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Abstract 
Primary breast tumours are characterised by a dense extracellular matrix 

(ECM), with accumulation of collagen and hyaluronan (HA). This stromal 

dense phenotype is associated with tumour progression, metastasis and 

poor drug delivery. PEGPH20 degrades HA and has been shown to 

improve tumour response to therapy. Imaging biomarkers which inform on 

therapeutic efficacy may accelerate development of ECM targeted 

therapies.  

This PhD used a pre-clinical multiparametric MRI approach to identify 

imaging biomarkers that can inform on breast tumour response to 

PEGPH20. Multiparametric MRI was performed before and after 

PEGPH20 treatment in three in vivo breast tumour models with different 

baseline HA accumulation and included MRI relaxometry (T1 and T2), 

magnetisation transfer (MT) imaging, diffusion weighted imaging (DWI), 

intrinsic susceptibility MRI (R2*), and MR elastography (MRE).  

4T1/HAS3 tumours had the highest baseline HA accumulation. In this 

model, T1, T2, and the apparent diffusion coefficient (ADC) decreased and 

MT ratio (MTR) and R2* increased following PEGPH20 treatment. 

However, T1, T2, MTR and R2* were not significantly different following 

PEGPH20 in MDA-MB-231 LM2-4 and 4T1 tumours which had lower 

baseline HA accumulation. There was a decrease in ADC in MDA-MB-231 

LM2-4 tumours following PEGPH20, suggesting that this biomarker is the 

most sensitive to HA degradation. Despite no significant difference in ADC 

in 4T1 tumours, spatial correspondence between ADC and HA was 

apparent. The reduction in ADC is likely due to a PEGPH20-induced 

reduction of the extracellular space. In addition, of all the MRI biomarkers 

evaluated, ADC had the strongest correlation with percent HA.  

Tumour viscoelastic properties, measured by MRE, increased following 

PEGPH20 in MDA-MB-231 LM2-4 breast tumours. Elevated stiffness is 

associated with tumour progression and so these data suggest a potentially 
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negative effect of PEGPH20. No change in viscoelastic properties was 

apparent following PEGPH20 in 4T1 and 4T1/HAS3 tumours.  

In conclusion, this project revealed that ADC is the most sensitive 

biomarker of HA accumulation and its therapeutic degradation by 

PEGPH20. In addition, the increase in MDA-MB-231 LM2-4 tumour 

viscoelastic properties following PEGPH20 may be an early sign of tumour 

progression and indicate a negative effect of targeting the tumour 

associated ECM, but further investigation is needed.   
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Figure 1.1: (A) Increased mammographic density (MD) of breast tissue is 

associated with a higher risk of breast cancer. (B & C) High MD is linked to 

elevated collagen deposition, quantified by Masson’s trichrome staining (blue). 

Images from [7]. Scale bar: 100µm and 50µm (insert). 

Figure 1.2: Functions of the extracellular matrix (ECM), taken from [10]. 

Figure 1.3: The altered microenvironment of tumours. Accumulation of ECM 

components can drive malignancy, act as a barrier to drug delivery, and is 

associated with poor patient prognosis. Image from [12]. 

Figure 1.4: The influence of the extracellular matrix (ECM) on the hallmarks of 

cancer. Eight hallmarks are highlighted in different coloured boxes and the ECM 

impact is noted in the same colour beside each box. N.B. this is a general 

summary and is not applicable to all cancer types. Image created using [18, 19]. 

Figure 1.5: Graphical representation of the modified TSG-6 probe (HTI-601) used 

for HA detection. Information from [70]. Red stars represent three lysine to alanine 

mutations which decrease heparin binding activity by 90%. 

Figure 1.6: The physical microenvironment of tumours. Elevated interstitial fluid 

pressure (IFP), solid stress, and stiffness are the three major features of the 

tumour physical microenvironment and all hinder drug delivery. Image from [72]. 

Figure 1.7: Graphical representation of a soft and deformable cancer cell 

migrating out of a highly pressurised and stiff tumour microenvironment (TME). 

Black arrows represent pressure which compresses blood vessels in the TME. 

Figure 1.8: IFP map and corresponding IFP values from a pre-clinical lung tumour 

measured using CE-MRI. IFP was lower at the tumour periphery. Figure from [99]. 
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Figure 1.9: A schematic of PEGPH20 treatment effects as a monotherapy and in 

combination with chemotherapy – adapted from [15]. Cancer and stromal cells 

are shown in blue and orange respectively. PEGPH20 can degrade HA (yellow), 

decompress blood vessels (red), and improve chemotherapy delivery (dark blue 

dots). 

Figure 1.10: Measurement of viscoelastic properties with magnetic resonance 

elastography (MRE). The characteristics of the propagating mechanical wave will 

change depending on the local stiffness and viscosity of the tissue or phantom. 

Imaging the wave propagation with MRE can give, under certain simplifying 

assumptions, an estimate of the viscoelastic properties. Wave images provided 

by Professor Ralph Sinkus. 
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Figure 2.1: Mould used to manufacture gelatine phantoms. The 3D printed design 

is identical in semi-cylindrical shape to the MRE set up (diameter 35 mm, length 

80 mm). 

Figure 2.2: Graphic describing the in vivo workflow used throughout this thesis. 

Pre-treatment MRI was performed when tumour reached sufficient size. Mice 

were then given 5 hours to recover from the anaesthesia before either saline or 

PEGPH20 (1 mg/kg) was administered intravenously. MRI was repeated 24 hours 

after treatment. After post-treatment MRI a terminal IFP measurement was taken, 

mice were killed (by cervical dislocation), and tumours were bisected at the MRI 

plane. One tumour half was embedded in formalin for histology and the other was 

weighed and freeze dried for estimation of tumour water content. 

Figure 2.3: Graphical representation of the purpose-built MRE platform used. 

Figure adapted from [157]. During MRE, a mechanical vibration is generated by 

an electromagnetic shaker, transmitted through a flexible nylon rod to a square 

piston which is in direct contact with the tumour or phantom. A cantilever allows 

conversion of the horizontal vibration of the shaker into vertical vibrations onto the 

tissue or phantom. 
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the size of the subject. Typically, a 5 mm semi-curved piston was used for 4T1 

and 4T1/HAS3 tumours and a 3 mm semi-curved piston was used for MDA-MB-
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Figure 3.1: Multiparametric MRI of gelatine phantoms. Representative T1, T2, 

MTR and ADC maps are shown, alongside anatomical T2-weighted (T2w) images, 

for gelatine phantoms with concentrations of 6, 8, 10 and 12% (w/w). For each 

phantom, a region of interest (ROI; black dashed rectangle) was drawn within the 

shimmed region to calculate median T1, T2, MTR and ADC values. 

Figure 3.2: Plots of T1 (Pearson’s correlation coefficient r = -0.76, p = 0.03), T2 (r 

= -0.96, p = 0.0002), MTR (r = 0.94, p = 0.0004) and ADC (r = -0.90, p = 0.003) 

against gelatine phantom concentration (weight/weight percentage). Median 

values from each individual phantom are plotted (n = 2 for each concentration 

tested). 

Figure 3.3: 4T1, 4T1/HAS3 and MDA-MB-231 LM2-4 tumour growth. Here 

tumour volume was measured using callipers. Each black line connects the data 

points from each individual tumour (4T1 n = 13, 4T1/HAS3 n = 23, and MDA-MB-

231 LM2-4 n = 23). Tumour volume is shown up until the day of pre-treatment 

MRI. The doubling times for 4T1, 4T1/HAS3 and MDA-MB-231 LM2-4 tumours 

were 2.6 days, 2.4 days and 4.3 days respectively. 
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Figure 3.4: Anatomical T2-weighted (T2w) MRI and parameter maps of T1, T2, 

MTR and ADC, for a representative 4T1, 4T1/HAS3 and MDA-MB-231 LM2-4 

tumour prior to and 24 hours after saline. The tumour ROI from which necrosis 

was excluded is shown by a white dashed line on the T2-weighted images. The 

artefact on the 4T1 tumour ADC parametric maps was excluded from quantitative 

analyses. 

Figure 3.5: Anatomical T2-weighted (T2w) MRI and parameter maps of T1, T2, 

MTR and ADC, for a representative 4T1, 4T1/HAS3 and MDA-MB-231 LM2-4 

tumour prior to and 24 hours after PEGPH20 treatment (1 mg/kg). The tumour 

ROI from which necrosis was excluded is shown by a white dashed line on the 

T2-weighted images. 

Figure 3.6: MRI-derived tumour volume and median T1, T2, MTR and ADC for 

4T1, 4T1/HAS3 and MDA-MB-231 LM2-4 tumours pre-saline, post-saline, pre-

PEGPH20 and post-PEGPH20 (1 mg/kg). Data from each individual tumour are 

plotted, with saline controls in blue and PEGPH20 treated tumours in red. Sample 

sizes for 4T1, 4T1/HAS3 and MDA-MB-231 LM2-4 tumours were: n = 6 saline and 

n = 6 PEGPH20; n = 12 saline and n = 11 PEGPH20; and n = 11 saline and n = 

12 PEGPH20 respectively. 

Figure 3.7: Percentage change in MRI-derived tumour volume, T1, T2, MTR, and 

ADC between pre- and post-treatment MRI for saline and PEGPH20 treated mice 

bearing 4T1, 4T1/HAS3 or MDA-MB-231 LM2-4 tumours. PEGPH20 reduced the 

growth of 4T1 (***p=0.0005, unpaired Student’s t-test), 4T1/HAS3 (****p<0.0001) 

and MDA-MB-231 LM2-4 (****p<0.0001) tumours. PEGPH20 treatment did not 

significantly change T1, T2, MTR and ADC in 4T1 tumours (ns; p>0.05). PEGPH20 

reduced T1 (**p=0.01), T2 (**p=0.005), and ADC (*p=0.03), and increased MTR 

(****p<0.0001) in 4T1/HAS3 tumours. PEGPH20 treatment of MDA-MB-231 LM2-

4 tumours decreased ADC (**p=0.003) but no significant change was seen in T1, 

T2 or MTR (ns; p>0.05). Data points are each individual tumour and are 

summarised by the cohort mean ± 1 SEM. 

Figure 3.8: Measurements of IFP, SS and TTP in 4T1, 4T1/HAS3 and MDA-MB-

231 LM2-4 tumours 24 hours after treatment with either saline (blue) or PEGPH20 

(red). These invasive pressure measurements were taken following the post-

treatment MRI from one region within the centre of each tumour. PEGPH20 
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treated tumours did not have significantly different IFP, SS or TTP compared to 

saline controls in any of the three breast tumour models (ns; p>0.05). A trend to 

lower IFP in PEGPH20 treated 4T1/HAS3 and MDA-MB-231 LM2-4 tumours was 

apparent (p = 0.08 and p = 0.06 respectively). There was also a trend to lower 

TTP in PEGPH20 treated 4T1 and 4T1/HAS3 tumours (p = 0.06 and p = 0.09 

respectively). Each data point is from an individual tumour and these are 

summarised by the cohort mean ± 1 SEM. 

Figure 3.9: Water content of 4T1, 4T1/HAS3 and MDA-MB-231 LM2-4 tumours 

24 hours after treatment with either saline (blue) or PEGPH20 (red). Water content 

was measured ex vivo from one half of each tumour following post-treatment MRI 

and tumour pressure measurements. PEGPH20 treated MDA-MB-231 LM2-4 

tumours had lower water content than saline control tumours (**p = 0.001). A trend 

to decreased water content in PEGPH20 treated 4T1 and 4T1/HAS3 tumours was 

apparent (p = 0.12 and p = 0.27 respectively). Each point is from an individual 

tumour and data are summarised by the cohort mean ± 1 SEM. 

Figure 3.10: T2-weighted (T2w) MRI alongside aligned 4T1, 4T1/HAS3 and MDA-

MB-231 LM2-4 tumour tissue sections (5 µm) stained with H&E, HTI-601 (HA), or 

picrosirius red (collagen I & III). Representative magnified images (20x) are 

presented alongside whole tumour section images for one saline control and one 

PEGPH20 treated tumour per in vivo model. Histology sections were closely 

spatially matched to the MRI. 

Figure 3.11: Quantification of nuclear density, HA (%) and collagen I & III (%) 

from H&E, HTI-601 and picrosirius red staining. Quantification of HTI-601 staining 

revealed different baseline HA accumulation in 4T1, 4T1/HAS3 and MDA-MB-231 

LM2-4 tumours and marked HA reduction in all models with PEGPH20 treatment 

(****p < 0.0001). Saline treated MDA-MB-231 LM2-4 tumours had significantly 

less collagen deposition compared to 4T1 (**p = 0.003) and 4T1/HAS3 (*p = 0.02) 

tumours. 

Chapter 4 

Figure 4.1: Evaluation of gelatine phantoms with MRE. Representative Gd, Gl, 

|G*|, and Y maps are shown, alongside anatomical T2-weighted (T2w) images, for 
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gelatine phantoms with concentrations of 6, 8, 10 and 12% (w/w). For each 

phantom, a ROI (black dashed rectangle) was drawn within the shimmed region 

to calculate median values of Gd, Gl, |G*|, and Y. 

Figure 4.2: Plots of elasticity (Gd; Pearson’s correlation coefficient r = 0.99, p < 

0.0001), viscosity (Gl; r = 0.99, p < 0.0001), the absolute value of the complex 

shear modulus (|G*|; r = 0.99, p < 0.0001) and phase angle (Y; r = 0.88, p = 0.004) 

against gelatine phantom concentration (weight/weight percentage). Median 

values from each individual phantom are plotted (n = 2 for each gelatine 

concentration tested). 

Figure 4.3: Anatomical T2-weighted (T2w) MRI and parameter maps of Gd, Gl, 

|G*| and Y, generated using MRE for a representative 4T1, 4T1/HAS3 and MDA-

MB-231 LM2-4 tumour prior to and 24 hours after saline. The tumour ROI from 

which necrosis was excluded is shown by a white dashed line. 

Figure 4.4: Anatomical T2-weighted (T2w) MRI and parameter maps of Gd, Gl, 

|G*| and Y, generated using MRE for a representative 4T1, 4T1/HAS3 and MDA-

MB-231 LM2-4 tumour prior to and 24 hours after PEGPH20 treatment (1 mg/kg). 

The tumour ROI from which necrosis was excluded is shown by a white dashed 

line. 

