in section 

2.4.2. 

2.4.5 Slide scanning and image processing 

For slides involved in in vivo and sarcoma data analysis, slides were scanned on Zeiss 

Axioscan 7 (Zeiss Group) at the Kennedy Institute of Rheumatology (Oxford, United Kingdom) 

under 20x magnification. Slides were processed using QPath 0.5.1 for white balance and cell 

Target Use 
Raised 

in  
HEIR 

Concentration 
µg/ml 

Clone Cat # 

Vimentin RCC, in vivo Mouse pH9 0.4 E-5 sc-373717 

CD68 Sarcoma Mouse pH6 0.4 KP1 sc-20060 

CD8 Sarcoma Rabbit pH6 1 CAL66 ab237709 

CD8 In vivo Rabbit pH9 1 CAL66 ab237709 

CD45 Sarcoma Mouse pH6 1 HI30 555480 

CD45 In vivo Rat pH6 1 30-f11 103101 

FoxP3 In vivo Rabbit pH6 1.1 
EPR15038-

69 
ab191416 

CK8 RCC Mouse pH6 0.5 CAM5.2 452M-94 

mouse IgG 
Sarcoma,  

in vivo, RCC 
Goat N/A N/A N/A ab214879 

rabbit IgG 
Sarcoma, 

in vivo 
Goat N/A N/A N/A ab214880 

rat IgG 
Sarcoma, 

in vivo 
Goat N/A N/A N/A ab214882 
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counting. Cell counts were conducted on areas of tumour with connective tissue excluded. 

Default settings were retained, except for: 

• Reduction of the minimum area to 0.04 µm2 

• Reduction of maximum area to 200 µm2 

• Intensity parameters threshold was set to 0.05 

• Cell expansion parameter was set to 4 µm 

• Intensity threshold was set for each stain type, between 0.2 to 0.4 

The RCC H&E slides were requested from ORB and subsequently scanned at 40x 

magnification by OCHRe. 

 

2.5 Flow cytometry-based protocols 

Flow cytometry data were acquired by Attune NxT flow cytometer (Thermo Fisher) and 

analysed by FlowJo software v10 (BD Biosciences). All antibodies used within their 

respective panels is outlined in Table 2.2. Where possible, 50 µL of blood, 1 LN, 1/10 of the 

spleen and 1/4 of the tumour was stained for each panel. 

2.5.1 Live dead cell differentiation staining 

All cells were washed in PBS prior to live dead differentiation dye staining. Cells were 

resuspended in diluted zombie aqua fixable viability kit (Biolegend, 423101) diluted 1:1000 

in PBS for all flow panels. This was incubated at RT for 15 minutes at 4°C in the dark before 

being centrifuged at 500 RCF for 5 minutes. The supernatant was discarded, and the cells 

were washed in PBS. The stock solution was created by diluting a vial of the zombie aqua 
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fixable viability kit in 100 µL of DMSO, followed by through mixing and storage in aliquots at -

20°C before use. 

2.5.2 Cell surface staining 

Following live/dead staining, cells were resuspended in antibody mix, diluted in FACs (PBS 

supplemented with 1% FBS) for each experiment as outlined in Table 2.2. Cells were 

incubated for 1 hour at 4°C in the dark. Cells were washed in FACs buffer, followed by 

centrifugation at 500 RCF for 5 minutes. The supernatant was discarded. Cells were washed 

in FACs buffer prior to fixation in buffer from eBioscience Foxp3/Transcription Factor 

Staining Buffer Set (Invitrogen, 00-5523-00). The fixation buffer was diluted 1:3 in the fixation 

diluent immediately before use. Stained cells were fixed for 45 minutes before washing in 

FACs buffer by centrifugation at 500 RPM for 5 minutes at RT.  
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Table 2.2: Table containing antibodies for the assessment of immune populations within the in vivo models, (PB) Pacific 
Blue, (BV) Brilliant Violet, (AF) Alexa Fluor, (PerCP) Peridinin-Chlorophyll-Protein, and (Cy) Cyanine.  

 

 

 

Target Fluorophore Concentration mg/ml Clone Cat # Target Fluorophore Concentration mg/ml Clone Cat #

CD45 eFluor 450 0.001 30-F11 48-0451-82 CD45 eFluor 450 0.001 30-F11 48-0451-82

CD44 BV605 0.001 IM7 103047 CD3 BV605 0.001 17A2 100237

Tim-3 BV711 0.001 RMT3-23 119727 Tim-3 BV711 0.001 RMT3-23 119727

CD3 BV785 0.001 17A2 100231 ICOS BV785 0.001 C398.4A 313533

PD-1 FITC 0.001 29F.1A12 135213 CD44 FITC 0.001 IM7 103021

CD4 PerCP-eFluor710 0.001 RM4-5 46-0042-82 CD4 PerCP-eFluor710 0.001 RM4-5 46-0042-82

CTLA-4 PE 0.001 UC10-4B9 106305 PD-1 PE 0.001 29F.1A12 135205

CD25 PE/Dazzle 594 0.001 PC61 102047 CD8a AF700 0.001 53-6.7 56-0081-82

FoxP3 APC 0.001 FJK-16S 17-5773-82 CD62L APC-eFluor780 0.001 MEL-14 47-0621-82

CD8a AF700 0.001 53-6.7 56-0081-82

Target Fluorophore Concentration mg/ml Clone Cat # Target Fluorophore Concentration mg/ml Clone Cat #

CD45 BV421 0.001 30-F11 48-0451-82 CD45 eFluor 450 0.001 30-F11 48-0451-82

CD4 BV650 0.001 RM4-5 100547 CD4 BV650 0.001 RM4-5 100547

CD3 BV786 0.001 17A2 100231 TIM-3 BV711 0.001 RMT3-23 119727

Ki67 FITC 0.001 16A8 652409 CD3 BV786 0.001 17A2 100231

CD25 PE 0.001 PC61.5 12-0251-82 CD44 FITC 0.001 IM7 103021

CD19 PE/Dazzle 594 0.001 6D5 115553 CD62L PE 0.001 W18021D 161203

FOXP3 APC 0.001 FJK-16S 17-5773-82 PD-1 PE-Cy7 0.001 29F.1A12 135215

CD8a APC-Cy7 0.001 53-6.7 100713 CD69 APC 0.001 H1.2F3 17-0691-82

CD8a AF700 0.001 53-6.7 56-0081-82

Target Fluorophore Concentration mg/ml Clone Cat # Target Fluorophore Concentration mg/ml Clone Cat #

CD8a PB 0.001 53-6.7 48-0081-82 CD8a PB 0.001 53-6.7 48-0081-82

CD4 BV650 0.001 RM4-5 100547 CD4 BV650 0.001 RM4-5 100547

CD3 BV786 0.0025 17A2 100231 CD3 BV786 0.0025 17A2 100231

Ki67 FITC 0.001 16A8 652409 CD44 FITC 0.001 IM7 103021

CD25 PE 0.001 PC61.5 12-0251-82 CD62L PE 0.001 W18021D 161203

CD19 PE/Dazzle 594 0.001 6D5 115553 PD-1 PE-Cy7 0.001 29F.1A12 135215

FOXP3 APC 0.001 FJK-16S 17-5773-82 CD45 AF700 0.001 30-F11 56-0451-82

CD45 AF700 0.001 30-F11 56-0451-82

Higher Seeding Density

Lower Seeding Density

Development of the Ablation Profile

CD8 Memory

CD4 Subsets CD8 Memory

CD4 Subsets

CD4 Subsets CD8 Memory
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Target Fluorophore Concentration mg/ml Clone Cat # Target Fluorophore Concentration mg/ml Clone Cat #

CD45 BV421 0.001 30-F11 48-0451-82 CD45 eFluor 450 0.001 30-F11 48-0451-82

CD4 BV650 0.001 RM4-5 100547 CD14 BV605 0.001 SA14-2 123335

CD3 BV786 0.0025 17A2 100231 CD3 BV786 0.0025 17A2 100231

Ki67 FITC 0.001 16A8 652409 CD11c FITC 0.001 N418 11-0114-82

CD25 PE 0.001 PC61.5 12-0251-82 F4/80 PE 0.004 BM8 123109

CD19 PE/Dazzle 594 0.001 6D5 115553 Ly6C PE-Cy7 0.001 AL21 560593

FOXP3 APC 0.001 FJK-16S 17-5773-82 Gr1 APC 0.001 RB-8C5 17-5931-82

CD8a APC-Cy7 0.001 53-6.7 56-0451-82 CD11b APC-Cy7 0.001 PK136 101255

Optimisation of the Ablation Profile

MyeloidTreg

Target Fluorophore Concentration mg/ml Clone Cat #

CD45 eFluor 450 0.001 30-F11 48-0451-82

CD4 BV650 0.001 RM4-5 100547

CD3 BV786 0.0025 17A2 100231

CD44 FITC 0.001 IM7 103021

CD62L PE 0.001 W18021D 161203

PD-1 PE-Cy7 0.001 29F.1A12 135215

CD8a APC-Cy7 0.001 53-6.7 56-0451-82

CD8 Memory

Target Fluorophore Concentration mg/ml Clone Cat # Target Fluorophore Concentration mg/ml Clone Cat #

CD45 eFluor 450 0.001 30-F11 48-0451-82 CD45 eFluor 450 0.001 30-F11 48-0451-82

CD44 BV605 0.001 IM7 103047 CD3 BV605 0.001 17A2 100237

CD4 BV711 0.001 RM4-5 100549 CD11c PerCP-cy5.5 0.001 N418 117327

CD3 BV786 0.0025 17A2 100231 F4/80 PE 0.001 BM8 123109

CD8a FITC 0.001 53-6.7 11-0081-82 CD11b PE/Dazzle 594 0.001 M1/70 101255

Ki67 PerCP-Cy5.5 0.001 11F6 151221 Ly6C pe-cy7 0.001 AL21 560593

PD-1 PE 0.002 J43 12-9985-82 Ly6G APC 0.001 S19018G 164505

CD25 PE/Dazzle 594 0.001 PC61.5 102047 MHC-II AF700 0.0025 M5/114.15.2 107621

CD62L PE-Cy7 0.001 SAL4-2 47-0621-82

FOXP3 APC 0.001 FJK-16S 17-5773-82

Tcell Myeloid

HIFU with Immunotherapy 

Target Fluorophore Concentration mg/ml Clone Cat #

CD45 eFluor 450 0.001 30-F11 48-0451-82

CD3 BV786 0.0025 17A2 100237

CD29 PE 0.001 HMβ1-1 130-102-994

PD-L1 APC 0.001 10F.9G2 124311

PD-L1



42 
 

2.5.3 Intracellular staining 

Cells that were stained for FoxP3 or Ki67 (as outlined in Table 2.2) were washed in 

permeabilisation buffer from eBioscience Foxp3/Transcription Factor Staining Buffer Set 

(Invitrogen, 00-5523-00) diluted 1:9 in DI water, twice by centrifugation at 500 RCF. Cells 

were stained with antibodies diluted in permeabilisation buffer for 1 hour at 4°C in the dark. 

Cells were washed in FACs and centrifuged at 500 RPM for 5 minutes. The supernatant was 

discarded, cells from lymph node, spleen and blood were resuspended in FACs buffer, cells 

from tumours were resuspended in MACs buffer. MACs buffer comprised of PBS, 1% FBS 

and 1nM ethylenediaminetetraacetic acid (EDTA, Invitrogen, 15575020) before acquisition. 

 

2.6 Spatial transcriptomic analysis of clinical samples by Nanostring 

GeoMx Digital Spatial Profiler 

2.6.1 Preparation of slides for spatial profiling 

Sarcoma and renal tumour samples were sectioned by OCHRe in clean conditions as 

outlined in Section 2.4.1. These slides were baked for 3 hours before subsequent protocol 

steps. The protocol developed by Nanostring (Bruker) for Manual slide preparation of Whole 

Human Transcriptome RNA assessment with Illumina sequencing was followed. An 

overview of the protocol is described below. RNA clean techniques were adopted, mainly 

the use of RNAaway to clean surfaces and equipment. 

The baked 5 µm slides were deparaffinised in 3 washes of Xylene for 5 minutes, followed by 

rehydration of the tissue in decreasing concentrations of ethanol for 5 minutes (100%, 100% 

and 95%). Slides were washed in autoclaved 1x PBS (Oxoid, BR014G) made from 
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diethylpyrocarbonate (DPEC, Invitrogen, AM9915G) treated deionised water. HEIR was 

conducted using pH9 antigen retrieval solution, diluted in DPEC-treated DI water, for 20 

minutes. Slides were washed in 1x PBS for 5 minutes, then immersed in 1 µg/mL proteinase 

K diluted in 1x PBS, at 37°C for 15 minutes then washed in 1x PBS for 5 minutes. Within a 

lamina flow hood, slides were incubated in 10% NBF for 5 minutes and then twice in NBF 

stop buffer for 5 minutes each. NBF stop buffer consisted of 1x PBS, 0.1 M tris (BDH, 

103156X), 0.1 M glycine (Sigma, G8898). Slides were washed in 1x PBS for 5 minutes. 

Next, slides were incubated with probes. The GeoMx Human Whole Transcriptome Atlas 

starter kit (Bruker, 999063) and collection plates (Bruker, 100473) were purchased from 

Nanostring (Bruker). These kits contained all reagents required from Nanostring. For the 

assessment of the renal tumours, an additional Sequencing Code Pack was purchased 

(Bruker, 121400202). The Human Whole Transcriptome Atlas Probes were diluted in buffer R 

at recommended dilution ratios. Each slide was incubated with 180 µL of total diluted stock, 

(made up of 18µL of mixed and spun down probes, 18µL of DPEC DI water, and 144 µL of 

buffer R). These slides were incubated at 37°C for a minimum of 16 hours and a maximum of 

18 hours, in the dark with a hybridisation coverslip (Grace Bio-Labs, GBL716024).  

Following incubation, slides were washed in 2x SSC (Sigma-Aldrich, S6639), diluted in DPEC 

treated DI water to remove the coverslip and immersed in two consecutive stringent wash 

steps for 25 minutes each. The stringent wash was comprised equal parts 2x SSC and 

formamide (Sigma-Aldrich, F9037). Slides were then washed twice in 2x SSC for 2 minutes 

each.  

Immunofluorescent staining was utilised to identify cells of interest in the tissue. First, 

unwanted protein binding to antibodies was blocked by incubation with blocking solution for 
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30 minutes. Blocking solution comprised of 5% native goat serum (NGS, abcam, ab7481) 

diluted in the buffer ‘W’ provided in the kit from Bruker. Fluorescent staining was conducted 

in three parts for both the sarcoma and renal tumour slides as outlined in Table 2.3. Between 

each staining step, slides were washed thrice in 2x SSC. Slides were washed trice in 2x SSC 

before loading onto the Nanostring GeoMx digital spatial profiling (DSP) machine following 

the Nanostring protocol. 

Table 2.3: Overview of the antibodies for the immunofluorescent staining of the tissues in the sarcoma and RCC 
transcriptomic profiling. Asterisk denotes antibody provided by Nanostring, where the concentration was not provided. 
 

 

 

2.6.2 Region of interest selection 

Fluorescence intensity thresholds for cells of interest were selected on an individual tissue 

basis. From this, regions of interest (ROIs) were selected based on parameters outlined 

within the subsequent relevant chapters.  

Staining step Target Species Fluorophore
Concentration 

µg/ml
Clone Cat #

CD8 Rabbit unconjugated 1 CAL66 ab237709

Vimentin Mouse unconjugated 0.4 E-5 sc-373717

mouse IgG Goat Cy-3 1 N/A ab97035

rabbit IgG Goat AF647 0.4 N/A ab150083

CD45 Mouse AF594 * PD7/26+2B11 N/A

Nucleus N/A SYTO 13 * N/A N/A

Staining step Target Species Fluorophore
Concentration 

µg/ml
Clone Cat #

CD45 Mouse unconjugated 1 2D1 65082-1-IG

CD45 Mouse unconjugated 1.6 PD7/26+2B11 ab781

CD8 Rabbit unconjugated 1 CAL66 ab237709

mouse IgG Goat TR 0.4 N/A ab6787

rabbit IgG Goat AF647 0.4 N/A ab150083

PanCk Mouse AF532 * AE1+AE3 N/A

Nucleus N/A SYTO 13 * N/A N/A

Sarcoma

RCC

Primary

Secondary

Tertiary

Primary

Secondary

Tertiary
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Following ROI selection, the RNA oligoprobes were photocleaved within the machine within 

the ROI selected. The oligoprobes were collected within the machine in individual wells of a 

96 well plate. Following collection, the oligoprobes within the plate were frozen at -20°C until 

subsequent library preparation for sequencing.  

2.6.3 Library preparation for Illumina sequencing 

Library preparation for Illumina sequencing was conducted based on the manufacture’s 

protocol from Nanostring. The plates were defrosted and dried on a thermocycler for 2 

hours, until all liquid evaporated. Plates were covered with a permeable seal (AeraSeal film, 

Merck, A9224). Each well was resuspended in nuclease-free water (Invitrogen, AM9932). The 

plate was sealed, allowed to resolubilise for 10 minutes before pipette mixing and 

centrifugation at 500 RCF for 2 minutes. For each well of sample, 4 µL of primer from the 

centrifuged Sequencing Code Primer Mix, 2 µL of Master Mix, and 4 µL of DSP aspirate were 

added to a clean 96 well plate for each DSP plate produced by experiments. The Primer Mix 

and Master Mix were part of the kit from Nanostring. Wells were mixed by pipetting before 

being pulse centrifuged at 3000 RCF. Plates were incubated in a thermocycler with the 

program outlined in Table 2.4.  

Following PCR, 4 µL of product from each well of the plate was pooled. Each pool was then 

individually cleaned before quality checking by Bioanalyser. Briefly, following the Nanostring 

protocol, 1.2x AMPure XP bead (Beckman Coulter, A63880) volume was added to the pool 

volume and pipette mixed. This was incubated for 5 minutes before the samples were placed 

on a magnet and incubated until the SPRI beads pelleted. Once pelleted, the supernatant 

was discarded. The beads were washed twice with 80% ethanol before being air dried and 

eluted off the magnet in 50 µL of elution buffer for 5 minutes. Elution buffer was PBS with 10 
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mM pH 8.0 Tris-HCl and 0.05% Tween-20. A subsequent AMPure XP clean was conducted 

following the same protocol. At this step plates were eluted at 0.5 µL per well.  

The cleaned PCR product was quantified and assessed for purity using Agilent Bioanalyser 

(Agilent) with High Sensitivity DNA Kit (Agilent, 5067-4626) following manufacturer’s 

protocol before sequencing. 

Table 2.4: Thermocycler program for the amplification of oligoprobes. 
 

 

 

2.6.4 Illumina sequencing 

Libraries were shipped to Novagene for sequencing. The Sarcoma study library was 

sequenced on a NovaSeq machine as a partial lane. The RCC study library was pooled based 

on a ratio of the ROI size for each plate, as recommended within the Nanostring protocol. 

This was then sequenced as a partial lane on a NovaSeq X Plus. Concentration was based 

on recommendations from Nanostring. 

 

Step Temp Time Cycles

UDG Incubation 37°C 30 mins 1

UDG Deactivation 50°C 10 mins 1

Initial denaturation 95°C 3 mins 1

Denaturation 95°C 15 secs

Anneal 65°C 60 secs

Extend 68°C 30 secs

Final Extension 68°C 5 mins 1

Hold 4°C Infinite 1

18
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2.7 Data processing from digital spatial profiling 

2.7.1 Data pre-processing 

After sequencing, the data was kindly deconvoluted and converted from fastq to digital 

compact cassette (DCC) by Dr Oliver McCallion following instructions from Nanostring 

using the Biomedical Research Computing Cluster at the University of Oxford.  

Following deconvolution, the data was processed through the DSP pipeline to produce an 

initial dataset for downstream analysis which was conducted in R. Base R version 4.4.2[109], 

along with the dplyr[110], openxlsx[111] and tidyverse[112] packages were used throughout.  

Firstly, the sequencing depth, nuclei count, and area of the ROIs were assessed. Any ROIs 

that contained fewer than 50 nuclei were discounted (none in either experiment). The ROI 

area was viewed to assess any variation in the normalisation.  

The limit of detection was based on the geometric mean of the negative probes in the wells. 

A study of the distribution of the geometric mean of the negative was used to threshold the 

limit of detection, a minimum of 25 replicated reads of each gene was required to pass the 

threshold in both studies. The distribution of the data was normalised using quantile 

normalisation in R.  

Post-normalised data was assessed by principal components analysis based on the 

variables within the data. FactoMineR[113] package was used to calculate PCA and 

foctoextra[114] was used to generate the PCA plots. 

2.7.2 Cellular deconvolution of the data 

Estimates of cell abundances within ROIs based on expression profiles were generated 

using the SpatialDecon analysis with the ImmuneTumor_safeTME reference model[115]. Data 
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within the model was generated from normalised TCGA data[116]. Heatmaps were generated 

using ComplexHeatmap[117] with RcolorBrewer package[118]. 

2.7.3 Differential gene expression analysis 

Differential gene expression analysis was performed using the Limma package[119]. For the 

Limma analysis, the Voom model was used with an adjusted p value of 0.05 for the pCutOff 

and a log fold change of 0.5 was used to identify significant differences in gene expression 

across both analyses. A correction was made for the use of more than one ROI selected per 

patient sample within the model by calculating the correlation of the samples and 

accounting for that as part of the model as part of the Limma code. Volcano plots were 

generated using EnhancedVolcano[120]. Gene pathway analysis was generated using 

clusterProfiler[121] (KEGG-based pathway assessment) with the mapping of gene names 

using org.Hs.eg.db[122]. Redundant pathways were removed using the simplify function 

before manual correction to remove replicated pathways with similar context. 

2.7.4 Unbiased gene expression analysis  

An unbiased approach to assess the differential gene expression analysis was conducted 

using weighted gene correlation network analysis (WGCNA[123] with the circularize 

package[124]) using a signed hybrid model with the kind help of Dr Amy Cross.   

Soft threshold was used to assess the shared genes between modules and a power that 

should be used for the WGCNA analysis as shown in Figure 2.2. For the sarcoma analysis, 

the threshold of 0.9 was not achieved, thus a power threshold of 5 was selected as to 

conduct a descriptive analysis to support the differential gene expression analysis. For the 

RCC analysis, the power of 7 was over the 0.9 threshold. Minimum genes to generate a 
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module was set to 30. Pathways were assessed in the same manner as the differential gene 

expression analysis in section 2.7.3. 

 
 

Figure 2.2: Scale of independence analysis for selection of power threshold WGCNA analysis using soft threshold analysis 
of (A) sarcoma and (B) RCC transcriptomic studies. Scale free topology network correlations with resulting network for each 
threshold. Red line indicated threshold of 0.9. 

 

2.8 Statistics and graph generation 

Generation of graphs and statistical analysis of tumour volume changes and tumour growth 

data was performed in Prism (GraphPad, Dotmatics). ANOVA, and grouped analysis with 

Tukey’s post-hoc test was performed. For statistical analysis of populations identified by 

flow cytometry, ANOVA with Tukey’s post-hoc test was performed in R version 4.4.2[109]. 

Generation of the different graphical representations using ggplot2[125] package. Analysis of 

digital spatial profiling data and subsequent statistical analysis were performed in R. 

Packages are outlined in the previous Section 2.7. 
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3. Assessment of Immunological Modulation of Sarcoma After HIFU 

Treatment in an in vivo Model 

3.1 Chapter Introduction 

The literature surrounding HIFU treatment suggests that thermal ablation may increase 

available tumour associated and tumour specific antigen (TAA and TSA). This is caused by 

the necrotic nature of the cell death produced by the treatment. The literature from previous 

studies in multiple tumour types also suggests that thermally ablative HIFU can drive 

infiltration by antigen presenting cells (APCs)[126] as well as cytotoxic T cells (CTLs) with 

improved function into the tumour[127]. HIFU is thought to increase circulating antigens which 

are recognised by DCs and cross presented to CTLs[128,129]. Furthermore, it has been reported 

that HIFU can increase circulating danger associated molecular patterns (DAMPs) [25,127] 

which can increase the response of APCs[55,127,130]. Increased lymphocytic infiltration has 

been seen in vivo before in a sarcoma model treated with HIFU ablation[131], specifically mice 

implanted with Ascitic sarcoma 180 cells and exposed to 10 W/cm2 at 3MHz for 10 seconds 

of HIFU. This showed around 300-fold (p<0.001) increase in TRAP+ cells (macrophage and 

DCs) and a 400-fold and 600-fold increase in CD4 and CD8 T cells respectively in tumours 

as measured by immunohistochemistry staining. However, this model appeared as immune 

‘cold’ which is not representative of all sarcomas and detailed assessment of the CD4 and 

CD8 T cell subtypes, as well as individual APCs was lacking. This study did not go on to 

assess the possible mechanism for recruitment nor did they include immunotherapy to try 

to improve outcomes. 
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Soft tissue sarcomas are regarded as minimally immune infiltrated tumour types[132], but 

with variation in the immune milieu often being reported between subtypes[26,85] or individual 

tumours[133,134]. The rationale for using HIFU therapy within these minimally immune 

infiltrated tumours would be to improve the immune infiltration to increase tumour 

clearance whilst also possibly improving response to metastatic lesions by bolstering 

antigen-specific immune responses. 

HIFU treatment has been the focus of many clinical cancer trials. Most focus has been on 

prostate[19,20], pancreatic[21,135], RCC[15] and breast cancer[24]. To date sarcoma has not 

received the same attention with only pre-clinical studies reported. The aim of this chapter 

was to evaluate the potential treatment efficacy of HIFU and investigate immune modulation 

within sarcoma to develop an in vivo sarcoma model where survival and tumour growth 

could be evaluated. A subcutaneous fibrosarcoma cell line model was adopted using the 

MCA205 cell line, which was originally developed as a 3-methylcholanthrene-induced 

fibrosarcoma in C57BL/6 mice. This cell line was first established by serial cell implantation 

followed by in vitro culture. The use of a subcutaneous model allowed for the evaluation of 

tumour size and access to the tumour for HIFU treatment. It is also possible to observe 

potential local side effects caused by the treatment such as skin damage and bruising. The 

cell line MCA205 was used within these studies as there was previous literature on the cell 

line which suggested, that although it is a relatively poorly infiltrated tumour, it is not immune 

desert[136–138].  
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3.2 Chapter Hypothesis and Aims 

Hypothesis 

The model of fibrosarcoma will show limited immune infiltration which will be increased by 

the HIFU treatment (with further effects on peripheral organs such as the spleen and lymph 

nodes), caused by increased recognition of the tumour, which will be synergistic with 

immunotherapy,  

Aims 

i. Use a murine model to evaluate the immune infiltration of fibrosarcoma tumours and 

peripheral tissues, focusing on T cell and myeloid populations 

ii. Assess the impact of HIFU treatment on this fibrosarcoma model 

iii. Evaluate the difference in immune infiltration of these tumours after HIFU treatment 

vs sham treatment 

iv. Assess the change in infiltration of these tumours after immunotherapy bolstered 

with HIFU compared to single or sham treatments. 

3.3 Development and profiling of the tumour model  

Initial studies aimed to confirm the previously reported immune landscape of subcutaneous 

implanted fibrosarcoma using the MCA205 cell line[139]. It was pertinent that the tumours 

were not completely immune deserted after implantation. It was hypothesised that there 

would be low level infiltration of CD8 and CD4 T cells within the tumour. Subsets of these 

cell types are of interest in the profiling of the immune function within this tumour model. 

This analysis would also provide insight into the possible targetable populations for future 

work. 
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3.3.1 Implanting a high seeding density of cells led to large variation of 

tumour growth and a high incidence of ulceration 

To identify the conditions needed for a reliable, reproducible and fast-growing tumour model 

from the implantation of fibrosarcoma cell line MCA205, a high seeding density of MCA205 

cells (5 x 105) was evaluated (Figure 3.1). Tumours were palpable and measurable 9 days 

after implantation. Ulceration incidence was high within these tumours, indicated in Figure 

3.1B. There was also large variation in the growth of these tumours between day 8 and day 

11. There seems to be a reduction in the spread after this timepoint, but this may be an 

artefact of the sample size decreasing, caused by the loss (and exclusion of data) due to 

ulceration.  

 
 

Figure 3.1: (A) Schematic overview of in vivo study to assess the growth of MCA205 fibrosarcoma in C57/Bl6 mice. Created 
with BioRender.com (B) The growth profile of individual tumours within the study, each line represented a tumour, n = 7. The 
UC annotation represents when a mouse was culled due to ulceration of the tumour. 
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Regarding the immunological analysis, CD8 subpopulations were assessed across the 

tissues using flow cytometry (Supplementary Figure 3.1). The naïve (Tnaïve), central memory 

(Tcm), effector memory (Tem), and CD44-CD62L- populations are shown in Figure 3.2. This 

showed a larger proportion of the CD8 cells belonged to the Tnaïve subset within the lymph 

nodes, and to a lesser extent, the spleen (Figure 3.2). These tissues support APC migration 

from the peripheral tissues and expansion of the Tcm populations[140]. However, the expected 

expansion of the memory populations within the dLN was not seen in this study when 

compared to the cLN as a control. This suggests some nuances within the antigen 

recognition and adaptive immune response that were missed. 

 
 

Figure 3.2: Representation of proportion of CD8 subpopulations as a percentage of total CD8 T cells detected by flow 
cytometry analysis of blood (n = 6), contralateral lymph nodes (cLN, n = 8),  draining lymph nodes (dLN, n = 8), spleen, and 
the tumour (n = 7) from MCA205 growth pilot with 5 x 105 cell seeding density experiment. Blood had reduced replicates 
due to CD3 stain being poor in 2 samples, tumour had reduced replicates due to issue with sample acquisition. Grey 
represents CD8+CD62L-CD44- T cells, light pink represents CD8+ T effector cells (Tem, CD62L-CD44+), dark pink 
represents CD8+ T central memory cells (Tcm, CD62L+CD44+), and purple represents CD8+ naïve T cells (Tnaive, 
CD62L+CD44-). 

The tumour tissue was also evaluated and showed to have a higher proportion of Tem 

compared to the other tissues (37.3±9.2% in tumour compared to 5.5±2.6% in dLN, 

24.0±12.0% and blood 19.8±7.6%, p>0.05) This raised infiltration has previously been linked 
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to improved outcomes with immune checkpoint treatments[141], for example Principe et al 

showed that in vivo, mice with increased frequency of Tem showed better response to CTLA-

4 and PD-L1 therapy. This has been relevant for studies reported later in this chapter. This 

may be a tumour-specific effect of an increased adaptive immune response due to antigen 

recognition in the tumour. However, the assessment of the origin of this population by TCR 

clonotyping was beyond the scope of this work. There was variation in the proportions of T 

cell populations between individuals in all tissues as indicated in Supplementary Figure 3.2. 

For example, in the tumour, the Tcm population varied from 8.4 to 37.8% of the CD8 

population. The range within the CD4 subpopulations was far less variable. For example, the 

Tconvs in the dLN covered 88 to 89.6% of the CD4 population. 

 
 

Figure 3.3: Representation of proportion of CD4 subpopulations as a percentage of CD4 T cells from flow cytometry 
analysis of blood (n = 8), contralateral lymph nodes (cLN, n = 8), draining lymph nodes (dLN, n = 8), and spleen (n = 7) from 
MCA205 growth pilot with 5 x 105 cell seeding density experiment. Spleen had reduced replicates due to issue with 
acquisition. Grey represents CD4+CD25-FoxP3+ T cells, light blue represents CD4+CD25+FoxP3- T cells, dark blue 
represents CD4+ regulatory T cells (Tregs, CD4+CD25+FoxP3+), and teal represents conventional CD4 T cells (Tconvs, 
CD4+CD25-FoxP3-). 
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CD4 populations were also evaluated by flow cytometry (Supplementary Figure 3.1). These 

data (Figure 3.3), showed the most abundant CD4 type within all tissues was conventional T 

cells (Tconvs), with a higher proportion of Tregs in the lymph nodes (7.5±1% in the dLN vs 

2.6±1.5%in the blood, p>0.05). It is known that Tregs move into the dLN after differentiation 

before entering the tumour[38,142]. However, the evaluation of CD4 populations within the 

tumour to further dissect this was not possible due to issues with the acquisition of the flow 

cytometry. The blood samples had a proportion of cells that were CD4+CD25-FoxP3+ which 

is negligible in the other tissues, this role of this population has been the source of 

debate[143]. These cells could be a differentiated Treg pool that can be primed to the CD25+ 

activated pool after homeostatic signalling[144]. Alternatively, these cells could be alternative 

Treg precursors, that will become peripheral Tregs (pTregs). pTregs have been demonstrated 

to play a crucial role in tumour progression[145].  pTregs encounter cognate antigens in the 

periphery to become terminally differentiated before entering the tissue[145], hence why they 

may be present in the blood and these precursor populations (CD4+CD25-FoxP3+[146] and 

CD4+CD25+FoxP3-[144]) were in low abundance in the lymph nodes. 

3.3.2 Using a seeding density of 2 x 105 MCA205 cells gave a plateauing 

growth rate at 11 to 13 days post implantation for HIFU treatment 

To try and reduce the variability within the tumour growth profiles and the incidence of 

ulceration, the seeding density was reduced. It was hypothesised that the rate of tumour 

growth may affect the immune populations within the tissues. To assess this, 2 different 

seeding densities, reduced from the first study were compared. A seeding density of 1 x 105 

and 2 x 105 MCA205 cells in a small pilot study, as outlined in Figure 3.4A. Mice were 

sacrificed when tumour volumes were thought to exceed the welfare threshold (1000 mm3) 
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before the following measurement, for ulceration or other welfare concerns. Assessing the 

growth profiles of these tumours (Figure 3.4B and C) it is noted that implanting 2 x 105 

MCA205 cells produced a tighter growth curve, with standard deviations of 12.4, 80.8 and 

98.0 at days 9, 10 and 11 vs 52.3, 99.7 and 117.1, respectively. The tumours produced 

reached a threshold that would allow for HIFU treatment after a shorter post-implantation 

duration than 1 x 105. These tumours also reach a growth plateau at 11 days post 

implantation.  This was pertinent for the future studies as it provided a window to treat these 

tumours at similar volumes.  

 
 

Figure 3.4: (A) Schematic overview of in vivo study to assess the growth of MCA205 fibrosarcoma in C57/Bl6 mice for the 
assessment of various immune cell populations. Created with BioRender.com (B) The growth profile of individual tumours 
after subcutaneous implantation of 1 x 105 cells, each line represents a tumour (n = 5). (C) The growth profile of individual 
tumours after subcutaneous induction of 2 x 105, each line represents a tumour (n = 5).  

 

Assessment of the CD8 subpopulations across tissues (gating strategy outlined in 

Supplementary Figure 3.3) highlighted that there were very similar proportions of the Tcm, 

Tem, and Tnaïve cells across the groups within the dLN (Figure 3.5A), where Tnaive was the 
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most abundant cell type (77±11.4% for 1 x 105 cells group and 77±8.2% for 2 x 105 cells group, 

p>0.05). Within the spleens (Figure 3.5B), a trend of a higher proportion of Tnaive and Tem 

cells across the groups when compared to the dLNs was observed. However, these groups 

are small, so drawing definitive conclusions was not possible. Due to issues with 

compensation, CD8 T cells subpopulations in the blood and tumour could not be assessed. 

The trends dependent on tissue type were like those seen in the previous assessment in 

section 3.3.1. 

 
 

Figure 3.5: Representation of proportion of CD8 subpopulations as a percentage of CD8 T cells from flow cytometry 
analysis of (A) draining lymph nodes (dLN), and (B) spleen of MCA205 growth pilot with lower cell seeding density 
experiment. Groups included non-tumour bearing control (n = 2), 1 x 105 cells (n = 5), 2 x 105 cells (n = 5). Grey represents 
CD8+CD62LCD44- T cells, light pink represents CD8+ T effector cells (Tem, CD62L-CD44+), dark pink represents CD8+ T 
central memory cells (Tcm, CD62L+CD44+), and purple represents CD8+ naïve T cells (Tnaive, CD62L+CD44-). 

The assessment of CD4 populations (Figure 3.6) showed that Tconvs were the more 

abundant CD4 T cell across the groups in spleen, blood, dLNs and cLN, as expected, 

regardless of the cell number implanted. The same ratios of CD25+FoxP3-CD4+ T cells, 

CD25-FoxP3+CD4+ T cells, and Tregs were observed across the 1 x and 2 x 105 cell 

implantation groups. The assessment of the blood did not show the same increase in CD25-

FoxP3+CD4+ T cells as seen following implantation of 5 x 105 cancer cells in the previous 
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study in Section 2.3.1. This could be related to a difference in the cell numbers implanted 

although, slight variations in the flow cytometry panel and set up may be the cause of this 

difference. However, the CD25-FoxP3+CD4+ T cell population was increased in the spleen 

compared to the other tissues for both seeding densities. For example, in the spleen the 

frequency was 7.0±1.6% and 5.0±2% vs in the dLN the frequency was 1.8±0.2% and 

2.0±0.4%, p>0.05 for the 1 x 105 and 2 x 105 cell groups respectively. This population 

difference was also observed in the previous experiment outlined in Section 3.3.1. 

 
 

Figure 3.6: Representation of proportion of CD4 subpopulations as a percentage of CD4 T cells from flow cytometry 
analysis of (A) Tumour, (B) draining lymph nodes (dLN), (C) contralateral lymph nodes (cLN), (D) blood and (E) spleen from 
MCA205 growth pilot study with lower cell seeding density experiment. Groups included non-tumour bearing control (n = 
2), 1 x 105 cells (n = 5), 2 x 105 cells (n = 5). Grey represents CD4+CD25-FoxP3+ T cells, light blue represents 
CD4+CD25+FoxP3- T cells, dark blue represents CD4+ regulatory T cells (Tregs, CD4+CD25+FoxP3+), and teal represents 
conventional CD4 T cells (Tconvs, CD4+CD25-FoxP3-). ANOVA with Tukey’s post hoc test was performed (* p<0.05). 

 

The main point of interest in this study was the drastically larger Treg and CD25+FoxP3-CD4+ 

T cell population in the tumour compared to the other tissues. For the Treg populations this 

included the dLNs (34.1±7.9% and 34.9±15.4% vs 8.3±1.3% and 9.4 ±1.4%, p<0.01 for the 1 

x 105 and 2 x 105 cells groups respectively) (Figure 3.6). 
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 The Tregs implicate a highly regulatory environment in cancers[145,147], including 

sarcoma[27,66,85,148]. This will be pertinent to the study how this population changes after HIFU 

treatment and decreased Treg abundance within the tumour would have clinical 

benefit[27,145,149,150]. Also, an increase in CD8+ T cells within the tissue has been seen in other 

tumour types to associate with survival outcomes[151] and treatment efficacy[141,152]. Previous 

research evaluating immune profiles after HIFU have only assessed CD8 and CD4 

populations as a whole and found increased abundance[23,153]. For example, a ~4-fold 

increase in CD3+ cells were found after HIFU treatment in an in vivo hepatocellular 

carcinoma (H22) study[153]. However, these studies did not evaluate the subpopulations 

highlighted in this chapter. This study also found an increase in the CD25+FoxP3-CD4+ T 

cells in the tumour vs the dLN (33.4 ±10.1 and 33.4 ±13.0 vs 1.2±0.3 and 1.6±0.1%, p 0.001, 

for the 1 x 105 and 2 x 105 cells groups respectively), regardless of seeding density. These 

could have been exhausted Tregs[154] or Treg precursors[144]. Either way, these cells have been 

previously correlated with survival in ovarian cancer studies[155,156]. This may be related to the 

loss of regulatory function caused by constant antigen recognition by these pathways[154]. 

When assessing the Treg to CD8 ratio, the tumour had the highest ratio, suggesting that there 

is a more regulatory environment in the tumour compared to other tissues, strengthening 

this finding (Figure 3.7).  
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Figure 3.7: Flow cytometry analysis of Treg to CD8 T cell ratio of (A) Tumour, (B) blood, (C) draining lymph nodes (dLN), (D) 
contralateral lymph nodes (cLN), and (E) spleen from MCA205 growth pilot with lower cell seeding density experiment. Light 
blue represents the non-tumour bearing mice (n=2), green represents mice injected with 1 x 105 cells (n = 5), cream 
represents mice injected with 2 x 105 cells (n=5). 

It was unexpected to see an increase in Treg population within the tumour to this extent and 

not see a substantial increase in this population in the dLNs[38,142]. However, compared to the 

spleen and blood, a trending increase across the groups was observed with a mean Treg 

frequency in the dLN of 1.4±0.2% vs 8.4±1.8% for spleen and 2.4±1.3% vs blood (p>0.05). 

The increase in the Treg population in the dLN was mirrored by the cLN. The placement of 

the tumour on the flank of the mouse may have meant that the cLN was also antigen 

experienced. However, the abundance of Tregs in the blood and spleen of non-tumour 
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bearing control mice showed no differences in expression. This was corroborated by the 

Treg/CD8 ratio (Figure 3.7).   

When comparing the abundance of the CD4 and CD8 subsets based on seeding density, 

there was no variability in population abundance. This was assessed in the tumour, lymph 

node and blood. This again suggested that in future studies, tumours harvested at a range of 

volumes will still be comparable. 

3.3.3 Summary of findings 

These studies indicated a stable growth profile for the predictions of growth to be used in 

future studies. Along with the baseline immune profiles of these tumours to compare to 

future studies for confidence in findings. The data suggested a high proportion of Tregs and 

CD8 Tem populations within the tumour. Previous studies have shown that the CD4 and CD8 

T cell populations are modulated following exposure to thermally ablative HIFU treatment so 

continued assessment of these populations was paramount. The Tregs would be exerting a 

regulatory phenotype within the tumour which will need to be overcome in the future studies. 

Importantly, although seeding density could be used to regulate tumour growth rate and 

reproducibility, it did not alter immune profile, giving confidence that slight differences in 

tumour size or day of cull should not prove confounding when looking at the impact of HIFU. 

 

3.4 Development of the ablation profile model 

It was hypothesised that the thermal ablation caused by HIFU will produce an immunogenic 

response involving the upregulation of CD8 T cells and affect the CD4 T cell population. The 

effect on the regulatory subpopulations of CD4 T cells with ablation may be affected, and as 

discussed may have clinical benefit. Previous studies in the literature have highlighted that 
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Tcm are more tumour reactive than Tem[157], which may be promoted by the HIFU treatment.  

It was believed that there would be increased antigen recognition after treatment, and this 

would involve the tumour dLNs. A peripheral response in mice treated with HIFU caused by 

antigen release through the vasculature into the blood by treatment, may also be expected.   

Ten tumour-bearing mice were treated with various doses of thermally ablative ultrasound 

within the tumour. This was alongside controls: untreated tumour-bearing mice and non-

tumour bearing mice for immunological investigation. The mice were separated into 

treatment groups with the intention of achieving compatible mean tumour volumes in each 

group. The mice were treated when the tumour volume was palpable and treatable, the 

volume for the tumours in each group at treatment is outlined in Figure 3.8. Although the 

process did achieve groups with no statistically significant difference in mean size at 

treatment (p>0.05) between the groups by ANOVA, the ‘Sham-group’ did have the smallest 

mean size due to calculation error. This also meant that 4 tumours were below the desired 

25mm3 threshold outlined (high HIFU n = 1/5, low HIFU n=1/5, HIFU-Sham n = 2/4). 

 

Figure 3.8: (A) Schematic overview for the pilot in vivo study to assess immune response to various HIFU exposures of 
MCA205 fibrosarcoma in C57/Bl6 mice. Created with BioRender.com. Tumours were induced into mice, tumour growth was 
monitored for 8 to 10-days until size threshold (25mm3) was reached, followed by treatment and culling for harvest 24-
hours after treatment. (B) The mean volume, standard deviation (SD) and predicted percentage of tumours treated with 
HIFU for each group within the study.  
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A single-source ultrasound array (as described in methods section 2.3.3) was used for these 

treatments. Based on previous work with support by Dr Michael Gray, treatment parameters 

were 4.3 MPa peak-to-peak, 100% duty cycle, with a frequency of 1.6MHz. To allow for 

variation in the treatment parameters, 10-seconds and 15-seconds of HIFU exposure was 

assessed to determine a treatment regime for partial ablation of the MCA-205 induced 

fibrosarcoma tumours. The volume of the cylindrical ablation zone was calculated for the 10 

and 15 second exposures as 10.1mm3 and 17.8mm3 respectively. The ablation volume was 

predicted by Professor Mike Grey using CEM43 contour plots from data produced in a water 

tank using a calibrated 200 µm needle hydrophone. The assessed dimensions of the 10- and 

15-second treatment was a spot diameter of 1.8 mm and 2 mm with a depth of 7 mm and 

8.5 mm, respectively. The use of partial ablation of the tumour volume rather than attempted 

coverage of the entire volume was rationalised based on enabling sufficient access to 

immune cells[131]. 

Adjustment of exposure duration allowed avoidance of possible off-target effects of the 

HIFU.  Notably, although the small proportion of the mice did not recover post treatment was 

in-line with expectations for periods of anaesthesia of this duration, a small proportion also 

appeared weak and unwell over the 24 hours following treatment but recovered in response 

to increased welfare checks and interventions (e.g. enhanced feeding, heating and 

hydration) along with skin burns. It was felt that the duration of treatment with continuous 

wave was at upper limits of welfare for these animals, thus subsequent treatments would 

require lower duration of sonication for reduced treatment volume.  
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3.4.1 There was histological evidence of thermal ablation in these tumours.  

As discussed, it was hypothesised that there would be increased infiltration of CD8 and CD4 

T cells into tumours after treatment, and that this infiltration would be more concentrated 

around the treatment area of the partial ablations.  

H&E staining showed tumours in the treatment group with pyknosis (condensation of 

chromatin in the nucleus)[16,24], represented by darker eosin staining in an area of the 

tumour[18] (Figure 3.9), as reported as evidence of thermal ablation in previous literature with 

thermal HIFU treatment. This could not be evidenced in all tumour sections due to technical 

issues with embedding and cutting of some samples. This study assessed the expression of 

vimentin, a canonical marker for sarcoma in the tissue (as shown in representative images 

in Figure 3.10A-F).  When the expression of vimentin (Figure 3.10) was compared to the 

location of the pyknosis, overlap of these stains was observed, for both high- (15 sec) and 

low- (10sec) HIFU exposure, which suggests that there was thermal ablation in the areas of 

tumour. 
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Figure 3.9: Examples of haematoxylin and eosin (H&E) slides (5µm thick) of tumours within groups treated with (A-B) Sham 
HIFU, (C-D) low dose HIFU, (E-F) high dose HIFU. Red ring used to highlight areas of pyknosis (recognisable as increased 
eosin stain uptake), a sign of thermal ablation of tissue. Image of increased magnification included with red dotted line 
indicating border of ablation (pyknosis). 
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Figure 3.10: Examples of slides stained for vimentin (5µm thick) of tumours within groups treated with (A-B) Sham HIFU, (C-
D) low dose HIFU, (E-F) high dose HIFU. Vimentin stain (DAB, brown) for mesenchymal tissue to select areas of 
fibrosarcoma tumour. 

 



68 
 

 
 

Figure 3.11: Examples of slides stained for CD45 (5µm thick) of tumours within groups treated with (A-B) Sham HIFU, (C-D) 
low dose HIFU, (E-F) high dose HIFU. CD45 stain (DAB, brown) for leukocyte cell infiltration within the fibrosarcoma tumour. 
(G) Quantification of CD45 stain as a percentage of haematoxylin positive (blue) nucleated cells within the tumour area 
(see section 2.4.5 for methodology).   

 

Quantification of the expression of CD45+ cells (Figure 3.11G) within these tumours did not 

show a trend towards increased infiltration into treated tumours, nor did these cells 

associate to the tumour-to-normal tissue border or tumour-to-HIFU area border or within the 

area of HIFU. Indeed, Figure 3.11 showed that the infiltration of these tumours is very 

variable between the groups meaning firm conclusions are hard to make. For example, 

Figure 3.11C shows infiltration throughout the tumour, whereas when compared to Figure 
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3.11D, there is little infiltration throughout the tissue. It is believed that this is due to the 

nature of tumours having variable biology[158]. The example images did not show 

concentrated infiltration of the HIFU treated tumour area regardless of the HIFU duration, 

although it may be that 24 hours after treatment there was also an inflammatory response, 

which may have convoluted the immune assessment of these tissues. At 24-hours after 

tissue damage, there is a typical neutrophil influx[159] and priming of DCs for migration to 

dLNs[160]. Within the literature, there have been reports of release of immune modulating 

cytokines and chemokines[161,162] for the attraction of these neutrophils to the areas of 

thermal damage[159].  

 

3.4.2 Immunological assessment of peripheral tissues suggested an 

increased proportion of the CD8 T cells were Tcm with the lower ablation, 

whilst this is lost with higher ablation 

To assess the possible mechanisms leading to infiltration into the tumour, the immune 

composition of the dLNs and the spleen was also profiled for a peripheral immune response 

assessed by flow cytometry (Supplementary Figure 3.4). This assessment focused on CD4 

and CD8 subpopulations, to align with the assessment of the HIFU treatment naïve tumours 

in section 3.3.  

A reduction in absolute numbers of CD8 and CD4 T cells within both the dLN and spleen was 

seen within the high-HIFU (15 sec) treatment compared to low-HIFU (10 sec) in Figure 3.12. 

For the dLN, this difference was significant (9833±9141 vs 57456±8334, p<0.05). There was 

also a reduction in the percentage proportion of CD8 T cells from CD3 T cells in the spleen 
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within the high-HIFU (15 sec) treatment compared to low-HIFU (10 sec): 20712±11060 vs 

262340±178626 (p<0.05). This trend was not seen in the dLN (Figure 3.13A). 

 
 

Figure 3.12: Absolute number of CD8 (A-B) and CD4 (C-D) T cell populations from flow cytometry analysis of spleen in (A, 
C) and  draining lymph nodes (dLN, B, D) from mice that are non-tumour bearing controls (NTC, n = 4, lilac), tumour-bearing 
Sham-HIFU controls (Sham, n = 4, purple), low dose HIFU-treated (low, n= 5, vibrant pink), and high dose HIFU-treated 
(high, n= 5, light pink). Bar height represents mean value, dots individual replicates. ANOVA with Tukey’s post hoc test was 
performed (* p<0.05). 
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Figure 3.13: The percentage of CD8 (A-B) and CD4 (C-D) T cell populations from flow cytometry analysis of CD45+CD3+ T 
cells in the spleen in (A, C) and  draining lymph nodes (dLN, B, D) from mice that are non-tumour bearing controls (NTC, n 
= 4, lilac), tumour-bearing Sham-HIFU controls (Sham, n = 4, purple), low dose HIFU-treated (low, n= 5, vibrant pink), and 
high dose HIFU-treated (high, n= 5, light pink). Bar height represents mean value, dots individual replicates. ANOVA with 
Tukey’s post hoc test was performed (* p<0.05). 

 

The differences in absolute number CD4 T cells were not significant (Figure 3.13B-D), nor 

was the percentage of CD3 T cells. This could be because of the treatment leading to 

sequestering of immune response into the tumour. However, the tumour samples could not 

be examined by flow cytometry as the tissue had been prioritised for histology. Infiltration of 

CD45 cells assessed by the histology and was not found to be decreased in the high-HFIU 

group vs the low-HIFU group as discussed in section 3.4.1. It was also notable that the non-

tumour bearing mice had a large CD4 and CD8 population within the lymph nodes, however 

there was a large variation in this between individuals. 
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This study assessed the memory subpopulations of the immune populations in the control 

LNs, (brachial and ipsilateral LNs taken from the left-side of the mouse to replicate the dLNs) 

without antigen stimulation by a tumour, i.e. in a non-tumour bearing control mouse (NTC). 

This provided a baseline for comparison to the tumour-bearing mice, and subsequently 

tumours treated with HIFU (Figure 3.14). It was hoped that this would address whether the 

Tcm and Tem populations were affected by the tumour and whether the HIFU treatment was 

able to improve response to tumour antigen. This showed the main cell type of NTC group 

was Tnaive. This population reduced in Sham-HIFU mice, with the CD62L-CD44- population 

becoming abundant. These groups had large variation in population abundances (Figure 

3.14B). This again may be related to biological variations in these tumours. The low-HIFU (10 

sec) ablation group retained a large Tnaive population (Figure 3.14A), larger than the NTC 

mice while also having a significantly increased abundance of Tcm with low variability 

compared to the Sham-HIFU and high-HIFU mice (21.1±5.6% vs 6.3±6.4% vs 9.2±5.0% 

respectively with p<0.01 and p<0.05 respectively). 
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Figure 3.14: Representation of the CD8 subpopulations from flow cytometry analysis of tissues from mice treated with 
HIFU. Representation of proportion of CD8 subpopulations as a percentage of CD8 T cells from (A) draining lymph nodes 
(dLN), and (B) the spleen from mice that are non-tumour bearing controls (NTC, n = 4, lilac), tumour-bearing Sham-HIFU 
controls (Sham, n = 4, purple), low dose HIFU-treated (low, n= 5, vibrant pink), and high dose HIFU-treated (high, n= 5, light 
pink). The CD8 subpopulations with error bars representing the standard deviation. ANOVA with Tukey’s post hoc test was 
performed (* p<0.05, ** p<0.01). 

 

When treated with the high-HIFU, the CD8 subpopulations in the dLN had a similar 

proportion of Tcm and Tem to the Sham-HIFU and NTC groups. Tcm in the high-HIFU, NTC, 



74 
 

Sham-HIFU was 9.1±5%, 12.7±6.5% and 6.3±6.4% respectively, whereas Tem was 

10.2±7.6%, 5.8±9.1% and 11.5±10% respectively. This may reflect HIFU induced destruction 

of the release antigen or prevention of access to antigen, which would make generation of 

response to such antigen challenging. The phenotype of the high-HIFU treated group is like 

that of the HIFU-Sham group. It could be that tumour-derived suppressive factors halt the 

further differentiation of Tcm cells into effectors[163], with other studies suggesting that 

increased Tcm presence[164] as well as abundance in dLN before entering tumour correlates 

with an improved future outcome[157].  Previous research has also shown that after 

immunotherapy treatment, Tnaive remain a predominant cell within the dLN, with Tcm being 

more abundant than Tem, as expected for lymphatic tissue[141,165], thus supporting this 

finding. 

Comparatively, in the spleen there were minimal differences between the NTC, Sham-HIFU, 

low-HIFU and high-HIFU groups (Figure 3.14B). The CD62L-CD44- population was the most 

abundant, followed by Tnaïve. There was large variability within the groups as highlighted in 

Figure 3.14B which has made the interpretation of these data difficult. There was no increase 

in memory populations, although as this is not tumour specific, so changes within the spleen 

may not be expected. However, a larger Tem population was seen within the spleen of all 

tumour-bearing groups when compared to the dLN. This could be related to the low levels of 

persistent antigen presentation by the tumour leading to a slight increase in this population 

within the peripheral lymphatic tissue. Within these tissues, the 24-hour time point may have 

been too early to assess a robust memory response to HIFU treatment. 

When assessing the CD4 responses to treatment an increase in the overall population had 

previously been reported in the literature in both in vivo[11,131] and a clinical study[23]. It was 
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hypothesised that there would be modulation of the regulatory phenotype of the tumour 

after HIFU treatment as antigen presenting pathways were affected, thus affecting the Treg 

population. These data shown in Figure 3.15 suggested that the Tconv population was the 

most prevalent CD4 T cell type within both the spleen and dLN across all treatments as 

expected by the literature and the previous work conducted here. There was a trend increase 

in the Treg abundance in dLN in the HIFU treatment groups (Figure 3.15A and C) when 

compared to the LN from NTC mice or dLN from Sham-HIFU mice. This could be related to 

antigen activated Treg induction, which is often seen in cancer studies[38,166,167]. Within the 

dLN the ratio of Treg to CD8 T cells also follows this trend, with a slight increase in the ratio. 

This suggested that the systemic environment is becoming more regulatory rather than 

cytotoxic after HIFU treatment.  
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Figure 3.15: Representation of the CD4 subpopulations from flow cytometry analysis of tissues from mice treated with 
HIFU. Representation of proportion of CD4 subpopulations as a percentage of CD4 T cells from (A) draining lymph nodes 
(dLN), and (B) the spleen with error bars showing the standard deviation. Treg to CD8 T cell ratio of (C) draining lymph nodes 
(dLN), and (D) spleen from mice that are non-tumour bearing controls (NTC, n = 4, lilac), tumour-bearing Sham HIFU 
controls (Sham, n = 4, purple), low dose HIFU-treated (low, n= 5, vibrant pink), and high dose HIFU-treated (high, n= 5, rosy 
pink ). ANOVA with Tukey’s post hoc test was performed. 
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3.4.3 Implications 

In summary, this study evidenced indications of an ablation zone in a subset of tumours, 

which was believed to be caused by exposure to thermally ablative HIFU. Following this, the 

assessment of the subpopulations of CD8 and CD4 T cells suggested an increase in the 

CD8+ Tcm and Tregs after low-HIFU (10 second) treatment which was not seen with the high-

HIFU (15 second) treatment. However, these findings did not show statistical significance. A 

more apparent and robust effect may have been detected had samples been taken at more 

extended durations post-exposure than the 24 hours used here.  

To further assess the hypothesis that the activity of antigen presenting cells increases after 

HIFU treatment, future studies set out to assess the myeloid populations within the 

tumours, along with the assessment of the circulating blood and associated lymphatics to 

identify the effect of the treatment on antigen recognition of the tumour. 

 

3.5 Optimisation of ablation profiles 

As discussed in section 3.4, when treating with ablative HIFU, there can be some off target 

effects which impede the efficacy and assessment of the treatment. To try to mitigate these 

issues, we assessed a shorter HIFU treatment time. The results of which will be discussed in 

the following section. As before, a single-source ultrasound array (as described in methods 

section 2.2.3, and section 3.4) was used for these treatments. To avoid unwanted effects of 

the treatment for the extended assessment of immune populations HIFU exposure was 

conducted for 5-seconds for partial ablation of the MCA-205 induced fibrosarcoma 

tumours. The treatment volume was calculated to be 0.9mm3. The small treatment volume 

may mean that the treatment may have limited impacts on the tumour microenvironment 
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and subsequent immune infiltration and activation. However, a balance of unwanted effects 

and immune modulation had to be kept.  

Section 3.4.2 showed an increase in the proportion of Treg and Tcm within respective T cell 

populations in the dLN after low-HIFU treatment of the tumour. As discussed, it was thought 

that this increased Treg and Tcm abundance was due to increased activation after HIFU 

treatment, possibly caused by antigen presentation. The study showed stable CD4 and CD8 

T cell populations within the dLN and spleen of the low-HIFU treatment group, which may 

suggest this activation of the immune populations rather than recruitment. 

To try to assess that antigen presentation responses were affected by the HIFU treatment, 

myeloid populations which may have mediated this were assessed. It was hypothesised that 

there would be more APCs in the dLN after treatment. The populations selected for analysis 

in this study include dendritic cells (DCs), neutrophils, monocytes and macrophages. 

Circulating monocytes have been linked to increased tumour DCs for the development of a 

regulatory environment[168], whereas macrophage number within the tumour is often 

explored due to antigen recognition[131] and downstream responses as well as association to 

prognosis and treatment outcomes[169] meaning these populations are important to assess.  

The previous study suggested that 24 hours after treatment may be too soon to see a robust 

T cell response, hence this study also assessed 5 days post treatment. Activation and 

memory states of the CD8 T cells was inconclusive within the previous study, again possibly 

related to the sampling time. 
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Figure 3.16: (A) Schematic overview for the pilot in vivo study to assess immune response to HIFU treatment of MCA205 
fibrosarcoma in C57/Bl6 mice at an extended time. Created with BioRender.com. Tumours were induced into mice, tumour 
growth was monitored for 8- to 11-days until required size threshold (50mm3) was reached, followed by treatment and 
culling for harvest 24-hours or 5-days after treatment. (B) The mean volume, standard deviation (SD) and predicted 
percentage of tumours treated with HIFU for each group within the study. (C) Tumour growth volume of tumours treated as 
HIFU-Sham (blue, n = 5 on days 0 to 3, n = 3 on day 4) or with HIFU (red, n = 4 on days 0 to 4). (D) Mean of the volume fold 
change of volume from day of treatment with standard deviation of mice treated with HIFU-Sham (blue, n = 5 on days 0 to 
3, n = 3 on day 4) and HIFU treated (red, n = 4 on days 0 to 4) tumours. 

 

This study was planned to assess APC myeloid populations, CD8, and CD4 subpopulations 

24-hours and 5-days post-HIFU treatment as outlined in Figure 3.16A. There were 5 mice per 

group which were intended to have similar tumour volumes at the time of treatment. Due to 

data processing issues, the tumour volumes for the groups were not as similar as intended 

and the intended treatment volume was not observed as intended and as such the 
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percentage of treated tumour between the timepoints varied, as shown in Figure 3.16B.  The 

study allowed for assessment of immune populations in peripheral tissues, 24-hours and 5-

days after treatment. The assessment of the tumour volume saw no difference in the tumour 

volume (Figure 3.16C) or growth rate (Figure 3.16D) after 4 days (data for day 5 was not 

recorded in error). After 3 days the data for 2 of the Sham-HIFU mice was not available which 

may have skewed the data.  

3.5.1 There was histological evidence of effective HIFU treatment, however 

spatially related immune response to treatment was not observed 

The histological assessment of the HIFU treated tumours compared to non-treated ‘Sham-

HIFU’ tumours showed evidence of ablation, as in the previous study in section 3.4.1. This 

included pyknosis (Figure 3.17A-D, in comparison to Figure 3.17E-H) which indicates an 

effective partial treatment in these tumours. Vimentin staining (Figure 3.18) was used to 

confirm the pyknosis was within the area of the tumour. 

When assessing the abundance of particular immune populations, quantification of 

important markers including CD45 (Figure 3.20), CD8 (Figure 3.21) and FoxP3 (Figure 3.22) 

was used to profile levels of leukocyte, cytotoxic T cell and Treg abundances, respectively.  

No correlation between HIFU treatment and infiltration of cells with these markers was 

observed (Figure 3.19). The assessment of these populations did not show the expected 

trend in change with the treatment. This may be because histology is an imperfect way of 

assessment of these tissues. The approach taken lacks the ability to assess the whole 

tumour as a 3D object, thus information on only a portion of the tumour is attained. As 

discussed in section 3.4, this was a partial ablation study, which creates the risk of the small, 

modified area being missed in analysis.  
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Many factors will then impact on the ability of the mouse to raise a response to the increased 

antigen and necrotic factors released because of HIFU treatment. These include the 

availability of the antigen to reach the vasculature to leave the tumour and be recognised. 

Also, immune cells require functional vasculature to then enter the tumour after antigen 

recognition. With a small ablation zone, there may not be available vasculature within the 

vicinity of the treatment area. The ablation can disrupt vasculature which may also affect 

the ability of the cells to enter the tumour after treatment.  
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Figure 3.17: Example haematoxylin and eosin (H&E) slides (5µm thick) of tumours within groups treated with (A-B) HIFU at 
24-hours, (C-D) HIFU at 5-days, (E-F) Sham-HIFU at 24-hours and (G-H) Sham-HIFU at 5-days. Red arrows used to highlight 
areas of pyknosis (recognisable as increased eosin stain uptake), a sign of thermal ablation of tissue. 

 



83 
 

 
 

Figure 3.18: Example vimentin slides (5µm thick) of tumours within groups treated with (A-B) HIFU at 24-hours, (C-D) HIFU 
at 5-days, (E-F) Sham-HIFU at 24-hours and (G-H) Sham-HIFU at 5-days. Vimentin stain (DAB, brown) for mesenchymal 
tissue to select areas of fibrosarcoma tumour. 
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Figure 3.19: Quantification of histological stains as a percentage of haematoxylin positive nucleated cells within the tumour 
area. Represented cell types include (A) CD45 (Sham 24-hour N = 3, HIFU 24-hour N = 4, Sham 5-days N = 4, HIFU 5-days 
N = 4), (B) CD8 (Sham 24-hour N = 3, HIFU 24-hour N = 4, Sham 5-days N = 4, HIFU 5-days N = 5), (C) FoxP3 (Sham 24-hour 
N = 2, HIFU 24-hour N = 4, Sham 5-days N = 4, HIFU 5-days N = 4) percentage positive cells. Quantification of 
immunohistochemistry stains as a percentage of haematoxylin positive (blue) nucleated cells within the whole tumour 
area (see section 2.4.5 for methodology). 
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Figure 3.20: Representative CD45 slides (5µm thick) of tumours within groups treated with (A-B) HIFU at 24-hours, (C-D) 
HIFU at 5-days, (E-F) Sham-HIFU at 24-hours and (G-H) Sham-HIFU at 5-days. CD45 stain (DAB, brown) for leukocyte cell 
infiltration within the fibrosarcoma tumour.  
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Figure 3.21: Representative CD8 slides (5µm thick) of tumours within groups treated with (A-B) HIFU at 24-hours, (C-D) 
HIFU at 5-days, (E-F) Sham-HIFU at 24-hours and (G-H) Sham-HIFU at 5-days. CD8 stain (DAB, brown) for CD8+ T cell 
infiltration within the fibrosarcoma tumour.  



87 
 

 
 

Figure 3.22: : Representative FoxP3 slides (5µm thick) of tumours within groups treated with (A-B) HIFU at 24-hours, (C-D) 
HIFU at 5-days, (E-F) Sham-HIFU at 24-hours and (G-H) Sham-HIFU at 5-days. FoxP3 stain (DAB, brown) for regulatory T cell 
infiltration within the fibrosarcoma tumour. Higher magnification representations of the tissue are shown in the inset, red 
arrows used to highlight positively stained cells. 
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3.5.2 There was modulation of monocyte abundances five days after HIFU 

treatment with increased macrophage abundances 

It was hypothesised that there would be changes in the APC populations after HIFU 

treatment. It was believed to be related to the increased levels of necrotic tissue which in 

turn leads to increased circulating antigen, and DAMPs. To address this, the distribution of 

myeloid derived APCs in the dLNs was assessed using flow cytometry 24-hours and 5-days 

after treatment. These populations were compared to non-treatment control tissues and the 

cLNs. The treatment may have abscopal effects because of the antigen recognition which 

may affect the periphery. 

Previously, high abundance of neutrophils has been associated with tumour progression but 

also the polarisation of macrophages to an M1 phenotype[170], hence the interest in their 

expression within this work. A significant increase in the neutrophil abundance 24-hours 

after treatment was seen in the HIFU group when compared to Sham-HIFU control at the 

same timepoint (0.29±0.02% vs 0.080±0.03%, p<0.01). This resolved by 5-days, comparing 

the HIFU treatment to the same timepoint Sham-HIFU control (0.13±0.05% vs 0.13±0.07%, 

p>0.05). Neutrophil are known to increase following necrotic cell death [171], which was the 

intended mechanism of this HIFU treatment, and the effectors of the cell death may be 

circulating through the lymphatics after treatment. This may have led to the recruitment of 

macrophages specifically to the tumour, through the lymphatic system. This population 

seemed to specifically be associated to the tumour as neutrophils were a stable population 

within the cLN.   

In the dLN, there was a trend for an increase in monocyte (1.08±0.25% vs 0.71±0.22%, 

p>0.05) and macrophage (0.18±0.04% vs 0.08±0.02%, p>0.05) populations in the HIFU 



89 
 

treatment group at 5 days  post treatment compared to Sham-HIFU at the same timepoint 

(Figure 3.23A), which may be related to HIFU treatment.  

 
 

Figure 3.23: Representative plots of myeloid populations including dendritic cells (DCs, CD45+CD3-CD11b-CD11c+) 
neutrophils (CD45+CD3-CD11b+CD11c-Gr1+), monocytes (CD45+CD3-CD11b+CD11c-Gr1-Ly6C+F4/80-), and 
macrophages (CD45+CD3-CD11b+CD11c-Gr1-Ly6C+F4/80+) as percentage of CD45+ leukocytes with error bars to show 
standard deviation from flow cytometry analysis of populations in (A) draining lymph nodes (dLN, Sham 24-hours n = 2, 
HIFU 24-hours = 3, Sham 5-days n = 3, HIFU 5-days n= 3), and (B) contralateral lymph node (cLN, Sham 24-hours n = 3, 
HIFU 24-hours = 5, Sham 5-days n = 5, HIFU 5-days n= 4), of mice treated with Sham HIFU or HIFU at 24-hours and 5-days 
post treatment. ANOVA with Tukey’s post hoc test was performed, (* p<0.05, ** p<0.01). Reduced replicates due to issues 
with the flow cytometry staining and sample acquisition. 
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An increase in the DC population abundance was expected, but this was not the case. It is 

known that monocyte populations become abundant in response to cell death[130]. Along 

with this, there has been evidence in the literature to show that monocyte derived DCs 

(MoDCs) from dLNs are required for the priming of cytotoxic CD8 function within 

tumours[172,173]. Increased cytotoxic T cell activity through DC mediated antigen presentation 

was the hypothesised pathway after HIFU treatment. However, it seems that the phenotype 

was pushed towards the accumulation of macrophages within the dLN. This is suggested by 

the persistent low level of DCs but small increase in macrophage abundance (Figure 3.23A). 

These macrophage populations can either have a pro-tumour[169] or anti-tumour 

response[42,174] with antigen presentation functions[131,175] but the assessment of this was 

beyond the scope of the study.  

This analysis uncovered that DC, monocyte and macrophage populations were stable within 

the cLN (Figure 3.23B), although there was some variability based on the group. This is to be 

expected in an experiment of this type with small groups.  

3.5.3 Indications of an increased proportion of Tregs within the dLN after 

HIFU treatment may be indicative of an antigen initiated regulatory T cell 

response 

It was hypothesised that an increase in T cell populations would be seen within the dLN 5 

days after HIFU treatment. Assessment of the Treg population was pertinent after 

modulation of this population was seen within the previous studies as discussed in sections 

3.3.2. Limitation on tissue availability meant that the memory population could only be 

assessed in the periphery. However, modulation of circulating CD8 T cell memory 

populations may be seen.  To assess this, flow cytometry of the dLNs was performed, with 
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cLN as internal controls. Peripheral results were also of interest as CD8 abundances, and 

CD8:Treg ratios have previously been clinically relevant[176–178]. 

Firstly, assessment of the overall B cell, T cell, CD4 and CD8 T cell populations was 

conducted in dLN, cLN and blood (Figure 3.24). This showed a significant decrease in T cell 

populations in the dLN with HIFU, 24-hours after treatment compared to the Sham-HIFU 

group (71.2±11.6% vs 45.3±10.2%, p<0.05, as shown in Figure 3.24A). Such decreases were 

not observed in the cLN (Figure 3.24B) or blood samples (Figure 3.24C). A significant 

reduction in the CD8 T cell population was seen 24-hours after treatment in the HIFU treated 

group compared to Sham-HIFU at the same timepoint (30.6±2.5% vs 17.3±5.0%, p<0.01). 

Also, there was a significant reduction in the CD8 population when comparing the 5-day 

Sham-HIFU group to the 24-hour Sham-HIFU group (20.0±5.2% vs 30.6±2.5%, p<0.05). This 

may suggest that these cells are leaving the dLN and bloodstream to infiltrate into the 

tumour, however, the tumour histology was inconclusive so did not confirm this. 

Furthermore, it should be noted that the population frequency at 24-hours compared to 5-

days is marginal within the HIFU group and the abundance within the Sham-HIFU group at 

24-hour may be misleading. The T cell population in the Sham-HIFU group at 5-days was 

significantly lower than 24-hours (71.2±11.6% vs 48.2±10.6%, p<0.05), when it would be 

expected to be similar as there was no treatment given to these mice. However, the tumour 

size was larger at baseline in the 24-hours which may have affected the T cell responses to 

the untreated HIFU-Sham tumours.   
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Figure 3.24: Representative plots for proportion of B cell, T cell, CD8 T cell and CD4 T cell populations as percentage of 
CD45+ leukocytes from flow cytometry analysis of populations with error bars to show standard deviation in (A) draining 
lymph node (dLN, Sham 24-hours n= 3, HIFU 24-hours = 5, Sham 5-days n = 5, HIFU 5-days n= 3), (B) contralateral lymph 
node (cLN, Sham 24-hours n= 3, HIFU 24-hours = 5, Sham 5-days n = 5, HIFU 5-days n= 4 and (C) blood (Sham 24-hours n= 
3, HIFU 24-hours = 5, Sham 5-days n = 5, HIFU 5-days n= 4) of mice treated with Sham HIFU or HIFU at 24-hours and 5-days 
post treatment.  ANOVA with Tukey’s post hoc test was performed (* p<0.05, ** p<0.01). HIFU 5-day dLN had removed 
replicate due to flow cytometry staining issue.  
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Figure 3.25: Representative plots of CD8 subpopulations as percentage of CD8 T cells from flow cytometry analysis of 
populations Spleen (Sham 24-hours n= 3, HIFU 24-hours = 5, Sham 5-days n = 5, HIFU 5-days n= 4), of mice treated with 
Sham HIFU or HIFU at 24-hours and 5-days post treatment. In detailed view of the proportion of the CD8 subpopulations 
with error bars. ANOVA with Tukey’s post hoc test was performed, there were no significant differences. Reduced replicates 
in the blood analysis due to tissue availability and flow cytometry acquisition recording issues.  

 

Within the HIFU-treated group, there was a not-significant increased abundance of B cells 

in the dLN 24-hours (41.7±12.0% vs 19.8±6.5%, p>0.05) and 5-days (49.0±8.6% vs 

40.5±12.6%, p>0.05) after treatment (Figure 3.24). This may have been related to antigen 

recognition caused by treatment. As B-cells are known to be prevalent in sarcoma[26], and 

there were limitations on what could be provided by the techniques used, this was not 

investigated any further.  

The analysis of the CD8 subpopulations by flow cytometry (gating strategy in Supplementary 

Figure 3.5) was able to explore memory populations within the spleen (Figure 3.25). Due to 

tissue availability and limitations of the techniques the other tissues were prioritised to 

assess the myeloid and CD4 T cell lineages. The spleen showed a stable CD8 populations, 

that did not vary with treatment. CD44-CD62L- cells were the most abundant 

subpopulation. The Tem population was abundant within all groups, with Tcm and Tnaïve 

cells also present at lower abundance. This may suggest a response to the tumour, but the 

treatment may not influence these splenic populations.  
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The assessment of CD4 T cell populations in the dLN (gating strategy in Supplementary 

Figure 3.5) showed Tregs made up a slightly higher frequency of the CD4 T cell population 5-

days after HIFU treatment when compared to the Sham-HIFU at 5-days (10.34±0.5% vs 7.8 

±2.45%, p>0.05), as well as the HIFU treated group at 24-hours (10.34±0.5% vs 5.0±2.3%, 

p<0.05, Figure 3.26A). This was supported by the Treg/CD8 ratio which increased in the dLN 

of HIFU treated mice at 5-days post treatment when compared to the 24-hour treatment 

group (Figure 3.26G). These finding did not reach statistical significance because of the large 

variability in this data. If this Treg population increase was also indicative of levels within the 

tumour after the HIFU treatment, then this could explain why the expected decrease in 

tumour growth and improved survival was not achieved. It may have been that the tumour 

environment and signalling pathways may skew antigen presentation responses towards 

bolstering the regulatory response which is known to be the phenotype tumours with an 

MHC-II response. As previously suggested, the dLN are involved in the antigen response for 

the generation of Tregs into tumours[38,142]. In the dLN, a subtle decrease in Tconv frequency 

was seen as the Treg population became more dominant, when comparing the HIFU treated 

groups to Sham-HIFU groups at both 24-hours (88.9±2.8% in Sham-HIFU vs 86.9±2.8% in 

HIFU, p>0.05) and 5-days (85.5±1.7 in Sham-HIFU vs 83.9±0.4% in HIFU) post treatment. The 

increase in Treg frequency was compared to CD8 T cell abundance. This indicated a slight 

increase in the Treg/CD8 ratio in the HIFU group compared to HIFU-Sham, 5-days after 

treatment but there was large population variability, so it is difficult to specifically determine 

any differences.  
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Figure 3.26: Representation of proportion of CD4 subpopulations as a percentage of CD4 T cells from flow cytometry 
analysis of (A) draining lymph nodes (dLN, Sham 24-hours n = 3, HIFU 24-hours n= 5, Sham 5-days n = 5, HIFU 5-days n = 3 
), (B) contralateral lymph nodes (cLN, Sham 24-hours n = 3, HIFU 24-hours n= 5, Sham 5-days n = 5, HIFU 5-days n = 4), and 
(C) blood (Sham 24-hours n = 3, HIFU 24-hours n= 5, Sham 5-days n = 5, HIFU 5-days n = 4) of mice treated with Sham HIFU 
or HIFU at 24-hours and 5-days post treatment. ANOVA with Tukey’s post hoc test was performed, there were no significant 
differences. (A, B, and C) Detailed view of the proportion of the CD4 subpopulations with error bars to show SD. Treg to CD8 
T cell ratio of (D) draining lymph nodes (dLN), (E) contralateral lymph nodes (cLN), and (F) blood. ANOVA with Tukey’s post 
hoc test was performed. 

 

These data showed a stable proportion of Tconvs and Tregs, within the cLN, and blood for all 

groups, regardless of treatment (Figure 3.26B and C). This was as well as a stable Treg/CD8 

ratio in the cLN (Figure 3.26E and F). There was large variability in the Treg/CD8 ratio within 

the blood of the 24-hour Sham group, but overall there seemed to be little difference in this 

between the Sham-HIFU and HIFU treated groups (Figure 3.26I). This suggests that the 

modulation of the CD4 subtypes was a HIFU treatment response, specifically to the tumour.  
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3.5.4 Summary of findings 

Assessment of the myeloid, T cell and B cell populations within the dLN, cLN, and blood 

samples of mice treated with HIFU after 24-hours and 5-days indicated an increase in the 

proportion of neutrophils in the dLNs 24-hours after HIFU treatment, when compared to 

Sham control tumour bearing mice. An increased proportion of monocytes, macrophages 

and Tregs were identified in the dLN 5-days after HIFU treatment. This study suggested that 

there was modulation of APC populations within the lymphatic system associated with the 

tumour with subtle suggestion that the Treg populations are also modulated in the dLN 

requiring further analysis within the tumour itself. 

 

3.6 HIFU ablation with immunotherapy 

In the literature, tumour growth of sarcoma (S180) has been reduced after partial thermal 

ablation[131]. However, within Section 3.5, a reduced growth was not seen. Assessment of an 

extended period after treatment to investigate the treatment outcome in terms of tumour 

growth control was pertinent. The previous data suggested modulation of myeloid derived 

APC such as monocytes and macrophages as well as neutrophils and Treg populations was 

occurring.   

Within this chapter, it was of interest to determine how HIFU treatment may be able to 

improve suboptimal (for sarcoma) immunotherapies for treatment. Treatment with aPD-L1 

antibody therapies have had limited impact on sarcoma patient survival. It was noted in the 

literature that PD-L1 expression was reported to be low within primary and metastatic 

sarcoma tumours[83,150,169,179] with variability dependent on type. However, when it was 

present the expression of PD-L1 was often associated with poorer clinical outcomes [83,150,179].  
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It seemed pertinent to the studies reported here, that the use of aPD-L1 blocking antibodies 

has been reported in the literature to influence the specific cell types profiled in response to 

HIFU in sections 3.4.2, 3.5.2 and 3.5.3. Specifically, Huang et al have reported an increase 

tumour specific-reactive CD8 memory T cells within the dLN in response to antigen following 

anti-PD-L1 treatment in a melanoma model (B16-F10)[180]. It was thought that this can 

improve the intended response to produce a CD8 T cell specific response, as has previously 

been seen in neuroblastoma in vivo study[127]. Also noted in the previous studies was a 

decrease in the Treg population with a combination therapy of aPD-L1 and aTGFβ in the LNs 

of a metastatic MCA205 model[137]. This seemed relevant with the previous studies outlined 

in this work suggesting an increase in the Treg population (section 3.4.2 and 3.5.3).  

Clinically, aPD-L1 in the form of Avelumad, Atezolizumab, and Durvalumab, have been used 

in the treatment of sarcoma in phase I/II clinical trials as a part of a combination therapy 

approach. Avelumad for advanced liposarcoma and leiomyosarcoma has been used in 

combination with trabectedin (chemotherapeutic) which showed a progression free survival 

of 6-months of 52%, with improved median progression free survival of 8.3 months 

compared to studies of trabectedin alone, where the progression free survival has been 

reported at 4.2, 5.1 and 5.6 months[181]. This suggested that the treatment had some 

improved effect on the cohort. Avelumad has also been assessed with gemcitabine 

(chemotherapeutic). This was a phase II study conducted on patients with leiomyosarcoma 

which showed an overall response rate of 20% with the better outcomes being associated 

with higher immune infiltration[182].  

These findings and the increase in CD4 and CD8 populations reported after HIFU treatment, 

in the studies in this chapter (sections 3.4 and 3.5), help build the rationale for the use of 
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HIFU in combination with ICI.  The treatment of adolescent alveolar soft-part sarcoma in a 

phase II trial using Atezolizumab showed a response rate of 37% (complete and partial 

response)[183] further emphasises the potential of ICI for improving treatment of sarcoma 

indications. Durvalumab has been used with Tremelimumab (aCTLA-4) and radiotherapy for 

the treatment of high-grade soft tissue sarcomas with stable disease or partial response 

being achieved in most patients, suggesting its use in combination treatment as favourable, 

but still with room for improvement[184]. Durvalumab with Trabectedin as a combination 

therapy in a phase Ib study has shown less favourable outcomes, with just 43% of patients 

showing tumour shrinkage[185]. Again, providing some encouragement that the mechanistic 

action of ICI is supported, but that there is still room for improvement of the treatment.  

It was therefore hypothesised that the combination of HIFU and aPD-L1 antibody would 

synergise to provide better outcomes when compared to each approach in isolation or a 

control no-treatment regimen. aPD-L1 therapies provide better treatment outcomes with 

increased immune infiltration, which may be provided by the HIFU ablations. Previous work 

had shown aPD-L1 antibodies to have a limited effect on the ability to effectively treat 

MCA205[186,187], hence there is scope for HIFU to provide enhancement in this model. 

In terms of measurable outputs from the combination of HIFU and aPD-L1, assessment of 

the immune milieu may be expected to reveal an increase APC and T cell activation. Indeed, 

previously it was hypothesised that DCs will be a main APCs, which migrate to the dLN and 

increase CD8 T cell activity towards the tumour. However, data (section 3.5.2) suggested 

that neutrophils an Mice were harvested at 24-hours and 5-days d macrophages may be 

the main cell type impacted which may then influence the T cell population activity. The 

modulation of the Treg population within the tumour was also seen, (section 3.5.3), which 
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may be linked. The previous reliance on histological assessment of these tumours may not 

have been the optimal approach for assessing the infiltration into the tumours. Thus, this 

study will focus on the assessment of immune population modulation after treatment in the 

periphery, lymphatics and tumour using flow cytometry. 

The focus of this study was to provide immunotherapy on the day of tumour ablation by HIFU, 

with additional injections at 5- and 10-days post HIFU treatment for the combination therapy 

group as outlined in Figure 3.27A. Typical human trials treat with 10mg/kg of aPD-L1 drug 

which equates to 200µg of antibody for the mouse. An antibody control matching the Isotype 

of the aPD-L1, as discussed in methods section 2.2.4 was used as a control, along with HIFU 

Sham treatment as described in methods section 2.2.2. Mice were therefore treated in one 

of the following ways: aPD-L1 + HIFU (PD-L1 HIFU), aPD-L1 + HIFU Sham (PD-L1 Sham), 

Isotype control + HIFU (Iso HIFU), and Isotype control + HIFU Sham (Iso Sham) as outlined 

in Figure 3.27B. The treatment volume was calculated to be 0.9mm3. The percentage of the 

tumour that was treated is shown in Figure 3.27B. The treatment volume may mean that the 

treatment may have limited impacts on the tumour microenvironment and subsequent 

immune infiltration and activation. However, due to welfare concerns in the previous study, 

a balance had to be considered for practicality.  