Figure 4.5: Median Gd, Gl, |G*|, and Y values for 4T1, 4T1/HAS3 and MDA-MB-

231 LM2-4 breast tumours before either saline or PEGPH20 treatment. 4T1 

tumours exhibited significantly higher Gd, Gl, and |G*| at baseline compared to 

4T1/HAS3 and MDA-MB-231 LM2-4 tumours (one-way ANOVA; ***p=0.0002, 

****p<0.0001). 4T1/HAS3 tumours had significantly higher Gd (**p=0.008), but 

similar Gl and |G*| (p>0.05), compared to MDA-MB-231 LM2-4 tumours. Y was 

similar across all tumour models (p>0.05). Data are summarised by the cohort 

mean ± 1 SEM. 

Figure 4.6: Ladder plots showing individual median values of Gd, Gl, |G*|, and Y 

for 4T1, 4T1/HAS3 and MDA-MB-231 LM2-4 tumours prior to and post-treatment 

with either saline (blue) or PEGPH20 (red). Sample sizes for 4T1, 4T1/HAS3 and 

MDA-MB-231 LM2-4 tumours were n = 6 saline and n = 5 PEGPH20; n = 12 saline 

and n = 10 PEGPH20; and n = 9 saline and n = 11 PEGPH20 respectively. 
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Figure 4.7: Percentage change in Gd, Gl, |G*|, and Y between pre- and post-

treatment MRI for saline and PEGPH20 treated mice bearing 4T1, 4T1/HAS3 or 

MDA-MB-231 LM2-4 tumours. PEGPH20 treatment did not significantly change 

Gd, Gl, or |G*| in 4T1 or 4T1/HAS3 tumours (ns; p>0.05, unpaired Student’s t-test). 

PEGPH20 significantly increased Gd (*p=0.02), Gl (*p=0.02) and |G*| (*p=0.02) in 

MDA-MB231 LM2-4 tumours. No significant change in Y was seen in any of the 

breast tumour models (ns; p>0.05). Data points are median values from each 

individual tumour and are summarised by the cohort mean ± 1 SEM. 

Figure 4.8: Collagen content (%), fractal dimension, and entropy quantified from 

picrosirius red stained 4T1, 4T1/HAS3 and MDA-MB-231 LM2-4 tumour sections. 

The graph of collagen content is also shown in Chapter 3 (Figure 3.11). Significant 

differences between saline controls, and between saline and PEGPH20 treated 

tumours within the same tumour model are shown (one-way ANOVA; *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001). 

Chapter 5 

Figure 5.1: Anatomical T2-weighted (T2w) MRI and parameter maps of R2*, 

generated using IS-MRI, for a representative 4T1, 4T1/HAS3 and MDA-MB-231 

LM2-4 tumour prior to and 24 hours after saline. The tumour ROI from which 

necrosis was excluded is shown by a white dashed line. 

Figure 5.2: Anatomical T2-weighted (T2w) MRI and parameter maps of R2*, 

generated using IS-MRI, for a representative 4T1, 4T1/HAS3 and MDA-MB-231 

LM2-4 tumour prior to and 24 hours after PEGPH20 treatment (1 mg/kg). The 

tumour ROI from which necrosis was excluded is shown by a white dashed line. 

Figure 5.3: Median R2* for 4T1, 4T1/HAS3 and MDA-MB-231 LM2-4 tumours pre-

saline, post-saline, pre-PEGPH20 and post-PEGPH20. Data from each individual 

tumour are plotted, with saline controls in blue and PEGPH20 treated tumours in 

red. Sample sizes for 4T1, 4T1/HAS3 and MDA-MB-231 LM2-4 tumours were: n 

= 6 saline and n = 5 PEGPH20; n = 6 saline and n = 6 PEGPH20; and n = 11 

saline and n = 12 PEGPH20 respectively. 
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Figure 5.4: Percentage change in R2* between pre- and post-treatment MRI for 

saline and PEGPH20 treated mice bearing 4T1, 4T1/HAS3 or MDA-MB-231 LM2-

4 tumours. PEGPH20 treatment did not significantly change R2* in 4T1 or MDA-

MB-231 LM2-4 tumours (ns; p>0.05, unpaired Student’s t-test). PEGPH20 

increased R2* (**p=0.003) in 4T1/HAS3 tumours. Data points are percentage 

differences (post minus pre) of median values from each individual tumour and 

are summarised by the cohort mean ± 1 SEM. 

Figure 5.5: T2-weighted (T2w) MRI alongside representative aligned 4T1, 

4T1/HAS3 and MDA-MB-231 LM2-4 tumour tissue sections (5 µm) stained for 

CD31 (blood vessels). Representative magnified images (20x) are presented 

alongside whole tumour section images for one saline control and one PEGPH20 

treated tumour per tumour model. 

Figure 5.6: Blood vessel density (number per mm2 tumour tissue) quantified from 

CD31 stained 4T1, 4T1/HAS3 and MDA-MB-231 LM2-4 tumour tissue sections. 

Blood vessel density was highest in 4T1/HAS3 tumours, followed by 4T1 tumours, 

and lowest in MDA-MB-231 LM2-4 tumours (one-way ANOVA with multiple 

comparisons; ****p<0.0001). PEGPH20 treated tumours had similar blood vessel 

density to saline controls in all three tumour models (p>0.05). 

Chapter 6 

Figure 6.1: Representative MRI and matched histology images (whole section 

and 10x magnification images) from a representative MDA-MB-231 LM2-4 tumour 

post-treatment with saline. Necrosis, which was excluded from quantitative 

analyses, is indicated by a white dashed line. MRI-aligned tumour tissue sections 

were stained using H&E (morphology), HTI-601 (HA), picrosirius red (collagen I & 

III), and CD31 (blood vessels). 

Figure 6.2: Correlation matrices of MRI biomarkers and matched histological 

staining. The correlation matrices show Pearson’s correlation coefficient (r) for 

each pairing. Relationships were evaluated with all data pooled together (A), and 

with saline (B) and PEGPH20 treated (C) tumour data kept separate. Nuclear 

density, percentage HA, percentage collagen (I & III), and vessel density were 

calculated from H&E, HTI-601, picrosirius red, and CD31 staining respectively. 
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Negligible levels of HA (< 2%) were detectable in the PEGPH20 treated tumours, 

hence percent HA was excluded from the correlation analysis in this group 

(crossed-out squares). For blank squares r < 0.01. 

Figure 6.3: Sample sizes (blue) and p-values (red) for the correlation matrices of 

MRI biomarkers (T1, T2, MTR, ADC, R2*, Gd, Gl, |G*|, and Y) and matched 

histological staining shown in Figure 6.2. Relationships were evaluated with all 

data pooled together (A), and with saline (B) and PEGPH20 treated (C) tumour 

data kept separate. Significant p-values are shown in bold (p < 0.05). 

Figure 6.4: Correlations between MRI biomarkers in saline (HA present) and 

PEGPH20 treated (HA degraded) 4T1, 4T1/HAS3, and MDA-MB-231 LM2-4 

breast tumours. Saline control and PEGPH20 treated tumour data are shown in 

blue and red respectively, with different shaped symbols indicating the different 

breast tumour models. The sample size (n), Pearson’s correlation coefficient (r), 

and p-value are shown by the linear regression they relate to. 

Figure 6.5: Correlations between MRI biomarkers and nuclear density (quantified 

from H&E staining) in saline (HA present) and PEGPH20 treated (HA degraded) 

4T1, 4T1/HAS3, and MDA-MB-231 LM2-4 breast tumours. Saline control and 

PEGPH20 treated tumour data are shown in blue and red respectively, with 

different shaped symbols indicating the different breast tumour models. The 

sample size (n), Pearson’s correlation coefficient (r), and p-value are shown by 

the linear regression they relate to. 

Figure 6.6: Correlations between MRI biomarkers and percent HA (quantified 

from HTI-601 staining) in saline (HA present) and PEGPH20 treated (HA 

degraded) 4T1, 4T1/HAS3, and MDA-MB-231 LM2-4 breast tumours. Saline 

control and PEGPH20 treated tumour data are shown in blue and red respectively, 

with different shaped symbols indicating the different breast tumour models. The 

sample size (n), Pearson’s correlation coefficient (r), and p-value are shown by 

the linear regression they relate to. 

Figure 6.7: A HTI-601 (HA) stained section (A) alongside matched parametric 

maps of T2 (B), MTR (C), and ADC (D) for one saline control 4T1 tumour with 

representative intra-tumour heterogeneity in HA accumulation for this model. 

Spatial associations between T2, ADC, and HA were apparent, with areas of high 
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HA accumulation corresponding to areas of high T2 and ADC (green arrows) and 

regions of low HA related to areas of low T2 and ADC (blue arrows). Some regions 

of the T2 map appeared unrelated to HA accumulation (yellow arrow). Tumour 

areas with high HA accumulation did not correspond to low MTR as suggested by 

the inter-tumour correlation in Figure 6.6. An artefact on the T2 map was excluded 

from analyses (red dashed ROI). 

Figure 6.8: Correlations between MRI biomarkers and collagen content 

(quantified from picrosirius red staining) in saline (HA present) and PEGPH20 

treated (HA degraded) 4T1, 4T1/HAS3, and MDA-MB-231 LM2-4 breast tumours. 

Saline control and PEGPH20 treated tumour data are shown in blue and red 

respectively, with different shaped symbols indicating the different breast tumour 

models. The sample size (n), Pearson’s correlation coefficient (r), and p-value are 

shown by the linear regression they relate to. 

Figure 6.9: Correlations between MRI biomarkers and blood vessel density 

(quantified from CD31 staining) in saline (HA present) and PEGPH20 treated (HA 

degraded) 4T1, 4T1/HAS3, and MDA-MB-231 LM2-4 breast tumours. Saline 

control and PEGPH20 treated tumour data are shown in blue and red respectively, 

with different shaped symbols indicating the different breast tumour models. The 

sample size (n), Pearson’s correlation coefficient (r), and p-value are shown by 

the linear regression they relate to. 

Figure 6.10: A simplified graphic summarising the hypothesised explanation for 

the different characteristics of pre-clinical breast tumours treated with either saline 

(HA present; blue) or PEGPH20 (HA degraded; red). ADC = the apparent diffusion 

coefficient. IFP = interstitial fluid pressure. ECM = extracellular matrix. 
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HA  Hyaluronan 

HABP  HA binding protein 
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HTI-601 TSG-6 based HA binding probe 
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LOX  Lysyl oxidase 

MAPK  Mitogen-activated protein kinase 
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MT  Magnetisation transfer 
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OS  Overall survival 
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RF  Radiofrequency 
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SEM  Standard error of the mean 

SHH  Sonic hedgehog  
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Chapter 1: Introduction 

1.1 Breast cancer 

Breast cancer is the most common cancer in the UK and the leading 

malignancy in women worldwide. It is most prevalent in well-developed 

countries[1]. The 10-year survival rate has doubled over the last 40 years 

and stands at 78%; however, this disease remains the 3rd largest 

contributor to cancer related deaths.  

Breast cancer often arises in the mammary gland, a dense region of tissue 

which contains extensive extracellular matrix (ECM) in the form of 

basement membrane and interstitial ECM[2, 3]. Basement membrane 

disruption and stiffening of the interstitial ECM can facilitate tumour 

development and progression[4, 5]. Tissue density on mammogram, which 

suggests increased cellularity and collagen deposition, increases breast 

cancer susceptibility 2 to 6-fold and may predict disease recurrence (Figure 

1.1)[3, 6, 7]. Palpation is an important clinical tool for diagnosis of breast 

tumours as they are often stiffer than the surrounding normal tissue. 

Primary breast tumours with high metastatic ability are often characterised 

by accumulation of fibrillary collagens, fibronectin, laminins, proteoglycans 

and hyaluronan (HA or hyaluronic acid)[2]. 
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Figure 1.1: (A) Increased mammographic density (MD) of breast tissue is associated with a higher risk of breast cancer. (B & C) High MD is 

linked to elevated collagen deposition, quantified by Masson’s trichrome staining (blue). Images from [7]. Scale bar: 100µm and 50µm (insert). 
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1.1.1 In vivo modelling of stromal-dense tumours  

Tumour stiffness and ECM composition are not characteristics of malignant 

cells in isolation but the tumour mass as a whole. Thus, in vitro approaches 

to assess stromal-dense tumours including breast are limited. Animal 

models of stromal-dense tumours often provide greater insight. Systematic 

use of these models must be supported by evidence that the tumour 

development, progression and radiology recapitulate the human disease. 

Typically, orthotopic (cancer cells injected or implanted into the organ from 

which the cancer originated), genetically engineered mouse (GEM) and 

patient derived xenograft (PDX) models better represent the stromal 

composition, vasculature and metastatic potential of human disease 

compared to ectopic (subcutaneous) tumours.  

1.2 The ECM 

The ECM is a key functional regulator present to different degrees within 

all body tissues[8]. It is composed on an extremely interconnected web of 

macromolecules including collagens, proteins, polysaccharides, 

glycoproteins (e.g. fibronectin and laminin), proteoglycans (e.g. heparan 

sulphate), glycosaminoglycans (GAGs; e.g. HA), and integrins. Differing 

amounts of these macromolecules provide unique biochemical, biophysical 

and structural support to different normal tissues and pathologies[9, 10]. The 

interstitial ECM is rich in fibrillar collagens, proteoglycans, tenascin C and 

fibronectin. It is highly charged, hydrated and contributes hugely to the 

tensile strength of tissues[9]. Basement membranes are made up of type IV 

collagen, laminins, fibronectin and linker proteins. These membranes are 

compact and less porous compared to interstitial matrix.  

The ECM provides mechanical strength and is highly resistant to 

alterations in tension. In addition, the ECM can sequester molecules, such 

as growth factors, control their release and establish chemical gradients[10]. 

A summary of the roles of the ECM is shown in Figure 1.2.  
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Figure 1.2: Functions of the extracellular matrix (ECM), taken from [10]. 
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In healthy tissue, the synthesis of ECM components is tightly controlled, 

and regions of abnormal ECM are detected and rectified by local 

fibroblasts[9, 11]. However, in cancer aberrant ECM production, degradation 

and remodelling persists without correction (Figure 1.3)[10, 12]. A dense 

tumour-associated ECM, primarily produced and remodelled by cancer 

associated fibroblasts (CAFs), is associated with poor patient prognosis[12]. 

ECM density drives tumour progression, contributes to high interstitial fluid 

pressure (IFP) and vascular collapse, and acts as a barrier to perfusion, 

diffusion, immune infiltration and drug delivery[13-15]. Remodelling occurs 

primarily through increased collagen crosslinking and reorientation[16]. 

More than 80% of cancers are derived from epithelial tissues, termed 

carcinomas, and contain a basement membrane which must be breached 

during cancer cell invasion[8, 17]. Metastasis is the leading cause of cancer-

related mortality, and so understanding how ECM modification influences 

this would be of huge benefit. 
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Figure 1.3: The altered microenvironment of tumours. Accumulation of ECM components can drive malignancy, act as a barrier to drug delivery, 

and is associated with poor patient prognosis. Image from [12].
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1.2.1 The ECM influences the hallmarks of cancer 

The rapidly evolving tumour-associated ECM can influence the hallmarks 

of cancer (Figure 1.4)[18]. The eight hallmarks of cancer, highlighted by 

Hanahan & Weinberg, are the ability of cancer cells to sustain proliferative 

signalling; evade growth suppressors; resist cell death; enable replicative 

immortality; induce angiogenesis; activate invasion and metastasis; 

reprogram energy metabolism and evade immune destruction[19].  
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Figure 1.4: The influence of the extracellular matrix (ECM) on the hallmarks of cancer. Eight hallmarks are highlighted in different coloured boxes 

and the ECM impact is noted in the same colour beside each box. N.B. this is a general summary and is not applicable to all cancer types. Image 

created using [18, 19].  
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Tumour cell proliferation is increased in regions of elevated ECM due to 

greater cell-ECM interactions. Firstly, some ECM components, such as 

heparan sulfate proteoglycans, act as co-receptors in growth factor 

signalling. Secondly, increased integrin signalling, through upregulated 

collagen or ECM stiffness, promotes focal adhesion kinase (FAK) 

phosphorylation, and stimulation of intracellular signalling cascades, 

including mitogen-activated protein kinase (MAPK) and phosphoinositide-

3-kinase (PI3K), which promote cell cycle acceleration through the G1/S 

checkpoint[10, 18, 20, 21]. Furthermore, a stiffened ECM reduces the 

expression of cell cycle inhibitors such as retinoblastoma (RB) protein and 

PTEN (phosphatase and tensin homolog)[18].  

ECM components or their functional fragment derivatives can have pro- or 

anti-apoptotic effects. Most normal cells require ECM adhesion for 

survival[22]. Accumulation of ECM components can assist cancer cell 

evasion of apoptosis through increased focal adhesions and upregulation 

of integrin signalling which results in downstream inactivation of pro-

apoptotic molecules such as Bcl-2-associated X protein (BAX)[18, 23]. 

The mechanism of replicative immortality is not fully understood but 

evaluation of pulmonary fibrosis suggests that elevated ECM deposition 

and tissue stiffening leads to increased telomerase activity and longer 

telomeres[18, 24]. Telomeres are normally shortened over-time through 

repeated cell division and their preservation in fast growing cells will protect 

from DNA damage and cell death. 

The ECM plays a dual role in angiogenesis because it acts as a reservoir 

for both pro- and anti-angiogenic factors[18]. More specifically, a dense and 

stiff ECM in an environment of increased cellularity can compromise 

vascular integrity and reduce perfusion into the tumour microenvironment 

(TME), resulting in regions of hypoxia and increased IFP[25]. Conversely, 

overexpression of ECM remodelling enzymes, for example matrix 

metalloproteases (MMPs), can increase angiogenesis[10, 26]. 
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Uncontrolled ECM production and maintenance can activate tumour cell 

invasion and metastasis. Cell movement requires ECM adhesion, and 

linearisation can create tracks used by migratory cells[27]. The ECM can 

also sequester and release transforming growth factor b (TGF-b) and 

induce epithelial-to-mesenchymal transition (EMT); a process used by 

cancer cells to increase their migration and metastatic potential[18]. 

Experimental reduction of interstitial ECM stiffness, for example through 

inhibition of collagen crosslinking, can prevent metastasis[28, 29]. However, 

degradation of ECM components in the basement membrane can also 

increase tumour cell invasion[10, 26]. 

ECM nutrient storage is crucial for cellular production of adenosine 

triphosphate (ATP), the energy source required by all living cells. Through 

the Warburg effect, tumour cells typically respire through the less efficient 

mechanism of anaerobic glycolysis. This strategy reduces the need for 

oxygen, reducing competition with adjacent healthy cells and enabling 

survival in hypoxic conditions[30]. Anaerobic glycolysis produces two ATP 

from each glucose molecule compared to oxidative phosphorylation which 

yields over thirty. As well as providing nutrients, the ECM can bind cancer 

cells and cause upregulation of glucose transporter (GLUT) 1 and GLUT4 

at the tumour cell surface which increases glucose influx and ATP 

production enough for tumour cells to continue growing and bypass a 

starvation phenotype[18, 30].  

ECM migratory tracks and chemo-attractant gradients can encourage or 

discourage immune cell infiltration into the TME. Once inside, ECM 

components can directly modify the proliferation and activation status of T 

cells; for example, type I collagen can inhibit T cell proliferation via ligation 

to leucocyte associated immunoglobulin like receptors (LAIRs). Moreover, 

the ECM can physically impair antigen presentation, and a collagen-rich 

ECM can promote macrophage activation, proliferation and differentiation 

into the pro-tumorigenic M2 phenotype[18]. Degradation of collagen with 

collagenase can increase immune-cancer cell interactions[31]. 
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1.2.2 The ECM influences cancer treatment responses and disease 

recurrence  

The tumour-associated ECM can reduce therapeutic responses through 

hypoxia and physical obstruction of drug delivery. Hypoxia is common in 

solid tumours and provides resistance to treatments including radiation, 

chemotherapy, and immunotherapy[32-34]. ECM density within the TME 

reduces perfusion, leaving many tumour cells more than 100µm away from 

the nearest blood vessel[25, 35]. Following release from the blood, drug 

molecules moving through the tumour mass can be slowed by dense ECM 

and, as a result, drug concentrations in tumour regions distant from blood 

vessels are likely to be lower than the efficacious dose[25]. Physical barriers 

to drug delivery must be considered alongside molecular mechanisms 

when evaluating drug resistance[36].  

Degradation of ECM components, such as collagen and HA, can 

significantly improve interstitial transport of drug molecules in dense 

treatment-resistant tumours[14, 35, 37, 38]. However, some ECM components 

are not suitable therapeutic targets. For example, fibronectin can promote 

EMT but physiological levels are low and the upregulation seen in breast 

tumours is small, transient and cannot be measured effectively[2]. 

1.2.3 The role of collagen in cancer 

There are 28 types of collagen, both fibrillar and non-fibrillar forms, which 

account for approximately 30% of the protein mass in the human body[2]. 

Type I collagen is fibrillary and a principal component of the interstitial 

matrix whilst type VI collagen is non-fibrillar and is a key constituent of 

basement membranes[9]. In stromal-dense cancers, increased levels of 

type I, III and V collagens confer stiffness and increased pressure within 

the interstitial matrix, whilst decreased type IV collagen in the basement 

membrane facilitates invasion and metastasis[2, 39, 40]. A uniform and 

random distribution of type I collagen is apparent in smaller tumours 
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(diameter ~2mm) but a highly organised and linear network has been noted 

at the periphery of larger tumours (diameter ~7mm)[41].  

Long, linearized and crosslinked collagen fibres in the tumour-associated 

ECM contribute to tumour desmoplasia which has been linked to reduced 

survival in patients and mouse models[9, 42]. Evaluation of tumour 

associated collagen signatures (TACS1-3) may predict breast cancer 

survival. The highest phenotype (TACS3) is associated with the poorest 

patient survival and describes collagen fibres which have been bundled, 

reoriented and aligned perpendicular to the tumour mass[3, 43]. Picrosirius 

red or Masson’s trichrome staining of formalin fixed paraffin embedded 

(FFPE) tissue sections is commonly used to detect expression of collagen 

type I and III; polarized light microscopy can further analyse the picrosirius 

red stain and may provide information on collagen fibre structure[44]. 

Collagen content in pre-clinical tumour models positively correlates with 

tumour stiffness which in turn is associated with metastatic propensity[45, 

46]. 

1.2.4 The role of HA in cancer 

Approximately 25-30% of human tumours overexpress HA; a simple, 

linear, non-sulphated GAG[47-49]. These include pancreatic, breast, 

prostate, bladder, and gastric cancers[14, 47]. Many cells can synthesise HA 

but, under healthy conditions, it is predominantly produced by HA 

synthases (HAS1-3) on the surface of mesenchymal cells. HA polymer 

expression is tightly controlled by hyaluronidase-mediated cleavage 

(HYAL1-4, PH20 and HYALP1), endocytic uptake, and scavenger-

mediated removal from the blood stream[50-52]. Optimum length and 

expression of HA during each stage of tumour development is likely to 

result from variable expression of different HAS and hyaluronidase 

isoforms, and maintenance of scavengers[52, 53].  

HA consists of up to 25,000 repeating disaccharide subunits of glucuronic 

acid and N-acetylglucosamine[47]. The repeating sequence is 
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homogeneous across all vertebrate species, but polymer length varies[54]. 

HA polymer size is important. HA is commonly synthesised as a high-

molecular weight (HMW) polymer (~1000 - 8000 kDa) which absorbs 

water, swells and presses against surrounding cells and structural 

elements of the tissue increasing pressure within the tumour mass[54]. In 

contrast, low molecular weight (LMW) HA is thought to play a greater role 

in cell signalling[2, 55, 56].  

HA is negatively charged and has high colloid osmotic pressure which 

enables coordination of up to three water molecules per disaccharide 

unit[51, 57]. This hygroscopicity provides elasticity, lubrication, and enables 

HA to fill the extracellular space. Many hydrophilic proteoglycans bind HA 

polymers, making a viscoelastic gel-like matrix which supports cells and 

insoluble collagen fibres[14]. Elevated HA can increase IFP, promote 

metastasis, reduce treatment efficacy, and decrease overall survival[47, 58-

61]. TGFb, a key promoter of tumour progression, stimulates HA synthesis 

through HAS2 upregulation[62]. 

HA-induced intracellular signalling is commonly mediated by cell surface 

receptors CD44 and RHAMM (receptor for HA mediated motility)[63]. CD44 

and RHAMM activity is inhibited by the tumour suppressor p53 and CD44 

is a marker of cancer stem cells[64-66]. In the clinic, increased expression of 

HA and its receptors are prognostic for poor outcome and disease 

recurrence in various tumour types including breast cancer[64, 67, 68].  

1.2.4.1 Experimental detection of HA 

Due to its simple structure and ubiquitous expression across all 

vertebrates, HA is not immunogenic and histological detection using 

antibodies is not possible[69]. Probes designed from regions of HA-binding 

proteins (HABPs or hyaladhesins) are currently used to evaluate HA 

accumulation. Probes include cartilage derived HABP, PEP-1 synthetic 

peptide, recombinant versican G1 domain, and a modified tumour necrosis 

factor-stimulated gene 6 (TSG-6)[70]. One caveat is that HA polymers 
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already bound to numerous proteins may be underreported when using 

HABPs for detection[69].  

Commercially available cartilage derived HABP is not suitable for a clinical 

companion diagnostic assay because it requires both HA-protein and 

protein-protein interactions for HA detection and cannot obtain accurate 

quantitative binding constants. In addition, these preparations have low 

purity and batch-to-batch variability[70].  

The TSG-6 probe (HTI-601, Halozyme Therapeutics) was developed using 

a small HA binding link module with well-defined structure and relatively 

high HA-binding affinity. It contains an inactivated heparin binding domain 

and the addition of a human IgG1 Fc region enhances probe purification 

and detection (Figure 1.5)[70]. Five repeating disaccharide units (2 kDa) is 

the minimum HA oligosaccharide length detected with this probe. The 

heparin binding domain is mutated, lysine to alanine, at three sites to 

reduce heparin binding activity, minimising cross reactivity and increasing 

HA specificity. Like many other probes, biotin can be added to improve 

detection. The TSG-6 probe is sensitive to pharmacological modulation of 

HA, and exhibited greater sensitivity compared to cartilage derived HABP, 

with 5-fold less TSG-6 probe required[70].  
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Figure 1.5: Graphical representation of the modified TSG-6 probe (HTI-601) used for HA detection. Information from [70]. Red stars represent 

three lysine to alanine mutations which decrease heparin binding activity by 90%. 
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1.3 Mechanical forces within the TME 

Generally, an aberrant tumour-associated ECM is associated with altered 

tissue viscoelasticity and amplification of local forces, such as IFP and solid 

stress, which have been linked to poor patient prognosis (Figure 1.6)[71, 72]. 

 
Figure 1.6: The physical microenvironment of tumours. Elevated interstitial fluid 

pressure (IFP), solid stress, and stiffness are the three major features of the 

tumour physical microenvironment and all hinder drug delivery. Image from [72].  
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1.3.1 Viscoelastic properties 

Most biological tissues exhibit both viscous and elastic properties. Viscosity 

is defined as a resistance to flow which leads to a frictional loss of energy 

as heat, whilst elasticity is the ability of a material to store energy and 

resume its normal shape following deformation[73-75]. Using viscous and 

elastic moduli, tissue stiffness can be calculated which is defined as the 

extent an object can resist deformation in response to an applied force.  

Solid tumours are often markedly stiffer than the surrounding healthy 

tissue, and this elevated stiffness can promote cancer growth, invasion and 

metastasis[11, 71, 76-80]. Computational modelling suggests that solid tumour 

stiffness, with some exceptions, must be greater than 1.5 times the 

stiffness of surrounding healthy tissue in order for a tumour mass to 

expand[81]. Local tissue rigidity can alter cell differentiation and promote a 

more aggressive phenotype[82]. Many brain tumours, evaluated pre-

clinically and clinically, are unusual as, unlike other solid tumours, they are 

inherently soft[83].  

Often only a small percentage of the tumour is made up of malignant cells. 