Flow cytometry analysis was conducted on the tumour, dLN, and cLN, the gating strategy 

was outlined in Supplementary Figure 3.6. Mice were harvested at 24-hours and 5-days after 

HIFU and aPD-L1 treatment. Mice were assigned to groups to achieve equivalent mean 

tumour volumes per group before treatment (Figure 3.27B). These tumours were larger at the 

time of treatment than previous studies to account for vascularisation requirements of aPD-

L1 antibody delivery within the tumour.  
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Figure 3.27: A) Schematic overview for the pilot in vivo study to assess immune response to HIFU treatment with aPD-L1 
immunotherapy of MCA205 fibrosarcoma in C57/Bl6. Created with BioRender.com. Tumours were induced into mice, 
tumour growth was monitored for 8- to 11-days until required size threshold (>60mm3) was reached, followed by treatment 
and culling for harvest 24-hours, 5-days, or in a survival study after treatment. (B) The mean volume, standard deviation 
(SD) and predicted percentage of tumours treated with HIFU for each group within the study.  
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3.6.1 There was successful reduction of PD-L1 expression on tumour 

cells, and significant downregulation of its expression on leukocytes 

The assessment of PD-L1 expression on cancer and CD45 immune compartment was 

conducted by flow cytometry. Previous research has shown that the MCA205 cell line does 

express PD-L1[137]. Furthermore, the immune milieu in the tumour, vasculature and 

lymphatics may also be affected by the treatment. The hypothesis was that using the same 

antibody clone for flow cytometry would indicate the binding of the anti-PD-L1 within the 

tissue. It was believed that the relative abundance of PD-L1+ cells at 24-hours after 

treatment would be lower in the mice treated with the aPD-L1 antibody compared the 

isotype control mice. It was also hypothesised that the additional aPD-L1 antibody would be 

required at 5-days as the relative abundance of PD-L1+ cells would increase again at 5-days 

post-injection. 

Firstly, the staining and identification of MCA205 cells by flow cytometry was optimised in 

vitro. The expression of CD45, CD29 and PD-L1 were profiled on cells collected from 

monolayer culture. Figure 3.28 shows the MCA205 tumours express CD29 (an integrin 

receptor) (Figure 3.28A) and PD-L1 (Figure 3.28A), both indicated, compared to the FMO 

population. CD29 is associated with cancer stem cells, EMT and other sarcoma types in 

human studies[188]. These cells did not express CD45 or CD3. This was used as the basis for 

of flow cytometry protocols to discern tumour cells from immune cells from whole tumour 

samples rescued from the study.  
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Figure 3.28: Gating strategy for identifying MCA205 tumour cells used to identify the expression of PD-L1. (A) Gating on 
MCA205 cells from culture at passage 7, (i) forward and side scatter for size selection of cells, (ii) single cell selection, (iii) 
identifying CD45-CD3- cells, (iv) CD29 expression on MCA205 cells (red) compared to fluorescence-minus-one (FMO, 
blue), (v) PD-L1+ MCA205 cells (red) in comparison to fluorescence-minus-one (FMO, blue). Gating strategy on cells from 
lymph node (B) and spleen (C). (i) forward and side scatter for size selection of cells, (ii) single cell selection, (iii) identifying 
CD45+CD3+ T cells for interest, (iv) CD29 expression for interest, (v) PD-L1+ T cells (red) in comparison to fluorescence-
minus-one (FMO, blue). 

 

Such analysis of disaggregated suspensions from tumours showed reduced expression of 

PD-L1 in tumour treated with anti-PD-L1 at 24-hours post-treatment within both the MCA205 

induced cancer population and CD45 immune when assessed compared to fluorescence 

minus one (FMO). These data are shown in Figure 3.29A and B, respectively. The expression 

of PD-L1 is also paramount as there have been previous studies that show many immune 

populations express PD-L1 including DCs, macrophages and T cells[189–191]. The reduction in 

PD-L1 expression was assessed by ANOVA with Tukey’s post-hoc test. Twenty-four-hours 

post treatment, there was a significant decrease in the PD-L1 expression on CD45 cells for 

the aPD-L1 + Sham (p<0.001) and aPD-L1 + HIFU (p<0.01) groups relative to respective 

controls (Figure 3.29). Five-days post treatment there was a maintained reduction in the 

expression of the PD-L1 expression on the CD45 population (Figure 3.29D). Also, there was 



104 
 

a significant reduction in the PD-L1 expression (p<0.01) of the CD29+ selected tumour cells 

comparing the aPD-L1 + HIFU group to its respective Iso + HIFU control (Figure 3.29B). There 

is a large variability in the Isotype + HIFU group which could be related to the biology of those 

tumours. This may suggest that the aPD-L1 is having more of an impact on the immune 

population expression than that of the cancer cells. This may be related to the dosing of the 

drug within the tumour and requirement of vasculature of delivery throughout the tissue. 

Assessment of the tumours from the previous studies did not indicate high vascularisation 

which may be hindering the dosing of the antibody. 

 
 

Figure 3.29: Representation of proportion of PD-L1+ cells from flow cytometry analysis as a percentage of (A and B) CD45-
CD29+ cancer cells, or (C and D) CD45+ leukocytes when investigating the immune modulation of HIFU treatment 
combined with aPD-L1 immunotherapy 24-hours (A, C) and 5-days (B, D) post-treatment. Groups represented were Isotype 
Sham (Iso Sham, red, n= 6), Isotype HIFU (Iso HIFU, purple, n = 5), PD-L1 Sham (green, n = 5) and PD-L1 HIFU (blue, n = 5). 
ANOVA with Tukey’s post hoc (adjusted P value) showed a significant reduction in PD-L1 expression 24-hours and 5-days 
after treatment in CD45 leukocytes in PD-L1 Sham (p<0.01) and PD-L1 HIFU (p<0.05) compared to respective Isotype 
controls. PD-L1 expression was significantly reduced 5-days after treatment in cancer cells in PD-L1 HIFU (p<0.05) 
compared to respective Isotype control.  
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To confirm ablation of these tumours, a representative sample was taken for histology to 

confirm the presence of thermal ablation indicators. This showed evidence of pyknosis as 

outlined in Figure 3.30A-B, which was not present in historic control (Figure 3.30C). Also, 

representative plots for the passive acoustic mapping which showed similar profiles of 

delivered cavitation energy between the two HIFU treated groups (Figure 3.30D). 

A significant reduction (p<0.01) in the tumour volume fold change was seen 5-days after 

HIFU treatment in the 5-day treatment group in tumours treated with aPD-L1 antibody, was 

observed which was marginally improved by HIFU treatment (Figure 3.31A).  Within the 

survival arm data, there was reduced tumour volume fold-change in the tumours that were 

treated with HIFU + aPD-L1 3-days after HIFU treatment (Figure 3.31B). There was not an 

increased incidence of ulceration with HIFU treatment (Figure 3.31C). 
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Figure 3.30: Representative haematoxylin and eosin (H&E) slides (5µm thick) of tumours (A-B) treated with HIFU parameters 
used within set-up and (C) historic control, culled at 24-hours. (D) Passive acoustic mapping energy determined by B-mode 
for assessment of cavitation energy delivered into the tumour, measured in joules (J) for the mice treated with HIFU in 
groups Isotype HIFU (Iso HIFU, purple, n = 15) and PD-L1 HIFU (blue, n = 15). Dotted red line indicates border of HIFU 
therapy. 
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Figure 3.31: (A) Mean of the fold change of tumour volume from day of treatment with standard deviation of mice in the 5-
day treatment arm. (B) Mean of the volume fold change of volume from day of treatment with standard deviation of mice 
treated of the survival arm, Isotype Sham (Iso Sham n = 6), Isotype HIFU (Iso HIFU n = 5), PD-L1 Sham (n = 5) and PD-L1 
HIFU (n= 5). Two-way ANOVA with multiple comparisons (Tukey’s post hoc test), the Sham PD-L1 and HIFU PD-L1 treatment 
showed significant (adjusted p value <0.01) decrease in the fold change 5-days after treatment in the 5-day treatment arm. 
(C) Representation of the incidence of tumour ulceration within the survival groups.  

 

3.6.2 aPD-L1 reduced MHC-II expression on DCs, while dual treatment may 

have increased macrophage accumulation within the tumour 

There was histological evidence of the impact of ultrasound treatment with the HIFU 

parameters applied (see Figure 3.30). This study aimed to assess the modulation of 

immunological populations in the tumour and lymph nodes at 24-hours and 5-days post-

HIFU treatment. It was hypothesised that an increase would be triggered in myeloid 

populations and APCs within the tumours treated with HIFU. In addition, improvements in 

the level and antigen reactivity of CD8 T cell populations may be expected to be bolstered by 

aPD-L1 treatment, which would result in a robust immune response. An increase in APCs 
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within the dLN was expected with possible peripheral effects noticed within the blood. 

Previous research suggested a possible bottle neck to the treatment being the upregulation 

of the proportion of Tregs in the CD4 population (section 3.4.2 and 3.5.3). To assess the 

implications for antigen presentation to CD4 T cells, MHC-II expression was assessed on the 

APC within these tissues. 

Firstly, the absolute number of myeloid populations, and proportion of MHC-II expression on 

APCs were assessed within the tumour (Figure 3.32). At 24-hours post HIFU-treatment, the 

monocyte population was increased in the aPD-L1 + Sham treatment group and the 

macrophage population showed increased number within the aPD-L1 + HIFU group, as 

shown in Figure 3.32D. These findings were not significant, however the previous study by 

Chida et al. reported increased TRAP+ cells (macrophages and DCs) in a sarcoma in vivo 

study after HIFU ablation[131]. The lack of statistical significance could be related to the 

variation in the abundance of this population within all treatment groups. Regardless it is 

suggested that antigen recognition and immune response priming was occuring[175]. These 

data also suggested an increased monocyte population within the tumours treated with 

aPD-L1 + Sham (Figure 3.32C). This could again suggest activation of the immune response, 

with monocytes primed to become APCs such as DCs and macrophages [172,192]. There was 

no pattern of modulation seen in the neutrophil population (Figure 3.32B) unlike previous 

HIFU treatments set out in section 3.4 and 3.5. 

When assessing the immune response 5-days post treatment in the tumour (Figure 3.32H-

N), there was no difference in the populations based on treatment group. When compared 

to the data from the 24-hour groups, there was a decrease in DCs and monocyte absolute 

numbers. There was not an increased number of macrophages (Figure 3.32H, J and K 
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respectively) in any of the groups. The comparison of the 24-hour and 5-days group 

suggested that there may have been an immune response to the isotype control antibody, 

which resolved after 5-days (Figure 3.32A-D compared to H-K). There was no modulation of 

the neutrophil population 5-days post-treatment (Figure 3.32I).  

Assessment of the proportion of cells expressing MHC-II, a marker for antigen presentation, 

on APCs was conducted. This showed a significant (p<0.05) decrease in expression on DCs 

in tumours of mice that were treated with aPD-L1 when compared to those treated with 

isotype control, regardless of HIFU treatment at 24-hours (Figure 3.32I). Decreased MHC-II 

on DCs has been noted in tumour environments rich with IL-10[193] which may be a 

downstream response to the immunotherapy. Previous work in myeloma has reported dose 

dependent decreased MHC-II expression after aPD-L1 therapy[194] , which may be occurring 

here. Expression of MHC-II remained stable within other myeloid populations, regardless of 

treatment at 24-hours and 5-days post-treatment (Figure 3.32J-K, M-N). The exception being 

the aPD-L1 + Sham group which showed a slight but not significant continued reduction of 

MHC-II expression on DCs 5-days post treatment (Figure 3.32L).  

Although there was a reduction in the DC MHC-II expression at 24-hours, there was no 

decrease in the total DC population within the tumour when compared between groups 

(Figure 3.32A and D). The change to the MHC-II expression in the DC population was not 

maintained 5-days post-treatment, suggesting a transient response to the treatment. This 

may be related to the migration of these APCs into the lymphatics.  Assessment of the dLN 

myeloid populations was investigated to decipher this. However, it may be that the treatment 

only provided a brief immune response caused by the partial ablation, the antigen released 

was not sufficient to provide a sustained response. 
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Figure 3.32: Representative plots of myeloid populations identified by flow cytometry in tumour of treatment groups for 
both timepoints were Isotype Sham (Iso Sham, red, n= 5), Isotype HIFU (Iso HIFU, purple, n = 5), PD-L1 Sham (green, n = 5) 
and PD-L1 HIFU (blue, n = 5) at 24-hours (A-G) and 5-days post-treatment (H-N). ANOVA with Tukey’s post hoc test showed 
no significant differences in absolute population numbers. Included populations were assessed as absolute numbers 
dendritic cells (DCs, CD45+CD3-CD11b-CD11c+ in A and H) neutrophils (CD45+CD3-CD11b+CD11c-Ly6G+ in B and I), 
monocytes (CD45+CD3-CD11b+CD11c-Gr1-Ly6C+F4/80- in C and J), and macrophages (CD45+CD3-CD11b+CD11c-Gr1-
Ly6C+F4/80+ in D and K) and percentages of these populations that expressed MHC-II included the DCs (E and L), 
monocytes (F and M), and macrophages (G and N). ANOVA with Tukey’s post hoc test showed significant reduction in MHC-
II expression on DCs at 24-hours post treatment in PD-L1 Sham (<0.05) and PD-L1 HIFU (<0.05) compared to respective 
controls. 
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3.6.3 There was suggested modulation of antigen presenting cells within 

the draining lymph node 

The myeloid populations including macrophages and monocytes within the tumour showed 

a transient response to treatment. It was hypothesised that the myeloid populations may 

have migrated to the lymph nodes, causing an increase in the dLNs and thus the dLN was 

assessed by flow cytometry (gating strategy in Supplementary Figure 3.6) as shown in Figure 

3.33. Along with this, the cLNs were assessed as internal controls for tumour specific 

immune responses as shown in Figure 3.34.  

Assessment of the myeloid populations within the dLN showed an increase (2-fold) in DCs 

24-hours after treatment within the aPD-L1 + HIFU group compared to Isotype + Sham in 

Figure 3.33A. Along with this, a higher proportion of the tumours treated with Isotype + HIFU 

had a higher abundance of DCs within the dLN (Figure 3.33A). However, these findings did 

not reach statistical significance. A larger proportion of the mice showed a higher 

abundance of macrophage and monocytes (Figure 3.33C and D) within these groups 

(Isotype + HIFU and aPD-L1 + HIFU) in the dLN. This would suggest an increased immune 

response favouring antigen recognition and presentation 24-hours after treatment with HIFU 

therapy. However, these data did not suggest that there is an improvement in these immune 

responses with the addition of aPD-L1 to HIFU. 

The data suggested that 5-days after treatment (Figure 3.33H-K), these groups (Isotype + 

HIFU and aPD-L1 + HIFU) had a higher proportion of mice with lower DC populations within 

the dLN (Figure 3.33H). Assessment of the MHC-II expression on the DCs, macrophages and 

monocytes 5-days after treatment showed a slight decrease in abundance of MHC-II+ DCs 

(Figure 3.33L) in the aPD-L1 + HIFU therapy group which was not seen within this group at 
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the 24-hour time point. The abundance of this population decreased in the tumours of the 

aPD-L1 + Sham treated mice and the combination groups at 24-hours (Figure 3.33E). Hence 

the abundance of the DC population in the tumour and dLN could be related, but the 

absence of a reduction in this population in the dLN of the aPD-L1 + Sham group does not 

align with this interpretation. This may suggest that there is a transient response in the 

myeloid populations which may have affected the T cell populations. This made it pertinent 

to assess the T cell populations within the tumour and dLN.  
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Figure 3.33: Representative plots of myeloid populations identified by flow cytometry in draining lymph nodes (dLN) of 
treatment groups for both timepoints were Isotype Sham (Iso Sham, red, n= 5), Isotype HIFU (Iso HIFU, purple, n = 5), aPD-
L1 Sham (green, n = 5) and aPD-L1 HIFU (blue, 24-hr n = 5, 5-day n = 4 due to issue with flow cytometry staining) at 24-hours 
(A-G) and 5-days post-treatment (H-N). ANOVA with Tukey’s post hoc test showed no significant differences in absolute 
population numbers. Included populations were assessed as absolute numbers dendritic cells (DCs, CD45+CD3-CD11b-
CD11c+ in A and H) neutrophils (CD45+CD3-CD11b+CD11c-Ly6G+ in B and I), monocytes (CD45+CD3-CD11b+CD11c-
Ly6G-Ly6C+F4/80- in C and J), and macrophages (CD45+CD3-CD11b+CD11c-Ly6G-Ly6C+F4/80+ in D and K) and 
percentages of these populations that expressed MHC-II included the DCs (E and L), monocytes (F and M), and 
macrophages (G and N). ANOVA with Tukey’s post hoc test showed no significant differences between the groups.  
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When assessing the cLN as the internal control this study it was observed that these myeloid 

populations were vastly reduced when compared to the dLN (Figure 3.34). This suggests that 

there was antigen recognition of the tumours which involved activation of the myeloid 

populations within the dLN, which was to be expected. The data also suggested that there 

was a higher proportion of the mice with higher DC and macrophage populations within the 

cLN in the aPD-L1 + HIFU group at 24-hours compared (Figure 3.33A, D) to 5-days (Figure 

3.33H, K), which may suggest an abscopal effect of the treatment caused by increased 

circulation of the antigen through the lymphatics and blood. Five-days after treatment there 

were no differences in the populations between the groups (Figure 3.33H-K). This supports 

the finding that there was a transient response to the tumour. The proportion of the DC, 

monocyte and macrophages which expressed MHC-II was variable within all groups, but 

there was no trend to suggest that there was a treatment related effect. 
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Figure 3.34: Representative plots of myeloid populations identified by flow cytometry in contralateral lymph nodes (cLN) of 
treatment groups for both timepoints were Isotype Sham (Iso Sham, red, n= 5), Isotype HIFU (Iso HIFU, purple, n = 5), PD-
L1 Sham (green, n = 5) and PD-L1 HIFU (blue, 24-hr n = 5) at 24-hours (A-G) and 5-days post-treatment (H-N). ANOVA with 
Tukey’s post hoc test showed no significant differences in absolute population numbers. Included populations were 
assessed as absolute numbers dendritic cells (DCs, CD45+CD3-CD11b-CD11c+ in A and H) neutrophils (CD45+CD3-
CD11b+CD11c-Ly6G+ in B and I), monocytes (CD45+CD3-CD11b+CD11c-Ly6G-Ly6C+F4/80- in C and J), and 
macrophages (CD45+CD3-CD11b+CD11c-Ly6G-Ly6C+F4/80+ in D and K) and percentages of these populations that 
expressed MHC-II included the DCs (E and L), monocytes (F and M), and macrophages (G and N). ANOVA with Tukey’s post 
hoc test showed no significant differences between the groups. 
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3.6.4 Assessment of the CD4 T cell populations did not show a robust 

change with HIFU or combination therapy in the tumour 

To address the suggestion of upregulation of Treg populations within the dLN within previous 

studies in sections 3.4.2 and 3.5.3, it seemed pertinent to assess these populations within 

the tumour within this study. The suggestion was that the increase in Treg abundance within 

the dLN could be related to an increase in this population within the tumour, likely linked to 

antigen presentation. Although the latter point was not confirmed from the assessment of 

antigen presentation marker MHC-II within myeloid populations assessed in section 3.6.4, 

it was decided that it was still pertinent to phenotype the T cells populations from the treated 

tumour. The suggestion being that the addition of aPD-L1 therapy, would enable the CD8 

population to have a less exhausted phenotype, and possibly expand. This may skew the 

Treg/CD8 ratio, reducing the regulatory phenotype.  

Within the tumour, there was a large proportion of the CD4 cells that that were CD25+ or 

Tregs in the 24-hour group regardless of treatment as shown in Figure 3.35A. The data 

suggests stable populations, which is different to what was previously seen within the dLNs 

in section 3.5.3. 5-days after treatment, the Treg population was reduced regardless of 

treatment when compared to the frequencies in the 24-hour groups. 

Assessment of absolute number of Tregs and CD4+CD25+ T cells within tumours suggested 

similar Treg populations 24-hours and 5-days after treatment across all the groups (Figure 

3.35B, C, E, F), with a larger variability in these populations within all groups besides the 

Isotype + HIFU group. However, there was a propensity towards a lower absolute number of 

Treg and CD4+CD25+ cells within the Isotype + HIFU treated tumours compared to other 

groups at both 24-hours and 5-days but this was not significant. These populations were 
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marginally larger within the aPD-L1 + HIFU treated group at 24-hours, and larger again, 5-

days after treatment. When CD4 population abundances within the tumour were assessed 

5-days after treatment, the data presented in Figure 3.35D compared to Figure 3.35A 

suggested that there was a higher proportion of cells that were CD25+ at 5-days than at 24-

hours post-treatment regardless of treatment. This may suggest a variability in the FoxP3 

staining between the timepoints, which may have been due to the amount of tumour stained 

in each incidence. The absolute number of this population was also assessed as previously 

discussed. This may suggest an increase in Treg precursors which may suggest a regulatory 

phenotype. However, this could also be related to insufficient flow cytometry staining. 

Definitive conclusions are difficult to make about this data due to large within group 

variability.   

CD8 populations were also assessed at 24-hours (Figure 3.35D-H) and 5-days (Figure 3.35L-

P) after treatment in the tumour. With antigen presentation, regardless of Treg abundance, it 

was expected that there would be an increase in the overall CD8 infiltration into the tumour, 

with a skew in the population towards the Tcm phenotype as previously discussed (section 

3.3.1 and 3.4.1). The data showed an increase in the absolute number of CD8 T cells in the 

aPD-L1 + HIFU treatment compared to all other groups 5-days post treatment. A mean of 

20348±6782% in aPD-L1 + HIFU vs 10599±9045% in Isotype + Sham and 6631±8052% in 

Isotype + HIFU (Figure 3.35L). However, due to the spread of the data, this was not significant 

when tested by ANOVA. The proportion of the CD8 subpopulations did not show modulation 

within the tumour, regardless of treatment or timepoint (Figure 3.35E and M). 
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Figure 3.35: Representative plots of T cell subpopulations identified by flow cytometry in tumour of treatment groups at 24-
hours (A-H) including Isotype Sham (Iso Sham, red, n= 5), Isotype HIFU (Iso HIFU, purple, n = 5), PD-L1 Sham (green, n = 5) 
and aPD-L1 HIFU (blue, 24-hr n = 5) and 5-days post-treatment (I-P) including Isotype Sham (Iso Sham, red, n= 4), Isotype 
HIFU (Iso HIFU, purple, n = 3), aPD-L1 Sham (green, n = 5) and aPD-L1 HIFU (blue, 24-hr n = 4), with reduced replicates at 
5-days due to flow cytometry staining issue. ANOVA with Tukey’s post hoc test showed no significant differences in absolute 
population numbers. The proportion of CD4 subpopulations were assessed at 24-hours (A) and 5-days (I), along with the 
absolute number CD4+ Tregs and CD4+CD25 T cells at 24-hours (B, C) and 5-days (J, K). CD8 absolute number was 
assessed based for both timepoints in D and L respectively, with proportions of subpopulations assessed in E and M 
respectively. The absolute number of the CD8 subpopulations were also assessed. These included Naïve CD8 T cells 
(Tnaive, CD62L+CD44- in F and N), effector memory CD8 T cells (Tem, CD62L-CD44+ in G and O), and central memory 
(Tcm, CD62L+CD44+, H and P). ANOVA with Tukey’s post hoc test showed no significant differences between the groups. 

 

Assessment of the absolute number of these populations suggested there was an increase 

in the Tem population 5-days post-treatment for the combination group for 2 of the 3 

tumours assessed, in comparison to all other groups but this was not significant (Figure 

3.35O). The Isotype + HIFU and PD-L1 + Sham groups did not show a partial response. This 

suggested that the HIFU treatment alone is not producing enough damage in this model to 

trigger an immune response. This may be because HIFU induced damage did not produce 

sustained antigen or because the DAMP theorised to be produced are not sufficient to 

overcome the exhausted and regulatory phenotype. It is perhaps only with the addition of 

the aPD-L1, which can reverse the exhaustion phenotype, that the HIFU treatment can have 
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the desired effect of an increased cytotoxic function. However, as shown by the growth data 

Figure 3.31, there is a slight response to the treatment in the form of stunted tumour growth. 

This stunted growth was observed in the aPD-L1 + HIFU treatment to possibly coincide with 

this increase in Tem, suggesting that the two findings may be linked and giving weight to each 

other. 

3.6.5 Lack of distinct changes in lymph node T cell subsets upon 

treatment  

The effects of the possible increased antigen presentation, indicated by the myeloid 

population changes, on the function of T cells previously assessed within tumours of these 

mice, was assessed by evaluating the T cell populations within the dLN and cLN from mice 

treated as previously described. The data shown in Figure 3.36 and Figure 3.37 outlines the 

modulation of CD4 and CD8 T cell populations for these treatment groups in the dLN with 

the cLN as an internal control. It was hypothesised that a similar CD4 phenotype, with 

increased Treg abundance would be seen within the dLN as in the tumour from mice whose 

tumour was treated with HIFU, as was described in the previous studies outlined in sections 

3.4 and 3.5. It was further proposed that the addition of aPD-L1 treatment would reduce the 

regulatory environment of these tumours[150], as previously discussed. This effect on the Treg 

population was expected to be mirrored in the dLN, with reduced antigen activation of Tregs 

within the dLN being presented by a reduction in their numbers. PD-L1 has also been 

previously shown to affect the function of Treg migration into tumours via lymphatic 

migration[195].  

Within the dLN there were no substantial changes in the proportion of the Treg population 

within the CD4 T cell population, 24-hours after treatment (Figure 3.36A). A slight, not 
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significant decrease in the Treg population at 5-days post-treatment was observed in the 

aPD-L1 + HIFU group compared to the Isotype + Sham and Isotype + HIFU groups (8.9±1.9% 

vs 12.5±3.2% vs 13.6±3.7%, p>0.05), as shown in (Figure 3.35I). However, there was no 

increase in the absolute number of Tregs within the treatment groups at either timepoint 

(Figure 3.35B and J). There was a large variability in the aPD-L1 + HIFU group, but this does 

not seem to account for there being no difference in the absolute number of cells.  

When assessing the CD8 T cell population the absolute number was not affected by the 

treatment at either timepoint (Figure 3.35D and L). Assessment of the CD8 subpopulations 

showed large variation in the proportions of these cell types (Figure 3.35E and M). The 

absolute number of Tem and Tcm slightly increased 24-hours after treatment in aPD-L1 + 

Sham treated mice compared to the Isotype + Sham control, but this was not seen in the 

aPD-L1 + HIFU group (Figure 3.35G-H). This resolved by 5-days post treatment and the 

variability within the groups was large (Figure 3.35O and P). In the cLN there was no variability 

in the proportions of the CD4 and CD8 T cell subsets between the groups as shown in Figure 

3.37. This argues that the small variations in these populations within the dLN were real 

effects and treatment related.  
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Figure 3.36: Representative plots of T cell subpopulations identified by flow cytometry in the draining lymph nodes (dLN) of 
treatment groups at 24-hours (A-H) and 5-days post-treatment (I-P). Groups included Isotype Sham (Iso Sham, red, n= 5), 
Isotype HIFU (Iso HIFU, purple, n = 5), PD-L1 Sham (green, n = 5) and PD-L1 HIFU (blue, 24-hr n = 5) and 5-days post-
treatment ANOVA with Tukey’s post hoc test showed no significant differences in absolute population numbers. The 
proportion of CD4 subpopulations were assessed at 24-hours (A) and 5-days (I), along with the absolute number CD4+ 
Tregs and CD4+CD25 T cells at 24-hours (B, C) and 5-days (J, K). CD8 absolute number was assessed based for both 
timepoints in D and L respectively, with proportions of subpopulations assessed in E and M respectively. The absolute 
number of the CD8 subpopulations were also assessed. These included Naïve CD8 T cells (Tnaive, CD62L+CD44- in F and 
N), effector memory CD8 T cells (Tem, CD62L-CD44+ in G and O), and central memory (Tcm, CD62L+CD44+, H and P). 
ANOVA with Tukey’s post hoc test showed no significant differences between the groups. 
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Figure 3.37: Representative plots of T cell subpopulations identified by flow cytometry in the contralateral lymph nodes 
(cLN) of treatment groups at 24-hours (A-C) and 5-days post-treatment (D-F). Groups included Isotype Sham (Iso Sham, 
red, n= 5), Isotype HIFU (Iso HIFU, purple, n = 5), PD-L1 Sham (green, n = 5) and PD-L1 HIFU (blue, 24-hr n = 5) and 5-days 
post-treatment ANOVA with Tukey’s post hoc test showed no significant differences in absolute population numbers. The 
proportion of CD4 subpopulations were assessed at 24-hours (A) and 5-days (D). CD8 absolute number was assessed 
based for both timepoints in B and E respectively, with proportions of subpopulations assessed in C and F respectively. 
Error bars represent the standard deviation. ANOVA with Tukey’s post hoc test showed no significant differences between 
the groups. 

 

3.6.6 Summary of findings when treating murine fibrosarcoma with HIFU 

and or aPD-L1 immunotherapy 

Changes in expression of MHC-II on APC populations within the tumour suggested that there 

was possible modulation in antigen presentation by tumour infiltrating DCs 24-hours post-

treatment which resolved before 5-days post-treatment. There was evidence of modulation 

of the macrophage populations in the aPD-L1 + HIFU group, with the monocytes being 
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affected in the PD-L1 + Sham therapy group. MHC-II expression on other cell types was 

consistent between the groups. There was evidence of transient responses within the 

tumours, which suggested the need for repeated HIFU treatment as well as repeated aPD-

L1 dosing. The Treg population within the tumour was not modulated in this study as it was 

in the previous studies which could have been related to the size of the tumours at 

treatment. This indicates that this treatment modality may have limited effect dependent on 

the size of the tumour and the area within the tumour that is treated.  

A transient effect on the CD8 populations was observed within the dLN within this study 

which suggested that there was a transient effect on the antigen presentation and response 

to the tumour. There was not modulation of the Treg populations as previously seen 

(sections 3.4.2 and 3.5.3), so confirming that that the antigen activation of this population 

within the dLN was not confirmed. 

The results were different to those of the previous experiments outlined in sections 3.4 and 

3.5 which may relate to the starting size of the tumour affecting the outcome of the 

treatments. With larger tumour size there is a smaller proportion of the tumour being treated 

and theoretically more of a suppressive phenotype from the tumour which suppresses 

immune cell activation and proliferation such as PD-L1 expression[83,190]. Also, the 

vasculature will be supplying a much larger tumour volume, and the immune populations 

may be unable to infiltrate to the same proportion of the tumour cells. 
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3.7 Chapter discussion 

In this chapter, an in vivo murine fibrosarcoma model was used to assess the ability of HIFU 

treatment to modulate the immune system and tumour growth. This was intended to provide 

information for future studies and to ultimately contribute to improved clinical outcomes.  

Typically, after tissue damage, there is an inflammatory response which is followed by an 

adaptive immune response. Higher infiltration of CD45 cells are typically seen up to 5-days 

after injury of damage[196], with reports suggesting this inflammatory phenotype can continue 

until 3-days after injury[197], which leads into an immune response. Chemokines such as 

CCL2/CCR2 and CXCL12 are involved in the recruitment of immune cells into the area of 

damage[160]. The cell types that are typically first recruited are neutrophils. Following this, 

monocytes and macrophages[198] are recruited or monocytes mature into macrophages[162]. 

Dendritic cells migrate from the tissue into the dLNs[198], where they encounter and activate 

T cell populations for the immune response to tissue damage[160].  T cells are seen to peak at 

around 3 to 5-days post injury[196].  

Typically, in an injury scenario the response of the migrating and activated immune cells 

would be aimed towards wound healing[196]. However, in the case of HIFU treated tumours 

where DAMPs and neoantigens (also referred to as tumour associated and tumour specific 

antigens) are released, previously reported, there are cytotoxic responses with increased 

CD8 T cell numbers and active function[23]. The DCs in this case are likely to be more mature 

with increased markers such as CD80/CD86 and MHC-II for improved recognition and 

downstream activation of the T cells in, linking the antigen presenting cells to the adaptive 

immune response within the dLNs. 
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Within these sets of experiments, it was possible to assess the CD4 subpopulations in 

MCA205 induced fibrosarcoma tumours. A high proportion (~34-35%) of the CD4 T cells 

within the tumour were identifies as Tregs. Also, upon HIFU treatment the proportion of Tregs 

within the dLNs increased in three of the treatment regimens used (see Figure 3.15 and 

Figure 3.26). However, this finding was not recapitulated in the follow-on experiment where 

the Isotype control + HIFU group showed no modulation of Treg abundance. This lack of 

internal consistency may relate to the different biological variations in tumours which occur 

with their development, and thus size for lack of a better way to quantify this.  

Notably, when aPD-L1 was added to the HIFU regimen, a decrease in Treg was seen. When 

assessing the myeloid population within later experiments, there were increases in 

monocyte, macrophage and neutrophil populations 5-days after HIFU treatment, 

suggestingan inflammatory response. These data also suggested that increasing the 

ablation above a threshold may destroy the released antigen, limiting the potential for 

immune modulation. Assessing the MHC-II expression on the DC, monocyte and 

macrophage populations to try to address the modulation in Treg population, there was a 

decrease in the proportion of DCs expressing MHC-II after HIFU alone and in combination 

with aPD-L1 at 24-hours. 

Assessment of the CD8 populations within these tumours highlighted that the most 

prevalent subpopulation within the tumour was Tem and within the dLN was Tcm. The 

proportions of the cells post-HIFU suggested increased abundance of Tcm within the dLN 

within initial studies suggesting an immune response 5-days after treatment, however the 

data from the follow-on study did not provide a clear picture of the modulation of these CD8 

subpopulations.  
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In summary, the culmination of in vivo experiments led to the assessment of HIFU treatment 

in combination with aPD-L1 immunotherapy. This suggested that there was a trend to an 

increase in macrophage, DC, monocyte, Treg, and Tcm populations following treatment with 

HIFU alone which was not recapitulated when HIFU treatment was combined with aPD-L1, 

however, aPD-L1 therapy was able to reduce the tumour growth rate regardless of HIFU 

treatment. The limited response could have been related to the small ablation zone and 

regulatory phenotype of the tumour.  

The limitations of this study were partly due to the tumour model: 

• This model was aggressive and fast growing which meant that the number of mice 

required to maintain statistically significant results whilst balancing the welfare 

needs was difficult.  

• There was large variability in the populations assessed which may have been resolved 

or better understood with the n number as initially planned rather than the number 

available after exclusion of mice with too large or too small tumours.  

• Conducting this as a larger trial with larger model such as a rabbit, may provide better 

treatment opportunities which reduce the off-target side effects seen within the mice 

treated. A larger model may have allowed for whole tumour ablations or a larger 

proportion of the tumour to be treated without the issue of skin damage or ablation 

of normal tissue under the tumour. 

• The assessment of the immune populations within the tumour by histology only 

provided a partial picture of the effects that the treatment had within the tumour. 

• The partial ablation meant the histological slices produced did not always provide the 

clearest representation of the areas within tumours which were targeted for ablation. 
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Lost within this is the 3D structure of the tumour which includes the vasculature 

within and surrounding the tumour, along with the involvement of the lymphatic 

vessels which are interlinked to the lymph nodes.  

• Tertiary lymphoid structures were not seen within the histological analysis but have a 

large role within the immune response to tumours.  

Future work to further the assessment of the immune cell populations involved would be 

useful to include the NK cell interactions within these tumours as they may also provide 

insight into the immunological modulation caused by HIFU. Another avenue would be to 

assess the activation markers such as CD28 on the CD4 and CD8 populations along with 

CCR7, for lymph node migration potential assessment and Granzyme B for cytotoxic 

function. Further investigations into the expression of MHC-I and activation marker CD80 

with robust testing of MHC-II on the myeloid cells over a wider timeframe may have provided 

information on when the antigen presentation was at its peak post-HIFU ablation to inform 

the timing of a potential secondary HIFU treatment and PD-L1 dosing. The immunotherapy 

could be expanded to include a blocking antibody for Treg abundance/activity within the 

tumours and bolster the cytotoxic function of CD8 T cells. The assessment of the TCR clones 

in blood, tumour dLNs and tumours for Tregs and CD8 populations would be of interest as a 

possible way to track the antigen release caused by the HIFU treatments. As discussed in 

section 3.4, it may have been pTregs that were within the tumour as well as thymic-derived 

Tregs.  
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4. Assessment of Immune Populations within Clinical Sarcoma 

Samples 

4.1 Chapter Introduction 

Chapter 3 described experiments which defined the impact of HIFU application to a 

sarcoma tumour model in mice. Tumour size and the infiltration of immune cells before and 

after treatment, were assessed. In these typically immune cold tumours[132,199] HIFU-driven 

increased macrophage and Treg infiltration into the tumour.  

To relate these findings to the clinical situation, in this chapter, a transcriptomic assessment 

of differently infiltrated regions of clinical sarcoma samples was performed. Immune 

infiltrates and tissue surrounding these regions were sampled to investigate the effects that 

sarcoma tissue may have on the immune component. Also, it was postulated the study may 

provide information regarding the immunoregulatory phenotype within human sarcomas[68]. 

A range of immune infiltration is found in all types of cancer. It is well-recognised that the 

immune profile of tumours can influence the outcome of cancer treatment, including in 

sarcoma[80,200]. Main indicators include the Treg to CD8 ratio, CD8 infiltration and Treg 

infiltration into tumours has been linked to differences in treatment outcomes in various 

cancer types[147,151], including sarcoma[27,201]. Differences in the tumour microenvironment 

(TME) including vascularisation, suppressive signalling and regulatory pathways may 

mediate the changes in immune infiltration.  

Sarcomas are typically associated with poor immune infiltration, however there is variation 

seen within this. Subtype categorisation of sarcoma is typically aligned with the levels of 

infiltration with T cells, B cells, and macrophages, although the relationships have yet to be 
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fully defined or agreed on. With consideration of the raft of new immunotherapy options 

(both drug and device based), understanding the differences between these subtypes may 

provide more informed choice of treatment options and ultimately improved outcomes. 

For this study, undifferentiated pleomorphic sarcoma (UPS), which is typically identified 

by presence of spindle shaped cells and undifferentiated cells[202], was assessed. This 

subtype represents approximately 10% of all soft tissue sarcomas[203,204]. This tumour 

subtype is typically well infiltrated, particularly with CD8 T cells when compared to other 

sarcoma subtypes[26,61,148]. For comparison, leiomyosarcoma (LMS) was assessed, which 

has an incidence of 15-25% of soft tissue sarcomas[203,204]. The LMS type has been reported 

to have lower T cell, B cell and macrophage infiltration than UPS by Smolle et al[85]. These 

tumours have been reported to have variable immune infiltration but have previously also 

been associated with an ‘immune desert’ phenotype[26] with low levels of CD8 T cell 

infiltration[26,83]. One study did however find that a small subset (18.4%) of LMS samples 

within their cohort had an immune hot phenotype[205], and Dancsok et al reported high level 

of macrophage infiltration in their study[174]. Both UPS and LMS tumour subtypes typically 

present in areas near muscle. Also included within the study is an uncategorised spindle 

cell sarcoma (USS), which when assessed by immunohistochemistry (Section 4.4) had low 

immune infiltration. Its inclusion allows for the assessment of differences in tumour 

structure and infiltration, with this sample showing very low infiltration.  

To date, most of the sarcoma research has been conducted on single cell analyses of large 

quantities of data from single cell databases. One such study was conducted by Petitprez et 

al. in 2020 whom used The Cancer Genome Atlas (TCGA) data to categorise sarcoma based 

on infiltration and vascularisation status. They indicated association of these groups with 
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sarcoma subtype[26].  Although this work focused on B cells, it demonstrated that higher 

infiltration was associated with poorer progression free survival and tumour volume 

reductions with treatment. The analysis is however limited by lack of spatial correlation, 

which may influence the understanding of mechanisms affecting the infiltration.  

On the other hand, interesting histological studies have been conducted to probe 

macrophage infiltration and polarisation. Dancsok et al. (2020) assessed the effects these 

factors have on survival in 1242 sarcoma patients. The effects of regulatory macrophages 

and proinflammatory macrophages was highlighted. These cells infiltrate to different levels 

depending on tumour subtypes and influence outcomes[174]. Macrophage polarisation has 

been linked to the downstream activation of lymphocytes in other studies[68]. These studies 

use tissue microarrays (TMAs) which lack the spatial context and may not be as accurately 

representative of the tumour microenvironment. Although the study by Dancsok looked to 

evaluate resulting differences within the tumour, it is limited to including M1 and M2 

macrophages but neglecting all other immune cell types. Within this work, proportions of 

macrophages within immune cells were identified based on H&E rather than a CD45 stain.   

Spatial transcriptomic platforms allow for biobanked formalin fixed paraffin embedded 

(FFPE) samples to be evaluated. The technique employs and combines tissue morphology 

and RNA assessment. Here, Nanostring GeoMx Digital Spatial Profiling platform has been 

used, which allows for specific areas of tissue to be targeted and the transcriptome to be 

evaluated[206–208]. In the case of this study, GeoMx-based spatial tissue analysis allowed 

comparison of different compartments of sarcoma tumours to be performed. This includes 

the peritumour, tumour border and central tumour locations across several subtypes. As 

detailed above there is a tenuous consensus on the link between subtype and immune 
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infiltration. Thus, the analysis sought to determine if and to what level infiltration as well as 

sampled location within the tumour correlates to cancer subtype.  

 

4.2 Chapter Hypothesis and Aims 

Hypothesis 

Tumour heterogeneity aside, soft tissue sarcoma tumours have varying immune infiltration 

based on their subtype and thus will have different transcriptomic landscapes. The 

differences in immune abundance will be associated with the expression profiles of the 

subtype of sarcoma tumour tissues. The lowly immune infiltrated LMS tumour type will have 

lower or spatially distinct expression of cytotoxic CD8 T cell genes, and the reduced 

cytotoxic effects of the immune cell types will be indicated in the transcriptome of these 

tissues and with additional knock on effects to the transcriptome. 

 

Aims 

i. Assess transcriptomic profiles of immune infiltrated areas, comparing sarcoma 

types, and locations within tumours to identify factors which may correlate to 

variations in immune abundance. 

ii. Investigate the immune populations and immediate surrounding tumour 

microenvironment transcriptome for regulatory and activation phenotypes.   

iii. Investigate the mode of action for cells moving into the tumour tissue including 

signalling, vascularisation, and migration-associated pathways. 
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4.3 Overview of Samples 

The table below (Table 4.1) outlined the 6 clinical sarcoma samples that were used in this 

spatial transcriptomics study. Samples were obtained from Oxford Radcliffe Biobank (ORC) 

via Oxford Centre for Histopathology Research (OCHRe). Patients mean age was 62 with 

samples obtained from both male and female patients. There was a range of treatment 

within the LMS samples including recent radiotherapy, chemotherapy and treatment naive. 

The USS tumour was treated with radiotherapy. The single UPS tumour analysed was 

treatment naïve. 

Table 4.1: Patient characteristic of clinical sarcoma samples. The tumour grade in accordance with FNCLCC guidelines 
with tumour type reported by pathologist. Treatment as reported as described above.  
 

 

  

ID Gender Age Tumour Type Grade Location Previous treatment and date

H201064 Male 47 Undifferentiated Pleomorphic Sarcoma 3 Right thigh Naïve

H202415 Female 58 Leiomyosarcoma 2 Retroperitoneum Naïve

H203557 Male 80 Leiomyosarcoma 2 Right medial thigh 
Neoadjuvant radiotherapy 50Gy in 25 

cycle, 1 month prior

10481/21 Female 44 Leiomyosarcoma High Pelvic mass Previous and current chemotherapy

H210024 Female 72 Uncategorised Spindle Cell Sarcoma High Left posterior thigh
Neoadjuvant radiotherapy 50Gy in 25 

cycles, 2 months prior

H214439 Female 69 Leiomyosarcoma High
Left abdominal 

wall
Naïve
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4.4 Identification of CD45 and CD8 clusters within these tissues 

It was possible to do a limited histological assessment of select immune populations within 

the sarcoma tissue. Firstly, to review the tissue architecture of the sarcoma samples, a 

haematoxylin and eosin (H&E) stain. Histological assessment demonstrated stark 

differences in the structure of the tumour and tumour capsid between individual tumours 

and subtypes. Figure 4.1A was a section taken from the UPS tumour. The structure of the 

tumour shows close contact of the cells which demonstrate similar morphology. In 

comparison, the USS section (Figure 4.1B) shows sparse cells with varying morphology. 

Within the LMS type, the H&E sections (Figure 4.1C to F), there are elongated, striated cells 

(top right of Figure 4.1C, see arrow) akin to resemblance of smooth muscle, there was some 

variation in these structures, this may be related to the plane on which the tissue was cut or 

the location from which the tumour was resected. Sample 1048121 (Figure 4.1E) was 

reported as an abdominal mass, thus it may have not been embedded within the muscle 

itself.  
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Figure 4.1: Haematoxylin and eosin (H&E) staining of sarcoma tissue (A) H201064 (UPS), (B) H210024 (USS), (C) H202415 
(LMS), (D) H214439 (LMS), (E) 1048121 (LMS), (F) H203557 (LMS). 

 

Immunohistochemistry staining (IHC) (see methods Section 2.4) was used to identify 

immune infiltration into the tumours. Clusters of CD45 cells are shown in Figure 4.2. Within 

these tissues it was possible to see clusters of these cells ranging in their abundance. As 

can be seen in Figure 4.2 A and B, the USS had quite dense clusters of these CD45 cells when 

compared to some of the LMS samples shown in Figure 4.2 D to F. The LMS samples seem 

to have varied infiltration of CD45 positive cells within the same tissue. Figure 4.2 C showed 

a large cluster of cells, within an area that has a much lower density whilst 4.2 E, appears to 

lack this density. Evaluation of the CD8 infiltration (Figure 4.3) indicated a similar variation 

in the abundance of these cells within each of the LMS tumours. CD8 cells (Figure 4.3) were 

represented throughput the tissue in all tumours, but with some areas showing intense 

clustered staining and other areas showing more widely spread and diffuse staining (e.g. 
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panel E vs panel F). Analysis of CD68+ macrophages was not possible due to unspecific 

peroxidase staining (Figure 4.4).  

 

 
 

Figure 4.2: Immunohistochemistry staining of CD45 with DAB (brown) with hemotoxin nuclei stain (blue) of sarcoma tissue 
(A) H201064 (UPS), (B) H210024 (USS), (C) H202415 (LMS), (D) H214439 (LMS), (E) 1048121 (LMS), (F) H203557 (LMS). The 
red arrows and red circle indicate representative positive CD45+ staining (brown) for each tumour, indicative of leukocytes. 
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Figure 4.3: Immunohistochemistry staining of CD8 with DAB (brown) with hemotoxin nuclei stain (blue) of sarcoma tissue. 
(A) H201064 (UPS), (B) H210024 (USS), (C) H202415 (LMS), (D) H214439 (LMS), (E) 1048121 (LMS), (F) H203557 (LMS). The 
red arrows indicate representative positive CD8+ staining for each tumour, indicative of CD8+ T cells. 
 
 
 



139 
 

 
 
 

Figure 4.4: Immunohistochemistry staining of CD68 with DAB (brown) with hemotoxin nuclei stain (blue) of sarcoma tissue. 
(A) H201064 (UPS), (B) H210024 (USS), (C) H202415 (LMS), (D) H214439 (LMS), (E) 1048121 (LMS), (F) H203557 (LMS). The 
red arrows indicate representative positive CD68+ staining for each tumour, indicative of a macrophage population. Some 
unspecific staining prevalent in all tissues, E has strong unspecific staining. 

 

This descriptive analysis confirmed that CD45+ leukocyte and CD8+ T cell populations are 

present to some degree within all the analysed tumour subtypes. These IHC studies suggest 

that there were differences in the immune infiltration between sarcoma subtypes, within the 

same subtype, and within the same tumour as shown in Figure 4.3 and Figure 4.4. There are 

extensive reports in the literature profiling multiple immune cells in sarcoma[27,83,86]. T cell 

populations in STS tumours have been identified as key factors in prognosis[134,201]. Recent 

studies are focusing on the structures of tissues surrounding CD8+ T cells and the effect this 

has on the function of these infiltrates[209–211]. The analyses discussed in this chapter will 

focus on CD8+ T cells as the primary infiltrate of interest. The rationale being that CD45 

expression was shared among all leukocyte populations. CD8+ T cells have less 
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heterogeneous populations, in contrast to CD4+ T cells with Tregs and T helper cells, or 

macrophages with their M1 and M2 phenotypes. CD8+ T cells implicitly have an antitumour 

function[61,151,209] which makes their transcriptomic profile, and that of the surrounding tissue, 

of interest. 

Investigating the transcriptomic profile of the immediately adjacent microenvironment of 

these immune cells within this UPS tumour and to compare to the ‘non-immunogenic’ LMS 

samples was thought to give information on the difference in the mechanisms behind their 

infiltration and function which may be used in future treatments. 

Analysis of resected sarcoma was performed using a bulk transcriptomic approach (GeoMx 

DSP, Nanostring) as outlined in section 2.6. An overview of the tissue sections selected for 

this analysis stained using immunofluorescence (IF) can be seen in Figure 4.5. Regions of 

interest (ROIs) were selected along the tumour border, central tumour or peritumour where 

available.  Areas were selected based on the CD45 and CD8 IF staining. Immune infiltration 

stratification into high and low was decided based on IF staining when ROI selection was 

completed and reviewed before analysis. The rationale for selection was shown in Figure 4.6, 

demonstrating a selection of the ROIs with their labels. The organisation tree (Figure 4.7) 

outlines how the tumours were sampled and allow for these areas to be compared within 

the same tissue and across the tissues.   
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# 

Figure 4.5: Overview of the four-colour fluorescent staining used to identify CD45 (red), CD8 (yellow), vimentin (green) and 
SYTO 13 (blue) for identification of nucleated cells and immune cells for targeted transcriptomic analysis in the digital 
spatial analysis on six sarcoma samples. (A) H201064 (UPS), (B) H210024 (USS), (C) H202415 (LMS), (D) H214439 (LMS), 
(E) 1048121 (LMS), (F) H203557 (LMS). 
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Figure 4.6: Examples of ROIs selected from four-colour fluorescent staining used to identify overlapping CD45 (red), and 
CD8 (yellow) immune cell markers and SYTO 13 (blue) included to identify nucleated cells. Vimentin (green) included to 
identify other cells, example images of the three sarcoma subtypes. (A-D) undifferentiated pleomorphic sarcoma (UPS) 
ROIs, (E-G) Leiomyosarcoma (LMS) ROIs, and (H-K) uncharacterised spindle cell sarcoma (USS) ROIs. ROI types included 
(A and H) peritumour - outside the tumour ROIs, (B, E and I) high immune infiltrated tumour border ROIs, (C, F and J) lowly 
infiltrated central tumour ROIs, and (D, G and K) highly infiltrated central ROIs. Red dotted line indicates the tumour border. 
 

 

 
 

Figure 4.7: Decision tree for selection of the regions of interest (ROI) within this transcriptomic study of sarcoma samples 
for the 83 ROIs selected. Created with BioRender.com. 
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4.5 Identifying biological differences between tumours by principal 

component analysis 

To assess the possible factors that were affecting the distribution of data a principal 

component analysis was conducted using the factoextra package within R[114]. This 

dimensionality reduction methodology was used to create a simplified output with the 

patterns and trends included from this large dataset. The scree plot (Figure 4.8) outlines how 

each component contributes to the factors of difference, the first component in the analysis 

accounts for 14.1% of the variation in the principal component analysis (PCA), with the 

second, third and fourth accounting for 6.9%, 5.4% and 4.1% respectively. This covers 30.5% 

of the difference in this dataset.  

 
 

Figure 4.8: Scree plot outlining the dimensions of variance from the PCA analysis. 
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Figure 4.9: Visualisation of the first and second dimensions in the principal components analysis of the transcriptomic data 
of the 6 sarcoma samples assessing multiple factors within the study to investigate each factor’s effect represented for (A) 
tumour type, (B) individual tumours, (C) segmentation strategy, (D) location within the tumour, (E) previous treatment, (F) 
immune abundance, and (G) gender.    
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Figure 4.10: Visualisation of the third and fourth dimensions in the principal components analysis of the transcriptomic 
data of the 6 sarcoma samples assessing multiple factors within the study to investigate each factor’s effect represented 
for (A) tumour type, (B) individual tumours, (C) segmentation strategy, (D) location within the tumour, (E) previous treatment, 
(F) immune abundance, and (G) gender. 

 

Comparison of the tumours based on their pathologically diagnosed subtype, mapped to the 

first dimension influencing the difference in the data, separating the UPS from the LMS and 

USS within the first dimension (Figure 4.9 A). The individual tumours showed a different 

clustering pattern elucidating the factor influencing the third, and forth dimensions (Figure 

4.10 B). This suggests an intrinsic heterogeneity in the profiles of these tumours. This 

highlights the inherent heterogeneity of tumours, even within tumour subtype.  

The second and third dimension looked to be resolved by the USS tumour, which was 

different from the LMS and UPS tumours (Figure 4.9A and Figure 4.10A). Due to the nature of 

Nanostring’s GeoMx technology, multiple tissue samples can be processed on the same 
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slide, in accordance with the differences observed being the consequence of real 

differences in the tumour biology, rather than resulting from a technical issue. This lends into 

the idea that even tumours of the same subtype (e.g. LMS) from different patients may be 

markedly different from each other due to genetic differences. The LMS subtype does share 

some similarity suggested by the clustering in the first and second dimension.  

Analysing the PCA based on ROI segmentation strategy seemed to resolve the second 

component of difference, as shown in Figure 4.9C. ROIs segmented by CD45 and CD8 

(CD45+CD8- or CD45+CD8+) immunofluorescence staining separated from ROIs that were 

not segmented. The data demonstrated that the transcriptome of immune cells alone is, as 

expected, vastly different from cancers cells with some infiltration. Investigation of other 

experimental and clinical factors indicates that previous treatment (chemotherapy, or 

radiotherapy) before the resection seems to have small impacts along the third dimension. 

However, this finding was intertwined with the tumour subtype and individual tumour 

differences. The classification of low or high immune infiltration, and gender did not have a 

separating effect on these first four components on the PCA.  

 

4.6 Differential gene expression and pathway analysis of sarcoma 

transcriptomic data 

Differential gene expression was conducted using the Limma package in R[119] discussed in 

section 2.7.3. The analysis was used to compare factors such as tumour subtype, infiltration 

abundance and infiltration type based on location of the area sampled within the tumour 

Figure 4.11-Figure 4.16. For all analyses volcano plots were created using the 

EnhancedVolcano[120] package in R with a p adjusted threshold of 0.05 (p adj. = 0.05), and 
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log-fold change of 0.5 (LogFC = 0.5). Pathways were identified from these genes using the 

clusterProfiler[212] package in R. Pathways with a p and q significance of 0.05 were assessed. 

4.6.1 Comparing immune infiltration between sarcoma subtypes 

highlighted structural differences of the tumour tissue 

The first aim of the differential gene analysis was to compare the immune infiltration in the 

UPS to the LMS tumours. As discussed, this focused on CD8 T cells and surrounding tumour 

tissue as it was hypothesised that there was a reduction in the function of these immune 

cells within sarcomas, despite their high abundance in some instances. This analysis was 

therefore used to evaluate difference in abundance of these cytotoxic immune cells 

between the different subtypes and evaluate variations in the expression profiles of these 

populations. The analysis also sought to explore differences in the tumour tissue adjacent 

to CD8+ T cells. 
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Figure 4.11: Comparing areas of high infiltration assessed by immunofluorescence during ROI selection between tumour 
types. (A) Volcano plots showing differential expressed genes within highly infiltrated ROIs between (left) LMS and (right) 
UPS with log2 FC indicates the relative expression level changes for each gene compared to each other with P adj = 0.05 
significance level. Points in red represent gene that were expressed significantly over both thresholds, blue were 
significantly over the adjusted p value, green points were above the fold change threshold but were not above the Padj value 
and genes represented in black were not statistically different between the variables being described. (B)  Pathway analyses 
of differentially expressed genes from UPS samples in highly infiltrated ROIs with a Padj value of 0.05. 

 

Firstly, in a global overview of the tissue, comparisons of the highly infiltrated, non-

segmented ROIs of these subtypes were made (Figure 4.11 A). There were 3240 DEG 

differentially expressed genes (DEG, p adj. = 0.05). Within the LMS ROIs, there was 

upregulation of smooth muscle and actin genes: CNN1, ACTG2, MYH11, MYLK, CSPR1, 

TAGLN, ACTN1, ACTAC2, COL6A2 (Figure 4.11 A), and PDLIM3, and PALLD (Supplementary 

Figure 4.1). This was in accordance with these tumours arising within smooth muscle, with 

these tumour cells retaining aspects of muscle-like phenotype. Other functions of these 

genes to note are that CNN1 has further associations with reduced T cell differentiation and 

mature tumours[213]. CNN1 may be a factor in the reduced CD8 infiltration and function 

within these tumours. Whereas PDLIM3 expression has been associated with increased 
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immune infiltration[214]. ACTN1 has been linked to increased proliferation and metastasis in 

many tumours[215,216], with association to fibroblasts in the tumour tissue which leads to 

increased escape and metastasis of tumours[216]. CSRP1 is also associated with tumours 

that have a large proportion of the TME being made up of stroma and fibroblasts[217]. CSRP1 

is associated with epithelial mesenchymal transition[217], as is ACTG2 and ACTAC2[218]. MYLK 

depletion (suggested by the upregulation in LMS over UPS) is implicated in influencing the 

migration of the tumour microenvironment through ICAM-1, IL-1α, IL-6 and IL-8[219] which 

might indicate why the UPS sample was inherently more infiltrated (see Figure 4.5and Figure 

4.6). Along the same lines, TAGLN (TGFβ inducible gene) is associated with reduced hMSC 

cell proliferation and increased cell migration[220]. With the differences in EMT which will 

affect the tissue structure and CNN1 that is involved in reduced T cell differentiation it was 

possible to theorise that immune cells within these tumours do not migrate through the 

tissue, nor become activated and cannot therefore instigate the desired beneficial anti-

tumour response. This may be contradicted by the increase in PDLIM3 which is a signalling 

gene for immune infiltration. However, it is possible that this rise relates to an increase in 

suppressive regulatory cells, assessment of Treg or M2-like macrophage abundances would 

be needed to resolve this question. COL6A1-2 are genes encoding collagen, collagen 

abundance has been associated with reduced function of CD8+ T cells[210], and raised 

fibroblast levels within the tumour which increases a regulatory phenotype[221], and creates 

a dense ECM barrier 

Next, the genes upregulated in the UPS ROIs are discussed. There was higher expression of 

CRIP1, CRIP2, CFD, and TNXB (Supplementary Figure 4.1). These genes are involved in cell 

migration with downstream links to epithelial-mesenchymal transition (EMT)[222–224]. CRIP1 

has been reportedly involved in tumour invasion and metastasis[222,225]. Whilst CRIP2 is 
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associated with angiogenesis[226] which could lead to increased infiltration. CFD is linked to 

the alternative complement pathways[227] which in turn has been linked to collagen type I 

expression[224] which may be involved in the oncogenesis of the UPS tumour. CFD is also 

associated with fibroblast cell migration[224] which might be involved in the infiltration in 

these tumours and the links to collagen expression. Other associated immune-related 

genes include LAIR1 and CD40 (Supplementary Figure 4.1), which are involved in antigen 

recognition and response. LAIR1 is involved in MHC-I independent mediated NK cell 

regulation[228].  NK cell abundance is typically negatively correlated with T cells which could 

be caused by the expression of this regulatory signal[200].  The upregulation of CD40 might 

suggest antigen presentation on DCs within the tumour due to CD40 being required to 

activate DCs[229]. RASSF4 (Supplementary Figure 4.1) was also higher in the UPS samples 

and has been shown to be associated with Ras-dependent apoptosis[230] and dysregulation 

of the Hippo pathway in sarcoma. This pathway has been shown to lead to sarcoma cell 

growth and proliferation[231].  

From the differential expression comparing UPS to LMS, the top 10 differentially expressed 

pathways in the UPS ROIs are shown in Figure 4.11B. Upregulated immunological pathways 

include those driving antigen processing and presentation of exogenous peptide antigen 

along with positive regulation of adaptive immune response based on immunoglobulins, 

positive regulation of T cell cytotoxicity and myeloid cell differentiation all pointing towards 

a functional immune response to the UPS tumours. Taken together these pathways suggest 

immune recognition of the tumour and a higher involvement of the immune compartment 

within the UPS tumours compared to the LMS tumours.  
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Overall, these findings showed that when assessing the global transcriptomic profiles, there 

were many relevant differentially expressed genes which included structural, and 

immunological genes, between these sarcoma tumour subtypes.  The question of whether 

different regions within the same tumour might show differences in immune profile was 

worthy of further study. As the transformed cells within a tumour remodel their surroundings 

the profile of the regions surrounding tumour tissue was also of interest. 

4.6.2 Investigation of the differences in immune populations at the tumour 

border showed similar immune population differences between the 

tumour subtypes as the global analysis 

It was hypothesised that immune infiltration into the tumour can come from adjacent 

tissues and vasculature. It was of interest to determine if there were differences in the 

immune cell profiles entering the LMS tumours compared to the UPS tumour. Notably, 

infiltration was increased in UPS, when assessed by histology and subsequent IF used in the 

DSP workflow (Figure 4.5). It was thought that the differences in TME structure and 

morphology of the tumours may influence the infiltration of immune cells. With increased 

pro-infiltration signalling being an additional or alternative explanation. The analysis showed 

331 DEG (p adj. = 0.05) within the tumour border ROIs in UPS vs LMS (Figure 4.12A). 

Many of the genes seen on the previous differential analysis which compared all ROIs across 

the LMS and UPS samples (Figure 4.11 A) were upregulated in these LMS border ROIs. These 

genes included ACTG2, MYH11, TAGLN, CNN1, ACTN1, MYLK, and PDLIM3 (Figure 4.12 and 

Supplementary Figure 4.2) as previously discussed, along with TPM1, TPM2 (Figure 4.12) and 

CALD1, FBXO32, and FHL1 (Supplementary Figure 4.2). These genes are associated with the 

tissue architecture[232–235]. There are some secondary associations to the immune infiltration 
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as previously discussed. Involvement of structural genes could be differentially expressed 

due to sarcoma types typically arising in muscle tissues. SPARCL1 is also upregulated, its 

expression has been associated with suppressed metastasis in mesenchymal cancer types 

as well as recruitment of macrophages[236]. Fibroblast associated genes MYL9 and CALD1 

were also upregulated. The former is implicated in MHC-II formation and fibroblast presence 

in the tumour[237], the expression of the latter is associated with high fibroblast density in 

tumours along with M2 macrophages and a reduced CD8+ T cells in the tumour[238]. These 

structural and regulatory cells are of interest to this study. For greater precision the 

involvement of macrophages and fibroblasts in these tumours will be looked at using 

cellular deconvolution in section 4.7.   
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Figure 4.12: Comparing highly infiltrated areas of the tumour border between tumour types assessed by IF during ROI 
selection. (A)  Volcano plots showing differential expressed genes within highly infiltrated ROIs from the border of the 
tumour between (left) LMS and (right) PMS with log2 FC indicates the relative expression level changes for each gene 
compared to each other with P adj = 0.05 significance level. (B) Pathway analyses upregulated differentially expressed 
genes from LMS samples, and (C) pathway analyses upregulated differentially expressed genes from UPS samples from 
highly infiltrated ROIs from the border, and with a Padj value of 0.5. Points in red represent gene that were expressed 
significantly over both thresholds, blue were significantly over the adjusted p value, green points were above the fold 



154 
 
change threshold but were not above the Padj value and genes represented in black were not statistically different between 
the variables being described.  

When investigating the genes upregulated in the UPS border ROIs (Figure 4.12 and 

Supplementary Figure 4.2) genes of interest include RASSF3 and RASSF4, which induces 

Ras-dependent apoptosis[230], sarcoma cell growth and proliferation[231]), CRIP1, TNXB (both 

linked to cell migration[222,223]), and CFD (complement pathway[224]). Other immune 

associated genes of interest include PTX3, and MAFK. PTX3 can acts as a chemoattractant 

for inflammatory cells in cancers, through the complement pathway and implicated in M2 

polarisation and fibroblast gowth[239]. M2 macrophages are associated with a regulatory 

environment[169] and fibroblasts are known to affect the cytotoxic ability of CD8+ T 

cells[152,240]. MAFK is associated with increases NF-κB activity which affects immune 

inflammatory responses, apoptosis, and survival[241]. NCOA3 and AHR (Supplementary 

Figure 4.2) are associated with dedifferentiated sarcoma phenotypes[242,243]. The function of 

many of the upregulated genes might be expected to aid the development and growth of the 

tumour. 

When assessing upregulated pathways of the UPS border ROIs (Figure 4.12C) pathways 

involved were like those identified in whole tissue analysis. These included protein 

localisation to CENP-A, and negative regulation of megakaryocyte growth. Associated 

pathways included innate immunity in the mucosa which suggests a tissue resident immune 

element to the transcriptomic profile.   

Also investigated, was the significantly upregulated pathways from the LMS border ROIs 

(Figure 4.12B). These pathways were markedly different from UPS tumour border regions in 

that they were predominantly involved in muscle development, cytoskeleton organisation, 

and actin function which is indicative of the environment that makes up these tumours. 
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When compared to the increases in dedifferentiation genes in the UPS type, this may suggest 

that the structure of the LMS subtype has a tighter matrix where immune cells cannot move 

into the tissue which is a factor leading to reduced infiltration.  This has previously been 

reported in dense stroma of pancreatic cancer[244] and dense breast cancer[245].  

Taken all together, we have observed significant differences between both tumour types, 

both on a gene and pathway level, reflecting their different dedifferentiation levels, cellular 

composition and leukocyte infiltration levels and composition; similarly to differences 

observed in chapter 4.6.1. 

4.6.3 The central tumour UPS ROIs express more collagen genes which may 

be associated with fibroblasts when compared to LMS 

By comparing the immune infiltration of the central parts of the tumour between the UPS 

and LMS subtypes, it was thought that different routes of entry into the central tumour region 

could be identified. It was also thought that differences between signalling pathways in cells 

from the tumour subtypes would results in the differences in infiltration.  Figure 4.13 A 

compares the central tumour regions of the two subtypes. There were 4087 DEG (p adj. = 

0.05), many of which were described in the previous analyses shown in Figure 4.11 and 

Figure 4.12.  
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Figure 4.13:  Comparing areas of high infiltration between tumour types assessed by immunofluorescence during ROI 
selection. (A) Volcano plots showing differential expressed genes within highly infiltrated ROIs between (left) LMS and (right) 
UPS, with log2 FC indicates the relative expression level changes for each gene compared to each other with P adj = 0.05 
significance level. (B) Pathways analyses upregulated differentially expressed genes from UPS samples from highly 
infiltrated ROIs from the central of the tumour with a Padj value of 0.5. Points in red represent gene that were expressed 
significantly over both thresholds, blue were significantly over the adjusted p value, green points were above the fold 
change threshold but were not above the Padj value and genes represented in black were not statistically different between 
the variables being described. 

 

Focusing on the genes upregulated in central LMS ROIs, genes included tissue organisation 

genes. These included MYL9, ACTN1, ACTA2, TPM2, PDLIM3, PALLD, MYLK, SPARCL1, TPM2, 

ACTG2, TPM2, CNN1 as mentioned in the previous Sections 4.5.1 and 4.5.2. Genes that were 

not previously highlighted in the differential analysis included NID1 (Figure 4.13), and MCAM 

(Supplementary Figure 4.3). These genes are involved in collagen and laminin linking and 

associated with expression typically occurring with mesenchymal genes with some links to 

reduced proliferation and migration of tumours[246], as well as vessel maturation.  MCAM is 

associated with the apoptosis protection and metastatic potential[247]. This suggests that the 

LMS central tumour had similar structural gene expression profiles to the tumour border.  
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CD40, TNXB, MAFK, RASSF4, CFD, PTX3, AHR continued to be upregulated in the UPS ROIs 

as shown in Figure 4.13 and Supplementary Figure 4.3. Comparatively, in the central tumour 

many collagen genes were upregulated, including, COL1A1, COL5A1, and COL5A3 (Figure 

4.13). These may be highlighted due to a high stromal content in these tumours. Fibroblasts 

express high amounts of these collagen genes due to their structural role and have been 

implicated in dampening CD8 T cells cytotoxic functions in the surrounding environment[210]. 

Along with upregulation of NOTCH3 (Supplementary Figure 4.3), which is associated with 

lower infiltration of activated CD8 T cells but increases in regulatory cells such as M2 

macrophages[248] and NOTCH3 expression by cancer-associated fibroblasts has been 

associated with angiogenesis in other tumour types[249].  This may improve immune 

infiltration in tumours. Also, the expression of Notch signalling by non-cancerous cells within 

tumours has previously been associated with tumour growth in UPS tumours[250]. 

These data suggest that the immune cells within these UPS tumours may recognise tumour 

associated antigens more effectively than immune cells in the LMS type which might have 

led to the increased infiltration. This is further evidenced by the upregulation of MHC genes 

HLA-B and HLA-DMA. This covers both type I and type II MHC pathways implicating both T 

cells and myeloid lineage antigen recognition[251,252]. CXCL1 was also upregulated in the 

central UPS tumour region (Supplementary Figure 4.3). This is involved in neutrophil 

recruitment and points towards there being different immune population between 

subtypes[253]. There are no other differentially expressed chemokines or cytokines in this 

analysis. This suggested that there are similar signalling pathways in the central regions of 

both tumour subtypes.  From this, the ability of immune cells to enter the tissue from local 

vasculature or movement through the tissue should be similar between the tumour types. 

However, the IF (Figure 4.5) and literature[26,83] suggests otherwise, which suggest a different 
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mechanism at play, such as the difference in structural genes as described in the tumour 

border of the LMS or different composition of extracellular matrix components like collagen 

genes highlighted above, affecting the movement into the tumour. 

When investigating the differentially expressed pathways centrally in these tumours, the 

pathways upregulated in UPS ROIs (Figure 4.13B) included antigen recognition pathways, 

for example ‘antigen processing and presentation of exogenous peptide antigen’. This 

suggested that the immune cells are upregulating these pathways in the UPS when 

compared to the LMS tumours. Cancer cells also present MHC molecules: it is possible that 

the upregulation of this pathway is influenced by expression on UPS tumours when 

compared to the LMS tumours. This in turn can influence the immune system to produce an 

antigen driven immune response. However, recent studies suggest that rare clonotypes can 

be presented by these tumours which are not recognised and do not provide the desired 

response within UPS tumours[251]. On the flip side, MHC-I expression can be downregulated 

within tumours to reduce the antigen driven response[254,255]. This may be occurring within the 

LMS tumours.  

The immune cell abundance could be affected by increased infiltration, proliferation or 

differentiation to immune cells within the tumour tissue. However, this analysis does not 

provide an insight into which cells these might be, therefore the use of a cellular 

deconvolution approach is required to elucidate this (Chapter 4.7). 

4.6.4 LMS tumours exhibit higher expression of immunoactivity but not 

cytotoxic genes in the higher infiltrated regions 

Defining the differences in distribution of immune cells within the same tumour subtype, 

was a study aim of this chapter. Therefore, comparisons were performed between areas that 
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had higher infiltration than others. It was of interest if the cells were entering the tissue and 

becoming functional and proliferative. To probe this, the transcriptomic profiles of areas with 

higher infiltration were compared to those with lower infiltration (as assessed by IF staining 

and outlined in Figure 4.6), with interesting output metrics being the activation and function 

of the cytotoxic T cells within the tissue. It is also of interest as to whether the environment 

was regulatory or immunogenic, so this aspect was also studied. 

Firstly, Figure 4.14A contains the assessment of the differential expression analysis of 

regions of higher and lower infiltration in LMS. There were 46 genes (p adj. = 0.05) that 

were differentially expressed in LMS high infiltration compared to LMS low infiltration ROI. 

There were no significantly upregulated genes when assessing the lower infiltrated regions 

of LMS. In contrast, T cell signatures (such as TRBC1, CD3E), immunoglobulin genes (IGKC, 

IGHG1, IGHG3, and IGHG4), MHC-II genes (HLA-DQB1, HLA-DPB1, HLA- DQA1, and HLA-

DPB1), and MHC-I genes (HLA-E, TAP2, Supplementary Figure 4.4), were upregulated in high 

infiltration ROI. These data confirm the correct selection of the CD8 T cell dense areas, as 

well as provide the expected result of significantly raised expression of T cell-related genes 

in the highly infiltrated ROIs. The immunoglobulin genes may suggest an increase in B 

cells[256] within these areas which is plausible with the increase in immune cells being 

selected. B cells and IGHG genes (IgG plasmablasts), have been associated with better 

outcomes in some cancer types[257,258], although the assessment of human sarcoma 

samples is mixed, with some studies suggesting a positive outcome[86], while others 

associated a negative outcome[26,85]. Upregulation of canonical B cell signatures such as 

CD19 in this dataset was not seen, only the Ig constant region gene (IGKC) was raised. There 

is evidence that IgG+CD19- plasmablasts can be found in chronically inflamed tissue, with 

intact function[259]. This could explain the findings in these LMS samples.  
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Figure 4.14: Comparing areas of different infiltration within the LMS tumours assessed by immunofluorescence during ROI 
selection. Volcano plots showing differential expressed genes within (A) the LMS tumours, comparing (left) low infiltration 
and (right) high infiltration with log2 FC indicates the relative expression level changes for each gene compared to each 
other with P adj = 0.05 significance level. Pathway analyses upregulated differentially expressed genes from (B) highly 
infiltrated LMS ROIs, Padj value of 0.5. Points in red represent gene that were expressed to a level which exceeds the fold-
change and significance level thresholds, blue were significantly over the adjusted p value but with a small magnitude of 
change, green points were above the fold change threshold but were not above the Padj value and genes represented in 
black were not statistically different between the variables being described. 
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The upregulation of antigen presentation genes including MHCI, MHC-II and TAP2 genes 

could suggest that there is increased recognition or response to antigen within these 

ROIs[252,260–262]. This could be related to the increase in density of T cells along with other CD45 

immune cells. Interestingly, the upregulation of MHC-II related genes may suggest activation 

of CD4 T cells, rather than CD8 T cells. This may lead to the activation of Tregs which would 

suggest a regulatory environment. However, the upregulation of TAP2 gene still supports the 

activation of the CD8 T cells that this study focused on. Alternatively, the downregulation of 

TAP genes is one of the drivers in the downregulation of MHC-I on cancer cells[255]. This may 

be causing areas in the tumour to be immune sparse. However, the mechanism influencing 

this in some areas of the tumour over others was not elucidated.   

This comparison also showed an upregulation of STAT1, CCL5, CXCL9, FYB1, and FGL2 in 

these more highly infiltrated regions. CCL5 (Supplementary Figure 4.4) is linked to infiltration 

of tumour suppressive immune cells in multiple tumour types[263,264] but is also associated 

with CD8 T cell infiltration[265], which is more likely when CD8 T cells were targeted in this 

study. FGL2 is a regulatory T cell effector protein which is linked to reduced T cell 

activation[266]. FYB1 is associated with IL-2 cytokine production[267], IL-2 is required by T cells 

to maintain function[34]. Tregs require IL-2 for their suppressive function but in this case, the 

study focused on areas of CD8 T cells, likely accounting for this. CXCL9 is often associated 

with inflammation and immune biomarkers including CTLA4, GZMB, LAG3, PD-1 and PD-

L1[268]. Although the expression of these markers has mixed downstream indications. 

However, its expression has been shown to improve immunotherapy outcomes in vivo[263]. 

High immune cell infiltration areas correlating with immune activation, antigen processing 

and presentation (both genes and pathways), i.e. local immune response are present and 

likely activated, but some features of immune regulation are present (CCL5, FGL2, and the 
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double-sided action of IL-2). That is normal for a developing immune response, effective 

immune response will require activation mechanisms to prevail.  

Assessing these immune rich areas compared to immune low regions suggested in the LMS 

tumours showed that some T cells (and B cells) were able to infiltrate and get activated but 

might not be able to mount effective immune response. However, interestingly differences 

in checkpoint inhibitor expression was not observed. 

Upregulated pathways in the LMS highly infiltrated ROIs (Figure 4.14B) included MHC-II 

antigen processing and presentation, and adaptive immune response from 

immunoglobulins. This suggested there was recognition of antigen within the tumour and B 

cells activity within the tissues. B cell abundances have been found in studies previously 

conducted and may play a role in the recognition of the tumour much like the MHCs[26]. Also, 

within the differential pathways there was positive regulation of leukocyte activation, αβ T 

cell activation, and positive regulation of T cell activation pathways in the highly infiltrated 

ROIs (Figure 4.14B). This suggested that there are some mechanistic reasons behind the 

difference in the abundance of immune cells within these immune clusters. There was 

upregulation of cell killing so these cells may still be having a cytotoxic response. Response 

to Type II interferon pathway was upregulated. There are multiple mechanisms driven by INF-

γ. These include MHC-I presentation on macrophages[269], activation of M1 macrophages. 

However, INF-γ has been reported to induce apoptosis of tumour-reactive CD8+ T cells and 

reducing effector memory responses in vivo[270]. Within a colorectal cancer model, one 

report showed that INF-γ can inhibit release of cytotoxic granzyme B release from CD8 T 

cells[271]. These differentially expressed pathways therefore suggested a presence of 
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mechanisms both promoting and inhibiting the cytotoxic response, making the 

interpretation more complicated. 

When assessing difference in gene expression profiles of UPS ROI with high vs low immune 

infiltration there were no differential expressed genes as shown in Supplementary Figure 

4.5. 

The analysis of ROIs with different immune infiltration from the LMS tissues showed genes 

and pathways linked to upregulated antigen presentation, increased macrophages with 

cytokines and chemokines that suggest infiltration of immune cells but possibly not 

adequate activation. Unfortunately, the cell types which express these regulatory and 

suppressive genes could not be elucidated. There were no proliferation inducing genes 

which can account for the areas of higher immune abundance. It could be that the regulatory 

and suppressive genes were shown to be upregulated in the more highly infiltrated genes 

because of the general raised abundance of immune cells per-se. Also, there are no genes 

specifically associated with cytotoxic cells within these highly infiltrated regions unlike the 

broad T cell and B cell signatures which also suggests that there is little anti-tumour immune 

activity in LMS, regardless of the level of infiltration. Genes associated with cytotoxicity were 

expected to be upregulated in the higher infiltrated regions, however this was not the case.  

The level of immune infiltration does not necessarily relate to level of anti-tumour activity. 

4.6.5 The peritumour areas showed upregulation of immune signatures 

compared to the tumour border.  

The transcriptomic differences of the immune populations throughout the tumour were 

sampled and compared to peritumoral ‘normal’ areas around foci of infiltrate from the same 

tumour type. It was thought that the cells outside of the tumour would not be under the same 
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regulatory environment as within the tumour. This may lead to the tumour having low 

immune abundance. It was believed pertinent to the study as these findings may also be 

seen when comparing tumour subtypes.  

It was possible to compare the transcriptomic profiles of areas on high immune abundance 

of the tumour border vs the peritumour tissue of a UPS tumour (Figure 4.15). It was not 

possible to sample the peritumour areas of LMS tumours as the peritumour tissue was not 

included in the sections. For the UPS tumour, perivascular peritumoral areas were included 

in the analysis. These areas were selected as it was hypothesised that the immune cells 

infiltrating from these vessels will then enter the tumour. It was also possible to compare the 

immune border to the central tumour for both the LMS and UPS to evaluate the difference 

between these ROI as well.  

This differential expression analysis showed 1942 significant DEG (Figure 4.15A). FOS, EGR1, 

SFRP4, and CD96 were shown to be significantly upregulated in the UPS peritumour ROIs 

(Supplementary Figure 4.6). FOS is implicated in immune regulation in cancer[272] so this 

could be a factor towards explaining why this tumour is not being infiltrated from the 

surrounding healthy tissue and vasculature. EGR1 is known for regulation of TGFβ1, PTEN, 

p53, and fibronectin. TGFβ1 is associated with macrophage polarisation towards a M2 

phenotype[43,273].  These genes are implicated in the growth of tumours, and this suggests that 

the tumour receiving signals to advance into the peritumour[274]. CD96 is expressed on both 

T and NK cells[275]. In vivo studies have shown reduced INFγ production from NK cells bound 

to CD96 ligand and suggested that upregulation of CD96 increased susceptibility to MCA-

induced fibrosarcoma formation[276]. With this being prevalent in the peritumour tissue, this 

might be a factor in reduced effective anti-tumour response. 
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Figure 4.15: Comparing the transcriptomic profile of highly infiltrated regions at the tumour border to areas peritumour 
areas in the UPS tumour type assessed by immunofluorescence during ROI selection. (A) Volcano plots showing differential 
expressed genes comparing (left) peritumour and (right) the tumour border, log2 FC indicates the relative expression level 
changes for each gene compared to each other with P adj = 0.5 significance level. (B) Pathway analyses of upregulated 
differentially expressed genes from peritumour when compared to regions tumour border, and (C) pathway analyses of 
upregulated differentially expressed genes from tumour border compared to peritumour with a Padj value of 0.5. Points in 
red represent gene that were expressed significantly over both thresholds, blue were significantly over the adjusted p value, 
green points were above the fold change threshold but were not above the Padj value and genes represented in black were 
not statistically different between the variables being described.  
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Also upregulated in the UPS peritumour vs the UPS tumour border were immune markers 

IGHG1-4, and SFRP4 (Figure 4.15) along with CD3E, CD69, MZB1 (Supplementary Figure 4.6) 

suggesting more immune cells outside of the tumour than within it. MZB1 is involved in T cell 

immune responses and the differentiation of plasma cells[277], suggesting that the function 

of T cells outside of the tumour may be improved and that plasma cells are more frequent 

outside of the tumour environment.  The increase in B cells is supported by the increase in 

immunoglobulin genes (IGHG1-4) outside the tumour. The expression of CD3E in the 

peritumour increases the confidence that the abundance of immune cells within the tumour 

is much lower than healthy tissue. With CD69 expression being higher outside the tumour, it 

suggests that there is increased activation of the cells as well as abundance outside the 

tumour. SFRP4 expression has been shown to correlate with TfH, Treg and macrophage 

infiltration in a cancer study[278]. There is not a clear result as to whether the environment 

outside the tumour is regulatory or not. Signalling genes upregulated in the peritumour 

include CCL19, IL7R, (Figure 4.15) CCL18, CXCR4 (Supplementary Figure 4.6). IL7R is 

required for T cell development[279] and survival and CCL19 is associated with T cell 

activation and homing of CCR7 expressing naïve T cells[280], comparatively CCL18 is 

produced by M2 macrophages[281] which are immunoregulatory in nature and is a ligand for 

CCR8, frequently expressed on activated Tregs. This provides a mixed message as to 

whether the environment outside the tumour is regulatory or not. This may reflect the 

temporal and spatial resolution limitations of the analysis technique or the genuine 

complexity of the balance in tumour immunity. 