Tumour stiffness is thus largely the result of stromal cell proliferation and 

synthesis of a dense ECM[84]. Necrotic regions of solid tumours add further 

complexity, commonly contributing to tumour softness[85]. The stiffness of 

cancer cell lines and patient tumour cells inversely correlates with invasion 

and migration[84]; soft and deformable cancer cells located within a stiff 

TME have a higher metastatic potential. The increasing compressive and 

tensile stresses in the local environment encourage malignant cells located 

at the tumour periphery to migrate through a weakened area of basement 

membrane[86]. A graphical summary of this phenomena is shown in Figure 

1.7. Physical deformation of a cancer cell nucleus during invasion is 

associated with increased DNA damage and mutational load which can 

further promote an aggressive phenotype[11, 87]. Migration is initiated by a 

few leading cells which are deformable, extend filopodia and bind to a 

fibronectin-enriched type-IV-collagen-depleted matrix[88].  
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Figure 1.7: Graphical representation of a soft and deformable cancer cell 

migrating out of a highly pressurised and stiff tumour microenvironment (TME). 

Black arrows represent pressure which compresses blood vessels in the TME. 

1.3.2 Solid stress 

Solid stress is a compressive or tensile force exerted by non-fluid tissue 

components. Solid stress increases with tumour progression, likely  a result 

of uncontrolled exponential cell proliferation and mechanical confinement 

by surrounding healthy tissue[40, 41]. Solid stress can vary depending on 

tumour size, tumour type and the properties of surrounding stroma[16, 41]. 

Solid stresses are contained within and transmitted by solid and elastic 

structural components, such as the ECM and cells[40, 41]. This is distinct 

from IFP which refers to fluids, but solid stress and IFP may be linked; for 

example, increased solid stress can compress blood and lymphatic 

vessels, reduce perfusion and contribute to hypoxia, the development of a 

necrotic core, and increase IFP[16, 89]. Insufficient blood and lymphatic flow 

results in non-uniform penetration of oxygen, drugs, and immune cells into 

the tumour mass. Poor blood flow and hypoxia have been linked to 

immunosuppression, inflammation, invasion, metastasis, and reduced 

efficacy of chemotherapy, radiotherapy and immunotherapy[90]. 

Extracellular Matrix
Cancer Cell

Blood Vessel
Fluid

Stromal Cell
Immune Cell

Migration, Invasion 
& Metastasis



 43 

1.3.3 IFP 

IFP is a hydrostatic pressure encompassing pressure from free fluid and 

HA-immobilised fluid[16]. Solid tumours typically have elevated IFP (~4 to 

60 mmHg) compared to adjacent normal tissues (~0 mmHg) due to 

hyperpermeable, leaky blood vessels and lack of draining lymphatic 

vessels to remove plasma molecules and free fluid from the local 

environment[11, 40, 91]. Aberrant tumour ECM composition and elasticity have 

also been linked to increased IFP[91, 92]. Tumour IFP is fairly constant 

throughout the tumour core but may drop precipitously at the periphery[92, 

93]. 

Clinically, high tumour IFP is associated with a high recurrence rate and 

poor patient prognosis[92, 94]. IFP can surpass microvascular pressure and 

surrounding fluid pressures which compresses blood vessels and 

promotes fluid release from the tumour mass[11, 40, 95]. Fluid release 

encourages drug and cancer cell exit from the tumour mass; reducing drug 

delivery and facilitating metastasis. Cancer cells may follow distorted 

chemical gradients, fluid build-up may activate cell mechanosensors, or the 

fluid may physically carry cancer cells to lymph nodes and blood vessels[96-

98]. Decreasing tumour IFP can increase the efficacy of chemotherapy, 

radiotherapy and immunotherapy due to improved drug uptake, perfusion 

and immune cell infiltration[15]. Determination of IFP in the clinic may predict 

treatment resistance and help design more suitable treatment protocols[99].  

IFP can be determined invasively by micropuncture, wick-in-needle or 

piezoelectric techniques. These invasive, tissue-damaging procedures are 

uncomfortable for patients, have high variability and may alter IFP from 

physiological levels[92]. In addition, random sampling of small tumour 

regions fails to highlight spatial distribution of IFP in different directions and 

locations[100]. Non-invasive evaluation of forces or stiffness in the TME 

could provide statistically powerful biomarkers of treatment response. 

Currently, there is no reliable non-invasive method to determine IFP.   
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Contrast enhanced (CE)-magnetic resonance imaging (MRI) has been 

suggested to non-invasively estimate IFP. This method requires slow 

infusion (~2 hours) of gadolinium-based contrast agent (GBCA), long 

imaging times to longitudinally monitor uptake, and at least two direct 

pressure measurements[91, 99]. A drop in IFP at the tumour periphery was 

identified in lung tumour models and the level of GBCA reaching the tumour 

centre was related to IFP (Figure 1.8)[99]. However, inference of an 

accurate quantitative relationship between GBCA concentration and IFP is 

difficult because fluid velocity through tumour blood vessels is extremely 

varied[101]. Weak or no correlations were found between CE-MRI-estimated 

tumour IFP and invasive IFP measurements in various tumour models[102-

104]. More recently, the potential of magnetic resonance elastography 

(MRE) and convection MRI approaches to estimate IFP have been 

evaluated but are still in their infancy[93, 105, 106].  

 
Figure 1.8: IFP map and corresponding IFP values from a pre-clinical lung tumour 

measured using CE-MRI. IFP was lower at the tumour periphery. Figure from [99]. 
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1.4 Therapeutically targeting the tumour associated ECM 

The link between ECM accumulation, elevation of local forces, tumour 

progression, and reduction of drug delivery suggests that patients would 

benefit from stromal-targeted therapy[16]. However, the utility of stromal-

targeted therapy is not fully understood; it can both suppress tumour 

progression through enhancement of drug delivery and promote tumour 

progression by removing barriers to invasion and metastasis[41, 57, 107]. 

Stromal modulators should be rigorously tested, used with caution and 

identification of patients most likely to benefit is crucial. Current techniques 

used to target the tumour-associated stroma target ECM production, ECM 

remodelling, cell-ECM interactions or directly degrade ECM components.  

1.4.1 Therapeutically targeting ECM production 

Hedgehog paracrine signalling in the pancreatic TME promotes 

desmoplasia and plays a role in cancer EMT and stem cell maintenance[108, 

109]. Pre-clinical inhibition of the hedgehog pathway produced a transient 

increase in tumour perfusion and delivery of gemcitabine[110]. Inhibition of 

sonic hedgehog (SHH), a ligand component of this pathway, was shown to 

deplete pancreatic ductal adenocarcinoma (PDAC) desmoplasia, improve 

the anti-tumour effects of gemcitabine, but tumours were sometimes more 

aggressive and proliferative[108, 111]. Clinical evaluation of hedgehog 

inhibitors has had similar heterogeneous responses, some trials report 

increased chemotherapy delivery through stromal depletion whilst another 

voluntarily closed as patients had a shorter median survival compared to 

placebo[112].  

Angiotensin inhibition, for example with losartan, reduces collagen and HA 

synthesis through suppression of profibrotic TGF-b, connective tissue 

growth factor (CTGF), and angiotensin receptor type I (AT1R) signalling[113, 

114]. Losartan can reduce collagen expression, increase drug delivery and 

improve survival in multiple murine tumour models[113, 115, 116]. Angiotensin 

inhibitors, often in combination with chemotherapy, are undergoing clinical 
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trials to treat a variety of solid tumours[11, 16]. Losartan is already FDA 

approved for treatment of hypertension and so, if successful, it would 

provide a relatively cheap method of sensitising solid tumours to 

chemotherapy.  

1.4.2 Therapeutically targeting ECM remodelling 

MMPs remodel and degrade components of the ECM and their 

dysregulated activity in cancer can contribute to angiogenesis, tumour 

growth and metastasis[117]. Cyclooxygenase-2 (COX-2) overactivation in 

cancer can increase MMP activity and has been implicated in 

angiogenesis, apoptosis and tumour invasiveness[118-120]. COX-2 inhibition 

with celecoxib reduced aSMA+ CAF and proinflammatory immune cell 

recruitment into the TME, decreased collagen deposition, and inhibited 

tumour growth and metastasis in a pre-clinical breast cancer model[121]. 

The clinical promise of COX-2 or MMP inhibition is currently restricted due 

to serious dose-limiting toxicities[117, 118]. 

Lysyl oxidase (LOX) is commonly overexpressed in stromal-dense tumours 

and promotes collagen and elastin crosslinking, the formation of pre-

metastatic niches, and surface expression of epidermal growth factor 

receptor (EGFR) on cancer cells[122-124]. Pre-clinically LOX inhibition can 

reduce tumour size, focal adhesion formation, tumour aggression and 

metastasis[29, 125]. Currently, development of small molecule inhibitors 

which specifically target LOX is challenging because only the LOXL2 

crystalline structure is known[125, 126].  

1.4.3 Therapeutically targeting cell-ECM contacts 

Inhibition of signalling downstream of focal adhesions can reduce stromal-

dense tumour progression, particularly when used in combination with 

chemotherapy. Two promising targets are FAK and Rho-associated protein 

kinase (ROCK)[16]. FAK inhibition can halt breast tumour progression, 

reduce fibrosis and cell motility, increase apoptosis, and improve the 
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efficacy of chemotherapy and immunotherapy[127-129]. The latter were 

attributed to increased infiltration of drug and CD8+ T cells respectively[127]. 

Study results are pending for multiple clinical trials evaluating FAK 

inhibitors in various solid tumours[16, 130, 131]. ROCK inhibitors (e.g. Fasudil) 

remain largely in pre-clinical development, showing promising anti-tumour 

effects in pancreatic, breast, prostate and uterine cancer models[132, 133]. 

One ROCK inhibitor (AT13148) has reached phase I clinical trials and was 

well tolerated in patients with advanced solid tumours (NCT01585701)[133]. 

1.4.4 Therapeutically degrading ECM components 

Collagen is the most abundant fibrous protein within the interstitial ECM 

and is thought to have the greatest effect on drug diffusion in stromal-dense 

tumours[8, 134]. Collagenases cleave at distinct sites along the collagen triple 

helix and can pre-clinically improve drug penetration into the tumour[135]. 

However, clinically there are issues concerning degradation of healthy 

tissue collagen, the potential increase in tumour metastasis, 

immunogenicity against the currently available bacterial collagenases, and 

the narrow therapeutic window[135, 136]. 

HA is another major component of the interstitial ECM which accumulates 

in 20-30% of human tumours: most notably breast, pancreatic, colon, and 

prostate cancers. This GAG forms a pressure creating gel that can 

sequester growth factors and inhibit fluid movement within the TME. 

Hyaluronidase enzymes degrade HA, reduce mechanical stress and 

improve tissue compliance through release of previously immobilised 

fluid[137, 138]. PH20 is a human hyaluronidase anchored to the external 

surface of cells by a glycosylphosphatidylinositol (GPI) and exhibits 

relatively high activity across a broad pH range[52]. Pegvorhyaluronidase 

alfa (PEGPH20, Halozyme Therapeutics), is a recombinant, PEGylated 

human PH20 lacking the GPI anchor region[139]. PEGPH20 has been 

shown to effectively degrade HA, reduce tumour IFP, decompress blood 

vessels, increase influx of CD8+ T cells, and improve treatment outcome 

in a range of ectopic, orthotopic and GEM models of cancer (Figure 1.9)[15, 
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140-142]. PEGylation prolongs the circulatory half-life of the agent improving 

its suitability clinically; in mouse models this increased from 2.3 minutes to 

10.3 hours[14].  
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Figure 1.9: A schematic of PEGPH20 treatment effects as a monotherapy and in combination with chemotherapy – adapted from [15]. Cancer 

and stromal cells are shown in blue and orange respectively. PEGPH20 can degrade HA (yellow), decompress blood vessels (red), and improve 

chemotherapy delivery (dark blue dots).  

Chemotherapy + PEGPH20 PEGPH20 Chemotherapy 
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PEGPH20 is delivered intravenously prior to traditional treatments, such as 

chemotherapy or immunotherapy, to improve their delivery and efficacy[15, 

38, 140, 143]. A phase Ib trial of PEGPH20 combined with gemcitabine 

indicated that tumour HA levels may be predictive of response[38]. 

Approximately 35% patients had HA ‘high’ tumours; defined in these trials 

as HA staining of any intensity present in ³50% of the tumour surface[144]. 

In a phase II trial, PEGPH20 in combination with standard of care treatment 

in 84 patients with HA ‘high’ PDAC tumours modestly improved overall 

survival (OS) from 7.8 months to 11.7 months. Treatment with PEGPH20 

had no significant impact on survival of 162 patients with HA ‘low’ 

PDAC[144]. Despite promising preliminary data, the phase III trial (HALO-

109-301) showed that PEGPH20 in combination with standard of care 

chemotherapy failed to improve overall survival of patients with previously 

untreated HA ‘high’ metastatic PDAC, and further clinical development of 

PEGPH20 was halted in late 2019[139, 145]. It is likely that PEGPH20 did 

improve the delivery of the chemotherapy to the tumour in these patients, 

however, increasing drug delivery was not enough to improve survival due 

to pancreatic tumour cell resistance to chemotherapy. Therefore, 

PEGPH20 may still be a useful tool to improve drug delivery, and another 

combination treatment strategy in a new cancer patient population could 

be explored to provide greater patient benefit. As a result, the work of this 

PhD to identify a non-invasive method to monitor PEGPH20 response 

remains of use and was continued despite the trial failure.   

Degrading ECM components for therapeutic benefit is complex. Non-

invasive imaging biomarkers which can inform on HA degradation at the 

individual patient level before, during and after therapy may improve 

understanding and help the success of similar therapeutic strategies in the 

future. Other methods to therapeutically degrade HA in cancer are still 

being evaluated today, such as a hyaluronidase-expressing oncolytic virus 

in pre-clinical models of glioblastoma[146]. It is likely that MRI biomarkers 

that are sensitive to HA degradation by PEGPH20 will also inform on 

response to these other more novel HA degradation methods.  
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1.5 Imaging biomarkers 

Biomarkers, defined as ‘characteristics measured objectively which are 

indicative of normal biology, pathology or pharmacology’, can be 

prognostic and/or predict likely treatment responses at the individual 

patient level[147]. Biomarkers inferred invasively from biopsies are limited 

because they only capture a small sample of the tumour and cannot 

evaluate spatial heterogeneity or tumour biomechanical properties.  