When comparing the tumour border ROIs to the peritumour ROIs, TNXB, PTX3, NCOA5, 

CRIP2, and MAFK were previously reported as differentially expressed in the UPS tumour 

border ROI compared to the LMS border and when compared to UPS central tumour (Figure 
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4.11 to Figure 4.14) and were also upregulated in this assessment. Interestingly, there were 

also increases in C1QC, and TGFB, (Figure 4.15) as well as CXCL1, and HLA-B genes 

(Supplementary Figure 4.6). C1QB is a complement related gene[282] but also has prognostic 

implications independent of the (innate immunity) complement system in a cancer 

study[283]. This may suggest the involvement of complement in the tumour but there is mixed 

evidence to support this. TGFBI is associated with tumour metastasis and proliferation but 

also tumour associated fibroblasts[284] which may relate back to the increase in collagen 

genes within the UPS central tumour[221]. CXCL1 expression is implicated in the recruitment 

of neutrophils[253] and stromal cells suggesting its possible impact on the tumour 

progression. HLA-B can be presented on the cancer cells themselves as well as most 

nucleated cells. With the other immune signatures being downregulated in the cancer 

border when compared to the peritumour, the expression of HLA-E on immune cells seems 

unlikely. HLA-E was most likely expressed on the cancer cells. MHC-I expression is common 

in sarcoma; however, sarcoma cells are not typically recognised by the immune system[251], 

so MHC-I may be present but internalised into the cell where it is no longer available to for 

immune activation[285]. Spatial proteomic analysis may help un-pick this complexity. Many of 

the other DEG are non-immune related and so will not be discussed here. 

Pathways upregulated in the UPS peritumour ROIs, compared to the UPS tumour border 

ROIs there were many implicated immune pathways, again suggesting more immune 

prevalence outside of the tumour. These include leukocyte homeostasis, immune response-

activating cell surface receptor signalling pathway, antigen response, αβ T cell activation, 

also with leukocyte chemotaxis, suggesting that the prevalence of immune cells within the 

tumour is much lower than in healthy tissue. This is expected as these tumours are reported 
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to be minimally infiltrated tissues[83,85,132,199]. In comparison, in the tumour border there was 

a distinct lack of immune pathways (Figure 4.15C). 

The peritumour regions surrounded vasculature around the tumour. The similarities in the 

immune cells at the tumour border to these peritumour perivascular regions were compared 

to determine how different these regions were. There seems to be a lack of similarity in the 

environment and immune cell composition and activity. This suggests that there is a vast 

difference between the immune populations outside the tumour compared to inside the 

tumour. This supports our hypothesis that there are suppressive or regulatory effects within 

the tumour tissue. 

4.6.6 The tumour border of the UPS sample showed upregulation of antigen 

presenting genes compared to the central tumour 

When comparing the border tissue of the UPS to the central tumour areas there were 179 

DEG (Figure 4.16). The most prominent of these were IGF2, IGHG1-4, IGKC, IGLL5, HLA-

DQA1, B2M, and C1QC shown in Figure 4.16A. HLA-DRA, HLA-DRB1, HLA-B, CD4 were also 

upregulated (Supplementary Figure 4.7). IGF2 has been the focus of studies where its 

expression has been seen in some undifferentiated sarcoma types[286]. It has also been 

linked to poorer outcomes and is a treatment target[287]. The differential expression of this 

gene at the tumour border may have implications for future treatment of sarcoma, especially 

if vascularisation is required for dosing and is also variable within the tumour. IGHG1-4 

genes, with IGKC, and IGLL5 which are all immunoglobulin genes that can be associated 

with an increase in B cells at the tumour border. As previously discussed in section 4.6.4, B 

cells and IgG plasmablasts (highlighted by IGHG1-4) are associated with improved 
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prognosis and antigen recognition[26]. This pairs well with the upregulation of MHC-I and 

MHC-II expression.  

Upregulated HLA-II and CD4 genes suggest antigen presentation to CD4 cells. This implies 

antigen presentation by professional APCs such as DCs and macrophages[252,262]. However, 

it could be that CD4 Tregs may be involved. These cells can reduce the cytotoxic function of 

CD8 T cells without reducing the abundance of the population[149]. On the other hand, there 

was also upregulation of HLA-I and B2M suggesting possible upregulation of CD8 T cell 

responses[288]. Indeed, B2M has been associated with improved outcomes in some sarcoma 

types[289]. These factors could influence the observed increased infiltration into the UPS 

tumours. Cell deconvolution will be employed in Chapter 4.7 to further explore these 

findings. 

The pathways that were upregulated in the border tissue support these findings (Figure 

4.16B). This included the upregulation of MHC-II antigen presentation, activation of the 

immune system and activation of T and B cells. This more active phenotype in border areas 

was supported by upregulation of the cell killing pathway being upregulated, cell 

proliferation and IFN-II response. However, as discussed in section 4.6.4, increased type II 

interferon can also have a regulatory function leading to the reduced function of the CD8 T 

cells[270,271]. This may be one of the driving factors for increased immune activity outside of 

the tumour compared to at the tumour border. Cell-cell adhesion pathways were also 

observed, and this might be linked to the movement of cells into the tumour.  
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Figure 4.16: Comparing the transcriptomic profile of highly infiltrated ROIs at the tumour border to central tumour in the 
UPS tumour type assessed by immunofluorescence during ROI selection. (A) Volcano plots showing differential expressed 
genes comparing (left) central tumour and (right) the tumour border, log2 FC indicates the relative expression level changes 
for each gene compared to each other with P adj = 0.5 significance level. (B) pathway analyses of upregulated differentially 
expressed genes from regions inside the tumour border when compared to central tumour, with a Padj value of 0.5. Points 
in red represent gene that were expressed significantly over both thresholds, blue were significantly over the adjusted p 
value, green points were above the fold change threshold but were not above the Padj value and genes represented in black 
were not statistically different between the variables being described.  
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There were no significantly DEG within the same comparison (i.e. border vs central tumour) 

of the LMS tumour types (Supplementary Figure 4.8).  

These data suggested higher antigen recognition at the UPS tumour border compared to the 

central tumour. This suggested differences in infiltration between the locations within this 

UPS tumour. The lack of DEG in the LMS tumours may be that having a binary difference 

associated with location within the tumour was not specific enough to assess the 

differences. Analysis by weighted gene correlation network analysis (WGCNA) may provide 

more detail. 

4.6.7 There was upregulation of CD8A expression within the central tumour 

Next, the transcriptomic assessment of CD8 T cells was assessed in different regions of the 

tumour, using a segmentation tool during the ROI selection on GeoMx platform. This was to 

specifically assess the transcriptomic profile of this cell type, identified using IF staining of 

cell surface receptors. Expression profiles of CD45+CD8+ T cells in LMS tumour border 

ROI were compared to the central tumour. There were 58 DEG (p adj. = 0.05, Figure 4.17A).  

CD8A, IGHG3, and IGHG1 were upregulated within the central tumour (Supplementary 

Figure 4.9). CD8A expression suggests that the areas selected were more infiltrated with 

CD8 T cells. This finding goes against the hypothesis that there would be more immune cells 

at the tumour border with closer proximity to healthy vasculature which would allow for 

infiltration.  IGHG3, and IGHG1 are immunoglobulin genes. In the tumour border ROIs, 

there was upregulation of HLA-DRB1 (as previously discussed in sections 4.6.4-4.6.6) and 

CXCL9, the expression of which is associated with increased immune infiltration in breast 

cancer[263,268]. CXCL9 is also shown to drive interferon mediated immune cell infiltration[263]. 

This showed that there were mechanisms for cells to enter the tissue at the tumour border 
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but interestingly the central tumour shows higher immune signatures. The assessment by 

the SpatialDecon and WGCNA packages, discussed in chapter 4.7, may provide more 

insight into the mechanism driving this.  However, because the GeoMx technique has an 

inherent bias, the selection and annotation of the ROIs may be influenced by the relative 

immune abundance within each individual tumour.  

 
 

Figure 4.17: Comparing the transcriptomic profile of segmented ROIs in LMS. (A) Volcano plots showing differential 
expressed genes of CD45+CD8+ segmented ROIs in the central tumour (left) to the tumour border (right) in the same 
tumour type. Cut off points at log2 FC indicates the relative expression level changes for each gene compared to each other 
with Padj = 0.05 significance level. Pathway upregulated in (B) CD45+CD8+ segmented border ROIs in the LMS tumour when 
compared to the central tumour, (C) CD45+CD8+ segmented central ROIs in the LMS tumour when compared to the tumour 
border. Padj value of 0.05. Points in red represent gene that were expressed significantly over both thresholds, blue were 
significantly over the adjusted p value, green points were above the fold change threshold but were not above the Padj value 
and genes represented in black were not statistically different between the variables being described.  
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Pathways of interest in the central tumour tissue of the LMS samples (Figure 4.17B) 

included antigen receptor-mediated signalling pathways, and adaptive immune response 

based on immunoglobulins.  Along with this there is the complement activation pathway. 

This all suggests there are immune cells at work in the central tumour but not enough to 

overcome the tumour or drive an ‘immune hot’ phenotype. Upregulated genes in the border 

LMS ROI (Figure 4.17C) include humoral immune response from upregulated 

immunoglobulin genes. B cell responses have been implicated in sarcomas before[86] 

making this reassuring to find within the tissue. This is contrary to what is seen in the UPS 

tumours, specifically increased immunoglobulin and MHC genes in the tumour border.  

It was not possible to compare CD45+CD8+ profiles in the UPS samples as there were too 

few regions selected for comparison. 

 

4.7 Investigating immune cell infiltration by transcriptomic deconvolution 

Many DEG were identified depending on the tumour subtype, immune abundance, and/or 

location within the tumour. However, canonical immune markers, for example CD8A, were 

not typically differentially expressed (except in the targeted segmentation analysis). This 

suggested that the distribution of immune cells may not be as variable between tumours 

and in relation to the tumour border as the previous literature would suggest. Cell 

populations hypothesised to be present from this data included macrophages, Tregs and 

fibroblasts. However, the cell types involved were not confirmed by DGE analysis. It therefore 

seemed pertinent to attempt to identify the cells involved using cellular deconvolution. The 

SpatialDecon[115] package in R was used to estimate the cell types and abundance within the 

ROIs based on a reference dataset (ImmuneTumor_safeTME[115]). 
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The intention was to investigate which immune populations could be causing upregulation 

in antigen presentation and whether the factors believed to be contributing to differences in 

the phenotype were having an effect. It was hypothesised that there would be more antigen 

presenting cells in the UPS border compared to the central tissue. The inverse was 

hypothesised for the LMS tumours.  It was also hypothesised that the USS tissue would show 

variations in immune populations across different regions, whereas fibroblasts abundance 

was hypothesised to differ between the tumour types.  

4.7.1 Increased fibroblast presence in the tumours may be reducing 

immune abundance and function whereas CCR7 expression on Tregs could 

be linked to higher infiltration 

Firstly, the populations of all non-segmented ROIs were investigated. Figure 4.18 A shows a 

relative estimate of abundance of immune and stromal populations comparative to each of 

the cell types in the ROIs. These data suggests that the immune infiltrates within the different 

LMS tumours are similar, whereas there was more variation in these populations in the single 

UPS and single USS tumours. The location of the ROI within the tumour did not seem to show 

differences. This could possibly suggest that the cells within these have very similar immune 

populations throughout these tissues.  

The most highly abundant immune cell type across these tumour tissues was theorised to 

be macrophages based on relative expression of macrophage markers. These were the 

highest proportion in the USS and UPS tumours when compared to the LMS tumours. 

Macrophages can be proinflammatory, having anti-tumour effects or pro-tumourigenic, 

depending upon the polarisation of the population. This can be determined by the 

expression profile of the macrophage. Looking at the top genes that are associated to the 
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cell type of macrophage in Figure 4.18 B, both CD68 (pro-immunogenic) and CD163 (pro-

tumour)[174] are expressed and seen within the heatmap. These markers do not associate to 

one type of tumour, so it is unclear if there are differences in these populations. The 

expression pattern of FN1 is intriguing. FN1+ macrophages have been linked to an 

increasingly suppressive environment in other cancer studies[290]. So, although the LMS ROIs 

show lower abundance of macrophages, it is suggested that the macrophages present have 

a more regulatory function[290].   

There was higher expression of HLA-II class genes, including HLA-DPA1, HLA-DRA, HLA-

DPB1, and HLA-DQB1 within the ROIs selected from the border of the USS and UPS ROIs 

(Figure 4.18B) which agrees with the DGE analysis. These data could suggest increased 

antigen recognition by macrophage populations in the border tissues of UPS and USS 

tumours. Also, within the border UPS and USS ROIs there was high expression of 

complement genes C1QA, C1QB and C1QC[282], when compared to the central ROIs and LMS 

ROIs (Figure 4.18B). The C1Q genes are often expressed by tissue resident macrophages 

found within tumours[291] and C1QC has been linked to fibroblast associated macrophages 

in UPS samples[283,291]. Reports suggest that macrophages can bind to fibroblasts within UPS 

tumour types increasing cancer cell escape[202]. With both cell types being estimated to 

make up a high proportion of the tumour microenvironment this is important to consider. 

However, C1QA, C1QB and C1QC expression has also been reported on T follicular helper 

cells, memory B cells and CD8 T cells in an analysis of human osteosarcoma samples and 

has been associated with infiltration into those tumours[282]. This ubiquity of expression by 

several cell types and the non-cell type selective nature of the whole transcriptome analysis 

of a large ROI means it is not possible to confirm the expression of these C1Q genes is by the 

macrophages. 
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Figure 4.18: A heatmap representations for the abundance of cell types identified from cell deconvolution evaluation from transcriptomic analysis of sarcoma digital spatial profiling. 
The expression profiles of genes from cells of interest. (A) is the cell deconvolution for the whole, unsegmented ROIs with the top annotations including the tumour type with LMS (teal), 
USS (grey) and UPS (raspberry), tumour location with border (green) and central (cream), and infiltrate abundance being high (brown) or low (blue). The individual patients are also 
included with H103557 (plum), 1048121 (hot pink), H214439 (sky blue), H201064 (maroon), H202415 (purple), H210024 (midnight blue). Expression profiles of the reference set for cell 
types of interest including (B) macrophages, (C) fibroblasts, (D) mast cells, and (E) regulatory T cells for each ROI.  The matrix scale (mat) is the cell abundance estimate (beta) produced 
by the SpatialDecon analysis. This was based on expression of genes associated to a cell type within the selected ROIs, relative and normalised across the dataset.
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In the in vivo sarcoma HIFU study outlined in chapter 3, increases in macrophage infiltration 

were demonstrated post-HIFU (Section 3.5.2). The data from the SpatialDecon analysis 

suggests that the more infiltrated sarcomas had a higher infiltration of macrophages. This 

aligns the two analyses and implicates macrophage populations as being a prevalent 

immune population.   

Fibroblast related genes are highly expressed across all three of the sarcoma tumour 

subtypes analysed. These cells are implicated to be important in tumour development, by 

helping shape the tumour microenvironment including the infiltration of immune cells and 

the extracellular matrix composition, although there does not seem to be a direct link in the 

abundance of fibroblasts with survival[292]. There have been studies to suggest that the types 

of fibroblasts affect the ability of immune cells to contact cancer cells leading to reduced 

infiltration into the deeper tissue[293]. Within this study, levels of fibroblasts do not correlate 

with the immune abundance or location within the tumour. However, there is literature to 

suggest that fibroblasts vary between sarcoma subtypes, with LMS estimated to have higher 

fibroblast composition. Due to sarcomas being from a mesenchymal origin, many of the 

genes used for the identification of fibroblasts may be expressed by the cancer cells which 

could be very abundant within these whole ROI selected samples. Notably, collagen genes 

including COL1A2 and COL1A1 are raised within a subset of patients (Figure 4.18C). There 

have been studies that describe an increase in collagen formation due to tumour-associated 

fibroblast presence within tumours[210]. This has consequently led to high collagen density 

within tumours and can lead to weaker T cell responses[210], while maintaining their 

abundance. 
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When focusing on the mast cell (MC) population, as shown in Figure 4.18A, a higher 

infiltration of MCs was seen in LMS ROIs. This is a shared trait across most of the patients (3 

out of 4 tumours). Typically, MCs are involved in the distribution and release of secretory 

granules which can contain histamine as well as other modulators including cytokines[294,295]. 

Not unlike the aforementioned macrophages, the MCs can either have both a pro-

inflammatory or pro-tumourigenic phenotype dependent upon the signals that are being 

produced by the cell[187,296]. Unfortunately, the MC type could not be elucidated from the 

expression profiles produced (Figure 4.18D). However, EGR1 was associated with a 

subgroup of the LMS tumours, which have varied factors associated with them. Expression 

of EGR1 is associated with TNF release by MCs[297]. These TNF producing MCs have been 

shown to be associated with antigen activation[297,298]. It is plausible to suggest that this did 

not provide a strong enough response for downstream activation of effector cells. 

Regulatory T cells (Tregs) were featured at high levels across tumour types, independent of 

position within the tumour and immune abundance. This is shown in Figure 4.18A. Tregs are 

involved in immune tolerance, impacting on regulation of differentiation and activation of 

other immune cell types[150]. High infiltration of Tregs has been previously reported to be 

associated with poorer outcomes in many tumours[27,299], including sarcomas[150]. When 

assessing the expression of Treg genes (Figure 4.18E) there did not seem to be a correlation 

between any of the factors within this analysis. Tregs seem to be here a particularly 

homogeneous population, however CCR7 expression was upregulated in some ROIs, mostly 

favouring the LMS and USS ROIs. Tregs require CCR7 to migrate into lymph nodes where they 

encounter APC and proliferate[37] before entering tissues. In cancer studies, CCR7+ Tregs are 

correlated with poorer outcomes[37]. The expression of CCR7 seems to correlate with 
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immune abundance so it may be that these areas of denser infiltration are caused by 

infiltration of the CCR7+ Tregs into tissue.  

Within Chapter 3, within the tumour a high proportion of the CD4 T cells were Tregs (Section 

3.3.2). Along with this, the data suggested that the HIFU treatment given to the sarcoma 

tumours caused an increase in this Treg phenotype within the draining lymph node (Sections 

3.4.2 and 3.5.3), which may have been related to the antigen presentation caused by the 

treatment. This suggest that Tregs are quite prevalent within sarcomas, as also suggested in 

Figure 4.18 A. 

NK cell genes were expressed across the samples as seen in Figure 4.18 A. NK signatures 

were more highly expressed compared to CD8 T cell genes. Previous literature suggest that 

infiltration of NK cells is inversely proportional to T cells[200]. This phenomenon can also be 

seen in this study. It is noted that metastasis free survival of sarcoma is associated with a 

specific subset of NK cells5, however this requires the single cell resolution that is not 

available within this study.  

When evaluating B cell populations, the SpatialDecon package associated two types of B 

cells to the expression data. Naïve B cell signatures were more highly expressed in the LMS 

samples. Memory B cell genes were more highly expressed in the UPS samples. Both types 

were expressed across the USS ROIs. This suggests that B cells in the UPS samples might 

have been activated in the tumours. Typically, ‘immune-hot’ tumours like melanoma have 

higher memory B cell populations within the tumour microenvironment[300].  

Within this analysis, macrophages, mast cells, and B cell subsets had different proportions 

in the different tumour subtypes analysed. This gave an indication that the tumour subtypes 

have different tumour microenvironments. The different abundance of different cells may 
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have influenced previous work that only focused on one cell type that some tumour 

subtypes were globally more infiltrated than another. Regardless of the tumour type, Tregs 

and fibroblasts were similarly abundant across subtypes. The regulatory cells would likely 

reduce infiltration and activation of other cells which may account for the lack of cytotoxic 

cell signal in these tumours. This includes the prevalence of FN+ macrophages in LMS and 

SSS tumours, as well as the collagen genes in fibroblasts in the UPS. The immune cell profile 

may account for varied response to immunomodulatory therapies based on tumour 

subtypes as previously reported[59,73,75,81]. Ideally, future systemic treatments including 

immunotherapies would be personalised not only for subtypes but for individual tumours 

based on general infiltration types. 

4.7.2 Transcriptomic profiling of segmented immune infiltrates identified 

naïve CD8+ T cells and macrophages as the predominant populations 

Next, the segmented immune regions of interest were investigated. This allowed for the 

transcriptomic profile from specific cells to be sampled based on their 

immunofluorescence. The segmentation works sequentially so that the CD45+CD8+ T cells 

are first selected, and this is followed by CD45+CD8- leukocyte cells.  

CD45+CD8+ ROIs expression profiles were evaluated in Figure 4.19A and naïve CD8 cells 

were identified as a highly expressed cell type. This suggests that these CD8 T cells are not 

antigen experienced118, however cancer studies have shown these types do continue to be 

cytotoxic in the tumour and are more resistant to TGF-β-induced apoptosis. This may be a 

causative factor for this being the most prevalent CD8 T cell type. Hence the ROI selected 

do not have a strong cytotoxic signal. Data presented here show that that the ROIs from the 

USS tumour border had both a memory and naïve CD8 phenotype (Figure 4.19A). 
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Noteworthy, the SpatialDecon estimation shows presence of other cell types as well as 

CD8+ T cells. This suggested that the probes from other cell types were also sampled during 

the segmentation. It is possible the segmentation strategy acts more as an enrichment 

analysis rather than a strict isolation of the cell type of interest. This was demonstrated by 

the macrophage, mast cell, NK cell and Treg cells shown to be variably detected within these 

ROIs (Figure 4.19A).  

 
 

Figure 4.19: A heatmap representations for the abundance of cell types identified from cell deconvolution evaluation from 
the transcriptomic analysis for (A) the cell deconvolution for the CD45+CD8+ ROIs and (B) CD45+CD8- ROIs with the top 
annotations including the tumour type with LMS (pink), UPS (purple), and USS (grey), tumour location with border (green) 
and central (cream) and infiltrate abundance being high (red) or low (blue). The individual patients are also included with 
H103557 (plum), 1048121 (hot pink), H214439 (sky blue), H201064 (maroon), H202415 (purple), H210024 (midnight blue). 

 

Following this, the CD8+ T cell excluded CD45+ immune cells were specifically assessed. 

When the CD45+CD8- segmented ROIs were assessed (Figure 4.19 B), the detection of 

CD8+ cells was almost non-existent which suggests that the initial selection of CD8 T cells 

based on IF was adequate. There was a difference in estimated macrophage abundance 
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between subtypes. Macrophages are a predominant immune cell in the UPS tumours[174], 

which was reflected in this analysis. Macrophages were also demonstrated to be an 

abundant cell within the USS ROIs, whereas mast cells are more prevalent within the LMS 

tumour ROIs than UPS.  This finding reflected the whole ROI comparisons in section 4.7.1 

and suggests that macrophages are the predominant immune cell within the UPS and USS 

samples but not the LMS ROIs.  

4.7.3 Interpretation from SpatialDecon analysis  

It is important to note that the majority if the CD45 IF stain seemed to colocalise with the 

CD8 IF staining within all tumours as outlined in Figure 4.6. This possibly suggested by IF 

alone that the predominant immune cell population was CD8 T cells. However, the 

transcriptomic analysis suggested a larger proportion of the cell types were macrophages. 

This is of note because previous research investigating the infiltration of these tumours has 

been conducted by immunohistochemistry alone which may have lower sensitivity for 

immune cells. The work presented here therefore highlights that the true picture of immune 

cell infiltration may be underrepresented without the power of spatial transcriptomics, and 

thus the notion that some soft tissue sarcomas are immunologically ‘dessert’ may be 

somewhat inaccurate. This idea is supported in a few recent studies[61,169]. This strengthens 

the hypothesis that differences in immune cell types are seen between different sarcoma 

subtypes. This may have influence on treatment outcomes and direct relevance to future 

treatment strategies including immunotherapies for sarcoma. 

 



184 
 

4.8 Unbiased gene network analysis 

It was hypothesised that these three tumour subtypes (LMS, UPS, USS) have vastly different 

TME. The DGE analysis (Figure 4.11-Figure 4.17) and cellular deconvolution (Figure 4.18-

Figure 4.19) aimed to identify the factors that are contributing to the distinct infiltration of 

these tumour types. These analyses gave insight into the localisation of antigen recognition, 

structural differences between the subtypes, differences in different immune cell 

abundances and levels of regulatory cells, based on locations in the tumour and subtypes. 

However, thus far the ability to definitively determine these cell types, and the mechanisms 

truly involved in the infiltration differences has not been established. 

To this end, an unbiased analysis was conducted to determine if these factors are separate 

or interlinked. There may have been factors that the analysis was biased by (such as immune 

abundance within ROI) that has led to the important differences between the data being 

missed. It was thought that gene network analysis could help identify such biases. Further 

information on the different cell types that have been identified as being important in 

analyses in sections 4.6 and 4.7 may also be provided.  
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Figure 4.20: Study and clinical factors association with modules identified by weighted gene correlation network analysis. 
Pearson’s correlation coefficient matrix with the module trait correlation and p adjusted expression in brackets. 

 

A weighted gene correlation network analysis[123,301] (WGCNA) was performed (as outlined in 

methods section 2.7.4). This was used to develop a network of genes based on clinical or 

workflow factors within the study (for example tumour subtype, ROI location relative to the 

tumour border, previous treatment, and segmentation strategy). It was hypothesised that a 

global analysis of the data may elucidate the most important mechanisms driving 

differences in infiltration. The correlation of factors in the study associated to modules are 

shown in Figure 4.20. There were 7 modules identified, with genes that were not associated 

to a module in Grey. A detailed assessment of association of each individual ROI to the 

modules are shown in Figure 4.21. To assess and understand these modules, pathway 

analyses was conducted on the modules using the clusterProfiler package in R[121]. Six of the 

7 modules had significant pathways (P adj < 0.05, q value cut off at 0.1). The black module 

did not have any pathways associated that were above this threshold. These findings are 

discussed below. 
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Figure 4.21:  Hierarchical clustering dendrogram with samples and the expression of the genes within each module for each 
ROI with the top annotation including annotations for tumour type with LMS (pink), UPS (teal) and USS (grey). The position 
of ROI in the tumour, either border (green), central (cream) or outside the tumour (grey), the immune infiltration either high 
(red) or low (blue). The individual patients are also included with H103557 (plum), 1048121 (hot pink), H214439 (sky blue), 
H201064 (maroon), H202415 (purple), H210024 (midnight blue). 

 

4.8.1 The unbiased assessment of the transcriptomic profiles of the LMS 

and UPS tumour support the findings of the differential expression analysis  

The blue module was primarily correlated with LMS ROIs (0.838. p<4e-23), secondarily 

correlating with chemotherapy treatment (0.540. p<2e-07) as shown in Figure 4.20. There 

were inter-LMS patient differences in the strength of the association indicating biological 

tumour individuality (Figure 4.21). The position and immune abundance of the ROI did not 

seem to affect the correlation of the tumour to this module. The pathways implicated by the 

genes in this module (Figure 4.22A) were muscle and structural related, with many of the 
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genes being highlighted in the differential expression when comparing the LMS type to the 

UPS type in sections 4.6.1 to 4.6.3, supporting the validity of these findings. Muscle genes 

included are MYOC, MYOCD, MYLK, MYL9, ATCN, ACTC1, with collagen genes COL6A1, 

COL6A3, COL14A1 also within this module. On pathway analysis, some of these genes were 

shown to be shared while others are limited only to that individual pathway as shown in 

Figure 4.21A. The involvement in these muscle pathways is likely linked to the LMS being a 

smooth muscle tumour with this being a strong driver of the highly expressed genes within 

these tumours. Muscle related genes are often reported higher in LMS tumours when 

compared to UPS tumours[302–304]. There has also been work that shows upregulation of these 

muscle genes is correlated with a reduction in immune infiltration[305]. As discussed, 

collagen meshes in the tumour can reduce T cell functions by impairing their cytotoxic 

function. It could be that muscle fibres throughout the tumour are increasing this 

phenomenon. 
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Figure 4.22: The pathway analysis of the modules identified in the weighted gene correlation network analysis represented 
as dotplots of genes and pathways within six of the modules including the (A) Blue, (B) Red, (C) Turquoise, (D) Brown, (E) 
Yellow, and (F) Green. Each line represents a link of a gene to a pathway with the different colours within the same module 
representing a different pathway with the bubble size representing the gene ratio from the pathway assessment. 
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The red module correlated primarily with treatment naïve samples (0.489. p<3e-06) and 

central tumour (0.506. p<2e-06), with a lower correlation to UPS tumours (0.427. p<6e-05) 

as shown in Figure 4.20. Although not apparent of the summed LMS data, an association 

with the red module was also seen to a subset of the LMS ROIs (Figure 4.21). The significant 

pathways from this analysis (Figure 4.22B) included respiration-based pathways, notably 

mitochondrial genes. Sarcomas are known to have high glycolytic rates and most cells use 

oxidative phosphorylation[306] as identified in this study. This is in accordance with previous 

studies using in vitro cell lines which show differences in the metabolic profiles based on 

sarcoma subtype. However, the associations seem to be differently expressed within 

subsets[307]. COX genes are associated with increased apoptosis within other tumour 

types152. The implicated importance in this subset of the data is not clear. The genes within 

this small network are highly interlinked and not much weight can be placed on these 

findings.  

Investigating the turquoise module, the genes seem to be strongly expressed in a UPS 

tumour type (0.814. p<9e-21) and treatment naïve tumours (0.582. p<8e-09) as shown in 

Figure 4.20, although the UPS tumour is a naïve tumour which could be influencing this 

Figure 4.21. When interpreting the pathway analysis (Figure 4.22C), there were 2 distinct 

clusters of pathways that did not interact. The first of which contained structural genes that 

may be influencing the pathways highlighted. The matrix included many collagen genes 

(COL3A1, COL1A2, COL15A1, COL4A2, etc.), matrix metalloproteases genes (MMP14, 

MMP2, ADAMTS10, ADAMTS), and structural functional genes (TNXB, CREB3L1). The 

collagen genes were also highlighted in the SpatialDecon analysis when assessing the 

fibroblast abundances in section 4.7.  This again brings into account the recent research 

which has been conducted on the relevance of collagen within the tumour and its effect on 
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the interactions T cells and cancer cells which affects the ability of further infiltration[210]. 

Within the turquoise module there were genes associated with nucleosome assembly, 

nucleosome organisation and protein-DNA assembly. These pathways have also been 

implicated in the previous differential gene expression analyses in sections 4.6.1 to 4.6.3 

when assessing differences between the tumour types based on the tumour location. This 

may be implicated in increased cell proliferation or transcription. As discussed in section 

4.6.3, this may be related to tumour mutational burden, however sarcomas are thought to 

have relatively low mutational burden[26,61,308]. 

The yellow module is highly associated with the USS ROIs (0.867, p<4e-26) and ROIs from 

tumours treated with radiotherapy (0.537, p<2e-07) as shown in Figure 4.20. These genes are 

associated with pathways involved in metal ions within cells and are typically upregulated 

after radiotherapy treatment[309]. This suggests that these genes are upregulated likely due to 

the treatment.  

The brown module had primary association to UPS ROIs (0.613. p<8e-10) followed by the 

CD45 segmented regions (0.286. p<0.009) as shown in Figure 4.20. However, upon further 

investigation Figure 4.21 shows association to all UPS ROIs. Figure 4.22D outlines 

immunological pathways identified from the identified genes. Included in this analysis was 

multiple HLA genes spanning MHC-I and MHC-II molecules which are associated with 

antigen processing and presentation pathways with a response to exogenous protein. 

Further associations include leukocyte cell-cell adhesion, it suggested that the uptake of 

antigen and activation of immune cells, which likely led to the increase in filtration. The 

genes that are associated with these pathways include immune related genes such as HLA-

II genes, CD68, CD74, CD44, and ICAM. This points towards MHC-II APC recognition by M1 
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macrophages. With this finding being more closely related to the segmented ROIs it is more 

likely that the expression of the HLA molecules is by immune cells rather than cancer cells. 

This improves our confidence in the hypothesis that some sarcoma subtypes have different 

immune phenotypes as the brown module was strongly associated to UPS ROIs. This may 

be due to increased recognition of the tumour.  

The green module was associated (Figure 4.20) to the CD45+CD8+ segmented ROIs (0.544. 

p<2e-07). The pathways identified (Figure 4.22E) included αβT cell activation with TCRs, cell 

killing, leukocyte mediated cytotoxicity and leukocyte mediated immunity. These findings 

were reassuring as there was enriched for the CD8 T cell populations through segmentation. 

This module also associated with both the UPS and USS tumour subtypes. This assessment 

suggested the increased CD8 T cell infiltration in these types and provided more insight into 

the function of the T cells.  The analysis suggested that there is a cell killing response from 

these cytotoxic cells. T cell genes associated with these pathways include IL2RB (CD122), 

CD8A, PTPRC, and CD3E.  These suggest activated CD8 cells were sampled due to the 

inclusion of IL2RB expression (CD122) CD8 T cells have previously been associated with 

poorer survival in a pancreatic study[310]. In addition, the expression of CD122 on CD8 T cells 

has been associated with TCR mediated antitumour immunity[311]. However, it was not 

possible to assess these cells further within this study.  NKG7 was detected within this 

analysis, suggesting cytotoxic function and involvement of the NK cells in these segmented 

ROIs[312,313]. Also implicated was BCL11B, which has previously been associated with TCR 

signalling in CD8 cells[314]. However, this only suggest that there was some cytotoxic function 

remaining in the tissue and does not answer the questions posed as to why the cytotoxic 

activity is not more prominent. 
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4.8.2 Summary of the WGCNA analysis 

The WGCNA analysis showed an unbiased approach to assessing the transcriptomic data 

which agrees with many of the findings from the DEG analysis with some links to the findings 

in the cellular deconvolution analysis. Modules associated with structural genes were 

associated with different tumour subtypes. The LMS tumours showed muscle related genes 

and pathways whereas the UPS tumour showed collagen related genes which could be 

influenced by fibroblasts within the TME. Again, this highlighted the vast differences within 

subtypes and may implicate differences in the infiltration into these tumours. Of note, an 

immunogenic phenotype associated with UPS tumours by the WGCNA and cellular 

deconvolution showed antigen presentation associated with macrophages being implicated 

as the prevalent APC. There were T cell antigen recognition and infiltration signatures in the 

border tissue when assessing the differential gene expression analysis which supported the 

original hypothesis. The cytotoxic phenotype of CD8 T cells was associated with UPS and 

USS tumours. This may link into the antigen recognition and infiltration, but the data is too 

limited to be certain. Previous assessments of the data did not show differential expression 

of these genes (Figure 4.11), so it helps conclude that there is some but probably not a strong 

cytotoxic response in these tumours. There was no correlation of the antigen presenting 

pathways to the central LMS tumours in the WGCNA in contrast to the differential expression 

analysis (Figure 4.13), which implied a minor effect. This discrepancy may suggest the DEG 

analysis can be misleading, and that the expression of these genes was lower in the LMS 

compared to the UPS and USS. It may be that the structures of the tumours affect immune 

responses as discussed in the DGE analysis in Section 4.6.2. 
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4.9 Chapter Discussion 

Within this chapter it was possible to assess the RNA transcriptome of three different 

sarcoma subtypes across 6 patient samples. The UPS and LMS subtypes are historically 

reported to have differing immune infiltrations. These differences in the infiltration have 

previously been highlighted due to the correlation with response to radiotherapy[315].  

Table 4.2 presents an overall summary of the differential expression in different tumour 

regions using spatial characterisation. This study suggested that there were increased T cell 

immune cell signatures and antigen recognition and response within the samples from the 

UPS tumour transcriptome when compared to the LMS tumours. A deeper investigation into 

this highlighted that antigen presentation was variable across the ROI within these two 

tumour types, with upregulation being found in the UPS border and LMS tumour centre.  

These analyses showed broad lymphocyte and leukocyte pathways in both tumour types. 

Specifically, this included B cells and myeloid lineage cells such as macrophages. There 

have been previous reports of a difference in macrophage infiltration based on sarcoma 

subtype, in studies which used IHC to profile tumours[169,174]. However, this study implicates 

macrophages as the main APC within the UPS tumour. Although there seems to be increases 

in T cell markers in the UPS subtype, there was also upregulation of collagen genes within 

the ROIs which can be linked to fibroblasts within the TME. The increase in fibroblasts 

within the TME has been linked to reduced CD8 T cell cytotoxicity. This could be causing a 

reduction in cytotoxic activity of these cells. The level of immune infiltration does not 

necessarily relate to level of anti-tumour activity, as shown within the WGCNA analysis 

(Figure 4.21 and Figure 4.22).  
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Comparatively, the analysis of the LMS tumours indicated more structural, regulatory and 

suppressive genes which may influence the infiltration and function of immune cells into 

these tumours, including an increase in MCs, although these cells can have multiple 

functions within tumours, both pro and anti-tumourogensis[294,296,298]. It follows that the 

common distinction of ‘hot’ and ‘cold’ subtypes in sarcoma is an oversimplification. The 

immune cell infiltration into these tumours might have been underrepresented without the 

power of spatial transcriptomics. However, Nanostring’s digital spatial profiling platform has 

an inherent bias within the data collection. Regions of interest are selected based on IF of 

selected cell populations, CD45+ and CD8+ immune populations in the case of this study 

which will have produce a bias within the transcriptomic data that is produced. In many 

cases of this chapter, the bias was wanted. 

Overall, there was increased expression of regulatory immune cells with Treg and 

macrophage genes being present all tumours (Figure 4.18). There were only a few 

chemotactic pathways upregulated within these tumours which suggested that these 

immune cells may be limited in their movement into or through the tissue. 
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Table 4.2: Concatenation of the findings for the spatial transcriptomic analysis of the UPS, LMS and USS samples  
 

Focus Analysis Expression Significance 

 LMS (vs. UPS) ACTG2, ACTAC2, ACTN1, 
CNN1, TAGLN, etc. 

Upregulation of structurally related 
genes within the LMS suggested 
reduced ability for the function of 
immune cells 

 UPS (vs. LMS) CRIP1/2, CFD, TNXB Cell migration and EMT genes which 
may be related to improved mobility 
of cells within the UPS tissue 

Border LMS (vs. UPS) ACTG2, ACTAC2, ACTN1, 
CNN1, TAGLN, etc. 

Upregulation of structurally related 
genes within the LMS suggested 
reduced ability for the function of 
immune cells 

Border UPS (vs. LMS) NCOA3, AHR Dedifferentiation genes, associated 
with ability for cells to move through 
tissue 

Central LMS (vs. UPS) ACTG2, ACTAC2, ACTN1, 
CNN1, TAGLN, etc. 

Upregulation of structurally related 
genes within the LMS 

Central UPS (vs. LMS) COL1A1, COL5A1, and 
COL5A3 

Association of fibroblasts into the 
central tumour compared to the 
tumour border and LMS central 
tumour 

LMS High (vs. Low 
Immune 
Infiltration) 

IGHG1-4, IGKC, HLA-II 
and HLA-I related genes, 
INF-y activating 
pathways 

More involvement of MHC-II genes 
which may lead to unwanted 
activation of Tregs from antigen 
presentation pathways  

UPS High (vs. Low 
Immune 
Infiltration) 

No significant 
differences 

Suggested similar immune 
infiltration throughout the tumour 

UPS Peritumour (vs. 
Border) 

FOS, EGR1, SFRP4, CD96 
CD3E, IGHG1-4, SFRP4, 
CD69, MZB1 

Implications for immune cell 
migration, activation, and 
vascularisation  
Suggested immune cell 
accumulation outside the tumour  

LMS Peritumour (vs. 
Border) 

Not able to assess N/A 

UPS UPS (vs. LMS) IGF2, IGHG1-4, IGKC, 
IGLL5, HLA-DQA1, B2M, 
C1QC 

More involvement of MHC-II genes 
which may lead to unwanted 
activation of Tregs from antigen 
presentation pathways 
More B cell at the PMS tumour 
border 

UPS Central (vs. 
Border)  

No significant 
differences 

Higher immune infiltration within 
the PMS tumour border 

UPS Border (vs. 
Central) 

IGF2, IGHG1-4, IGKC, 
IGLL5, HLA-DQA1, B2M, 
C1QC 

Similar findings to the UPS tumour 
border suggesting similar immune 
populations through the UPS 
tumour 
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USS SpatialDecon Macrophage, fibroblast 
and Treg abundance 

There may be an increased 
regulatory phenotype within this 
tumour 

UPS SpatialDecon Macrophage, Treg and 
fibroblast abundance 

There may be increased Treg 
abundance associated to the 
upregulation of MHC-I genes 

LMS SpatialDecon Fibroblast, Tregs and MC 
abundance 

Fibroblasts may be intertwined with 
the structural genes upregulated in 
the LMS tumours  
Expression of cytokines by MCs 
may be influencing the structure 
and infiltration of the tumours 

LMS WGCNA MYOC, MYOCD, MYLK, 
MYL9, ATCN, ACTC1, 
COL6A1, COL6A3, 
COL14A1 

Tumour development within the 
muscle, with fibroblasts within the 
tumour stroma  

UPS WGCNA COL3A1, COL1A2, 
COL15A1, COL4A2, 
MMP14, MMP2, 
ADAMTS10, ADAMTS, 
TNXB, CREB3L1 
MHC-I and MHC-II genes 
CD68, CD74, CD44, and 
ICAM 

Related to fibroblasts within the 
stroma  
Variations seen in tumours with 
high tumour mutational burden 
Antigen presentation to both CD8 
and CD4 T cells 
Higher immune cell abundance in 
the UPS tumours 

Segmented 
CD8 T cell  

WGCNA IL2RB, CD8A, PTPRC, 
and CD3E 

Although there is higher CD8 T cell 
populations within these tumours, 
they may lack cytotoxic function  

 

The limitations of this spatial transcriptomics sarcoma characterisation study are as 

follows: 

(A) A small number of samples across only three subtypes, some having recent 

radiotherapy – this is largely due to rarity and accessibility of samples, together with 

the costs of spatial transcriptomics. 

(B) The resolution of the technology is low, as it is bulk sequencing but of an enriched 

area. The gene expression profile and identity of each individual cell is not confirmed. 

For example, it is possible to conclude that there seems to be more antigen 

recognition and presentation on MHC class I and II but it was not possible to confirm 

which cell type expression was taking place on. The increase in collagen within the 
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UPS ROIs suggests that there is increased fibroblast involvement in the tumour. 

However, it was not possible to confirm that the collagen is indeed expressed on 

fibroblasts - it was not possible to confirm that there were fibroblasts present by IHC 

due to the mesenchymal nature of sarcoma tumours, which shares expression 

profiles with fibroblasts. 

(C) The RNA transcriptome does not always reflect what is expressed at a protein level. 

Particularly with the MHC genes being expressed. Often in cancer MHC is 

internalised and this can be misleading. 

Future work with this dataset could be to stratify the immune high and low groups and 

compare based on quantified counts from the IF images or the transcript reads for the 

immune cells of interest. An alternative would be to conduct a single cell approach to this 

work. This would provide more clarity on the cell subtypes involved in antigen presentation, 

immunoglobulin and collagen production. It would be of interest to determine the cells of 

origin for the observed regulatory and suppressive genes expression. Following this it would 

be of interest to probe if these findings are representative of all the individual tumours of 

these subtypes. This would be pertinent to identify a treatment plan to improve 

immunotherapies for individuals of this type.   
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5 Assessment of the impact of HIFU on the immune transcriptome of 

renal cell carcinoma 

5.1 Chapter Introduction 

Multiple studies have been conducted within the Oxford University NHS Foundation Trust to 

assess the feasibility of treatment of Renal cell carcinoma (RCC) with ablative HIFU 

therapy[1,16]. Subsequently, some patients underwent resection for their tumours following 

the HIFU intervention. Samples were stored by ORC and accessed via OCHRe. Like 

sarcoma, RCC has a range of reported immune infiltration based on subtype and the 

assessment of intratumoural immunomodulation by HIFU is of great clinical interest due to 

potential for exploitation. Also, the changes seen within this highly immune infiltrated 

tumour type may provide insight into strategies for bolstering immune response in tumours 

with sparse immune infiltration such as sarcoma.  

The subtypes of RCC include papillary (pRCC) and clear cell (ccRCC), each having 

immunogenically distinct signatures. CD8 T cells have been demonstrated to be higher in 

ccRCC tumours compared to normal kidney tissue in a single cell analysis[31]. Also, Rooney 

et al. reported that ccRCC are more cytolytic than pRCC, defined by raised granzyme A 

(GZMA) and perforin 1 (PRF1) based on TCGA data[316]. This may improve the response to 

HIFU treatment as an increase in cytotoxic CD8 T cell population within the tissue has been 

associated with improved 10-year cancer specific survival outcomes by 21% in a breast 

cancer study[151].  However, CD4 T cells and MHC-II genes were also present in ccRCC 

tumours within this single cell analysis[31]. The increase in CD4 T cells following HIFU may 

lead to an increase in Tregs as shown in the in vivo treatment of fibrosarcoma in Chapter 3.  
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In contrast to ccRCC, the immune phenotype of pRCC has been reported to show lower CD8 

and higher macrophage content, according to the CIBERSORT dataset[29]. Macrophages 

were skewed towards M0 and M2 type, suggestive of a regulatory phenotype. A study by de 

Vries-Brilland investigating pRCC within The Cancer Genome Atlas noted individual tumour 

variation within the pRCC subtype[32]. These baseline immune phenotypes will directly 

impact the influence that HIFU has on immune upregulation.  

This chapter is focused on the transcriptomic profiling of tissue from RCC tumours treated 

with HIFU compared to non-HIFU treated resected controls. In addition, a small number of 

radiologically diagnosed RCC treated with HIFU but subsequently histologically 

demonstrated to be benign renal angiomyolipoma (AML) were also profiled post-resection. 

 The purpose of this characterisation was to assess the immune modulation after thermally 

ablative HIFU treatment and the impact that the theorised baseline regulatory phenotype of 

these tumours has on response to treatment. AML is often well vascularised and thus the 

immune infiltration following HIFU may also be altered[317]. Also to consider, it is theorised 

that the immune modulation after HIFU therapy is caused by increased self-antigen from the 

tumour, the immunologically modulatory phenotypes of malignant tumours affect the ability 

to respond to presented antigen by variation in MHC-I expression[49], which may not be seen 

in the benign AML tumours. 

In renal AML tumours, very little has been reported on the immune profile of the tumours. A 

study by Puccetti et al. reported the production of cytokines was much reduced in CD4 T cell 

clones from AML compared to RCC[318] which may be indicative of higher Treg function within 

the malignant RCC tumours and thus a difference in HIFU response. In accordance, the 

same study reported cytolytic function against autologous tumour cells was higher in the 
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AML compared to RCC tumours[318], which may suggest that the benign tumours have less of 

a suppressive function on immune populations compared to RCC. This might provide insight 

regarding the immunomodulatory response to HIFU therapy. 

In summary, the comparison of immune populations of post-HIFU RCC to untreated RCC 

may help elucidate variation in the immune populations and immunomodulatory 

mechanisms. Also, this analysis may provide insight into the signalling mechanisms of 

tissue surrounding immune populations, which may reduce infiltration and raise the 

regulatory phenotype, and whether this is modified after HIFU treatment. This may have 

implications of future immunotherapy strategies, which may be bolstered by partial HIFU 

treatment of one or more metastases in the setting of stage IV RCC. 

 

5.2 Chapter Hypothesis and Aims 

Hypothesis:  

Cytotoxic CD8 T cells and CD4 Tregs are key immune cells whose relative balance influences 

the progression and response to treatment in cancers. The subtypes of RCC will have 

differing proportions of these, ccRCC will have these cell types highly present, whereas in 

pRCC these will be reduced. This difference in the immune landscape based on subtype will 

relate to the immune changes seen in response to HIFU treatment. Also, the immune 

infiltration into HIFU treated tumours would be different in malignant kidney tumours (RCC) 

compared to benign tumours (AML), with the RCC tumour tissue having more tolerogenic 

phenotype. 
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Aims: 

(i) Assess the differences in immune populations between RCC subtypes with 

differences in immune infiltration at baseline. 

(ii) Compare the immune landscape of RCC tumours which did not receive HIFU to 

HIFU treated RCC. 

(iii) Compare immune populations between malignant (RCC) and benign tumours 

(AML) and to determine differences in the immune response to HIFU. 

 

5.3 Overview of Samples 

The table below (Table 5.1) outlines the 13 clinical resected renal tumours assessed by 

transcriptomic profiling (6 HIFU-treated RCC patients including VHL, 3 HIFU-treated AML 

patients and 4 control RCC patients). The samples were obtained from Oxford Radcliffe 

Biobank (ORB) via Oxford Centre for Histopathology Research (OCHRe). HIFU treated 

samples were resected between October 2011 and January 2013, control counterparts were 

resected between January 2013 and January 2024. There is a disparity in the age of the 

samples which would require assessment during the normalisation of the data to confirm 

that degradation of RNA over time did not affect the experimental outcomes. HIFU treated 

samples included papillary renal cell carcinoma (pRCC), clear cell renal cell carcinoma 

(ccRCC), Von Hippel-Lindau disease (VHL) associated RCC, and renal angiomyolipoma 

(AML). Patients were treated by JC200 (Haifu Medical Ltd) at 1MHz with 100% duty cycle with 

a power ramp until B-mode indication of treatment (typically between 200 and 360W). 

Control tissues available included pRCC and ccRCC for comparison. RCC subtype for VHL 
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samples was not reported in pathology notes, and subsequent secondary assessment could 

not identify subtype. 

At the time of HIFU, the average age of patients was 63 (36 to 75) years. Confounding factors 

included previous non-renal cancer diagnosis in 2 of the 3 AML patients and 1 of the 3 ccRCC 

samples was within a kidney transplant, which may affect the immune profile of these 

samples. From the notes, it was also not possible to definitively confirm the tumour that was 

resected was the HIFU treated tumour. However, histological analysis (i.e. evidence of 

pyknosis) was supportive of HIFU exposure and there may be some abscopal immune 

impacts expected regardless. There was no report of immunotherapy, radiotherapy or 

chemotherapy given to any patients for treatment of RCC and information on 

immunosuppression for the transplant patient was not available for this study. In one of the 

patients, the ccRCC had concurrent prostate cancer and one of the control pRCC had 

concurrent chronic myelogenous leukaemia. Two of the samples (35227/11 and 5527/12) 

had two sample blocks (containing the same tumour, resected at the same time) both 

available from ORB that showed evidence of HIFU treatment (tissue damage and pyknosis), 

both blocks were sampled.  
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Table 5.1: Patient characteristics of high intensity focused ultrasound treated renal tumours and treatment naive clinical comparisons. pRCC is papillary renal cell carcinoma, ccRCC 
is clear cell renal cell carcinoma, AML is angiomyolipoma, VHL is renal cell carcinoma associated with Von Hippel-Lindau disease.  
 

Patient ID Slide ID 
Tumour 
Subtype

HIFU 
Treatment

Previous Treatments e.g. 
Radiotherapy

Comorbities HIFU date
Surgery 

Date
Staging Grade

Patient 
Age

Patient 
Gender

Pathologist Review 
Notes

CK8 Stain Review

5022/12 3F ccRCC HIFU
Prior left partial nephrectomy, new 

lower pole anterior mass
HCC liver treated with 

chemoemoblisation
31/08/2011 08/02/2012 pT3b 75 M No evidence of HIFU 

Slight loss of stain close 
to tumour border

20177/12 D ccRCC HIFU Prior prostatectomy Prostate cancer 27/10/2011 08/06/2012 pT1a 68 M Some dead tissue Low staining

4835/12 2C pRCC HIFU Prior right nephrectomy Chronic kidney disease 14/12/2011 01/02/2012 pT1a 60 M Some dead tissue Tissue lifting

784/13 1E ccRCC HIFU Transplant Kidney 02/10/2012 08/01/2013 pT1a Grade 2 56 M
ccRCC, some HIFU 

evidence
Stain varying 

throughout tissue

35227/11 2P, 2X VLH HIFU
Recent cryotherapy treatment, 

mulitple lung resections
29/09/2011 11/10/2011 36 F

Dead tumour core, live 
border

Stain varying 
throughout tissue

34432/11 4G VHL HIFU Chronic kidney disease 04/07/2011 01/10/2011 36 M
Live and dead tissue, 3 

small tumours
Stain varying 

throughout tissue

5527/12 A, D AML HIFU Adenocarcinoma in lung 09/01/2012 14/02/2012 n/a n/a 68 F
Dead tumour core, live 

border
Stain ineffective

13387/12 B AML HIFU Basal cell carcinoma 07/03/2012 17/04/2012 n/a n/a 69 F
HIFU with heat fixed 

nuclei
Stain ineffective

37481/11 A AML HIFU 31/08/2011 n/a n/a 70 F
Dead tumour core, live 

border
Stain ineffective

176/24 J ccRCC Control n/a 30/12/2023 pT1b Grade 3 75 M
Stain varying 

throughout tissue

2998/24 F pRCC Control n/a 17/01/2024 pT1a Grade 3 73 M
Stain varying 

throughout tissue

51621/23 I ccRCC Control High risk prostate cancer n/a 18/11/2023 pT1a Grade 2 74 M
Stain varying 

throughout tissue

7729/13 B pRCC Control
Right radical and left partial 

nephrectomy
Papillary adenomas and chronic 

lymphatic leukaemia
n/a 26/02/2013 pT1a 57 M

Stain varying 
throughout tissue
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5.3.1 Histological assessment of selected samples for transcriptomic 

analysis highlighted structural variability within the samples selected  

Archival H&E slides were assessed by Dr Jennifer Brown from histopathology at the Nuffield 

Orthopaedic Hospital to assess for the presence of HIFU damage within the slides. Select 

H&E slides are presented in Figure 5.1 to illustrate the different tumour types within the 

study. Information on the indicators of HIFU by pathologist can be found in Table 5.1. The 

typical morphology of ccRCC tumour is demonstrated in Figure 5.1A with clear lipid-laden 

cytoplasm, and Figure 5.1B shows the morphology of pRCC with structured papillary cells. 

Within Figure 5.1B, and E, haemorrhage within the tumour can be identified by large areas of 

eosin accumulation (dark pink) by red blood cells (blue arrows), and areas of plasma 

accumulation which may have been caused by HIFU or may result from surgical resection. 

Figure 5.1F demonstrates retained typical characteristics of AML with large adipocytes. Of 

note, there was ablative change centrally within the tumour but not peripherally. Cellular 

damage (and haemorrhage) was also identified in the HIFU treated VHL sample in Figure 

5.1E.  

Cytokeratin 8 (CK8) staining using clone CAM5.2 has been reported within the literature to 

be instantaneously lost in tissue after thermal ablation treatment[18,319], including in cancer 

cells developed from papillary areas of the kidney the RCC tissue[320]. Figure 5.2 shows the 

assessment of the CK8 stain in an example of each tissue in each group, an overview of the 

samples is outlined in Table 5.1. Figure 5.2A and C showed weaker stain in the ccRCC 

compared to the control pRCC in Figure 5.2B. This may suggest that the stain is not as strong 

with the ccRCC compared to pRCC, regardless of treatment. The CK8 staining was not 

possible in the pRCC as the tissue was damaged during the staining process. For the AML 
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tissue, no CK8 staining was evident within the tumour, but the papillary cells of the 

surrounding kidney stained well (Figure 5.2F). The expected staining was shown within the 

VHL RCC samples, as outlined by the positive staining closer to the periphery compared to 

the central tumour as shown in Figure 5.2D.  

 
 

Figure 5.1: Haematoxylin and eosin (H&E) staining of one of each type of tumour including (A) control no HIFU clear cell 
renal cell carcinoma (ccRCC), (B) control no HIFU papillary renal cell carcinoma (pRCC), (C) HIFU treated clear cell renal 
cell carcinoma (ccRCC) where air was trapped when mounted (black/brown artefact), (D) HIFU treated papillary renal cell 
carcinoma (pRCC), (E) HIFU treated Von Hippel-Lindau renal cell carcinoma (VHL), (F) HIFU treated angiomyolipoma 
(AML). Red arrows indicate areas of haemorrhage.  
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Figure 5.2: Correlating to Figure 5.1 sections, Cytokeratin 8 (CK8, CAM5.2) staining (brown) of one of each type of tumour 
for possible identification of thermally ablated tissue including (A) control no HIFU clear cell renal cell carcinoma (ccRCC), 
(B) control no HIFU papillary renal cell carcinoma (pRCC), (C) HIFU treated clear cell renal cell carcinoma (ccRCC) where 
air was trapped when mounted (black/brown artefact), (D) HIFU treated papillary renal cell carcinoma (pRCC) – the tissue 
was completely damaged, lifted off the slide and could not be presented, (E) HIFU treated Von Hippel-Lindau renal cell 
carcinoma (VHL), (F) HIFU treated angiomyolipoma (AML). Blue arrows indicate areas of darker CK8 stain indicative of 
heathy tissue at the tumour border. 

 

5.3.2 Selection of regions for transcriptomic profiling 

The transcriptomic assessment of these tissues focused on the immune populations within 

the RCC and benign AML tumours that had been exposed to HIFU compared to untreated 

(non-HIFU) controls.  The wider immune population within the tumours was of interest so 

staining for CD45+ lymphocytes was performed. CD8 T cells were also stained for as they 

are a focus of the study and are reported to be variable between the RCC subtypes. Also, 

from the literature CD8 T cell were highly abundant within the ccRCC tumours, and less 

abundant in pRCC[29]. CD8 T cells have been hypothesised to be a key immune cell type 

modulated by HIFU treatment, with an increased cytotoxic T cell function caused by the 

release of antigen and DAMPs post-treatment.  

The slides were stained to focus on these cells using the method as outlined in Section 2.6.1. 

Tissues were stained by immunofluorescence (IF) to identify foci of CD45 leukocytes (in red) 
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and CD8 T cells (in yellow). Then the tumour border was identified with a pan-cytokeratin 

stain (in green), which allowed for the healthy kidney tissue margin to be identified. These 

low magnification images demonstrated the high level of heterogeneity in the samples in 

terms of structure and composition. 

The overview of this selection is outlined in Figure 5.4, which outlines the regions of interest 

(ROIs) selected in this analysis. Examples of the tissue sections are shown in Figure 5.5. The 

ROIs selected were stratified into four different region types as outlined in Figure 5.5O. These 

included areas within the renal tumours such as immune infiltrated (IM, Figure 5.5A-D), 

tumour border (TB, Figure 5.5E-H), and not targeted adjacent tumour (AJ, Figure 5.5M). 

Within the tissue adjacent to the tumours peritumour ROIs (PT, Figure 5.5I-L) were also 

selected.   

The immune ROIs showed a range of immune abundance by IF, and were distributed 

throughout the tissue, whereas the tumour border ROI were along the tumour border with 

immune infiltration. Within one of the ccRCC samples there was an adjacent tumour that 

did not show signs of HIFU treatment; thus, it was sampled for the possibility of assessment 

in comparison to the treated tumour.   
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Figure 5.3: Overview of the four-colour fluorescent staining used to identify CD45 (red), CD8 (yellow), pan-cytokeratin 
(green) and SYTO 13 (blue, nuclear stain). All HIFU tissues are represented including AML samples (A) 13387/12 B, (B) 
37481/11 A, (C) 5527/12 D, (D) 5527/12 A. RCC tumours including ccRCC tumours (E) 20177/12 D, (F) 5022/12 3F, (G) 
784/13 1E, and pRCC tumour (H) 4835/12 2C, and VHL RCC tumours (I) 35227/11 2X, (J) 34432/11 4G, (K) 35227/11 2P. 
Control no HIFU samples included control ccRCC tumours (L) 51621/23 I (M) 176/24 J and control pRCC tumours (N) 
2998/24 F and (O) 7729/13 B. 
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Figure 5.4: Decision tree for selection of the regions of interest (ROI) within this transcriptomic study of renal cell carcinoma 
samples of the 261 originally selected ROIs. ROIs selected included immune variable (IM), peritumour (PT), tumour border 
(TB) and in a case of ccRCC, an adjacent, non-treated tumour (AJ). Created with BioRender.com. 

  



212 
 

 

 
 

Figure 5.5: Example four-colour fluorescent staining used to identify different immune infiltration within the tissue using 
CD45 (red), and CD8 (yellow) cells and the tumour border using pan-cytokeratin (green) and SYTO 13 (blue). ROI 
stratification examples including (A-D) immune ROIs, (E-H) tumour border ROIs, (I-L) peritumour ROIs, and the (M) Adjacent 
ROIs from ccRCC. Possible TLS ROIs which were assessed as peritumour (N) from (A, E, I) VHL, (B, F, J) pRCC, (C, G, K) 
ccRCC and AML (D, H, L). Schematic of locations included (O) where the red represents the ablation zone, light blue 
represents the tumour, and dark blue represents the kidney created with BioRender.com. Peritumour (PT), tumour border 
(TB), immune (IM) and adjacent (AJ) ROI locations are shown. Red dashed line indicates the tumour border, identified by 
sparse nuclei and cell shape identified as connective tissue. 

 

5.3.3 Summary of the samples and ROI selection for transcriptomic 

profiling 

Assessment of the clinical features of the tissues selected for transcriptomic profiling 

indicated that there may have been confounding factors that needed to be considered during 

analysis. For examples, see section 5.4, with the PCA analysis showing the main factors that 

affected variability within the data. The assessment by the pathologist and CK8 staining 
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indicated that the samples selected had some evidence supporting the HIFU treatment of 

the samples. The tissues showed ablation in the centre of the tumour, with many tissues 

having ‘healthier’ tissue towards the tumour border.  

Due to there being many different tumour types, different ROI types and including HIFU 

control tissues, analysis of the data using the WGCNA approach was suggested to provide a 

manageable workflow for analysis of the data generated. This can be followed up by more 

targeted differential gene expression analysis. 

 

5.4 Identifying the contribution of factors within the study to variability 

within the data 

Within this transcriptomic assessment, there are some confounding experimental factors 

which needed to be accounted for. The acquisition of the data was conducted over 3 

different temporally separate runs of slides, which could affect the quality of data collection, 

thus the assessment of data factoring in this variable was conducted. The control samples 

were stored for a shorter timeframe compared to the historically stored HIFU samples, thus 

the affect the treatment has on the samples required assessment.   

To assess these as potential contributors of differences within this transcriptomic 

assessment, aside from individual tumour biology, a principal components analysis was 

conducted. The assessment of the factors influencing the variability included the data 

acquisitions run, HIFU treatment vs. control (non-HIFU) regardless of tumour type, the ROI 

category, the tumour subtype with treatment, the biological difference within individual 

tumours, and patient gender. The first (12.8% of variability) and second (4.1% of variability) 
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dimensions were evaluated in Figure 5.6 and the assessment of factors influencing the third 

(3.5% of variability) and fourth (2.5% of variability) dimensions were evaluated in Figure 5.7. 

These plots showed that acquiring the data over multiple runs had little effect any dimension 

(first to fourth) tested (Figure 5.6A and Figure 5.7A). Also, the slide containing 2998/24 F was 

assessed over 2 runs, the points on across all dimensions are tightly fitting, suggesting no 

difference caused by batch. Thus, the data will not be batch corrected to account for run 

variability as it can affect the quality of the data output.  

Focusing on whether other factors helped resolve the first- to fourth-dimensions of 

differences, the treatment type (Figure 5.6B and Figure 5.7B) did not resolve along these 

factors, even when accounting for tumour (Figure 5.6C and Figure 5.7C), nor did the different 

ROI types (Figure 5.6D and Figure 5.7D). 

 
 

Figure 5.6: Visualisation of the first and second dimensions in the principal components analysis of the transcriptomic data 
of the 15 renal tumour samples (261 ROIs) assessed against multiple factors within the study to investigate each factor’s 
effect represented for (A) run, (B) treatment, (C) ROI category, (D) tumour type and treatment, (E) individual tumour, (F) 
gender.  ROI category includes adjacent (AJ), immune (IM), paratumour (PT) and tumour border (TB) ROIs. Tumour type 
included AML HIFU (AH), ccRCC control (CC), ccRCC HIFU (CH), pRCC control (PC), pRCC HIFU (PH) and VLH RCC HIFU 
(VH). Ellipses used to identify clusters of interest. 
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Figure 5.7: Visualisation of the third and fourth dimensions in the principal components analysis of the transcriptomic data 
of the 15 renal tumour samples (261 ROIs) assessing multiple factors within the study to investigate each factor’s effect 
represented for (A) run, (B) treatment, (C) ROI category, (D) tumour type and treatment, (E) individual tumour, (F) gender.  
ROI category includes adjacent (AJ), immune (IM), paratumour (PT) and tumour border (TB) ROIs. Tumour type included 
AML HIFU (AH), ccRCC control (CC), ccRCC HIFU (CH), pRCC control (PC), pRCC HIFU (PH) and VLH RCC HIFU (VH). 
Ellipses used to identify clusters of interest. 

 

The first dimension was resolved by a patient, 2 of the 4 AML slides separated from the rest 

of the data along the first dimension, see red ellipse (Figure 5.6E). This patient’s tumour was 

sampled twice (two sample blocks, resected at the same time and showed evidence of HIFU 

treatment) and ROIs from both samples from this same tumour clustered together away 

from the rest of the ROIs (see ellipse in Figure 5.6E). This may suggest that they clustered 

because they were most like each other.  This phenomenon was not seen for the VHL tumour 

that was sampled twice (two sample blocks, resected at the same time and showed 

evidence of HIFU treatment), suggesting this specific AML tumour was more biologically 

different from the other sampled AML HIFU treated tumours and all other renal tumours. 

Along the fourth dimension, the ROIs of two of the four AML tumour separated from all other 

ROIs (red ellipses in Figure 5.7). These are not the same 2 AML tumour samples from the 
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same tumour (Figure 5.6) identified in the first and second PCA analysis. This suggested the 

transcriptional profile of the AML tumours were vastly different from the RCC tumours (as 

expected). However, it also showed that there were inherent biological differences between 

these tumour samples. It was noted that the ROIs of two other tumours (both control 

ccRCCs) clustered together along the first and second dimension (blue ellipses). In the third 

dimension, the ROIs of 1 of the 2 control ccRCC samples (51621/23 I) identified in the first 

and second dimension (Figure 5.6E), separated from the ROIs from the other samples (see 

blue ellipse in Figure 5.7E).  

From the principal components analysis (PCA) assessment, it was possible to conclude that 

the biological differences between individual tumours had a large influence on the 

distribution of the data. When assessing the transcriptomic analysis, it may be that specific 

tumours sampled relate to changes seen. The data analysis and interpretation will need to 

take this into account. 

 

5.5 Cellular Deconvolution of ROIs selected from samples 

ROI selection focused on sampling areas of renal tumours with a range in abundance of 

immune cells. To this end, CD45+ and CD45+CD8+ cell populations were analysed by IF. 

Immune population modulation within RCC tumours treated with HIFU compared to benign 

AML and untreated RCC samples were of particular interest.  

Previous work by Hu et al. on murine colon adenocarcinoma (MC-36) and Xia et al. on murine 

hepatocellular carcinoma (H22) showed antigen release after HIFU treatment had a 

downstream effect on the modulation CD8 cells[50,321]. This chapter set out to explore the 

extent of this clinically desirable cytotoxic effect caused by HIFU therapy in human RCC. This 
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is because a continued CD8 T cell response after ablative HIFU treatment would 

theoretically allow the immune system to destroy any residual untreated tumour cells, with 

improved patient outcomes.  Within Chapter 4, the sarcoma subtype ROIs were described 

as immune high or immune low, however the assessment by the IF did not always align with 

the SpatialDecon assessment, thus the assessment within this Chapter does not stratify the 

ROIs based on a quantification analysis. The comparison of the cellular deconvolution 

before the differential gene expression (DGE) analysis may shed more insight into 

subsequent findings.  Assessments of the abundance of other immune cells within each ROI 

was also of interest with the SpatialDecon assessment (outlined in Section 2.7.3), which will 

be outlined in this section. This assessment will also estimate the abundance of other 

immune populations within the selected ROIs (Figure 5.8). 



218 
 

 
 

Figure 5.8: A heatmap representation for the abundance of cell types identified within the ROIs of renal tumours and adjacent tissue from cell deconvolution evaluation of bulk RNA 
transcriptomics and the expression profiles of genes from cells of interest. Cell annotations included: natural killer cells (NK cells), regulatory T cells (Tregs), plasmacytoid dendritic 
cells (pDC), non-conventional monocytes (NC monocytes), and conventional monocytes (C monocytes). The top annotations including the tumour type including AML (A, green), ccRCC 
(C, light blue), pRCC (P, teal), and VHL (dark blue). The ROI type including adjacent tumour (purple), immune (grey), peritumour (royal blue) and tumour border (pink). Patient 13387/12 
B (yellow green), 176/24 J (sky blue), 20177/12 D (blue), 2998/24 F (purple), 34432/11 4G (dark red), 35227/11 2P (orange), 35227/11 2X (red), 37481/11 A (sea green), 4835/12 2C (light 
purple), 5022/12 3F (dark blue), 51621/23 I (cyan), 5527/12 A (aquamarine), 5527/12 D (dark green), 7729/13 B (lavender), 784/13 1E (light blue). Treatment groups were HIFU (maroon) 
and control (powder blue).
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5.5.1 Assessment of the tumour microenvironment identified 

macrophages as a highly abundant immune type, as well as high 

endothelial genes expression 

Assessment of the immune and tumour border ROIs by SpatialDecon of all renal tissues 

sampled showed variable macrophage abundance between ROIs (Figure 5.8). The pRCC 

showed high macrophage abundance in all ROIs in both HIFU treated and control groups. 

There was no discernible increase in macrophage content demonstrated in the HIFU treated 

pRCC, which was expected because of the high macrophage abundance within baseline 

pRCC tumours. The ccRCC seemed to have higher abundance of macrophages in the HIFU-

treated samples compared to the control. However, the ccRCC tumours within the 

transplant kidney, did not show increased macrophage abundance. As mentioned in Section 

5.3, this may have been a HIFU adjacent tumour, rather than a HIFU treated tumour, or this 

patient may have been treated with immunosuppression for their transplant. There was no 

record of immunosuppression provided. A similar distribution was seen within the 

peritumour ROIs of the different ccRCC tumour samples, with lower abundance than the 

immune and tumour border. The AML ROIs showed lower macrophage content in all 

immune, tumour border and peritumour ROIs when compared to all pRCC and HIFU 

treated ccRCC ROIs. The increase in macrophages seen in ccRCC tumours following HIFU 

may be a ccRCC or malignant tumour-related response after HIFU treatment.   

The transcriptional profile of the CD4 T cell population were separated into naïve, memory 

and Treg populations for this analysis. Interestingly, naïve CD4 T cells were the most 

abundant CD4 T cell type. This population was more abundant than CD8 T cells in a higher 

proportion of immune ROIs (46/129 ROIs vs 15/129 ROIs) for all tissues. CD8 T cells were 
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one of the cell types of interest in this study, regardless of tumour type or treatment (Figure 

5.8). The relative frequency of the naïve CD4 T cells was variable throughout the immune 

group. More immune ROIs had a high naïve CD4 population in the HIFU treated RCC 

(regardless of subtype) ROIs than the non-HIFU treated RCC ROIs, or the HIFU AML ROIs. 

This is the opposite of what was expected, which was an increase in tumour antigen 

presentation and recognition because of HIFU treatment which may be expected to the 

decrease the level of naïve CD4 T cells and increase the level of memory, cytotoxic CD8 T 

cells, as seen in the study of human breast cancer[23].  

However, within the tumour border ROIs (Figure 5.8), the naïve CD4 T cells were lower within 

the control pRCC ROIs compared to pRCC HIFU ROIs. The highest naive CD4 T cell 

abundance was within a subset of HIFU treated non-VHL RCC ROIs. There has been previous 

work on liver and breast cancer which suggests that the naïve CD4 T cells may have a 

regulatory function within tumours, which may also be linked to macrophage accumulation 

within the tumour[322,323]. However, macrophage and naïve CD4 T cell accumulation does not 

always align in this study, which is limited by sampling only single slice snapshots of 5 µm 

thick piece of tissue. Macrophage – CD4 T cell interactions occurring in a 3D space may not 

be captured by these slender cross-sections.  

Assessment of the peritumour ROIs demonstrated abundance of the macrophage and 

naïve CD4 T cells populations throughout the samples (Figure 5.8), indeed demonstrating 

high levels of immune activity in the peritumour in the all tumour types regardless of HIFU. 

This contradicts previous research which has suggested that RCC tumours are more 

immunogenic than healthy tissue[29], but this is possibly explained by the peritumour ROIs 
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selected being very close to the tumour border (around 1 mm) so the cells may be migrating 

towards the tumour or from tertiary lymphoid structures.   

Endothelial related genes showed raised levels within all ccRCC tumours and some VHL 

tumours (suggesting that they are of ccRCC subtype) regardless of ROI type (Figure 5.8). This 

is in accordance with their endothelial origin[103,324]. Endothelial related expression may also 

be linked to the level of vascularisation within the tumour. These tumours have been 

reported to be highly vascular[325], which may also be linked to the immune abundance 

(possibly by enabling immune cell transport). A study conducted by Aziz reported that the 

level of vasculature within ccRCC tumours is higher than pRCC tumours[326]. This aligns with 

the raised endothelial signature reported here. 

CD8 T cells are classified into naïve and memory cells within this analysis. The memory cells 

were more abundant than the naïve CD8 T cells (Figure 5.8). This is expected within a tumour 

setting[30], with tissue resident memory cells being common. The memory cell population did 

not become more abundant after the HIFU therapy. However, in Chapter 3, when assessing 

the CD8 T cell populations within the murine sarcoma in vivo study, there was subtle 

variability in the CD8 T cell memory subpopulations, which was significant in the dLNs, but 

only in the 10 second treatment group. It may be that the treatment increased the function 

of the existing CD8 T cells present within the HIFU exposed tumours, rather than modulating 

the absolute or relative levels in particular subpopulations. Alternatively, the high 

abundance of macrophages within the analysis may be hiding the change in abundance of 

this population within this heatmap. Also, macrophages have been shown to lead to an 

increase exhausted CD8 T cell phenotypes in RCC samples[327], which may mitigate any 
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response.  Further investigation by WGCNA analysis may elucidate any variations in this 

population that were not detected within this analysis. 

Notable differences in naïve and memory B cell populations were also observed. These 

populations were sporadically higher in different ROI types and tumour types. The ROIs with 

highest B cell populations were obtained from 2 of the 4 AML tumour samples, both of which 

came from the same patient. This may resolve the difference seen in the first- and second- 

dimensional analysis by PCA as many of the other tumours have a much lower B cell 

content. B cells can have an antigen response function, unfortunately the study was not able 

to include control no HIFU AML samples, but the other 2 out of 4 AML samples did not show 

similar B cell abundances. It may be that this B cell abundance is related to other factors. 

For example, this patient had co-existing lung adenocarcinoma which may affect the biology 

and responses in this tumour. Alternatively, this may relate to tertiary lymphoid structures 

(TLS). Assessment of the peritumour by IF suggested that some areas may have contained 

TLSs (Figure 5.5M). These areas were sampled and are included in the peritumour ROIs. The 

increase in the naïve and memory B cells strongly suggest that these ROIs were within 

TLS[106,328]. TLS have been indicated as important structures within various tumours for 

improved prognosis by supplying bolstered immunity[107,108].  

Notably, NK cells were more abundant in a subset of ROIs in a subset of AML tumours, but 

these are not modulated between HIFU treatment and controls in RCC tumours. Also, Tregs 

and DC subtypes were not modulated between treatment groups. The stable DC population 

aligns with the murine in vivo assessment of sarcoma treated with HIFU in chapter 3. These 

cell populations may be stable in the tissues because of the delayed timeframe of resection 

after treatment (2 weeks to 8 months, much later than for the in vivo sarcoma – 1 or 5 days), 
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or their modulation was subtle and obscured by the change in macrophage population. The 

Treg variability was small within the in vivo study in Chapter 3, this may be identified in the 

WGCNA assessment conducted on these murine samples but not seen in the human 

samples in this chapter.  

5.5.2 Summary of the SpatialDecon analysis 

This chapter focuses on characterisation of the immune populations within the HIFU-treated 

and control renal tumours. An estimate of different cell types for the ROIs selected was 

produced. This showed that macrophages were highly prevalent within these tumours, along 

with naïve CD4 T cells. The function of these cells was convoluted and not well described 

within this analysis. 

Although the expected modulation of the immune populations by HIFU did not demonstrate 

the desired population abundance changes (there was no increase in cytotoxic CD8 T cells), 

it was still pertinent to assess the possible functional modulation of the immune 

populations within these tumours. Although this analysis may have missed the window to 

assess the immediate and early differences in population abundance, there may have been 

lasting effects to the modulation of function of these cells. The previous Chapter (Chapter 

4) assessed the contributing factors that classified the abundance of cells in each ROI. This 

was helpful in the smaller study, but the quantity of data within this renal cancer study made 

the comparison unmanageable. Instead, the WGCNA analysis allows for global 

transcriptomic differences to be assessed and the factors that associate to changes to be 

identified and evaluated. 
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5.6 Unbiased assessment of the RNA-expression of immune related 

regions selected from renal tumours  

As discussed briefly in section 5.5, some of the subtle changes in cell populations may not 

be elucidated by the SpatialDecon analysis because of the differences in immune cell 

abundances within the areas selected. In addition, cell types like macrophages and memory 

CD8 T cells which have further subtypes with specific suppressive or activating functions 

could not be identified. Thus, the global and unbiased analysis (unlike differential gene 

expression analyses) of the data by the WGCNA analysis (Section 2.7.4) was pertinent. The 

long-term clinical follow-up data for the samples within this study was not available, thus 

discovery of expression profiles that correlate with outcome was not assessed. 

The analysis approach was to assess the transcriptomic profile of the HIFU-treated RCC 

subtypes (pRCC, ccRCC, VHL-RCC), compared to control RCC (ccRCC and pRCC), and 

HIFU treated benign renal AML tumours.  The aim of this assessment was to identify changes 

in the immune profile, specifically function of CD8 T cells and macrophages (identified by 

SpatialDecon in Section 5.5.1) of RCC tumours after HIFU treatment. Within the analysis, 13 

modules were identified by WGCNA analysis (Figure 5.9, y-axis), with the grey containing 

genes that are not associated to a module. Correlation and statistical significance of 

experimental factors to the WGCNA modules are represented in Figure 5.11  From these 13 

modules, 5 had significant and immunologically relevant pathways represented as barplots 

(P adj > 0.05, q value cut off at 0.1, Figure 5.11). 
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Figure 5.9: Clinical and study factors association with modules identified by weighted gene correlation network analysis 
assessed for the 15 renal tumours within this HIFU study grouped by ROI location, subtype and HIFU vs. non-HIFU.  
Pearson’s correlation coefficient matrix with the module trait correlation level and p adjusted significance in brackets. The 
13 modules are represented on y axis by coloured blocks, the grey represents genes that were not associated into a module. 
Factors within the study that potentially impacted the clustering of genes into modules along the x-axis. Scale for the 
correlation of factors to modules.
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Figure 5.10: Hierarchical clustering dendrogram with samples and the expression of the genes within each module for each ROI with the 13 modules represented on y axis by coloured 
blocks, the grey represents genes that were not associated into a module. The top annotation including annotations for tumour type with patient: 13387/12 B (yellow green), 176/24 J 
(sky blue), 20177/12 D (blue), 2998/24 F (purple), 34432/11 4G (dark red), 35227/11 2P (orange), 35227/11 2X (red), 37481/11 A (sea green), 4835/12 2C (light purple), 5022/12 3F (dark 
blue), 51621/23 I (cyan), 5527/12 A (aquamarine), 5527/12 D (dark green), 7729/13 B (lavender), 784/13 1E (light blue). Tumour type: AML (Green), ccRCC (blue), pRCC (teal), VHL (dark 
blue), ROI type: Adjacent (purple), Immune (grey), Peritumour (blue) and Tumour Border (pink). Heatmap is split by treatment: HIFU (Maroon) and Control (Royal Blue). Eigengene 
expression, the relative expression of the genes within the module in each ROI. 
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5.6.1 Non-treatment related expression profiles were associated with 

tissue structure and hypoxia signalling 

The tissue structure and endothelium (Magenta) module was positively associated with 

HIFU VHL RCC tumours (0.403. p<2e-11), control ccRCC tumours (0.270. p<2e-05) and 

HIFU ccRCC tumours (0.162. p<0.009), as shown in Figure 5.9. The assessment of 

expression of module genes in individual ROIs agreed with these findings (Figure 5.10) 

suggesting that this is linked to RCC tumour, rather than ROI or treatment specific 

differences. The pathways that were identified from the genes in this module (shown in 

Figure 5.11A) included tissue structure formation pathways such as bicellular tight junction 

assembly, basement cell organisation. This may be linked to the formation, development 

and growth of these tumours. Additionally, there were many pathways involved in 

vascularisation including vasculogenesis, blood vessel endothelial cell migration, and 

Notch signalling pathway[249,329,330].  Notch signalling is common in RCC[331]. To an extent, the 

tissue structure pathways may be involved in this vascularisation, along with tissue 

remodelling and response to transforming growth factor-beta (TGF-β)[332]. Genes relevant to 

glomerulus development are expected within normal kidney tissue[333], hence may still be 

expressed in the tumour cells, although many of these genes are shared with vascularisation 

(CD34, JAG1, NOTCH3, data not shown). 
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Figure 5.11: Pathway analysis of 5 of the 13 modules identified in weighted gene correlation network analysis including the (A) Tissue Structure and Metabolism (Magenta), (B) Hypoxia 
Response (Pink), (C) Immune Response (Salmon), (D) Antigen Presentation (Green-yellow), and (E) Myeloid (Turquoise). 
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Next, the hypoxia response (Pink) module was positively associated with control ccRCC 

(0.452. p<2e-14), HIFU ccRCC (0.369. p<8e-10), immune ROIs (0.271. p<1e-07), and 

peritumour ROIs (0.12, p<0.05) as shown in Figure 5.9. Assessment of the expression of 

module genes in individual ROIs (Figure 5.10) concurred with the correlation matrix, with the 

addition of the VHL tissues (2 of which were from the same patient) and some of the tumour 

border ROIs. This suggests a RCC subtype association to this module, rather than a 

treatment associated difference. The main pathways associated with this module (shown in 

Figure 5.11B), were hypoxia and metabolism responses which could be linked to hypoxia. 

For the former, this included response to hypoxia, cellular response to hypoxia and response 

to xenobiotic stimulus[334]. Hypoxia inducible factor (HIF)-2α (part of the hypoxia pathway) 

has been shown to promote proliferation of cancer cells in RCC tumours[335]. Also, the loss 

of the VHL gene in ccRCC contributes to the expression of HIF genes within these 

tumours[336]. This may suggest that the VHL tumours are of a ccRCC type. Of interest to this 

study, Zhang et al. have shown that expression of hypoxia related genes is associated with 

immunomodulatory immune phenotypes[337]. Also within this module was positive 

regulation of MAPK cascade[338], branching of blood vessel morphogenesis, sprouting 

angiogenesis, vascular process in circulatory system, endothelium development, and to 

extent the epithelial cell proliferation (genes for endothelium and epithelium can be shared 

within these pathways) which points towards vascularisation of the tissue. This complicated 

milieu of signals and functions within these tumours may demonstrate a drive to 

vascularisation, which is the expected consequence of hypoxia induced HIF activation. 

When considered in the context of the SpatialDecon analysis from Figure 5.8, it is likely also 

related to the high endothelial proportion of the RCC tumours.  
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The Immune Reponses (Salmon) module was positively associated with the VHL tumours 

(0.522. p<2e-19), and the peritumour ROIs (0.450. p<3e-14) as shown in Figure 5.9. Analysis 

of the expression of module genes in individual ROIs suggested that there was expression of 

the genes within this module in ROIs throughout the cohort (Figure 5.10). The highest 

expression was seen in the peritumour ROIs from a VHL patient. This may suggest that this 

module is linked to individual biology of this tumour. The pathways associated with this 

module (Figure 5.11C) broadly included muscle related, signalling response (interleukin-1, 

fibroblast growth factor, and lipopolysaccharide), apoptotic signalling and immune (myeloid 

and T cell lineage) pathways.  