Advanced imaging techniques provide biomarkers which quantitatively and 

non-invasively assess spatial and temporal heterogeneity within a 

tumour[147]. Unlike histopathology, imaging biomarkers can be evaluated at 

multiple time points within the same patient which results in improved 

statistical power, more stringent pre-clinical evaluation with lower animal 

numbers, and smaller clinical trials. 

There is an unmet and growing need for validated imaging technologies 

which can guide clinical decision making through quick and accurate 

detection, diagnosis and monitoring of cancer. Many imaging biomarkers 

have failed to translate into clinically useful tools as they are disconnected 

from relevant biology and/or fail to predict outcome[147]. Extensive 

validation, which relies upon close imaging-pathology correlations, is 

required to understand the underlying biology before imaging biomarkers 

can be incorporated into clinical trials[147-149]. Meaningful studies are often 

conducted in animal models; typically, the physiological tumour-stromal 

interactions seen in the human disease are best recapitulated by 

orthotopic, GEM and PDX models.  

Pre-clinical imaging modalities include positron emission tomography 

(PET), computed tomography (CT), single photon emission computed 

tomography (SPECT), bioluminescence imaging (BLI), ultrasound (US) 

and MRI. These modalities differ in their depth penetration, spatial and 

temporal resolution, energy required for image generation, and availability 

of injectable and biocompatible molecular probes (Table 1.1)[147, 150, 151].  
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Table 1.1: Comparison of pre-clinical imaging modalities.  

Imaging Modality Energy Spatial 
Resolution 

Penetration 
Depth Advantages Limitations Clinical 

Translation 

Bioluminescence imaging 
(BLI) 

Visible to 
infrared light 3-5mm Several cm High sensitivity 

Limited penetration 
depth 

Higher concentration of 
contrast agent required 

No 

Positron emission 
tomography (PET) 

Annihilation 
photons 

1-2mm (microPET) 
6-10mm (clinical 

PET) 
No limit 

High sensitivity 
Trace amounts (ng) of 

contrast agent 
needed 

Whole body imaging 

Exposure to ionising 
radiation Yes 

Single photon emission 
computed tomography 

(SPECT) 
Gamma rays 

0.5-2mm 
(microSPECT) 

7-15mm (clinical 
SPECT) 

No limit 

High sensitivity 
Trace amounts (ng) of 

contrast agent 
needed 

Whole body imaging 

Exposure to ionising 
radiation Yes 

Magnetic resonance 
imaging (MRI) RF waves 

0.01-0.1mm (small 
animal MRI) 

0.5-1.5mm (clinical 
MRI) 

No limit 

High spatial resolution 
Superior soft tissue 

contrast 
Non-contrast 

techniques available 
Whole body imaging 
Anatomic imaging 

Higher concentration of 
contrast agent required Yes 

Ultrasound (US) High frequency 
sound waves 

0.04-0.1mm (small 
animal US) 

0.1-1mm (clinical 
US) 

Several cm 

High sensitivity 
Real-time imaging 

Portable 
Anatomic imaging 

Therapeutic 
applications (HIFU) 

Higher concentration of 
contrast agent required 
Operator dependency 
Cannot image around 

lung and bone 

Yes 
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1.5.1 Basic principles of MRI 

MRI relies on the principle that magnetic dipoles or nuclear spins, such as 

hydrogen protons (1H), align parallel or antiparallel when placed in a strong, 

uniform magnetic field (B0). Within the human body water molecules are 

the greatest source of 1H and so MRI essentially probes tissue water 

content, organisation and mobility. Aligned dipoles precess around the 

direction B0 at the Larmor frequency (w0) which is proportional to the 

strength of the magnetic field. A radiofrequency (RF) coil can produce a 

pulse which alters the alignment of spins. The relaxation time taken for the 

spins to return to baseline can be detected and translated into an MR 

signal[150]. The timing of pulse excitation and recording can be changed, 

resulting in different magnetic contrasts with the most common being T1 

(longitudinal relaxation time) and T2 (transverse relaxation time). 

MRI is sensitive to soft tissue differences and abnormalities such as a 

tumour; for example, tumour growth often results in increased cellularity 

which increases the MR signal on T2-weighted images. Exogenous 

chemical agents, known as contrast agents, can be injected which change 

the MR signal intensity and enhance tissue differences to confirm an 

abnormality. Conjugation of a substrate to a contrast agent can assess 

protein expression and enzyme activity in vivo[152]. MRI has higher spatial 

resolution compared to radionuclide or optical probe techniques (µm 

compared to mm) and can produce anatomical information simultaneously. 

However, MRI is less sensitive and requires greater amount of contrast 

agent for detection[150].  

1.5.2 MRI biomarkers used in oncology 

Various MRI biomarkers exist and have the ability to inform upon tissue 

architecture, vascular morphology and function, hypoxia, and metabolism. 

Degradation of tumour HA by PEGPH20 is known to decompress blood 

vessels, improve drug delivery, collapse the extracellular space, and 

reduce water content, IFP, and hypoxia[14, 49, 153]. MRI biomarkers which 
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may be informative when evaluating response to PEGPH20 are 

summarised in Table 1.2. The imaging biomarkers evaluated throughout 

this thesis were selected because they did not require contrast agents, 

could be estimated using sequences that were already available and 

optimised on the 7T MRI system used, and could be translated into the 

clinic with relative ease. 

  



 55 

Table 1.2: Quantitative MRI biomarkers which may be of interest when assessing 

HA accumulation and its therapeutic degradation. 

MRI Biomarker Physiology Reference 

MRI relaxometry 

T1 (ms) 

Ratio of free (long 

T1) to bound (short 

T1) water 
[154] 

T2 (ms) 

Ratio of free (long 

T2) to bound (short 

T2) water 

Magnetisation 

transfer (MT) 
MTR (%) 

Proportion of water 

bound to 

macromolecules 

[155] 

Diffusion weighted 

MRI (DWI) 
ADC (mm

2
.s

-1
) Water diffusion [156] 

MR elastography 

(MRE) 

Gd (kPa) Elasticity 

[157-159] 

Gl (kPa) Viscosity 

|G*| (kPa) Stiffness 

Y 
Relative contribution 

of Gd and Gl to |G*| 

Dynamic contrast 

enhanced (DCE)-

MRI (typically 

GBCAs) 

Initial area under the 

gadolinium curve 

(IAUGC) 

Vascular perfusion 

and permeability 

(model-free) 

[160] K
trans

 (min
-1

) 
Vascular perfusion 

and permeability 

Vp 
Blood plasma 

volume 

Susceptibility 

contrast (SC)-MRI  

(USPIO contrast 

agent) 

ΔR2 and ΔR2* (s
-1

) 
Perfusion and blood 

volume 

[161-164] fBV (%) 
Fractional tumour 

blood volume 

VSI (µm) Blood vessel calibre 

Intrinsic 

susceptibility (IS)-

MRI 

Baseline R2 and R2* (s
-1

) 
Paramagnetic 

species  
[165-167] 
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1.5.2.1 MRI relaxometry 

T1 and T2 relaxation times will differ in different physiological environments. 

T1 is dependent on nearby water molecules; fluid regions of widely-spaced 

freely-moving water molecules will have long T1 values whilst restricted 

environments such as fat will have a shorter T1. T2 is influenced by 

interactions with neighbouring nuclear spins; freely moving water 

molecules have a greater incidence of spin-spin interactions and a loss of 

spin coherence with w0 leading to longer T2 relaxation times. T2 relaxation 

time is always shorter than T1 in a given tissue. Assessment of native T1 

pre-clinically and in a small number of clinical trials suggests that a 

reduction in T1 is indicative of treatment response in various solid tumour 

types[168-172].  

1.5.2.2 Magnetisation transfer (MT) imaging  

MT imaging can assess protons bound to macromolecules or structured 

hydration layers which are essentially invisible in T2-weighted images. The 

bound ‘pool’ of protons can influence the free water pool through the 

exchange of energy. The bound pool has broad resonance and can be 

exclusively excited by a radiofrequency pulse applied kilohertz away from 

the free water pool frequency, with no effect on the free water protons. 

Saturated magnetisation from the ‘invisible’ bound pool can move to the 

free water pool and reduce the total MR signal. The small saturation effect 

on the free water pool, quantified as the MT ratio (MTR), is suggestive of 

the physiological levels of the macromolecule of interest[155]. MTR has been 

used to discriminate between malignant and benign lesions[171]. MTR is 

sensitive to ECM accumulation and has been shown to correlate with 

fibrosis in pancreatic cancer and collagen content in meningiomas[173-175].  

Chemical exchange saturation transfer (CEST) imaging has been built on 

the concept of MT. CEST imaging uses one chosen off resonance 

frequency on both sides of the free water peak to excite a particular 

exogenous agent or endogenous macromolecule in the bound pool. 
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Examples of endogenous substances/processes within the tumour 

microenvironment which can be indirectly monitored by CEST include 

glucose, glutamate, protein aggregation, protein degradation and 

GAGs[176-180]. The most relevant of these is gagCEST, however, this thesis 

does not explore gagCEST in relation to PEGPH20 treatment because this 

method remains in its infancy, particularly with regard to oncological 

applications, and clinical translation is difficult due to negligible gagCEST 

signal seen at clinical magnetic field strengths even in high expressing 

tissues such as cartilage[178, 179]. Following further optimisation, this method 

may prove useful in relation to HA and its therapeutic degradation in the 

future. 

1.5.2.3 Diffusion weighted imaging (DWI) 

DWI uses the random Brownian motion of water molecules within tissues 

to non-invasively quantify and map the apparent diffusion coefficient 

(ADC). ADC is sensitive to the movement of water molecules, 

predominantly extracellular, and can inform upon various phenomena 

including the presence of macromolecules, permeability of membranes 

and equilibrium of intracellular and extracellular water[150]. Solid tumours 

commonly have restricted diffusion compared to normal tissues due to 

increased cellularity and reduction in extracellular space. Typically, cell 

shrinkage, fragmentation, loss of membrane integrity, and death following 

successful therapy increase ADC in various solid tumours[171, 181, 182].  

Intravoxel incoherent motion (IVIM) MRI is a variation of DWI which is 

sensitive to blood flow in capillaries (i.e. perfusion) without the need of 

contrast agents as this phenomenon can mimic a diffusion process. The 

majority of the IVIM effect can be measured at small b values (e.g. below 

200 s/mm2) and therefore can be separated from tissue water diffusion and 

measures of ADC mentioned previously[183]. IVIM has been gaining 

popularity in oncology as an endogenous perfusion MRI method, 

particularly in areas of the body less affected by motion such as the brain. 

IVIM MRI may inform on blood vessel decompression following PEGPH20 
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treatment, however, this technique was not explored during this PhD 

project as IVIM parameters can be error prone and there was not an 

optimised sequence available on the 7T pre-clinical MRI system used[183]. 

1.5.2.4 Magnetic Resonance Elastography (MRE) 

Periodic application of a force generates mechanical waves which 

propagate through tissues with a different speed that depends on the type 

of wave generated (e.g. shear or longitudinal), the corresponding elastic 

and viscous moduli (e.g. shear or bulk), the amplitude of the vibration, and 

the frequency of the vibration. In biological tissues the wave will be 

attenuated (dampened) as it propagates depending on the viscosity and 

the amount by which the wave energy is redirected by refraction, reflection 

and scattering. Elastography evaluates the propagation of mechanical 

waves, and imaging the resulting tissue deformation can non-invasively 

map and quantify, under certain simplifying assumptions, the viscoelastic 

properties[184-188]. Based on the imaging technique, elastography falls 

mainly into three types: MRE, ultrasound elastography and optical 

elastography[188-192]. This thesis focussed on the application of MRE only. 

The aim of MRE is to measure and map the distribution of shear elastic 

and viscous moduli by measuring the local speed of shear waves of known 

frequency. The amplitude of the shear waves is assumed to be small 

enough that the results are not significantly dependent on the amplitude. 

MRE typically uses an external driver to generate vibrations of a single 

frequency which excite the tissue of interest; multiple frequency MRE is 

less common[193, 194]. The signal generated for these external driver devices 

is synchronised to the MR pulse sequence and amplified[186]. Motion-

encoding gradient (MEG) pairs allow the local and instantaneous tissue 

displacements associated with propagating shear waves to be encoded in 

the phase of MR images creating snapshot images of wave movement 

throughout the tissue (Figure 1.10)[187]. 
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MRE yields quantitative images called elastograms, which map the shear 

elastic modulus (Gd units of kPa), shear viscous modulus (Gl kPa), the 

absolute value of the complex shear modulus (|G*| = √[Gd2+Gl2]	kPa), and 

the normalised phase angle (Y = 2/π[tan-1[Gl/Gd]] dimensionless)[159]. Gd 

and Gl form the real and imaginary parts respectively of G* (a complex 

number), which describes the tissue stiffness. The phase angle (Y) 

describes the relative contributions of Gd and Gl to |G*|. Tissue properties 

range from pure elastic (Y = 0) to pure viscous (Y = 1)[159]. MRE has 

excellent reproducibility, repeatability, high inter-observer agreement, and 

reproducibility across different manufacturers[74]. 
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Figure 1.10: Measurement of viscoelastic properties with magnetic resonance elastography (MRE). The characteristics of the propagating 

mechanical wave will change depending on the local stiffness and viscosity of the tissue or phantom. Imaging the wave propagation with MRE 

can give, under certain simplifying assumptions, an estimate of the viscoelastic properties. Wave images provided by Professor Ralph Sinkus.     
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MRE can identify many malignant solid tumours, including breast, because 

they are often stiffer than the surrounding healthy tissue and benign 

lesions[74, 188, 195]. MRE investigations of high-grade malignant brain 

tumours, such as gliomas and glioblastomas, showed them to be softer 

than lower grade lesions and surrounding healthy brain tissue[83, 158, 196]. 

Pre-clinical studies have shown significant reductions in |G*|, Gd and Gl in 

breast and pancreatic tumours following treatment with vascular disrupting 

agents[74, 157, 197, 198]. Alteration of viscoelastic properties following 

chemotherapy is less clear, with MRE-derived stiffness decreasing in some 

in vivo solid tumour models and increasing in others[199, 200]. MRE may be 

useful to monitor responses to stromal-targeted therapy given that the 

tumour-associated stroma is a major contributor to tissue stiffness[46, 152].  

1.5.2.5 Intrinsic susceptibility (IS) MRI 

IS-MRI measures the transverse relaxation rate R2* (1/T2*) which is 

sensitive to magnetic field inhomogeneities caused by paramagnetic 

species[165-167]. Susceptibility perturbations, which occur around blood 

vessels containing deoxyhaemoglobin, increase R2*[165]. IS-MRI, also 

commonly referred to as blood oxygen level dependent (BOLD) MRI, can 

inform on tissue oxygenation and haemodynamic function of surrounding 

vasculature. Tumours often exhibit relatively fast R2* compared to most 

normal tissues, a consequence of the high concentration of deoxygenated 

red blood cells (RBCs) within the typically chaotic and unstable 

microcirculation[201]. IS-MRI has thus been utilised to investigate tumour 

angiogenesis and response to vascular targeted therapies[169, 202]. A recent 

study showed that parametric maps of tumour R2* reflect the spatial 

variation in RBCs seen histologically[202].  
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1.5.2.6 Contrast-enhanced (CE) MRI 

Imaging with exogenous contrast agents, for example gadolinium-based 

contrast agents (GBCAs) or ultrasmall superparamagnetic iron oxide 

(USPIO), can inform on the architecture and patency of the tumour 

microvasculature.  

Dynamic contrast enhanced (DCE)-MRI normally involves rapid acquisition 

of T1-weighted images before, during and following intravenous injection of 

a T1-shortening GBCA. DCE-MRI measures GBCA extravasation from the 

blood plasma compartment to the extravascular extracellular compartment 

through the typically hyperpermeable tumour blood vessels, often 

expressed by the volume transfer constant Ktrans (min-1), and used to inform 

on tumour perfusion, vessel permeability and density, and overall blood 

volume[160]. An effective antivascular agent would be expected to elicit a 

reduction in Ktrans[203]. GBCAs have a half-life of approximately 90 minutes 

and any residual gadolinium remaining in tissues will influence the MR 

signal in later images, particularly when repeat contrast agent dosing is 

used[204]. Ktrans increased (50 - 56% on average) following PEGPH20 

monotherapy and PEGPH20 in combination with gemcitabine in pre-

clinical models of PDAC[205]. Moreover, in the phase 1b trial of PEGPH20, 

median Ktrans increased (16 - 547%) in patients with pancreatic cancer 

following successful treatment[38, 143, 171].  Despite the promise of Ktrans as a 

biomarker of successful PEGPH20 treatment, there are safety concerns 

around the use of GBCAs, for example GBCAs may cause nephrogenic 

systemic fibrosis or build-up in the brain. Therefore alternative CE, or 

endogenous contrast based MRI methods to monitor tumour response to 

PEGPH20 would be preferable and easier to translate into the clinic[206]. 

Susceptibility contrast (SC)-MRI evaluates changes in tumour R2 (1/T2) 

and R2* (1/T2*) following intravenous injection of USPIO particles which 

have a relatively long intravascular half-life compared to GBCAs[201]. 

USPIO particles are assumed to remain intravascular and at steady-state 

within the plasma for the entirety of the scan. Fractional blood volume (%) 



 

 63 

and vessel size (µm) can be estimated using R2 and R2* values acquired 

before and after injection of USPIO particles[162, 163, 201, 207]. SC-MRI 

biomarkers decrease following effective tumour response to anti-

angiogenic drugs[161, 208]. A recent study showed that SC-MRI-derived 

blood volume increased following PEGPH20 treatment in a pre-clinical 

model of pancreatic cancer[209].  
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1.6 Aims of this PhD thesis 

Evaluation of tumour characteristics spatially and temporally with non-

invasive imaging biomarkers may help improve biological understanding 

and personalisation of stromal-targeted therapies (e.g. PEGPH20).  

The aims of this PhD thesis are to: 

i) evaluate the sensitivity of endogenous MRI biomarkers to HA 

accumulation and its therapeutic degradation by PEGPH20 in 

pre-clinical models of breast cancer 

ii) use histology to characterise and understand the biological 

determinants of the MRI biomarkers 

1.6.1 Thesis structure 

Chapter 2 summarises the materials and methods used throughout this 

thesis. 

Chapter 3 demonstrates the ability of ADC to detect pre-clinical breast 

tumour response to HA degradation by PEGPH20, and compares this to 

T1, T2 and MTR. 

Chapter 4 explores the effect of PEGPH20 on tumour viscoelastic 

properties measured by MRE. 

Chapter 5 evaluates whether IS-MRI can inform on breast tumour 

vasculature response to PEGPH20. 

Chapter 6 collates all the data from chapters 3, 4 and 5 to probe the 

biological determinants of the MRI biomarkers in more depth. 

Chapter 7 provides a summary, conclusion and appraisal of potential 

avenues of future research. 
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Chapter 2: Materials & Methods 

2.1 Gelatine Phantoms 

Multiparametric MRI evaluation of gelatine phantoms with increasing 

concentration was performed to confirm that T1, T2, MTR, ADC, Gd, Gl, |G*|, 

and Y are sensitive to increasing ECM accumulation at physiological 

levels. Gelatine-based phantoms were chosen as they are well studied in 

elastography, are simple and relatively straightforward to reproducibly 

manufacture, and mimic biological tissue[210]. However, gelatine phantoms 

are much less complex compared to biological tissues and consist of 

sparsely interlinked chains of denatured collagen, a major component of 

the ECM[211, 212]. 

Gelatine powder from porcine skin (Type A, Sigma, G2500) was dissolved 

in distilled water to create phantoms of various percentages (w/w). Once 

mixed, solutions were heated to at least 50°C in a microwave and 

degassed in a vacuum chamber before being poured into a 3D printed 

mould with a shape complementary to the MRE set up (Figure 2.1). 

Resulting gel phantoms were left to set overnight at room temperature 

(~22°C). Approximately 24 hours after preparation, phantoms underwent 

multiparametric MRI. Phantoms of different concentrations were scanned 

in separate, identical imaging sessions across different days. 

A limitation of these gelatine phantoms is that they do not include HA. 

Attempts were made to make an HA phantom or inclusion; however, these 

were costly to prepare at a high concentration, fragile with a slippery 

surface which meant MRE was difficult to perform, and inclusions had 

problems with air bubbles and artefacts which made the data unusable. At 

the start of this PhD project the primary focus was the in vivo application of 

MRE and so rather than use a substantial amount of time on HA phantom 

manufacture, the project moved onto an in vivo pilot study in a tumour 

model with a high baseline HA accumulation.   
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Figure 2.1: Mould used to manufacture gelatine phantoms. The 3D printed design 

is identical in semi-cylindrical shape to the MRE set up (diameter 35 mm, length 

80 mm). 

2.2 Cell lines 

All cell lines tested negative for Mycoplasma infection and cell identity was 

authenticated by short tandem repeat (STR) profiling. luc-MDA-MB-231 

LM2-4 highly malignant luciferase-expressing triple negative breast cancer 

cells isolated from a lung metastasis were provided by Dr R. Kerbel 

(University of Toronto, Canada) and were cultured in Dulbecco’s modified 

eagle’s medium (DMEM; Invitrogen, Life Technologies) supplemented with 

10% (v/v) foetal bovine serum (FBS; Pan Biotech). 4T1 murine breast 

adenocarcinoma cells and 4T1/HAS3 murine breast adenocarcinoma cells 

which overexpress HA synthase 3 (HAS3) were provided by Halozyme 

Therapeutics (San Diego, USA). 4T1 cells were cultured in RPMI 1640 

medium (Gibco, 72400) supplemented with 10% FBS. 4T1/HAS3 cells 

were cultured in RPMI 1640 medium (Gibco, 72400) supplemented with 

10% FBS and 100 μg/ml hygromycin B (Invitrogen, 10687010) for HAS3 

selection.  
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2.3 Animals and tumour models 

All animal experiments were approved by the Institute of Cancer Research 

Animal Welfare and Ethical Review Body, performed in accordance with 

the UK Home Office Animals (Scientific Procedures) Act 1986, and the 

United Kingdom National Cancer Research Institute guidelines for the 

welfare of animals in cancer research, and reported according to the 

Animal Research: Reporting In Vivo Experiments (ARRIVE) guidelines[213, 

214]. Mice were housed in specific pathogen-free rooms in autoclaved, 

aseptic microisolator cages with a maximum of 6 animals per cage. Mice 

were allowed access to food and water ad libitum. A total of 64 mice were 

enrolled in this work. 

Murine 4T1 and 4T1/HAS3 breast tumours were propagated orthotopically 

by injecting 1x105 4T1 or 4T1/HAS3 cells in 100 μl of sterile serum-free 

medium into the third mammary fat pad of adult female BALB/c mice (4T1: 

one study n = 14; 4T1/HAS3: three studies total n = 24). Human luc-MDA-

MB-231 LM2-4 breast tumours were propagated orthotopically in the third 

mammary fat pad of adult female athymic NCr-Foxn1nu mice by injecting 

2x106 luc-MDA-MB-231 LM2-4 cells in 100 μl Matrigel (Corning) and 

serum-free medium suspension (1:1 ratio; two studies total n = 26). Tumour 

development was monitored at least twice weekly by calliper 

measurements and tumour volume was estimated using the formula for an 

ellipsoid:  

!"#$%& = 	)6 (#&,-.ℎ × 123.ℎ × 3&4.ℎ) 

Tumour doubling time (DT) was calculated using:  

67	(389:) = ln(2) × (1 ?"&@@2?2&,.	"@	A	",	&A4",&,.28#	.B&,3#2,&⁄ ) 

The in vivo workflow is shown in Figure 2.2. 
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Figure 2.2: Graphic describing the in vivo workflow used throughout this thesis. Pre-treatment MRI was performed when tumour reached sufficient 

size. Mice were then given 5 hours to recover from the anaesthesia before either saline or PEGPH20 (1 mg/kg) was administered intravenously. 

MRI was repeated 24 hours after treatment. After post-treatment MRI a terminal IFP measurement was taken, mice were killed (by cervical 

dislocation), and tumours were bisected at the MRI plane. One tumour half was embedded in formalin for histology and the other was weighed 

and freeze dried for estimation of tumour water content. 
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2.4 Formulation, administration and dosing of PEGPH20 

PEGPH20, a PEGylated, recombinant, human hyaluronidase (PH20), was 

provided by Halozyme Therapeutics and used to enzymatically degrade 

tumour HA[14]. A 24-hour timepoint and single 1 mg/kg dose were used[215]. 

PEGPH20 was diluted in saline and administered intravenously via a 

lateral tail vein. Control mice were treated intravenously with saline alone. 

2.5 MRI data acquisition and analysis 

For MRI, tumour-bearing mice were anaesthetised with a 7 ml/kg (4T1 and 

4T1/HAS3) or 9 ml/kg (MDA-MB-231 LM2-4) intraperitoneal injection of 

HypnormTM (0.315 mg/ml fentanyl citrate plus 10 mg/ml fluanisone; 

Janssen Pharmaceuticals) and HypnovelTM (5 mg/ml midazolam; Roche) 

and sterile water in a 1:1:2 ratio. This injectable anaesthesia combination 

was used as it has been previously shown to have minimal effects on 

tumour blood flow[216]. Body temperature was kept at approximately 37°C 

using a water heating pad. Pre-treatment MRI was performed when 4T1, 

4T1/HAS3 and MDA-MB-231 LM2-4 tumours reached 453 ± 23 mm3, 335 

± 23 mm3 and 472 ± 24 mm3 respectively (calculated using anatomical T2-

weighted MRI). Mice were given 5 hours to recover from anaesthesia 

before saline or 1 mg/kg PEGPH20 was injected intravenously. MRI was 

then repeated 24 hours after treatment. 

MRI data were acquired on a 7T BioSpec 70/20 USR horizontal MRI 

system (Bruker Instruments, Ettlingen, Germany) using a purpose-built 

MRE platform and a volume coil (4 cm) positioned at the isocentre of the 

magnetic field (Figure 2.3)[157].  
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Figure 2.3: Graphical representation of the purpose-built MRE platform used. Figure adapted from [157]. During MRE, a mechanical vibration is 

generated by an electromagnetic shaker, transmitted through a flexible nylon rod to a square piston which is in direct contact with the tumour or 

phantom. A cantilever allows conversion of the horizontal vibration of the shaker into vertical vibrations onto the tissue or phantom. 
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Anatomical T2-weighted images were first acquired using a rapid 

acquisition with refocused echoes (RARE) sequence (20 contiguous 1 mm 

thick axial slices) and were used to determine the tumour volume, plan the 

subsequent functional MRI acquisition, and optimise the local field (B0) 

homogeneity over the tumour using the FASTMAP algorithm. 

The subsequent functional MRI protocol included inversion recovery (IR)-

TrueFISP for estimating T1 and T2 relaxation times, MT-RARE to derive the 

MTR, DWI for determination of the ADC, a multiple gradient echo (MGE) 

sequence to estimate R2*, and finally MRE to quantify tumour viscoelastic 

properties. The details of each sequence used for phantoms and in vivo 

tumour models are shown in Tables 2.1 and 2.2 respectively. Total 

acquisition time was approximately 45 minutes, but this was variable in vivo 

due to the respiratory-gated DWI. R2* was not measured in gelatine 

phantoms because they did not contain any paramagnetic material, and 

data would have been irrelevant to the in vivo setting.  
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Table 2.1: Summary of MRI sequences used for gelatine phantom experiments.  

MR Imaging Parameter 
Slice 

Thickness 
(mm) 

Field of 
View 
(mm) 

Matrix 
Size 

Echo 
Time 
(ms) 

Repetition 
Time (ms) Averages Acquisition 

Time Other 

TurboRARE Anatomical 
information 1 38.4 x 

38.4 
128 x 
128 36 4500 2 2min 24sec RARE factor of 8 

IR-TrueFISP 
T1 (ms) 
T2 (ms) 

1 38.4 x 
38.4 

128 x 
128 1.7 3.4 4 5min 20sec 

50 inversion times 
(TI) between 72ms 

and 2737ms 
Flip angle 60° 

MT-RARE MTR (%) 1 38.4 x 
38.4 

128 x 
128 19.22 1500 4 1min 36sec 

8µT saturation 
strength 

36 40ms pulses 
(gauss) 

Saturation at 
100kHz (‘off’) and 

7.5kHz (‘on’) 

DWI 
ADC  

(mm2.s-1) 
1 38.4 x 

38.4 
128 x 
128 37.88 1500 4 4min 24sec 

B Values (s/mm2): 
200, 300, 500, 750, 

1000 

TurboRARE 
for MRE 

Anatomical 
information 0.3 19.2 x 

19.2 64 x 64 36 4500 8 4min 48sec RARE factor of 8 

MRE 

Gd (kPa) 
GI (kPa) 
|G*|(kPa) 

Y 

0.3 19.2 x 
19.2 64 x 64 30 504 2 12min 54sec 

1kHz excitement 
Amplitude 7V 

4 wave phases 
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Table 2.2: Summary of MRI sequences used in vivo. *DWI acquisition time was variable because respiration triggering was used.  