5.6.2 Treatment related expression profiles included interferon responses 

regardless of RCC subtype 

The interferon and antigen presentation (Green-yellow) module was positively associated 

with HIFU ccRCC (0.391. p<6e-11), and HIFU pRCC (0.296. p<3e-06), with correlation to 

treatment group (0.157. p<0.02) as well (Figure 5.9). This points towards this module being 

associated specifically with the treatment, which was of interest to the aims of this chapter. 

Assessment of the expression of module genes in individual ROIs suggested that these 

pathways were upregulated in HIFU treated RCCs, including VHL RCC tumours, however 

there was low expression of the genes within the module in control pRCC (Figure 5.10) 

which may have been related to high macrophage abundance in baseline pRCC tumours. 

The relatively low statistical significance to treatment (p<0.02) would be a consequence of 

AML tumours also being within this ‘HIFU treatment’ group, the genes in this module were 

not highly expressed in the benign AML tumours (Figure 5.10) which suggested that this is a 

cancer-type specific response. The HIFU mediated changes to expression were evident in 
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fewer of the peritumour ROIs which lends confidence to the fact that the genes involved in 

the module were modulated inside the tumour, the area targeted by the HIFU treatment. The 

expression was seen variably within ROIs from patient 784/13 1E, the ccRCC within the 

transplant kidney, which may be related to off target immune responses to tumours, related 

to HIFU, or the tumour sampled was the HIFU treated tumour, as suggested by the 

pathologist’s review of the H&E slide. The patient may have been treated with 

immunosuppression which may have altered the immune response to HIFU treatment, 

however there was no record of immunosuppression given. 

Pathways upregulated were associated with interferon responses, these included response 

to type II interferon, response to interferon-β (IFN-β), along with regulation of type-I 

interferon production (IFN-α and IFN-β). To an extent, defence response to virus and 

response to virus pathways are IFN related. Analysis of the genes associated with both 

pathways (data not included) showed expression of CD40, CXCL9, IFI44L (interferon 

induced protein ligand 44[339]), IFIT3 (interferon induced protein with tetratricopeptide[340]) 

and STAT1. This suggested both type I and II responses to treatment. It has been suggested 

in previous literature that the upregulation of interferon response can be caused by DNA 

damage[341], which is seen with HIFU treatment[342]. IFN pathways have often been targeted 

in the treatment of RCC[343], making the therapeutic consequences of the HIFU treatment of 

clinical relevance.  

Type II interferon (IFN-γ) has been shown to be produced by CD8 T cells[344,345], and within an 

in vivo melanoma model (B16), the expression of IFN-γ by CD8 T cells has been linked to cell 

cycle arrest of cancers cells instead of a tumour cell killing cytotoxic response[346]. When 

assessed with the SpatialDecon analysis, this data would suggest an increased expression 
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of IFN-γ by already present CD8 T cells, instead of a raised accumulation of CD8 T cells after 

HIFU treatment. Another benefit of increased INF-γ within the environment is a skewed 

polarisation of macrophages away from tumour promoting M2 like phenotype[347], which is 

beneficial in the TME. 

IFN-β has also been shown to be important in maintaining an M1 phenotype in an in vivo 

setting[348]. With a high abundance of macrophages within these tumours, this may be the 

case. However, macrophage polarisation was not evaluated by the SpatialDecon analysis. 

IFN-β expression has been associated with HIF gene expression within RCC samples[349]. HIF 

response pathways was identified in the hypoxia response module pathway analysis (Figure 

5.11B), and the expression may relate to the upregulation of these genes in the tissues as 

discussed in section 5.6.1. Functionally, IFN-β can be produced CD4 T helper cells and 

stimulate DCs for the development of CD8 cytotoxic T cell function, as shown from human 

samples taken from multiple head and neck cancers and colorectal carcinoma[350]. This may 

provide supporting evidence for immune stimulation following HIFU treatment in RCC. 

In vitro, macrophages have been shown to increase INF-α secretion when cultured with 

supernatants from thermally ablated MC-36 cells (murine colon adenocarcinoma)[50]. With 

high macrophage abundance being estimated in the HIFU treated RCC tumours by the 

SpatialDecon analysis, the macrophages may be the source of INF-α expression, and hence 

the response pathways being upregulated. Hashimoto et al. showed INF-α has been 

associated with decreased Treg cell levels and increased CD8 T cell levels within a murine 

colorectal (CT26) in vivo model[351] while Cao, showed similar CD8 T cell effects in murine 

colorectal (MC38) and melanoma (B16) models[352]. This would be a desirable clinical 

outcome after HIFU ablation. INF-α is often associated with maturation of DCs within 



234 
 

tumours[351]. However, the SpatialDecon did not show modulation of the DC populations 

within the HIFU treated RCC tumours compared to control (Figure 5.8). As suggested in 

Section 5.5, the macrophage population was very abundant in these RCC tumours, this may 

be why the DC populations could not be reported on due to the high and over-riding 

abundance of macrophage signatures; however, they may still have an influence in the TME.  

Also, within this module, was response to antigen as antigen processing and presentation, 

antigen processing and presentation of endogenous peptide antigen via MHC class I 

(suggesting antigen presentation by DCs for CD8 activation) and immune response-

regulating cell surface receptor signalling pathways with cell killing (which featured antigen 

response genes HLA-C and TAP2[260], data not shown) and cytolysis. This suggests an antigen 

recognition and cell killing process that is associated with treatment of these tumours. It 

may be that the antigen recognition is by the high macrophage population[175] identified in 

the SpatialDecon analysis (Figure 5.8). With the prevalence of macrophages in this module, 

and the known high expression in pRCC at baseline, it is thought that the inclusion of some 

of the control pRCC ROIs was related to high macrophage content, supported by the 

literature[32] and SpatialDecon analysis (Figure 5.8). 

Pyroptotic inflammatory response, which can be a response to danger associated molecular 

patterns (DAMPs)[353] was upregulated in this module. With the treatment, it was expected to 

have an increase in DAMPs[127]. It may be that the upregulation of the type-II interferon 

pathways was linked to the response to pyroptotic responses. This has been previously 

reported in a hepatic cellular carcinoma xenograft model following radiofrequency 

ablations[354]. It is interesting to see this expressed, along with antigen presentation 

pathways linked to CD8 T cell antigenic activation (by MHC-I). Unfortunately, this data did 
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not provide information on differences dependent on cancer subtype. A differential gene 

expression (DGE) analysis can be used as a targeted analysis required to elucidate this. This 

analysis was discussed in a future section. 

5.6.3 Antigen recognition and myeloid cell abundance increases 

specifically in ccRCC and VHL RCC tumours  

The myeloid (turquoise) module was associated with HIFU ccRCC (0.236. p<0.0002), 

control pRCC (0.260. p<3e-05), HIFU pRCC (0.182. p<0.004), and HIFU VHL RCC (0.186. 

p<0.003) as shown in Figure 5.9 indicating this was a treatment specific phenotype in 

ccRCC, and VHL (where the phenotype may be ccRCC). The analysis of the expression of the 

genes in individual ROIs (Figure 5.10) aligned with this assessment and showed that there 

was an association with most ROIs, (excluding the two control ccRCC tumours and two of 

the four AML samples: samples from the same patient tumour).  

The pathways associated with this module (Figure 5.11) included antigen processing and 

presentation (including assembly of MHC molecules) as well as myeloid cell homeostasis, 

myeloid cell differentiation and regulation of innate immune response. The pathways did not 

describe which myeloid cells were upregulated. DCs and macrophages are assumed due to 

the increase in antigen presentation pathways within this module. Neutrophils have also 

been shown to be prevalent after HIFU therapy[171], but this cell type could not be assessed, 

much like the DCs because of the large macrophage population present within these 

tissues. 

However, the genes associated with macrophages are shared with antigen presentation on 

macrophages (data not shown), so either of these functions may have increased after HIFU-

induced necrosis, specifically in the ccRCC tumours where these cells were previously not 
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abundant.  It may have been caused by increase DAMPs in the tissue, caused by necrosis[50]. 

The limitations of the dataset make it difficult to confidently determine which of the 

mechanisms this was or the function following treatment. Without having paired 

pretreatment tumour samples from the same patients, it was difficult to tease this apart. 

Increased macrophage abundance, activation and antigen presentation may be related to 

the interferon module as discussed in section 5.6.2. 

This module could be related to the findings of the SpatialDecon analysis (Figure 5.8), where 

high macrophage abundance was seen in the HIFU ccRCC, pRCC, VHL and 2 out of the 4 

AML tumours, along with the control pRCC but not the 2 control ccRCC tumours. The pRCC 

type has high abundance of macrophages within the TME at baseline compared to ccRCC 

tumours, which has previously been reported by Zhang et al.[29]. 

5.6.4 Summary of the WGCNA assessment 

This section included the transcriptomic profiling of renal tumours assessed by RNA-

expression profiles to try to understand the biological response to HIFU treatment in RCC. It 

was suggested that interferon responses were upregulated which may be associated with 

DNA damage and DAMP release following HIFU treatment. DGE analysis may elucidate the 

mechanisms and cell types in which the interferon responses are occurring in within the 

tumour environments after treatment, if there are genes upregulated together. Also, the 

assessment of the different RCC types may show tumour subtype intricacies that are lost 

within the large amount of data. The ccRCC had a specific response to HIFU (that was not 

seen in pRCC), with increased myeloid populations, whereas myeloid populations were 

already abundant in the pRCC tumours. The interferon responses in these tumours may be 

linked to the myeloid population changes seen. 
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These data also suggested that the immune populations in the AML samples were very 

heterogeneous. The data demonstrated differences between malignant (RCC) and benign 

(AML) response to HIFU treatment, with association to different modules in the WGCNA 

being assessed in Figure 5.9. Upon closer investigation, the modules associated with 

specific tumours within the AML subtype, this meant that the biological differences between 

individual tumours masked differences between the tumour types (AML vs RCC).  

 

5.7 Differential gene expression analysis of renal tumours for assessment 

of immune modulation after HIFU treatment 

The previous section on the WGCNA assessment of the HIFU treated RCC samples 

compared to untreated controls and benign tumours exposed to HIFU suggested an 

interferon signalling and antigen presentation response to HIFU treatment. The assessment 

was unable to determine which cells this related to or confirm that antigen recognition and 

presentation was associated with treatment due to variability with immune populations in 

the TME based on cancer subtype.  

The specific DGE analysis of the data was employed to assess these differences based on 

specific factors within the data. The aims were to lend confidence to the differences seen in 

antigenic and interferon responses and identified within the data (Figure 5.11E). Also, the 

assessment may provide more information about the immune profiles of the tumour 

subtypes, as well as the cell expression profiles to assess differences in response to 

treatment between the two RCC subtypes. The macrophage related genes were upregulated 

in the ccRCC tumours after HIFU treatment, but this population was highly abundant in 

pRCC regardless of treatment. 



238 
 

DGE analysis was conducted using the Limma package in R[119] discussed in Section 2.7.2, 

with a p adjusted threshold of 0.05 (p adj. = 0.05), and log-fold change of 0.5 (LogFC = 0.5). 

Pathways were identified from these genes using the clusterProfiler[212] package in R. 

Pathways with a p and q significance of 0.05 were assessed. Within these analyses, the HIFU 

treated ccRCC sample was from a transplant kidney (784/13 1E) was excluded from 

assessment as it may have masked the immune response caused by HIFU.  

5.7.1 Differential gene expression analysis of immune ROIs showed 

expression of antigen presentation genes and interferon response 

pathways  

The comparison of immune ROIs of HIFU treated RCC to control RCC identified 57 DEG 

(Figure 5.12A). Within the HIFU treated tumours the DEG included HLA-G, HLA-DQA2, HLA-

DPA1, HLA-DQB1, C1QB, C1QC, CXCL9, TAP1, STAT1, IL6ST, CXCL13, CD8A. This supports 

a conclusion that there was an antigenic response in the form of MHC-I and -II upregulation. 

This suggests cross-presentation to CD8 T cells, with likely involvement of CD4 T cells. This 

would cause activation of these cell types, which is seen within the pathway analysis (Figure 

5.12B). The antigen presentation related genes may have been upregulated because of the 

increased macrophage abundance after treatment. MHC-II genes are often expressed by 

macrophages[291] and with the inclusion of the C1QB and C1QC this was most likely the 

abundant antigen presenting cell type[291]. The expression of CXCL13 and IL6ST suggested 

that the macrophages may be polarised towards an M2 protumour phenotype[355,356]. 

However, there was increased T cell activation within the pathway analysis (Figure 5.12B) in 

the HIFU RCC group, making this difficult to untangle. 
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Figure 5.12: Comparing the transcriptomic profile of the immune ROIs in renal cell carcinoma after HIFU to control 
tumours, with a focus on immune populations assessed by immunofluorescence during ROI selection. (A) Volcano plots 
showing differential expressed genes within highly infiltrated ROIs between (left) control RCC and (right) HIFU treated RCC 
with log2 FC indicates the relative expression level changes for each gene compared to each other with P adj = 0.05 
significance level. Points in red represent gene that are expressed significantly over both thresholds, blue are significantly 
over the adjusted p value, green points were above the fold change threshold but were not above the Padj value and genes 
represented in black are not statistically different between the variables being described. (B)  Pathway analyses of 
differentially expressed genes from high intensity focused ultrasound treated tumours compared to control tumours with a 
Padj value of 0.05. 

 

Additionally, CXCL9[265,345] and STAT[357] are genes associated with IFN responses, and were 

upregulated in the HIFU RCC. CXCL9 is IFN inducible cytokine and has been shown lead to 

CD8 T cell activation in human epithelia ovarian carcinoma[265]. This may be the downstream 

result of the antigen activation pathways also seen here and in the WGCNA (Figure 5.11D). 

This may explain why there is an increase in the macrophages after HIFU treatment. It will be 

of interest to assess this in the subtype analysis. These findings further support and extend 

the findings within the IFN and antigen presentation module (Figure 5.11D) from the WGCNA 

analysis.   

As previously mentioned, pathway analysis showed increased antigen presentation and T 

cell activation responses in the HIFU RCC immune ROIs (Figure 5.12B). As discussed, the 
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antigen presentation can also be linked to the complement genes upregulated in the DGE 

analysis by relation to the abundance of macrophages within the TME as outlined in detail in 

Section 5.6.3. The cell-cell adhesion pathways may relate to the infiltration of immune cells 

into these tumours or the activation of immune cells by binding with macrophages. However, 

there was not enough detail from this analysis to confirm which. A humoral based immune 

response was also observed within the pathway analysis, which would suggest the 

involvement of B cell immune responses within the HIFU RCC tumours compared to control 

RCC. The pathway analysis showed increased responses to IFN-II and regulation of cytokine 

production which supports the findings from the WGCNA analysis. 

5.7.2 Tumour border DEG analysis suggested increased CD8 activation in 

the HIFU treated RCC 

The comparison of tumour border of HIFU RCC to control RCC, identified 40 DEG (Figure 

5.13A). The profile of genes that were upregulated was like the immune ROIs (Figure 5.12A). 

In this analysis CD8A and NKG7 (cytotoxic gene expressed by NK and CD8 T cells[312,313]) were 

more significantly upregulated within the tumour border HIFU RCC (Figure 5.13A). This 

indicated that the tumour border of HIFU RCC had increased cytotoxic function of the CD8 

T cell and possibly NK cell abundance compared to the control RCC tumour border, 

suggesting possible increase cytotoxic function in HIFU treated tissues compared to control 

tissues. The study aimed to focus on the CD8 T cell population, which aligns this finding with 

the chapter aims. This may be related to the IFN expression, which was noted as the IFN-γ 

pathway (Figure 5.13B). As previously discussed, CD8 T cells express INF-γ (section 5.6.2), 

so the increased IFN-γ expression could be related to CD8 T cell activation or abundance.  
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Genes additionally upregulated included CCL5, IL2RB, and CD27. CCL5 expression is 

known to be influenced by increased expression of IFN in a cancer setting[358]. CCL5 has been 

associated with increased CD8 T cell infiltration in solid tumours[265], which would be a 

beneficial outcome of the HIFU and aligns with the hypothesis. This DGE study saw 

upregulation of IL2RB, also known as CD122. Studies have associated CD122 expression on 

CD8 T cells as a marker for memory populations[359] and is required for responses to IL2 

within the environment of CD8 T cell activation[311]. CD27 is associated with maintaining T 

cell immune responses[360] which has also been seen in in vivo tumours studies[361]. The 

selection of CD8 related genes can be associated to the CD8 T cells that were selected using 

IF in this study. This targeted strategy has possibly helped elucidated these targeted 

responses this study aimed to understand. This has suggested infiltration of memory CD8 T 

cells.  

The pathways upregulated in the HIFU treated RCC compared to control RCC (Figure 5.13B) 

included MHC class II protein complex assembly, antigen processing and presentation, and 

inflammatory response to antigenic stimulation which suggests an antigen response to 

treatment by macrophages or an increase in macrophage abundance, (Figure 5.8) which has 

been discussed. Lymphocyte mediated response including T and NK cell responses strongly 

suggests an immune response in the RCC tumours treated with HIFU that was not seen in 

the untreated controls.  
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Figure 5.13: Comparing the transcriptomic profile of the border tissue of renal cell carcinoma after HIFU to control tumours, 
with a focus on immune populations assessed by immunofluorescence during ROI selection. (A) Volcano plots showing 
differential expressed genes between (left) control RCC and (right) HIFU treated RCC with log2 FC indicates the relative 
expression level changes for each gene compared to each other with P adj = 0.05 significance level. Points in red represent 
gene that are expressed significantly over both thresholds, blue are significantly over the adjusted p value, green points 
were above the fold change threshold but were not above the Padj value and genes represented in black are not statistically 
different between the variables being described.  (B)  Pathway analyses of differentially expressed genes from HIFU treated 
tumours compared to control tumours with a Padj value of 0.05. 

 

5.7.3 Analysis of the different RCC subtypes indicated HIF response 

differences when comparing HIFU treated ccRCC to pRCC 

The comparison of immune ROIs of HIFU treated ccRCC to immune ROIs of HIFU treated 

pRCC identified 26 DEG. Genes upregulated in HIFU treated pRCC tumours compared to 

HIFU treated ccRCC tumours included ANGPTL4, HILPDA, and FLT1. ANGPTL4 has been 

associated with controlling inflammatory responses by macrophages in high fat 

environments[362] and is hypoxia inducible[363]. HILPDA is a hypoxia inducible gene in 

macrophages that responds to environmental lipids[364], much like ANGPTL4. FLT1 is a 

member of the vascular endothelial growth factor receptor genes. These genes are 

associated with angiogenesis[365]. There was no upregulation of immune genes within this 
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DGE analysis which suggested that the immune profiles of the pRCC and ccRCC following 

treatment were similar, unlike what is known of baseline RCC from the literature and 

SpatialDecon analysis discussed in Section 5.5. 

The pathways upregulated in pRCC from the DEG analysis included response to hypoxia, 

likely related to the expression of ANGPTL4, HILPDA, as already discussed. Other pathways 

included vasculogenesis, vessel formation and angiogenesis pathways, likely related to 

expression of FLT1. It was discussed in Section 5.6.1 that these pathways were a subtype 

specific differences which is unaffected by the HIFU treatment. However, it is seen in the 

other tumour type than the WGCNA which is peculiar. The inclusion of renal system 

processes was likely because these tumours are within the renal tissue and will retain some 

of the genes for the functions in the kidney.   
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Figure 5.14: Comparing the transcriptomic profile of the immune related ROIs of the two renal cell carcinoma subtypes 
papillary (pRCC) and clear cell renal cell carcinoma (ccRCC) after HIFU treatment, with a focus on immune populations 
assessed by immunofluorescence during ROI selection. (A) Volcano plots show differential expressed genes between (left) 
ccRCC HIFU and (right) pRCC HIFU treated tumours with log2 FC indicated the relative expression level changes for each 
gene compared to each other with Padj = 0.05 significance level. Points in red represent gene that are expressed 
significantly over both thresholds, blue are significantly over the adjusted p value, green points were above the fold change 
threshold but were not above the Padj value and genes represented in black are not statistically different between the 
variables being described. (B)  Pathway analyses of differentially expressed genes from HIFU treated pRCC tumours 
compared to ccRCC tumours with a Padj value of 0.05. 

 

5.7.4 Conclusions of the differential gene expression analysis 

The DGE analysis identified antigen presentation and IFN genes and pathways (Figure 5.12 

and Figure 5.13) that were seen within the WCGNA analysis (Figure 5.11) which may have 

related to macrophage populations identified in the SpatialDecon cellular deconvolution 

(Figure 5.8). The DGE suggested that there was increased genes associated with cytotoxic T 

cell function in HIFU treated RCC when compared to the control RCC (Sections 5.7.1 and 

5.7.2). There was a limited subtype specific change in the gene expression after HIFU when 

comparing pRCC to ccRCC. The genes related to hypoxia response and vessel formation. 

This may be important for immune infiltration, but also in the growth of the tumour. There 
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were no immune genes upregulated in the subtype DGE comparison suggesting similar 

immune profiles in the HIFU treated RCC subtypes. 

 

5.8 Chapter Discussion 

This chapter covered the transcriptomic assessment of the immune phenotype of HIFU RCC 

against untreated control RCC and benign tumours (AML), to evaluate the immune 

modulation caused by HIFU treatment. The results of this chapter are summarised in Table 

5.2. In summary, the SpatialDecon analysis was used to determine immune population 

abundances from the RNA expression profiles of the ROIs selected within the tumours. This 

identified macrophage and naïve CD4 T cell populations as some of the main cells within 

the tissue. The macrophage population showed indication of increased abundance in HIFU 

ccRCC tumours compared to control ccRCC. 

Assessment of the transcriptomic profile of the tissues by WGCNA analysis identified 

increased interferon signalling in the tissues in HIFU RCC tumours, not seen control RCC 

(Figure 5.11). This was identified as the upregulation of response pathways to both type I and 

II interferon signalling. It was hypothesised that the expression of interferon may be by the 

macrophage and CD8 T cell populations. The mechanism for the increased abundance of 

macrophages in HIFU treated ccRCC was not elucidated by WGCNA but is likely to result 

from increased cellular debris. HIFU AML tumours showed heterogeneity in their immune 

populations, whether this was a HIFU related difference could not be commented on as 

control AML was not assessed. 

The WGCNA analysis identified increased antigen recognition and response pathways in 

HIFU ccRCC tumours compared to control ccRCC tumours, whilst the expression of these 
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pathways was constant in pRCC, regardless of HIFU treatment. It was thought that this was 

because macrophages are known to be highly abundant in treatment naïve pRCC. Although 

the CD8 population did not show evidence of increased abundance after HIFU treatment in 

the WGCNA analysis, there was evidence of activation of T-cell pathways.  

The DGE analysis of the HIFU RCC compared to control RCC showed upregulation of MHC 

class I and II genes, complement genes and CD8A expression, within the immune and 

tumour border ROIs. The DEG analysis suggested that M2 macrophages were abundant in 

HIFU RCC tumours compared to control RCC with expression of IL6ST and CXCL13 in the 

immune ROIs, whilst the tumour border had upregulation of CCL5, IL2RB and CD27 which 

have all been associated with CD8 T cell activation and memory phenotype, aligning with the 

hypothesis. The DGE analysis of the RCC subtypes did not identify any differences in 

immune populations after HIFU treatment, when comparing ccRCC to pRCC which 

suggested similar immune profiles in these subtypes after treatment. The literature suggests 

that the tumours are vastly different when treatment naïve making this an interesting finding. 
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Table 5.2: concatenation of the results comparing HIFU treated RCC subtypes to untreated RCC controls and benign AML 
tumours exposed to HIFU. 
 

Focus Analysis Expression Significance 

ccRCC SpatialDecon Macrophage 
abundance 

There was high macrophage abundance in 
HIFU treated ccRCC samples which was not 
seen in control ccRCC 

pRCC SpatialDecon Macrophage 
abundance 

High macrophage abundance was seen in all 
pRCC samples suggesting that this was not 
HIFU related  

ccRCC SpatialDecon Endothelium 
abundance 

ccRCC tumours had higher endothelium, 
some VHL tumours also had high 
endothelium which may sub classify them 

ccRCC WGCNA Vascularisation The ccRCC tumours had upregulation of 
vessel forming related pathways, suggesting 
higher vascularisation of this tumour type 

ccRCC WGCNA Hypoxia and 
vascularisation 

Hypoxia and vascularisation were 
upregulated in this subtype which are 
unusual to be expressed together 

VHL WGCNA Immune responses 
and signalling 
pathways 

There was suggestion of a strong immune 
response outside of one of the tumours 

HIFU 
treated 
RCC 

WGCNA Interferon and 
antigen presentation 
response 

There was increased antigen recognition 
pathways associated with the HIFU treated 
RCC tumours  
Interferon responses may have increased 
because of increased DNA damage within 
the environment caused by HIFU 

HIFU 
treated 
RCC 

WGCNA Myeloid cells and 
antigen presentation 
and response 

Increased antigen recognition pathways may 
be associated with increased macrophage 
abundance 

HIFU 
treated 
RCC IM 
ROIs 

DEG Upregulated HLA-
DQA2, HLA-DPA1, 
C1QB, CXCL9, TAP1, 
STAT1, CXCL13 and 
IL6ST expression 

Suggested antigen presentation to both CD4 
and CD8 T cells in HIFU treated RCC and 
response to cancer antigen caused by 
treatment with the knock-on effects on 
interferon signalling 

HIFU 
treated 
RCC TB 
ROIs 

DEG Similar profile as IM 
ROIs NKG7, CCL5 
and IL2RB 
expression 

At the tumour border of HIFU treated RCC 
there was  upregulation of CD8A and 
cytotoxic genes compared to control tissues 

pRCC DEG ANGPTL4, HILPDA 
and FLT1 

The subtype of tumour has little effect on the 
immune population response to HIFU 
treatment other than  

ccRCC DEG 
SpatialDecon 

N/A The immune profile of the ccRCC tumours 
after HIFU had no significant differences 
from pRCC unlike the phenotype of control 
tissue described in the SpatialDecon 
assessment, suggesting the immune 
phenotypes are modulated to be similar after 
HIFU treatment 
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The limitations of the study are similar to those outlined in Chapter 4, these include: 

(A) The resolution of the technology is poor and does not aim to individually identify 

cells which can lead to the estimation by the SpatialDecon may be incorrect if a 

gene is expressed by multiple cell types. For example, the increased antigen 

presentation genes accounted for the increased macrophage abundance within the 

selected ROIs. It is not possible to guarantee expression is on the cell population 

suggested by any of the workflows for data analysis of DSP data. 

(B) The clinical subtype of VHL tumours (ccRCC or pRCC) was not available. Previous 

work, specifically with hypoxia induced pathways, had been linked to VHL gene 

variation. However, the pathways found did not associate with both VHL patients. 

This suggested that there was no specific upregulation based on this gene 

abnormality but there was the suggestion that one of the tumours was a ccRCC 

based on expression profiles, but this was not confirmed. 

(C) The clinical response to treatment and outcomes were not available for this 

analysis. This may have given confidence to the findings as it would have confirmed 

that the assumption that there was an immune modulation after successful 

treatment.  

Future work would be to quantify the CD8 T cell abundance by IF within the slide scans from 

the DSP workflow to compare different areas of infiltration abundance between the 

samples. Also, it may be possible to obtain further tissue sections to confirm the abundance 

of macrophage populations, along with the polarisation and expression profiles within the 

ccRCC to confirm that HIFU polarisation of the macrophages or if the treatment increased 
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the activity of the macrophages. Additionally, it may be possible to confirm the expression 

profiles of the identified naïve CD4 T cells and target CD8 T cells.  
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6 Discussion 

6.1 Introduction 

Thermal ablation caused by high intensity focused ultrasound has previously been assessed 

in feasibility studies as a localised treatment modality for carcinomas[16,20,21,24,135,366] including 

pancreatic, prostate, breast, renal cell cancer, and also sarcomas[366]. The technique is 

known to have immunogenic outcomes which have the potential improve treatment 

outcomes[10,55,56,127]. 

However, immune populations have complicated effects within tumour cells with subsets 

and activation markers often being associated with differences in tumour progression and 

survival statistics[27,86,151,367], which also often varies with tumours and their subtypes. For 

instance, CD8 T cells are expected to provide a cytotoxic response in tissues, however much 

research has associated high CD8 T cell infiltration with poorer outcomes[105]. To try to 

examine the function of this population in these tumour microenvironments (TMEs) and 

associated immune cells may elucidate fundamental biological questions whilst also 

highlighting potential treatment strategies for these cancers. Macrophages are another cell 

type of interest described by the literature and this thesis, which can assert an antigen 

presentation response[175], but can also be polarised to produce pro-inflammatory cytokines 

or pro-tumorigenic cytokines[44,368,369].  

Understanding the role and functions of immune populations within soft tissue sarcoma 

(STS) is an active area of both pre-clinical and clinical research[26,83,85,174]. These tumours do 

not typically respond well to immunotherapies relative to more immunogenic tumour types 

including renal cell cancer, melanoma and lung cancers where immunotherapy is becoming 
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standard of care for advanced disease[370–372]. STS patients generally have poor prognosis 

with high metastatic potential from diagnosis[370]. Understanding the baseline immune 

populations within STS subtypes along with the ability of HIFU to generate an immune 

response within these tumours would be of great value in informing next generation 

treatments in this underserved patient cohort. 

In the case of renal cell carcinoma, the modulation of the immune populations of the tumour 

after HIFU treatment had not been explored in detail previously.  Of interest, much like STS, 

RCC has differences in the tumour immune environment based on tumour subtype. The key 

cells of interest to this thesis were the macrophages (which can be polarised) and the T cell 

subsets (including cytotoxic T cells and Tregs). Assessment of the abundant populations 

after treatment was of interest. The influence of signalling causing the change in immune 

populations may be translational to treatment strategies given in combination with HIFU 

therapy for the modulation of immune populations in future studies. 

 

6.2 Summary of experimental results 

6.2.1 Chapter 3 

Chapter 3 outlined the in vivo assessment of the immune modulation in a fibrosarcoma 

murine model (MCA205) treated with HIFU therapy. Fibrosarcoma is an aggressive form of 

STS which has a varied immune infiltration and would greatly benefit from this treatment, 

whilst being a known model for investigating immune populations in sarcoma via in vivo 

methods without being immune ‘desert’ nor highly immune infiltrated, making it a good 

candidate to be representative to assess immune modulation following HIFU treatment in 

STSs that are currently not indicated for immunotherapy.  



252 
 

This chapter focused on assessment of T cell subsets and antigen presenting cells (APCs) of 

myeloid origin by flow cytometry in the peripheral lymphatics, blood and tumour. There was 

also histological assessment of immune populations within the tumour after HIFU. These 

populations included the subsets of CD4 T cells (Tconv, Treg and Treg precursors) and CD8 T 

cell memory subsets (Tnaïve, Tcm and Tem). The assessment of the CD4 populations within 

the tissues of mice with fibrosarcoma (MCA205) identified that Tregs were at a significantly 

higher frequency in the tumour compared to the other tissues and made up a large 

proportion of the CD4 T cell subsets (Figure 3.6). Theoretically, these cells exhibit a 

regulatory phenotype within the tumour, leading to the other immune populations being 

affected functionally[30,38,167]. For the other tissues the T conventional cells were the most 

abundant cell type.  

With the HIFU treated tumours, there was evidence of pyknosis within the tissue, which is 

associated with the thermal damage and coagulative necrosis caused by HIFU treatment 

(Figure 3.9, Figure 3.17 and Figure 3.30). However, the assessment of immune populations 

in the tumour by immunohistochemistry (IHC) in pilot studies did not provide robust results 

(Figure 3.10, Figure 3.11, Figure 3.18 to Figure 3.22). Therefore, assessment of the immune 

populations in the harvested homogenised tumours were subsequently assessed by flow 

cytometry in the final study. 

The immunological assessment of the lymphatics from mice whose tumours were treated 

with HIFU in pilot studies assessing different lengths of treatment (for differences in 

ablation). The low (shorter) HIFU treatment showed significantly increased central memory 

CD8 T cell (Tcm, p<0.01) abundance in from the draining lymph nodes (dLNs) of the tumour 

(Figure 3.14). When applying high (longer) HIFU treatment, the data pointed towards 
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sequestering of the immune populations from the dLNs (Figure 3.12 and Figure 3.13) with 

assessment of the CD8 and CD4 populations from the draining lymph nodes and spleen 

after high HIFU treatments.  

When the HIFU treatment time was lowered in the interests of reducing adverse effects 

including skin damage (from 15 and 10 seconds to 5 seconds), the difference in abundance 

of the Tcm population in the spleen decreased between treatment groups, and significance 

was lost (Figure 3.25). The assessment of CD4 T cell subsets in mice whose tumours were 

treated with HIFU demonstrated a slight increase in the frequency of Treg populations within 

the dLN at 24-hours and 5-days post HIFU treatment (Figure 3.26).  

Investigation of APCs in the dLNs from individuals whose tumours were treated with the 

HIFU treatment identified significantly increase neutrophils 24-hours after HIFU treatment 

compared to sham-control tissues, which normalised within 5-days (Figure 3.23), this was 

thought to be linked to an inflammatory response caused by tissue damage. In a typical 

inflammation response, macrophages were shown to be increased within dLNs 24-hours 

and 5-days after HIFU, while monocytes were more abundant 5-days after treatment, within 

the same context (Figure 3.23). This was theorised to be associated with the inflammation 

associated neutrophil abundance caused by HIFU induced tissue damage.  

Next the growth of the tumours and distribution of the APCs and T cells were assessed in the 

context of HIFU treatment combined with aPD-L1 therapy. Within the 5-day groups tumour 

growth was significantly reduced (p<0.01) in mice treated with aPD-L1 regardless of HIFU 

treatment when compared to isotype + sham HIFU control treated mice. The modulation of 

immune populations did not strictly align with previous findings. Within the tumour, the 

absolute number of macrophages were higher in tumours treated with aPD-L1 + HIFU 24-
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hours after treatment (Figure 3.32). There was a significant decrease in the expression of 

MHC-II on dendritic cells in tumour treated with aPD-L1 regardless of HIFU (p<0.05), which 

had previously been reported in the literature (Figure 3.32). The absolute number of dendritic 

cells were increased with aPD-L1 + HIFU treatment compared to untreated (Isotype + Sham) 

controls in the dLN (Figure 3.33). There was a hint of modulation of macrophages and 

monocytes as well.  

Assessment of the T cell subsets in the tumour in the aPD-L1 + HIFU group demonstrated 

that the Treg population was smaller in the Isotype + HIFU treated group and stable with aPD-

L1 regardless of HIFU treatment, when compared to the untreated group (Isotype + Sham). 

Within the dLN the CD4 subsets were stable, regardless of treatment. Modulation of the CD8 

memory populations was not demonstrated within the tumour or dLNs with aPD-L1 or HIFU 

treatment. 

These studies were able to identify that HIFU increased abundance of CD8 Tcm, and to an 

extent Tregs within the dLN of tumours treated with HIFU. This suggested the immune system 

can be stimulated in an STS model, likely by antigen presenting myeloid populations 

supported by the increased abundance of monocytes, macrophages, DCs, and neutrophils 

within the dLN. A potential drawback of HIFU therapy for STS may be stimulation of Treg 

populations, which consequently inhibited antitumour immunity. Future studies may be 

able to explore this further. The value of intratumour immune analysis was limited due to 

variability in the tumour sizes used within experiments because of the erratic growth of the 

MCA205 tumour cells. This is along with histology only being able to provide a snapshot of a 

small section of a much larger and complicated tumour.  
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6.2.2 Chapter 4 

Digital spatial profiling with transcriptomic assessment of clinical STS samples was 

conducted with a focus on intratumour and peritumour immune populations to assess the 

landscape of this tumour type. This was with a view to elucidate key immune pathways in 

the TME differences seen with STS subtype. Further to this, it was thought to potentially 

inform future immunotherapy treatments in combination with HIFU treatment-induced 

immune modulation.  

CD8 T cells are commonly noted in survival statistics studies and are a cell type of interest 

for HIFU immune modulation while CD45+ cells were assessed to capture the 

transcriptomic profile of all leukocyte populations. Given STS is known for being ‘immune-

cold’, there is a potential role of regional therapy, such as HIFU, to activate the immune 

system as a positive effect along-side thermal ablation. 

It is understood that STS subtypes demonstrate different immune profiles. The immune 

populations within different STS subtypes were analysed to characterise these differences 

and, in an attempt, to investigate the potential underlying mechanisms for the differences. 

This involved assessing the transcriptomic profile of areas of tumours with higher or lower 

immune abundance by stratification of the immune infiltration based on 

immunofluorescence of target immune populations to reveal any genes or pathways that 

were shared between analyses. The study also aimed to assess how immune cells enter and 

travel through the TME (chemotaxis) by assessing immune populations in different part of 

the tumour. Tumour types selected for this study were selected based on the literature and 

included the classically lower immune infiltrated leiomyosarcoma (LMS) and more highly 

infiltrated undifferentiated pleomorphic sarcoma (UPS), along with an uncategorised 
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spindle cell sarcoma (USS), which showed low immune infiltration based on histological 

assessment.  

Comparison of the LMS tumour to UPS tumour by differential gene expression (DGE) analysis 

showed differences in the structures of the tumours (Figure 4.11 to Figure 4.13), with LMS 

having many muscle-related genes upregulated regardless of the location of the ROI. There 

was also high fibroblast abundance in all tumours, including LMS, when assessed by cellular 

deconvolution.  

The assessment of the UPS tumour by DGE analysis compared to LMS suggested increased 

antigen presentation genes including MHC-II and antigen presentation pathways when 

assessed globally, then when compared at the tumour border and the central tumour (Figure 

4.11 to Figure 4.13). The cellular deconvolution showed increased macrophage abundance 

in the ROIs of the UPS tumours which expressed almost exclusively MHC-II markers. 

Comparing the highly infiltrated ROIs in LMS to lower infiltrated ROIs identified T cell, B cell, 

MHC-I and MHC-II genes (Figure 4.14). Pathway analysis identified T cell activation, MHC-II 

antigen presentation and INF-γ. This suggested that antigen presentation led to increased T 

cell activation in highly infiltrated areas, but this did not elucidate the mechanism for 

difference in immune abundance. Comparing the same in UPS did not have any significant 

genes or pathways (supplementary figure 4.5). 

Although suppressive and regulatory functions were not noted within the DEG, Tregs were 

highly abundant in all tumours, but more so in the highly infiltrated ROIs. The assessment of 

the expression profiles of the Tregs indicated that CCR7 was upregulated in some of the 

ROIs, mostly within the LMS and USS tumours, indicating involvement of lymph node 

activation. Fibroblasts were an abundant immune cell type throughout the ROIs but were 
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higher in UPS ROIs and associated with poorer CD8 cytotoxic function. The fibroblasts which 

were identified in the cellular deconvolution were possibly identified by collagen genes 

identified in LMS tumours in the DEG and WGCNA and may be related to reduced CD8 T cell 

functions. 

The comparison of the peritumour to the tumour border of the UPS tumours showed that the 

immune cells just outside the tumours were more abundant than at the border of the UPS 

tumours. These included T cell, and B cell markers and activation markers CD69 (Figure 

4.15) which suggested a more active immune function outside of the tumour.  

However, regulatory and suppressive functions were not demonstrated within the tumour, 

thus the mechanism was not elucidated. The UPS tumour border compared to central 

tumour had higher expression of B cells, CD4, MHC-I and -II and C1QC genes with pathways 

including MHC-II antigen presentation and INF-II response (Figure 4.16). This again 

suggested that there is increased antigen presentation leading to increased immune cell 

activation in different areas of the tumour, like the differences seen with immune abundance 

but the mechanism for this change was not devolved. There was no DEG for LMS of the same 

comparison (supplementary figure 4.8). 

The WGCNA analysis agreed with the findings of the DEG, briefly, there was a module 

containing antigen processing, and a module containing immune activation marker, both 

were associated with UPS ROIs more than LMS ROIs. There was a module containing 

structural genes which associated with LMS ROIs.  

6.2.3 Chapter 5 

Renal cell carcinoma (RCC) is reported as being highly immunogenic and immunotherapy 

responsive overall, in contrast to the characteristics of STS. In RCC, immunomodulatory 
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effects and mechanisms due to HIFU have not previously been clinically explored. The 

subtypes of RCC have also been shown to have differing immune phenotypes, which 

therefore may directly influence HIFU immune modulation. Assessment compared 

untreated RCC to HIFU treated RCC, both covering papillary (pRCC) and clear cell RCC 

(ccRCC), as well as benign renal tumours (angiomyolipoma, AML) treated with HIFU. 

Resection of RCC was on the order of weeks to months post-HIFU exposure in line with the 

clinical study pathway. Transcriptomic assessment of subtypes of clinical RCC treated with 

HIFU focused on CD45 and CD8 immune cells with the same rationale as the STS 

assessment. WGCNA and cellular deconvolution were used to assess the immune 

populations within the ROIs selected within these tumours. The rationale being that the DGE 

and WCGNA analysis provided similar results in Chapter 4 and the soft thresholding passed 

the typically used 0.9 threshold for WGCNA analysis (unlike in the STS analysis). Also, there 

were many clinical factors to assess and the WGCNA could identify the most important 

factors to further assess by DGE analysis from the multitude of factors in the study.  

The WGCNA identified complement, myeloid and antigen presentation pathways was 

correlated specifically with HIFU treated ccRCC tumours but was present in pRCC 

regardless of treatment (Figure 5.11). The antigen presentation genes were mainly MHC-II 

genes, and along with the compliment genes, this was related back to the high abundance 

of macrophages seen in the cellular deconvolution (Figure 5.8) within the pRCC tumours 

regardless of treatment, but which seemed to increase in abundance after HIFU treatment 

in ccRCC tumours. It was suggested that this was related to the increased response to 

antigen within the environment after treatment. The DEG analysis showed increased 
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expression of signalling markers associated with M2 macrophages in the HIFU treated RCC 

compared to control RCC (Figure 5.12 and Figure 5.13). 