MR Imaging Parameter 
Slice 

Thickness 
(mm) 

Field of 
View 
(mm) 

Matrix 
Size 

Echo 
Time 
(ms) 

Repetition 
Time (ms) Averages Acquisition 

Time Other 

TurboRARE Anatomical 
information 1 30 x 30 128 x 

128 36 4500 2 2min 24sec RARE factor of 8 

IR-TrueFISP T1 (ms) 
T2 (ms) 1 30 x 30 128 x 

128 1.7 3.4 4 5min 20sec 

50 inversion times 
(TI) between 72ms 

and 2737ms 
Flip angle 60° 

MT-RARE MTR (%) 1 30 x 30 128 x 
128 19.22 1500 4 1min 36sec 

8µT saturation 
strength 

36 40ms pulses 
(gauss) 

Saturation at 100kHz 
(‘off’) and 7.5kHz 

(‘on’) 

DWI ADC  
(mm2.s-1) 1 30 x 30 128 x 

128 37.88 1500 4 4min 24sec* 

Trigger (respiration) 
B Values (s/mm2): 

200, 300, 500, 750, 
1000 

MGE R2* (s-1) 1 30 x 30 128 x 
128 3 200 8 3min 25sec 

8 echo images 
3ms echo spacing 

Flip angle 45° 
TurboRARE 

for MRE 
Anatomical 
information 0.3 19.2 x 

19.2 64 x 64 36 4500 8 4min 48sec RARE factor of 8 

MRE 

Gd (kPa) 
GI (kPa) 
|G*|(kPa) 

Y 

0.3 19.2 x 
19.2 64 x 64 30 504 2 12min 54sec 

1kHz excitement 
Amplitude 10V  
4 wave phases 
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During MRE, a mechanical vibration was generated by an electromagnetic 

shaker (Brüel & Kjaer, Nærum, Denmark), transmitted through a flexible 

nylon rod to a square piston with either a semi-curved or flat end (Figure 

2.4; 1.2cm x 1.2 cm, with various depth options between 2 mm and 7 mm). 

The piston was positioned in direct contact with the tumour or phantom. A 

cantilever allowed conversion of the horizontal vibration of the shaker into 

vertical vibrations onto the tissue or phantom. 

 

Figure 2.4: Types of piston used for MRE. A semi-curved piston (A) was used for 

in vivo tumour studies and a flat piston (B) was used for gelatine phantoms. The 

depth of available pistons varied from 2 to 7 mm; the piston was changed to suit 

the size of the subject. Typically, a 5 mm semi-curved piston was used for 4T1 

and 4T1/HAS3 tumours and a 3 mm semi-curved piston was used for MDA-MB-

231 LM2-4 tumours. 

Parametric maps of T1, T2, MTR, ADC, and R2* were reconstructed using 

in-house software from a 1 mm thick axial slice over a 38.4 x 38.4 mm 

(phantoms) or 30 x 30 mm (in vivo) FOV[217]. Parametric maps of Gd, Gl, 

|G*|, and Y were reconstructed isotropically from three 0.3 mm thick axial 

slices over a 19.2 x 19.2 FOV using software shared by Prof. Ralph Sinkus 

(King’s College London)[218]. Median values for each tumour were 

calculated from a region of interest (ROI) which contained viable tumour 

tissue and excluded necrosis. Artefacts, such as those created by motion, 

were excluded from the ROI, and the median was used rather than the 

mean to further minimise their effect. Pre- and post-treatment ROIs were 

‘matched’ by eye so that the tumour regions being compared were similar. 

This was important to improve data analysis in cases where necrosis was 
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present post-treatment that was not visible in the pre-treatment MRI, in 

these examples the same tumour regions were excluded despite there 

being less apparent necrosis in the pre-treatment MRI.  

2.6 IFP measurement  

Terminal invasive tumour IFP measurements were performed in vivo 

immediately after post-treatment MRI using a Millar Mikro-Tip® 

piezoelectric mouse pressure catheter (model SPR-1000, 0.33 mm 

diameter; Figure 2.5). To isolate IFP from total tissue pressure, the catheter 

was covered with modified polytetrafluoroethylene (PTFE) tubing (ID = 0.4 

mm)[40]. The PTFE tubing was perforated (using a 27-gauge needle) to 

allow transmission of fluid pressure and minimise transmission of solid 

stress to the pressure sensor. Prior to each experiment, the catheter was 

placed in a water bath (~37 °C) until stabilisation and calibrated at 0 mmHg 

and 120 mmHg against a manometer. To insert the catheter into tumour 

tissue, a 23-gauge needle was firstly introduced into and removed from the 

tumour and then the covered catheter was quickly inserted into the pierced 

track. Care was taken to locate the pressure sensor at approximately the 

tumour centre. Data were collected for at least 5 minutes and the average 

pressure after stabilisation was calculated. Data were recorded and 

analysed using LabChart (ADInstuments). 
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Figure 2.5: Summary of the method used to separate total tissue pressure (TTP) 

into interstitial fluid pressure (IFP) and solid stress (SS) components. Images of 

the Millar SPR-1000 pressure catheter are shown. The probe was first covered 

with perforated tube to estimate the IFP, following which the tubing was removed 

to measure TTP. When both TTP and IFP are measured in the same region of 

the tumour the difference between them gives the SS. Figure created using [40]. 
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2.7 Ex vivo measurement of tumour water content 

Guided by the post-treatment T2-weighted MRI, tumours were carefully 

dissected and then bisected at the MRI plane. One tumour half was 

weighed, dried in a lyophiliser for 24 hours, and then reweighed. Tumour 

water content (%) was calculated using[14]:  

!"#$%	'()#$)#	(%) = 	.$#	.$/0ℎ# − 3%4	.$/0ℎ#.$#	.$/0ℎ#	 	× 	100 

2.8 Histology and immunohistochemistry (IHC) 

The other tumour half was fixed in formalin and embedded in paraffin. 

Serial FFPE tissue sections (5 μm) were cut using a microtome (Leica, 

RM2125RT). Sections were floated on a 45°C water bath (Raymond A 

Lamb), prior to mounting on positively charged microscope slides. Sections 

were air-dried at 22°C for approximately 1 hour, followed by baking 

overnight at 40°C (Windsor Incubator, Raymond A Lamb). 

Haematoxylin and Eosin (H&E) staining was performed for the assessment 

of nuclear density, morphology and necrosis. HA was detected by an 

affinity histochemistry assay using a biotinylated, recombinant HA-binding 

protein (modified TSG-6 probe HTI-601, Halozyme Therapeutics; Figure 

1.3)[70]. Collagen I & III were detected by picrosirius red staining[44]. Blood 

vessels were detected using CD31 immunohistochemistry. Staining 

protocols are summarised in Tables 2.3 (H&E), 2.4 (HA), 2.5 (collagen I & 

III) and 2.6 (CD31). 
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Table 2.3: H&E staining protocol. 

Reagent Time 
Xylene 5 min 
Xylene 2 min 

100% ethanol 2 min 
90% ethanol 2 min 
70% ethanol 2 min 

Rinse in running tap water 2 min 
Gill’s III haematoxylin 1.5 min 

Rinse in running tap water 5 min 
1% acid alcohol (1% HCl in 70% ethanol) 3 sec 

Rinse in running tap water 4 min 
Eosin 2 min 

Rinse in running tap water 20 sec 
70% ethanol 30 sec 
90% ethanol 30 sec 
100% ethanol 2 min 

Xylene 2 min 
Xylene Until ready to mount in DPX 
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Table 2.4: HA staining protocol using the modified TSG-6 probe HTI-601. 

Reagent Time 
Xylene 3 x 3 min 

100% ethanol 3 min 
95% ethanol 1 min 
80% ethanol 1 min 

Rinse in distilled water  2 min 
3% H2O2 20 min 

Rinse in washing buffer  
(0.05% Tween 20 in PBS)  3 x 3 min 

Blocking buffer  
(2% w/v BSA + 2% v/v goat serum in PBS) 30 min 

Rinse in washing buffer 3 x 3 min 
Avidin block (Invitrogen 00-4303) 10 min 

Rinse in washing buffer 3 x 3 min 
Biotin block (Invitrogen 00-4303) 10 min 

Rinse in washing buffer 3 x 3 min 
HTI-601 (0.5 µg/ml) in blocking buffer 30 min 

Rinse in washing buffer 3 x 3 min 
HRP-streptavidin (BD biosciences 550946) 15 min 

Rinse in washing buffer 3 x 3 min 
Diaminobenzidine (DAB; Dako K3467) 4 min 

Rinse in distilled water  2 min 
Gill's III haematoxylin 1 min 

Rinse in running tap water 5 min 
1% acid alcohol  

(1% HCl in 70% ethanol) 3 sec 

Rinse in running tap water 5 min 
80% ethanol 30 sec 
95% ethanol 30 sec 
100% ethanol 2 min 

Xylene 3 x 3 min 
Xylene Until ready to mount in DPX 
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Table 2.5: Picrosirius red staining protocol.  

Reagent Time 
Xylene 5 min 
Xylene 2 min  

100% ethanol 2 min 
90% ethanol 2 min 
70% ethanol 2 min 

Rinse in running tap water 2 min 
Weigert’s Haematoxylin (PRC/R/111 & 112) 8 min (5-15) 

Running tap water 5 min 
1% acid alcohol  

(1% HCl in 70% ethanol) 3 sec 

Running tap water 5 min 
Picrosirius Red (PRC/R/109) 1 hour 

Acidified Water  
(0.5% acetic acid in distilled water) 2 changes of water 

70% IMS/Ethanol 30 sec 
90% IMS/Ethanol 30 sec 

Absolute IMS/Ethanol 2 min 
Xylene 2 min 
Xylene Until ready to mount in DPX 
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Table 2.6: CD31 staining protocol to identify blood vessels.  

Reagent Time 
Xylene 5 min 
Xylene 2 min  

100% ethanol 2 min 
90% ethanol 1 min 
70% ethanol 1 min 

Rinse in distilled water 5 min 
Citrate buffer (Vector labs, H3300) 5 min in pressure cooker 

Rinse in running tap water 5 min 
TBS-tween (0.025% Tween 20 in TBS) 3 x 3 min 

Peroxidase block (Dako, S200380) 10 min 
TBS-tween 3 x 3 min 

CD31 (Dianova DIA-310) 1:30 in Ab diluent 
(Dako S080981) 1 hour 

TBS-tween 3 x 3 min 
Rat histofine max PO  

(Nichirei bioscience, 414311F) 30 min 

TBS-tween 3 x 3 min 
Diaminobenzidine (DAB; Dako K3467) 6 min 

TBS-tween 3 x 3 min 
Gill's III haematoxylin 1 min 

Rinse in running tap water 4 min 
1% acid alcohol  

(1% HCl in 70% ethanol) 3 sec 

Rinse in running tap water 5 min 
70% ethanol 30 sec 
90% ethanol 30 sec 
100% ethanol 2 min 

Xylene 2 x 2 min 
Xylene Until ready to mount in DPX 

 

Whole-slide images were digitised using a Nanozoomer XR scanner (40x 

magnification, Hamamatsu). Nuclear density, HA (%) and blood vessel 

density were quantified from H&E, HTI-601, and CD31 staining 

respectively using Definiens Tissue Studio®. Collagen I & III (%), fractal 

dimension and entropy were quantified from picrosirius red staining by Dr 

Konstantinos Zormpas-Petridis as described previously[46]. Fractal 

dimension and entropy describe 2D collagen organisation[219]. 
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2.9 Statistical analyses 

Statistical analyses were performed using Prism 9 (GraphPad) and data 

are presented as mean ± 1 standard error of the mean (SEM). The mean 

was utilised as the summary statistic for cohort data as it was 

representative of the data and enabled use of an unpaired Student’s t-test 

or a one-way ANOVA with multiple comparisons to identify significant 

differences with a significance level of 5%. Correlations were evaluated 

using the Pearson correlation coefficient (r) with a significance level of 5% 

and correlation matrices were created using Prism 9. In this thesis, p values 

were not corrected to minimise risk of type 1 error (incorrectly rejecting a 

true null hypothesis) because the sample sizes were relatively small, and 

making p value corrections, such as Bonferroni, will increase the chance 

of type II error (incorrectly accepting a false null hypothesis).    

The within-subject test-retest coefficient of variation (CVWS) for T1, T2, 

MTR, ADC, R2*, Gd, Gl, |G*|, and Y was calculated from repeated 4T1, 

4T1/HAS3 and MDA-MB-231 LM2-4 tumour MRI prior to and 24 hours after 

saline using:  

!"!"	(%) = 100	 × 	+Σ (Δ .)⁄ #

21  

Where m is the mean of all the pre-saline and post-saline MRI, Δ is the 

difference between the paired repeats, and n is the number of pairs[220]. 
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Chapter 3: Evaluating whether MRI relaxometry, 

magnetisation transfer (MT) imaging, and diffusion 

weighted imaging (DWI) can inform on breast 

tumour response to PEGPH20  

3.1 Introduction: 

The development of stromal modulatory therapies, such as PEGPH20, 

may be accelerated by imaging biomarkers which inform on therapeutic 

efficacy. HA degradation by PEGPH20 has been associated with a 

collapse of the extracellular space and a decrease in tumour water 

content[14, 49]. This reorganisation of previously HA-bound water molecules 

within the tumour microenvironment provides a strong rationale for using 

MRI, which exploits the magnetic moment of protons in tissue water, to 

assess response to PEGPH20 in vivo.  