Also identified by WGCNA was increased interferon-I and -II (IFN) response and pyroptotic 

cell death pathways in HIFU treated RCC compared to control RCC (Figure 5.11). 

Metastatic RCC is known to respond well to IFN treatment making this a promising finding. 

There are many functions that IFN can have, although genes and pathways associated with 

both pathways were upregulated suggesting a large cytokine response to the treatment. IFN 

has been associated with alterations to macrophage abundance and the polarisation with 

antigen presentation function of these immune cells in the past. The DGE analysis suggested 

that there was an upregulation of cytotoxic genes in the HIFU treated RCC tumours 

compared to the non-HIFU RCC tumours (Figure 5.12 and 5.13). Pyroptotic cell death is a 

typical immunogenic cell death, which was related to the HIFU treatment. 

There were no differences seen in immune populations between the pRCC and ccRCC after 

HIFU treatment. Also of note was that the HIFU AML tumours were heterogenous with their 

immune populations, so unfortunately comparisons to the HIFU RCC tumours were 

complex and difficult to decipher.  

 

6.3 Overarching discussion and conclusions 

The aims of the thesis have been in understanding the immune system in response to poorly 

immune recognised tumour of STS. To understand how these tumours avoid immune 

activation but also have differences in their immune milieu, both murine and clinical STSs 

were assessed. Further to this, the in vivo study aimed to ‘kick start’ the immune recognition 

of these tumours with an immunogenic treatment modality – HIFU.  
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The assessment of a murine fibrosarcoma model provided described the steady state 

immune phenotype of different tissues in response to the tumour within the environment, 

including blood, spleen, lymph nodes and tumour tissue. This work described the role that 

the lymph nodes have in development of an immune in response to these tumours. Further 

to this, the response that the immune system had on the STS after it was treated with the 

immunogenic HIFU treatment was investigated. The study revealed that the dLNs had a vital 

role in the response with Tcm and Tregs being implicated. 

The transcriptomic assessment of clinical STS was able to assess these populations in 

human samples and aimed to determine the variability that can be seen with STS subtypes 

at baseline. As highlighted within this thesis, there are many STS subtypes and their TME with 

immune cells vary both by type as well as between individuals increasing the heterogeneity. 

This assessment showed that macrophages were prevalent in the clinical samples. These 

have previously been modulated in the murine HIFU model, making this of interest for future 

work.  

The fibroblasts were also of high importance within the clinical STS samples. These were 

highly abundant and were thought to affect the responses of the CD8 T cells. This may have 

limited the response of CD8 populations within the tumour of the murine model, although 

not assessed. Treg antigen activation was suggested by the modulation of this population in 

the dLNs of the murine model. Within the clinical STS, the identified Tregs expressed CCR7, 

a marker for lymph node migration suggesting the importance of antigen presentation for 

increased Treg abundance in STS. Although these findings were not conclusive, it would 

suggest that Tregs play a role in the reduced immune response in STS. 
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The immune populations of HIFU treated clinical RCC subtypes were then assessed to 

initially investigate the immunological changes in RCC following HIFU treatment. This 

assessment allowed for investigation of how tumour subtype differences, with the known 

differences of TME, can affect the immune responses following treatment. This may relate 

back to the STS tumour if HIFU treatment became available for these patients. The chapter 

briefly mentioned TLS, seen within the peritumour of an untreated pRCC, which may have 

been present in other ROIs. These have been associated with better prognosis in RCC, but 

they have also been associated with poor prognosis in STS. In any case they have been 

shown to affect the immune populations of tumours. Similar signatures from the RCC were 

seen in the STS, which demonstrated their prevalence in tumours.  

Within the analysis of clinical samples, IFN, macrophages and antigen presentation were 

seen in both the STS and RCC transcriptomic profiles in different contexts. In ccRCC 

tumours a lower antigen presentation phenotype (MHC-I and MHC-II) and macrophages 

abundance than pRCC. After treatment, the antigen presentation and macrophage genes 

were comparable between the two subtypes. The antigen presentation and macrophage 

genes were variable in the STS based on subtype. This finding may be recreated in the clinical 

STS subtypes, which was supported by the in vivo work with the increase in macrophages 

with higher HIFU treatment parameters. The difficulties of the murine fibrosarcoma model 

and the delicate balance between producing treatments that had minimal side effects and 

enough HIFU for response, meant that meaningful responses were minimal when HIFU was 

combined with additional immunotherapy was given (aPD-L1).  
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Understanding that immune population in different subtypes of STS and RCCs and in the 

case of RCC how they would respond to HIFU, was important in a basic science setting as 

well as to inform future immunotherapy treatment strategies. 

 

6.4 Future work 

Perhaps the most clinically relevant future work would be to determine macrophage 

polarisation after HIFU treatment to confirm the phenotype due to their abundance in the 

clinical samples from both the sarcoma and RCC samples. This may also help determine 

the mechanisms that are the strongest drivers. Another factor to consider is the expression 

of activation markers in the sarcoma in both the in vivo and clinical setting. Histological or 

in-depth single cell analysis of the tumours would allow for the extent and expression 

profiles of these cells to be specifically assessed.  These finding may not only be important 

for future treatments using HIFU in solitary or metastatic RCC, but also for other tumour 

treatments.  

The assessment of Treg and CD8 T cell receptor (TCR) repertoire in STS could assess the 

tumours and lymph nodes from the murine fibrosarcoma model and human patients at 

steady state and after HIFU therapy. This would be used to determine which cell type is 

expanding more and the extent of the involvement of the lymph nodes, especially for the Treg 

populations. This would be invaluable in being able to adjust immunotherapy strategies to 

provide more effective treatment options for patients. 

For advanced and metastatic cancers, despite the advances in immunotherapy, response 

remains limited to a small minority of patients with only transient responses. It is hoped that 

future personalised immunotherapies combined with targeted therapies (such as HIFU, 
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cryotherapy or microwave ablation) bolster treatment responses effects and improve 

patient prognosis. Further clinical studies will be required to continue to elucidate key 

immune pathways and the extent that individualised treatment is required. 
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Supplementary Figures 
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Supplementary Figure 2.1: Ethical approval letter from Oxford Radcliffe Biobank for the use of renal cell carcinoma tissue 
within this study. 



309 
 

 

Supplementary Figure 2.2: Ethical approval letter from Oxford Radcliffe Biobank for the use of soft tissue sarcoma tissue 
within this study. 
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Supplementary Figure 2.3: Research Ethics Committee letter 
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Supplementary Figure 3.1: Flow cytometry gating strategy for the assessment of T cell subpopulations in (A, E) blood, (B, F) lymph nodes, (C, G) spleen and (D) tumour from MCA205 growth pilot with 5 x 105 cell 
seeding density experiment. CD8 subpopulations are shown in A-D, with gating of (i) size selection based on forward and side scatter, (ii) single cells, (iii) live CD45 cells, (iv) CD3+CD45+ T cells, (v) CD4 and CD8 
T cell selection, (vi) CD8 T cell subpopulations including CD62L-CD44- T cells, T effector cells (Tem, CD62L-CD44T central memory cells (Tcm, CD62L+CD44+), naïve T cells (Tnaïve , CD62L+CD44), (vii) CD44 
fluorescence-minus-one (FMO) for population differentiation, (viii) CD62L fluorescence-minus-one (FMO) for population differentiation. CD4 subpopulations are shown in E-G with gating of (i) size selection 
based on forward and side scatter, (ii) single cells, (iii) live CD45 cells, (iv) CD3+CD45+ T cells, (v) CD4 and CD8 T cell selection, (vi) CD4 T cell subpopulations including CD4+CD25-FoxP3+ T cells, 
CD4+CD25+FoxP3- T cells, CD4+ regulatory T cells (Tregs, CD4+CD25+FoxP3+), and conventional CD4 T cells (Tconvs, CD4+CD25-FoxP3-), (vii) FoxP3 fluorescence-minus-one (FMO) for population 
differentiation. 



330 
 

 
Supplementary Figure 3.2: Representation of proportion of CD8 and CD4 T cells and subpopulations as a percentage of CD3+ T cells from flow cytometry analysis of (A) tumour (n = 7), (B) draining lymph nodes 
(dLN, n = 8), (C) contralateral lymph nodes (cLN, n = 8), (D) spleen (n = 7), and blood (CD4 n = 8, CD8 n = 6). From MCA205 growth pilot with 5 x 105 cell seeding density experiment. Blood had reduced replicated 
due to CD3 stain being poor in 2 samples, tumour and spleen had reduced replicates due to issue with acquisition. (Orange) CD4 T cells, (Salmon) CD4 T cells (Tconvs, CD4+CD25-FoxP3-), (Yellow) CD4+ 
regulatory T cells (Tregs, CD4+CD25+FoxP3+), (Red) CD4+CD25-FoxP3+ T cells, (purple) CD4+CD25+FoxP3- T cells. (Blue) CD8 T cells, (Dark green) CD8+ naïve T cells (Tnaïve, CD62L+CD44-), (Light green) T 
central memory cells (Tcm, CD62L+CD44+), (Dark purple) CD8+ T effector cells (Tem, CD62L-CD44+), (Magenta) CD8+CD62L-CD44- T cells. 
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Supplementary Figure 3.3: Flow cytometry gating strategy for the assessment of T cell subpopulations in (A, D) lymph nodes, and (B, E) spleen, (C) blood, and (F) tumour of MCA205 growth pilot with lower cell 
seeding density experiment. Groups included non-tumour bearing control, 1 x 105, 2 x 105. CD8 subpopulations are shown in A-B, with gating of (i) size selection based on forward and side scatter, (ii) single cells, 
(iii) live CD45 cells, (iv) CD3+CD45+ T cells, (v) CD4 and CD8 T cell selection, (vi) CD8 T cell subpopulations including CD62L-CD44- T cells, T effector cells (Tem, CD62L-CD44T central memory cells (Tcm, 
CD62L+CD44+), naïve T cells (Tnaïve , CD62L+CD44-), (vii) CD44 fluorescence-minus-one (FMO) for population differentiation, (viii) CD62L fluorescence-minus-one (FMO) for population differentiation. CD4 
subpopulations are shown in C-F with gating of (i) size selection based on forward and side scatter, (ii) single cells, (iii) live CD45 cells, (iv) CD3+CD45+ T cells, (v) CD4 and CD8 T cell selection, (vi) CD4 T cell 
subpopulations including CD4+CD25-FoxP3+ T cells, CD4+CD25+FoxP3- T cells, CD4+ regulatory T cells (Tregs, CD4+CD25+FoxP3+), and conventional CD4 T cells (Tconvs, CD4+CD25-FoxP3-), (vii) FoxP3 
fluorescence-minus-one (FMO) for population differentiation. 
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Supplementary Figure 3.4: Flow cytometry gating strategy for the assessment of T cell subpopulations in (A, C) lymph nodes, and (B, C) spleen of HIFU treated MCA205 induced fibrosarcoma. CD8 subpopulations 
are shown in A-B, with gating of (i) size selection based on forward and side scatter, (ii) single cells, (iii) live CD45 cells, (iv) CD3+CD45+ T cells, (v) CD4 and CD8 T cell selection, (vi) CD8 T cell subpopulations 
including CD62L-CD44- T cells, T effector cells (Tem, CD62L-CD44T central memory cells (Tcm, CD62L+CD44+), naïve T cells (Tnaïve, CD62L+CD44-), (vii) CD62L fluorescence-minus-one (FMO) for population 
differentiation. CD4 subpopulations are shown in C-D with gating of (i) size selection based on forward and side scatter, (ii) single cells, (iii) live CD45 cells, (iv) CD3+CD45+ T cells and CD19+ B cells, (v) CD4 and 
CD8 T cell selection from CD3+ T cells, (vi) CD4 T cell subpopulations including CD4+CD25-FoxP3+ T cells, CD4+CD25+FoxP3- T cells, CD4+ regulatory T cells (Tregs, CD4+CD25+FoxP3+), and conventional CD4 
T cells (Tconvs, CD4+CD25-FoxP3-. 
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Supplementary Figure 3.5: Flow cytometry gating strategy for the assessment of (A) Myeloid and (B-D) T cell subpopulations in (A, D) lymph nodes, (C) blood and (B) spleen of HIFU treated MCA205 induced 
fibrosarcoma. (A) Myeloid populations gated by (i) size selection based on forward and side scatter, (ii) single cells, (iii) live CD45 cells, (iv) CD3-CD45+ cells, (v) dendritic cells (DCs, CD45+CD3-CD11b-CD11c+), 
and CD11b cells for further selection including (vi) neutrophils (CD45+CD3-CD11b+CD11c-Gr1+) and Ly8C+ cells for further selection including (vii) F4/80 for selection of monocytes (CD45+CD3-CD11b+CD11c-
Gr1-Ly6C+F4/80-) and macrophages (CD45+CD3-CD11b+CD11c-Gr1-Ly6C+F4/80+), (viii) CD11b fluorescence-minus-one (FMO) for population differentiation, (ix) Ly6G fluorescence-minus-one (FMO) for 
population differentiation, (x) F4/80 fluorescence-minus-one (FMO) for population differentiation. CD8 subpopulations for spleen (B) with gating of  (i) single cells (ii) size selection based on forward and side 
scatter, (iii) single cells, (iv) live CD45 cells, (v) CD3+CD45+ T cells, (vi) CD4 and CD8 T cell selection, (vii) CD8 T cell subpopulations including CD62L-CD44- T cells, T effector cells (Tem, CD62L-CD44T central 
memory cells (Tcm, CD62L+CD44+), naïve T cells (Tnaïve , CD62L+CD44-), (viii) CD44 fluorescence-minus-one (FMO) for population differentiation, ) (ix) CD62L fluorescence-minus-one (FMO) for population 
differentiation. CD4 subpopulations (C and D) with gating of (i) size selection based on forward and side scatter, (ii) single cells, (iii) live CD45 cells, (iv) CD3+CD45+ T cells and CD19+ B cells, (v) CD4 and CD8 T 
cell selection from CD3+ T cells, (vi) CD4 T cell subpopulations including CD4+CD25-FoxP3+ T cells, CD4+CD25+FoxP3- T cells, CD4+ regulatory T cells (Tregs, CD4+CD25+FoxP3+), and conventional CD4 T cells 
(Tconvs, CD4+CD25-FoxP3-), (vii) FoxP3 fluorescence-minus-one (FMO) for population differentiation. 
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Supplementary Figure 3.6: Flow cytometry gating strategy for the assessment of (A) PD-L1+ selection of cancer cells and CD45+ leukocytes for assessment of tumours treated with HIFU and PD-L1 immunotherapy, 
(i) Myeloid and (B-E) T cell subpopulations in (A, E) lymph nodes, (B, D) blood and (C) spleen of HIFU treated MCA205 induced fibrosarcoma by (i) single cells, (ii) size selection based on forward and side scatter, 
(iii) live cells, (iv) CD45 selection for differentiation of immune cells from cancer cells, (v) PD-L1 selection of CD45+ cells (blue) compared to fluorescence-minus-one (red), (vi) selection of CD45-CD3-cancer 
cells, (vii) CD29+ cancer cells, (viii) PD-L1+ cells (blue) compared to FMO (red) control. Myeloid populations of (B) tumour tissue and (C) lymph nodes gated by (i) size selection based on forward and side scatter, 
(ii) single cells, (iii) live CD45 cells, (iv) CD3-CD45+ cells, (v) dendritic cells (DCs, CD45+CD3-CD11b-CD11c+), and CD11c- cells for further selection including (vi) MHC-II+ DCs (blue) compared to fluorescence-
minus-one control (FMO, red), (vii)  CD11b+CD11c- myeloid cells, (viii) neutrophils (CD45+CD3-CD11b+CD11c-Gr1+) and Ly8C+ cells for further selection including (ix) F4/80 for selection of monocytes 
(CD45+CD3-CD11b+CD11c-Gr1-Ly6C+F4/80-) and macrophages (CD45+CD3-CD11b+CD11c-Gr1-Ly6C+F4/80+), (x) MHC-II expression on monocytes (blue) based on fluorescence-minus-one control (FMO, 
red), (xi) MHC-II expression on macrophages (blue) based on fluorescence-minus-one control (FMO, red). For tumour (B), (xii) CD11c fluorescence-minus-one (FMO) for population differentiation, (xiii) F4/80 
fluorescence-minus-one (FMO) for population differentiation, or lymph nodes (C) (xii) F4/80 fluorescence-minus-one (FMO) for population differentiation. T cell subpopulations for (D) tumour tissue and (E) lymph 
nodes with gating of (i) size selection based on forward and side scatter, (ii) single cells, (iii) live CD45 cells, (iv) CD3+CD45+ T cells, (v) CD4 and CD8 T cell selection, (vi) CD4 T cell subpopulations from CD4 gate 
including CD4+CD25-FoxP3+ T cells, CD4+CD25+FoxP3- T cells, CD4+ regulatory T cells (Tregs, CD4+CD25+FoxP3+), and conventional CD4 T cells (Tconvs, CD4+CD25-FoxP3-), (vi) CD8 T cell subpopulations 
from CD8 population including CD62L-CD44- T cells, T effector cells (Tem, CD62L-CD44T central memory cells (Tcm, CD62L+CD44+), naïve T cells (Tnaïve , CD62L+CD44-), (viii) FoxP3 fluorescence-minus-one 
(FMO) for population differentiation, (ix) CD62L fluorescence-minus-one (FMO) for population differentiatio.
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Supplementary Figure 4.1: Top 150 genes differentially expressed between all ROIs identified comparing the UPS and LMS 
samples. 

Gene logFC adjPVal Gene logFC adjPVal Gene logFC adjPVal
ACTG2 -6.28 1.33E-24 CALD1 -1.98 6.12E-08 CRIP2 1.73 2.78E-06
CNN1 -4.86 1.33E-24 CSRP2 -1.61 6.12E-08 PLXND1 1.29 2.81E-06
MYH11 -4.55 7.41E-23 TSPY1 1.70 6.39E-08 DVL1 0.99 2.84E-06
MYLK -5.10 2.27E-21 TMEM30B -1.13 6.8E-08 ING1 1.05 2.86E-06
CSRP1 -3.79 1.42E-17 PLS3 -1.68 6.84E-08 ADAP1 1.43 2.94E-06
MYL9 -4.25 2.82E-17 NUDT3 1.16 9.91E-08 UGCG 1.83 3.14E-06
SBSPON -2.39 3.25E-16 RASSF3 -1.32 1.56E-07 CASQ2 -1.49 3.14E-06
TAGLN -3.95 7.61E-16 ITPR1 -1.19 1.61E-07 DDX4 -1.73 3.2E-06
SYNPO2 -3.01 8.3E-15 TCEAL4 -1.58 1.98E-07 LTBP1 -1.47 3.81E-06
LMOD1 -2.27 3.76E-14 AKAP1 -1.33 2.24E-07 MACF1 -1.35 3.81E-06
TPM2 -3.31 5.04E-14 PPP1R14A -1.23 2.82E-07 ITIH5 -1.23 4.06E-06
ACTN1 -2.66 2.86E-13 PFKP -1.49 3.2E-07 PRPF4B 1.26 4.16E-06
ACTA2 -4.43 7.45E-13 LDOC1 -1.78 3.2E-07 TUBB6 -1.29 4.18E-06
SORBS1 -2.25 1.29E-12 IRAG1 -1.37 3.23E-07 ACTN4 -1.17 4.18E-06
TPM1 -3.42 3.5E-12 WDR1 -1.37 3.26E-07 DPYSL3 -1.47 4.37E-06
AOC3 -1.84 6.85E-12 ZNF432 2.11 3.42E-07 SERTM2 -2.12 4.63E-06
SLMAP -1.90 1.37E-11 PDK3 -1.28 3.8E-07 POU1F1 1.29 4.84E-06
SELENOM -1.83 1.52E-11 DPYD 1.12 4.15E-07 CT47A10 2.56 5.14E-06
PPP1R12B -2.42 6.2E-11 C11orf96 -2.14 4.15E-07 CKMT2 -1.04 5.14E-06
MCAM -2.30 6.2E-11 SYNM -1.78 5.19E-07 IP6K2 0.95 5.29E-06
SPECC1 -2.12 6.2E-11 CA3 -1.58 6E-07 CFD 1.27 5.45E-06
RASL12 -1.99 9.7E-11 ALCAM -1.11 6.01E-07 TAF8 0.93 5.55E-06
SREBF1 2.89 1.22E-10 PLCG1 1.33 6.6E-07 CEBPB 2.22 6.11E-06
MAOB -1.68 2.02E-10 SH3D19 -1.51 7.42E-07 H2BC4 1.42 6.3E-06
NID1 -1.88 2.21E-10 PI15 -1.45 7.7E-07 FMOD -1.28 6.3E-06
PDLIM3 -2.35 5.86E-10 CAV2 -1.24 7.7E-07 ACTC1 -2.66 6.55E-06
FBXO32 -1.95 9.04E-10 ACTRT1 -1.13 8.89E-07 TUB -1.56 6.55E-06
HSPB6 -2.36 1.04E-09 KCNH2 -1.08 8.89E-07 H2BC7 1.47 7.09E-06
ALDH1B1 -1.83 1.82E-09 ASB2 -1.46 9.88E-07 TNFAIP1 -1.35 7.32E-06
MYOCD -2.32 1.82E-09 PDK4 -1.87 1.01E-06 CD163L1 1.29 7.37E-06
CHRDL1 -1.88 2.65E-09 MARCKS 2.30 1.03E-06 LARGE1 -0.83 7.7E-06
GSN -2.15 3.24E-09 CD9 -1.67 1.03E-06 RAB9B -1.19 7.72E-06
ACOT1 -1.30 3.24E-09 LPP -1.57 1.04E-06 MAFK 1.87 7.78E-06
CFL2 -1.41 3.31E-09 KHDRBS3 -1.04 1.04E-06 NIBAN1 -1.31 7.89E-06
DSTN -2.40 4.52E-09 EPN1 1.44 1.09E-06 HSPB8 -1.61 7.91E-06
FERMT2 -1.68 6.12E-09 MYADM -1.13 1.09E-06 TSNAX -1.63 8.45E-06
PALLD -1.97 8.68E-09 PDLIM5 -1.23 1.1E-06 FEM1B -0.95 8.52E-06
CDC42EP3 -1.52 9.71E-09 IL17B -1.10 1.29E-06 KLHL23 -1.14 8.57E-06
CLU -2.32 1.2E-08 RBM26 1.15 1.35E-06 CGGBP1 2.13 9.15E-06
PAK3 -1.69 1.47E-08 MAP3K20 -1.24 1.35E-06 DAPK1 1.14 9.15E-06
SPARCL1 -2.67 2.03E-08 LDHB -1.30 1.58E-06 ODF2L 0.93 9.15E-06
ACOT2 -1.24 2.29E-08 FHL1 -2.11 1.63E-06 PBX1 -1.24 9.15E-06
SLC25A37 1.30 2.74E-08 SPANXN5 -1.17 1.63E-06 TCEAL1 -1.01 9.15E-06
KCNMB1 -1.48 3.56E-08 CD40 1.41 2.26E-06 MERTK 1.12 9.39E-06
VCL -1.53 3.63E-08 CRIP1 1.92 2.36E-06 ZC3HC1 -1.09 9.4E-06
PCP4 -2.88 4.69E-08 C3orf38 1.87 2.36E-06 HSD17B4 1.30 9.98E-06
FLNA -2.42 5.04E-08 PDLIM7 -1.26 2.36E-06 SLC9A8 1.00 9.98E-06
MGST3 -1.48 5.43E-08 VGLL3 2.33 2.38E-06 NTF3 -0.92 1E-05
MAMDC2 -1.37 5.48E-08 SPEG -1.32 2.61E-06 FILIP1L -1.17 1.03E-05
PPP2R1A 2.52 5.52E-08 LUC7L 1.24 2.69E-06 MYOC -1.21 1.07E-05
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Supplementary Figure 4.2: Top 150 genes differentially expressed within the tumour border ROIs identified comparing the 
UPS and LMS samples. 
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Supplementary Figure 4.3: Top 150 genes differentially expressed within the central tumour ROIs identified comparing the 
UPS and LMS samples. 
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Supplementary Figure 4.4: All differentially expressed genes comparing areas of high immune infiltration to areas of low 
immune infiltration within the LMS tumour subtype. 

Gene logFC adjPVal
TRBC1 1.41 1.9E-05
FYB1 0.70 0.001744
LIMD2 0.83 0.001744
HLA-DPB1 1.19 0.001744
GIMAP4 0.64 0.001922
IL32 1.09 0.001922
HLA-DPA1 1.42 0.001922
LYZ 1.58 0.001922
GIMAP7 0.60 0.004206
HLA-DQB1 1.29 0.004237
HLA-E 1.09 0.004968
FGL2 0.63 0.005511
STAT1 1.03 0.005511
ITGAL 0.53 0.005531
HLA-F 0.70 0.005531
CCL5 0.71 0.005531
HLA-DRA 1.09 0.005531
HLA-DRB1 1.45 0.005531
LCP1 1.06 0.006787
HLA-DQA1 0.93 0.006947
ARHGDIB 0.63 0.0071
LCP2 0.77 0.007386
PECAM1 0.63 0.007976
GBP5 0.84 0.007976
IGHG1 2.00 0.008133
COTL1 0.84 0.00853
CCND2 0.52 0.008901
TRIM22 0.69 0.008938
PTPRC 0.76 0.008938
CXCL9 1.48 0.008938
UBD 0.58 0.010431
SEMA4D 0.51 0.011742
IGKC 2.30 0.012112
KLRG1 0.52 0.012217
CD74 1.72 0.012635
CD2 0.59 0.01359
LAP3 0.66 0.01359
IGHG4 2.17 0.013706
C1S 0.88 0.017317
IGHG3 2.10 0.017317
CD3E 0.57 0.020687
TRAC 0.53 0.021586
HLA-DMA 0.83 0.022261
IGHG2 2.03 0.023034
GMFG 0.55 0.023377
CYBA 0.71 0.049227
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Supplementary Figure 4.5: Comparing areas of different infiltration within PMS tumours type assessed by 
immunofluorescence during ROI selection. Volcano plots showing differential expressed genes within comparing (left) low 
infiltration and (right) high infiltration with log2 FC indicates the relative expression level changes for each gene compared 
to each other with P adj = 0.05 significance level. Pathway analyses upregulated differentially expressed genes from (B) 
highly infiltrated LMS ROIs, Padj value of 0.5. Green points represent genes that were expressed above the fold change 
threshold but were not above the Padj value and genes represented in black were not statistically different between the 
variables being described.  
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Supplementary Figure 4.6: Top 150 genes differentially expressed comparing the transcriptomic profile at the tumour 
border to areas outside the tumour border in the UPS tumour type. 

Gene logFC adjPVal Gene logFC adjPVal Gene logFC adjPVal
TNNT3 -3.23 2.7E-07 FCN1 -1.27 1.46E-05 CD3E -1.05 7.16E-05
TTN -2.89 6.99E-07 ITGAL -1.22 1.65E-05 HOMER3 1.05 7.16E-05
RND3 1.62 9.59E-07 PTPRK 1.27 1.7E-05 DNTTIP1 1.01 7.21E-05
PPP2R1A 1.96 9.59E-07 CD2 -1.25 1.87E-05 DDAH2 1.23 7.21E-05
LLGL1 1.66 1.57E-06 PMP22 1.38 1.87E-05 GABRE 1.13 7.4E-05
MYH1 -2.82 2.03E-06 ITPKB -1.24 1.91E-05 IL7R -1.79 7.6E-05
TRBC1 -1.99 2.06E-06 ATP8A1 -1.28 2.14E-05 HEG1 1.18 7.68E-05
CKM -2.39 3.5E-06 PIM2 -1.62 2.18E-05 HLA-B 1.85 7.91E-05
SFRP2 -1.75 3.5E-06 PYHIN1 -1.07 2.22E-05 TUBA1C 1.49 8.08E-05
PTX3 3.01 3.5E-06 TUBB2A 1.25 2.22E-05 SAA2 -1.22 8.09E-05
CDKN1B -1.48 3.53E-06 PXDC1 1.37 2.22E-05 FAM50A 0.97 8.09E-05
CT47A10 2.02 3.53E-06 CYTIP -1.61 2.67E-05 CTSA 1.65 8.09E-05
USP22 1.21 3.67E-06 TNFAIP3 -1.21 2.67E-05 IL2RB -1.07 8.31E-05
ACTA2 -2.10 3.68E-06 COPS3 1.48 2.67E-05 SCARB2 1.19 8.42E-05
TNNC2 -2.63 3.81E-06 B4GALT5 1.70 2.78E-05 JAK3 -1.14 8.56E-05
TRAC -1.56 3.81E-06 TNNI2 -1.90 2.85E-05 CCDC88B -1.03 8.56E-05
DBNDD2 1.63 3.81E-06 TSC22D3 -1.18 2.87E-05 EBNA1BP2 1.04 8.56E-05
MFAP2 1.89 3.81E-06 RRAD -2.12 3.18E-05 RESF1 -1.16 8.6E-05
FOS -2.27 3.82E-06 DAB2 1.07 3.18E-05 CD69 -1.41 8.74E-05
ACTN2 -1.64 3.82E-06 PLTP 1.43 3.49E-05 KLRK1 -1.20 9.05E-05
MZB1 -1.54 3.82E-06 CRIP2 1.32 3.75E-05 BTG2 -1.38 9.62E-05
CCL5 -1.54 3.82E-06 RASAL3 -1.08 3.78E-05 NKG7 -0.94 9.62E-05
CXCR4 -1.40 3.82E-06 COLGALT1 1.11 3.82E-05 FGF2 1.57 9.63E-05
ANGPTL2 1.37 3.82E-06 ALDH3A2 1.29 4.25E-05 PSTPIP1 -1.22 0.000103
ANKRD30A 1.93 3.82E-06 SYTL1 -1.13 4.32E-05 SREBF1 1.43 0.000107
ARHGEF1 -1.32 5E-06 PIK3CD -1.05 4.32E-05 NR4A1 -1.16 0.000108
CGGBP1 1.51 5.23E-06 OLFML2A 1.57 4.35E-05 DPM1 1.12 0.000108
RAC2 -1.50 5.44E-06 FBN2 1.35 4.83E-05 POLD2 1.23 0.000109
TPM1 -1.51 5.74E-06 MAFK 1.53 5.1E-05 TNNC1 -1.04 0.000109
RPS27 -1.16 5.74E-06 DDX24 0.98 5.22E-05 ADD3 -0.84 0.00011
MGP -1.88 6.08E-06 TNXB 1.71 5.27E-05 TBRG4 1.04 0.00011
TCAP -2.42 6.42E-06 PTPRCAP -1.47 5.29E-05 MYBL2 1.88 0.000114
CORO1A -1.37 6.42E-06 KANK2 1.32 5.29E-05 VPS37A 1.18 0.000129
PEMT 1.33 6.83E-06 ARFGEF2 1.14 5.47E-05 LUM -2.02 0.000132
GPR183 -1.29 7.04E-06 CHMP2B 1.42 5.7E-05 EIF3B 0.98 0.000132
EPHB2 1.24 7.04E-06 PRKCH -1.13 5.92E-05 PFDN4 1.14 0.000132
CDK4 1.23 7.27E-06 MEX3D 0.98 5.97E-05 SEMA4D -1.13 0.000144
MPRIP 1.33 7.92E-06 ALKBH5 1.26 5.98E-05 ARHGAP45 -1.23 0.000148
CRYAB -1.72 8.41E-06 IER3IP1 1.32 5.98E-05 SLC35C2 1.10 0.000151
ACTA1 -2.63 8.53E-06 CD27 -1.04 6.02E-05 MORF4L2 0.99 0.000152
MMP14 2.08 1.08E-05 PKD1 1.16 6.02E-05 ARHGAP15 -1.00 0.000153
TNC 1.93 1.13E-05 VIM 1.20 6.02E-05 PSMA7 1.26 0.000153
PTPRC -1.37 1.16E-05 SPC24 1.30 6.29E-05 ZNF841 1.52 0.000153
UBE2C 2.19 1.16E-05 SIK1 -1.13 6.38E-05 DBN1 1.11 0.000161
MYL1 -2.11 1.17E-05 C3orf38 1.49 6.4E-05 GNLY -1.37 0.000163
THBS4 -1.77 1.22E-05 H1-3 -1.36 6.45E-05 LMNA 1.01 0.000163
PEDS1 1.20 1.22E-05 RGS16 -1.53 6.61E-05 CDC42EP4 1.11 0.000163
UBE2S 1.42 1.25E-05 CST7 -1.11 6.61E-05 ADCY3 1.17 0.000163
FCMR -1.29 1.39E-05 NR2F1 1.27 6.61E-05 TAF13 1.20 0.000163
FAM20C 1.54 1.41E-05 KDELR2 1.39 6.64E-05 EGR1 -1.37 0.000164
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Supplementary Figure 4.7: Top 150 differentially expressed genes comparing the transcriptomic profile at the tumour 
border to central tumour in the UPS tumour type. 

Gene logFC adjPVal Gene logFC adjPVal Gene logFC adjPVal
IGF2 1.58 2.13E-05 RAP2B 0.58 0.008809 NR1H3 0.82 0.018528
HLA-DQA1 1.49 0.000224 LUC7L3 -0.69 0.008846 FAM20A 0.60 0.019765
B2M 1.22 0.000309 CPVL 0.70 0.00908 SQOR 0.64 0.019967
LGALS3 1.01 0.000426 IRF1 0.81 0.00908 DNASE2 0.68 0.019967
SERPINF1 1.08 0.000426 LAMB1 0.75 0.009318 ANGPTL2 0.57 0.021953
IRF8 0.94 0.000495 H2BC9 0.70 0.009665 C1QC 1.35 0.021989
ADAMDEC1 1.04 0.000495 FCER1G 0.90 0.009754 CST3 1.07 0.02224
CGGBP1 -1.00 0.000584 CTSC 0.87 0.010391 FCGRT 0.97 0.022521
TPP1 0.84 0.001157 IGKC 3.23 0.010787 EVI2B 0.54 0.022552
SRGN 0.96 0.001157 DHRS7 0.71 0.010946 ACTN1 0.57 0.023454
GBP2 0.96 0.001582 CLEC14A 0.80 0.010946 APOBEC3C 0.69 0.023454
CTSH 0.85 0.001676 ATOX1 0.67 0.011424 CTSB 0.99 0.023454
ENPP2 0.93 0.001757 PLVAP 0.67 0.011581 CCDC13 -1.00 0.025686
ALDH2 0.81 0.001879 NPIPA1 -0.65 0.011729 ST14 0.61 0.025686
CAPG 0.98 0.001879 ECHDC2 -0.66 0.011825 PRKCH 0.62 0.025686
NPC2 0.88 0.002553 IGHG3 2.71 0.011825 SGPL1 0.64 0.025686
PLTP 0.97 0.002747 KRTAP5-8 -0.90 0.012427 CXCL16 0.72 0.025686
HLA-DQB1 1.22 0.002894 PDHA2 -0.92 0.012433 IFI16 0.50 0.025867
HLA-DRA 1.28 0.002894 HLA-B 1.12 0.012433 ZNF346 -0.64 0.026043
IGHG4 2.98 0.002894 LYZ 1.52 0.012433 TTC19 -0.64 0.026043
NCKAP1L 0.74 0.003044 SLC5A10 -0.73 0.012671 CD68 0.98 0.026043
TNFSF10 0.76 0.003044 LCP1 0.89 0.012671 IFI30 1.01 0.026043
LILRB4 0.85 0.003044 TMEM176B 1.04 0.012671 ZNF614 -0.82 0.02697
H3C7 0.94 0.003044 CYBA 0.72 0.013072 EPC1 -0.59 0.02697
RARRES1 1.00 0.003044 HLA-DMB 0.75 0.013072 SREBF1 -0.76 0.027236
TYROBP 0.94 0.003144 GBP4 0.58 0.013144 CIITA 0.62 0.027236
IFITM3 0.76 0.003228 SLCO2B1 0.85 0.013399 MPRIP -0.56 0.028055
IL32 0.81 0.003228 SAMHD1 0.78 0.013536 ARL6IP5 0.62 0.028055
ASAH1 1.02 0.003228 WARS1 0.85 0.013536 MZT2B -0.89 0.028175
IGHG1 2.31 0.003228 CD4 0.96 0.013724 TRAC 0.62 0.028175
SDCBP 0.76 0.003838 ZNF654 -0.75 0.013957 FXYD5 0.66 0.028289
CTSS 1.30 0.003838 RNASEH2B 0.57 0.013957 HLA-DQA2 0.84 0.028768
USP22 -0.60 0.004097 JCHAIN 1.12 0.013957 CRKL -0.66 0.030186
TMEM176A 0.78 0.004097 DHRS1 -0.82 0.014335 LAP3 0.79 0.03043
GIMAP4 0.80 0.004097 ABRACL 0.58 0.014335 SDC3 0.62 0.03133
ITM2B 1.05 0.004289 TSPAN14 0.59 0.014454 ALDH1A1 0.61 0.031341
APOC2 0.93 0.004909 TTC33 -0.66 0.015301 RPS13 0.54 0.031738
A2M 1.25 0.004909 SYNGR2 0.81 0.015301 C1R 0.60 0.032365
HLA-DRB1 1.44 0.004909 TYMP 0.92 0.015301 ETS1 0.60 0.03267
APOE 1.48 0.004909 CDH5 0.77 0.015796 CSF2RB 0.53 0.032795
IGLL5 2.04 0.004909 HLA-DMA 0.91 0.015796 TNFRSF1B 0.52 0.033114
LSP1 0.85 0.005344 IFITM1 0.68 0.017789 TBC1D13 -0.56 0.033437
IGHA1 2.12 0.005656 SIGLEC10 0.68 0.018028 FPR3 0.60 0.033713
HLA-DPB1 1.22 0.005807 COTL1 0.71 0.018028 CMTM6 0.56 0.033766
PECAM1 0.98 0.006129 LMO2 0.58 0.018066 SH3GLB1 0.58 0.034392
PNN -0.62 0.006191 HLA-DOA 0.77 0.018066 IDH1 0.60 0.03681
LY96 0.67 0.006479 PDGFRA 0.86 0.018066 STPG2 -1.00 0.037791
SECTM1 0.71 0.006479 CD14 1.02 0.018066 EIF3E 0.52 0.037867
APOC1 1.62 0.007017 GBP5 0.81 0.018293 BCL3 0.56 0.037867
IGHG2 2.55 0.007936 FLNA -0.53 0.01843 BMERB1 -0.70 0.03895
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Supplementary Figure 4.8: Comparing the transcriptomic profile of highly infiltrated ROIs at the tumour border to central 
tumour in the UPS tumour type assessed by immunofluorescence during ROI selection. (A) Volcano plots showing 
differential expressed genes comparing (left) central tumour and (right) the tumour border, log2 FC indicates the relative 
expression level changes for each gene compared to each other with P adj = 0.5 significance level. (B) pathway analyses of 
upregulated differentially expressed genes from regions inside the tumour border when compared to central tumour, with 
a Padj value of 0.5. Green points represent genes that were expressed above the fold change threshold but were not above 
the Padj value and genes represented in black were not statistically different between the variables being described.  
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Supplementary Figure 4.9: All differentially expressed genes comparing the transcriptomic profile of CD45+CD8+ T cells 
from segmented ROIs in LMS tumour comparing tumour border to central tumour. 

  

Gene logFC adjPVal Gene logFC adjPVal
SUPT7L 3.03406 1.04E-11 DFFA -1.13641 0.040145
SERTM2 -2.64492 4.99E-09 PIM3 -1.13196 0.046694
C4orf46 -2.96878 1.43E-08 JUNB -1.92037 0.046797
GAGE10 -2.39509 6.3E-08 CRYAB 1.896581 0.046797
ACTG2 -2.69904 1.15E-07 SYF2 -1.35573 0.047031
IGHG3 -2.52705 1.53E-07 PPDPF -1.82807 0.047031
RPS4Y1 2.570554 0.00022 LNX2 -1.17822 0.048524
IFI6 -1.80722 0.002025 TNFRSF21 -1.45785 0.04928
SPDYE5 -1.8728 0.002753
IGHG2 -2.00194 0.002753
KRTAP5-8 -1.6506 0.003091
FOXD4L5 -1.73133 0.003222
VIM 1.919108 0.004392
ZNF616 -1.61649 0.005494
PCP4 -2.17757 0.006974
FCF1 -2.34254 0.007724
HLA-DRB1 1.735754 0.007724
FLNA -1.80662 0.007724
IGHG1 -1.97222 0.011021
CXCL9 2.049263 0.011021
FABP4 -1.95077 0.01133
CACNB3 -1.37136 0.013223
TLE6 -1.35298 0.013223
CD8A -1.90567 0.013223
KRT8 -1.49408 0.013223
USP17L3 -2.09314 0.015322
RBBP7 -2.03097 0.015322
LMO3 -1.47156 0.015953
PRMT8 -1.7327 0.015953
PRPS2 -2.00281 0.015953
DACT3 -1.44223 0.015953
ACTC1 -2.16883 0.015953
TCEA2 -1.43821 0.016524
REV3L -1.41587 0.023381
SLAMF6 -1.2841 0.024372
BHMT2 -1.33438 0.024372
TUFM -1.43139 0.026578
GLRX -1.57813 0.027033
E2F1 -1.73066 0.035652
CKB -2.00154 0.036969
GADD45B -1.57504 0.037135
IGHM 1.973901 0.037135
CD320 -1.54415 0.037135
IFI44L -1.40469 0.037135
MCRIP2 -1.48355 0.037135
KLHL23 -1.36456 0.037135
BCKDHB -1.17045 0.037135
COL1A1 1.942705 0.037897
EIF1AX -1.85651 0.037897
TMEM158 -1.05028 0.040145