MR image acquisition can be sensitised to numerous independent contrast 

mechanisms, from which parametric maps can be calculated and used to 

inform on tumour structure and function in situ. This chapter summarises 

multiparametric MRI data, incorporating quantitation of tumour T1, T2, MTR, 

and ADC. Each of these MR characteristics is sensitive to tissue water 

content, organisation or mobility in a different way; T1 to the proximity of 

nuclear spins to neighbouring molecules, T2 to the distance between 

nuclear spins which in vivo predominantly come from water, MTR to the 

proportion of water bound to macromolecules and ADC to water diffusivity.  

Firstly, the sensitivity of MRI biomarkers to ECM density was tested using 

gelatine phantoms of varying concentrations, used to replicate biological 

tissue with different degrees of stroma. Following this, multiparametric MRI 

was performed in vivo using pre-clinical breast tumours with different 

baseline HA accumulation which were predicted to exhibit different 

responses to PEGPH20. The aims were to gain mechanistic insight on 

PEGPH20 treatment, determine whether MRI can afford useful biomarkers 
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of tumour response to PEGPH20, and to understand if the MRI biomarkers 

are complementary in the information that they provide. 

3.2 Results: 

3.2.1 Multiparametric MRI of gelatine phantoms: 

Multiparametric MRI examination of gelatine phantoms revealed 

decreased T1, T2, and ADC, and increased MTR, with increasing gelatine 

concentration. Representative anatomical T2-weighted images and 

parameter maps from 6, 8, 10 and 12% gelatine phantoms are shown in 

Figure 3.1. Median values of T1, T2, MTR and ADC were calculated from a 

ROI drawn within the shimmed region of each homogeneous gelatine 

phantom. Median values of each parameter are presented in Figure 3.2; 

linear relationships were identified.  

 
Figure 3.1: Multiparametric MRI of gelatine phantoms. Representative T1, T2, 

MTR and ADC maps are shown, alongside anatomical T2-weighted (T2w) images, 

for gelatine phantoms with concentrations of 6, 8, 10 and 12% (w/w). For each 

phantom, a region of interest (ROI; black dashed rectangle) was drawn within the 

shimmed region to calculate median T1, T2, MTR and ADC values.  
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Figure 3.2: Plots of T1 (Pearson’s correlation coefficient r = -0.76, p = 0.03), T2 (r 

= -0.96, p = 0.0002), MTR (r = 0.94, p = 0.0004) and ADC (r = -0.90, p = 0.003) 

against gelatine phantom concentration (weight/weight percentage). Median 

values from each individual phantom are plotted (n = 2 for each concentration 

tested). 
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3.2.2 Multiparametric MRI investigation of HA degradation by 
PEGPH20 in mouse models of breast cancer: 

4T1, 4T1/HAS3 and MDA-MB-231 LM2-4 tumours grew rapidly, with an 

average doubling time of 2.6 days, 2.4 days and 4.3 days respectively 

(Figure 3.3). All 4T1 and 4T1/HAS3 tumours were measurable 9 days after 

injection of cells into the mammary fat pad. MDA-MB-231 LM2-4 tumours 

were slightly more variable in the time taken to become established, with 

tumours measurable between day 5 and 16 after injection.  
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Figure 3.3: 4T1, 4T1/HAS3 and MDA-MB-231 LM2-4 tumour growth. Here 

tumour volume was measured using callipers. Each black line connects the data 

points from each individual tumour (4T1 n = 13, 4T1/HAS3 n = 23, and MDA-MB-

231 LM2-4 n = 23). Tumour volume is shown up until the day of pre-treatment 

MRI. The doubling times for 4T1, 4T1/HAS3 and MDA-MB-231 LM2-4 tumours 

were 2.6 days, 2.4 days and 4.3 days respectively.  



 

 88 

Multiparametric MRI examination of 4T1, 4T1/HAS3 and MDA-MB-231 

LM2-4 tumours yielded anatomical T2-weighted images and T1, T2, MTR 

and ADC parameter maps. Representative MRI for 4T1, 4T1/HAS3 and 

MDA-MB-231 LM2-4 tumours treated with either saline or PEGPH20 are 

shown in Figures 3.4 and 3.5 respectively; one tumour (pre and post-saline 

or PEGPH20) is shown per tumour model. Parametric maps of T1, T2, MTR 

and ADC revealed that PEGPH20-induced changes occurred 

homogeneously across viable tumour regions. 

Within-subject test-retest coefficients of variation (albeit, with a change in 

tumour volume), determined from the pre- and 24 hours post-saline data 

for all 4T1, 4T1/HAS3 and MDA-MB-231 LM2-4 tumours, were 2.2, 6.6, 

5.0, and 15.7% for T1, T2, MTR and ADC respectively.  
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Figure 3.4: Anatomical T2-weighted (T2w) MRI and parameter maps of T1, T2, MTR and ADC, for a representative 4T1, 4T1/HAS3 and MDA-MB-

231 LM2-4 tumour prior to and 24 hours after saline. The tumour ROI from which necrosis was excluded is shown by a white dashed line on the 

T2-weighted images. The artefact on the 4T1 tumour ADC parametric maps was excluded from quantitative analyses. 
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Figure 3.5: Anatomical T2-weighted (T2w) MRI and parameter maps of T1, T2, MTR and ADC, for a representative 4T1, 4T1/HAS3 and MDA-MB-

231 LM2-4 tumour prior to and 24 hours after PEGPH20 treatment (1 mg/kg). The tumour ROI from which necrosis was excluded is shown by a 

white dashed line on the T2-weighted images.  
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MRI-derived tumour volume and median values of T1, T2, ADC and MTR 

are plotted in Figure 3.6. Percentage change values for MRI-derived 

tumour volume, T1, T2, ADC and MTR following saline or PEGPH20 

treatment are shown in Figure 3.7.  

 

Figure 3.6: MRI-derived tumour volume and median T1, T2, MTR and ADC for 

4T1, 4T1/HAS3 and MDA-MB-231 LM2-4 tumours pre-saline, post-saline, pre-

PEGPH20 and post-PEGPH20 (1 mg/kg). Data from each individual tumour are 

plotted, with saline controls in blue and PEGPH20 treated tumours in red. Sample 

sizes for 4T1, 4T1/HAS3 and MDA-MB-231 LM2-4 tumours were: n = 6 saline and 

n = 6 PEGPH20; n = 12 saline and n = 11 PEGPH20; and n = 11 saline and n = 

12 PEGPH20 respectively. 
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Figure 3.7: Percentage change in MRI-derived tumour volume, T1, T2, MTR, and 

ADC between pre- and post-treatment MRI for saline and PEGPH20 treated mice 

bearing 4T1, 4T1/HAS3 or MDA-MB-231 LM2-4 tumours. PEGPH20 reduced the 

growth of 4T1 (***p=0.0005, unpaired Student’s t-test), 4T1/HAS3 (****p<0.0001) 

and MDA-MB-231 LM2-4 (****p<0.0001) tumours. PEGPH20 treatment did not 

significantly change T1, T2, MTR and ADC in 4T1 tumours (ns; p>0.05). PEGPH20 

reduced T1 (**p=0.01), T2 (**p=0.005), and ADC (*p=0.03), and increased MTR 

(****p<0.0001) in 4T1/HAS3 tumours. PEGPH20 treatment of MDA-MB-231 LM2-

4 tumours decreased ADC (**p=0.003) but no significant change was seen in T1, 

T2 or MTR (ns; p>0.05). Data points are each individual tumour and are 

summarised by the cohort mean ± 1 SEM. 
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PEGPH20 treatment significantly reduced the growth of 4T1, 4T1/HAS3 

and MDA-MB-231 LM2-4 orthotopic breast tumours (Figures 3.6 & 3.7). 

4T1/HAS3 tumours had the fastest growth rate with saline control tumour 

volume, measured using T2-weighted MRI, increasing 34% from 296 ± 33 

mm3 to 390 ± 39 mm3 in 24 hours. PEGPH20 treated 4T1/HAS3 tumour 

volume decreased by 1% from 379 ± 27 mm3 to 374 ± 27 mm3. Saline 

control 4T1 tumour volume increased 26% from 452 ± 38 mm3 to 565 ± 38 

mm3, whilst PEGPH20 treated 4T1 tumour volume increased 5% from 454 

± 29 mm3 to 476 ± 22 mm3. MDA-MB-231 LM2-4 tumours exhibited the 

slowest growth rate, with saline control tumour volume increasing by 20% 

from 434 ± 36 mm3 to 518 ± 45 mm3. PEGPH20 treated MDA-MB-231 LM2-

4 tumour volume increased by 6% from 507 ± 28 mm3 to 537 ± 29 mm3. 

PEGPH20 treatment significantly increased MTR, and significantly 

reduced T1, T2, and ADC in 4T1/HAS3 tumours (Figures 3.5, 3.6 & 3.7). 

PEGPH20 treatment of MDA-MB-231 LM2-4 tumours significantly 

decreased ADC. Although not significant, similar trends of decreased T1 

and T2, and increased MTR, were seen in PEGPH20 treated MDA-MB-231 

LM2-4 tumours. PEGPH20 treatment did not significantly change T1, T2, 

MTR and ADC in 4T1 tumours, however the trends of increased MTR and 

reduced T1, T2, and ADC were consistent with the other breast tumour 

models. 
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3.2.3 Effect of PEGPH20 on tumour pressure (in vivo) and water 
content (ex vivo): 

The interstitial fluid pressure (IFP), solid stress (SS) and total tissue 

pressure (TTP) of PEGPH20 treated tumours were not significantly 

different to saline controls in any tumour model (Figure 3.8). However, 

there was a trend to lower IFP in PEGPH20 treated 4T1/HAS3 and MDA-

MB-231 LM2-4 tumours. 4T1/HAS3 tumours treated with PEGPH20 had 

lower IFP (5.2 ± 2.0 mmHg) compared to saline controls (9.4 ± 1.3 mmHg; 

p = 0.08). MDA-MB-231 LM2-4 tumours had the highest IFP, with an 

average saline control tumour IFP of 11.5 ± 1.8 mmHg. PEGPH20 treated 

MDA-MB-231 LM2-4 tumour IFP was lower (7.4 ± 1.0 mmHg; p = 0.06). 

There was also a trend to lower TTP in PEGPH20 treated 4T1 and 

4T1/HAS3 tumours (p = 0.06 and p = 0.09 respectively). 
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Figure 3.8: Measurements of IFP, SS and TTP in 4T1, 4T1/HAS3 and MDA-MB-

231 LM2-4 tumours 24 hours after treatment with either saline (blue) or PEGPH20 

(red). These invasive pressure measurements were taken following the post-

treatment MRI from one region within the centre of each tumour. PEGPH20 

treated tumours did not have significantly different IFP, SS or TTP compared to 

saline controls in any of the three breast tumour models (ns; p>0.05). A trend to 

lower IFP in PEGPH20 treated 4T1/HAS3 and MDA-MB-231 LM2-4 tumours was 

apparent (p = 0.08 and p = 0.06 respectively). There was also a trend to lower 

TTP in PEGPH20 treated 4T1 and 4T1/HAS3 tumours (p = 0.06 and p = 0.09 

respectively). Each data point is from an individual tumour and these are 

summarised by the cohort mean ± 1 SEM. 
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MDA-MB-231 LM2-4 tumours treated with PEGPH20 had significantly 

lower water content (82.6 ± 0.2 %) compared to saline controls (84.1 ± 0.3 

%; p = 0.001; Figure 3.9). The same trend towards decreased water 

content in PEGPH20 treated tumours was apparent in 4T1 and 4T1/HAS3 

tumours but was not statistically significant. 4T1 tumour water content was            

81.6 ± 0.5% in saline controls compared to 80.3 ± 0.6% in PEGPH20 

treated tumours (p = 0.12). 4T1/HAS3 tumour water content was 81.2 ± 

0.9% for saline controls and 80.0 ± 0.5% following PEGPH20 treatment (p 

= 0.27). 

 

Figure 3.9: Water content of 4T1, 4T1/HAS3 and MDA-MB-231 LM2-4 tumours 

24 hours after treatment with either saline (blue) or PEGPH20 (red). Water content 

was measured ex vivo from one half of each tumour following post-treatment MRI 

and tumour pressure measurements. PEGPH20 treated MDA-MB-231 LM2-4 

tumours had lower water content than saline control tumours (**p = 0.001). A trend 

to decreased water content in PEGPH20 treated 4T1 and 4T1/HAS3 tumours was 

apparent (p = 0.12 and p = 0.27 respectively). Each point is from an individual 

tumour and data are summarised by the cohort mean ± 1 SEM. 
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3.2.4 Histological evaluation of pre-clinical breast tumours treated 
with PEGPH20: 

Representative post-treatment anatomical T2-weighted images and 

digitised images of aligned H&E, HTI-601 (HA) and picrosirius red stained 

sections are shown in Figure 3.10. There is clear spatial correspondence 

between the MRI and histology despite the difficulties associated with, and 

inaccuracies inherent in, the simple in vivo imaging to histology registration 

methods employed. Figure 3.11 shows the quantification of the histological 

staining. There was a non-significant increase in nuclear density, quantified 

from H&E staining, in 4T1, 4T1/HAS3 and MDA-MB-231 LM2-4 tumours 

treated with PEGPH20 compared to saline controls (p > 0.05, one-way 

ANOVA with multiple comparisons). HTI-601 staining of saline control 

tumours showed that 4T1/HAS3 tumours had the greatest HA 

accumulation (55 ± 2 %) compared to 4T1 (39 ± 1 %) and MDA-MB-231 

LM2-4 (31 ± 3 %) tumours. In all three models, HA accumulation was 

markedly lower in PEGPH20 treated tumours (all p < 0.0001; 4T1 0.3 ± 0.1 

%, 4T1/HAS3 1.2 ± 0.3 % and MDA-MB-231 LM2-4 0.8 ± 0.2 %). Saline 

control data suggested that MDA-MB-231 LM2-4 tumours had lower 

collagen accumulation than 4T1 (p = 0.003) and 4T1/HAS3 (p = 0.02) 

tumours. A few PEGPH20 treated tumours from each model had greater 

collagen accumulation than saline controls, particularly in the MDA-MB-

231 LM2-4 cohort, however this was not significant overall (p > 0.05 in all 

comparisons). 
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Figure 3.10: T2-weighted (T2w) MRI alongside aligned 4T1, 4T1/HAS3 and MDA-MB-231 LM2-4 tumour tissue sections (5 µm) stained with H&E, 

HTI-601 (HA), or picrosirius red (collagen I & III). Representative magnified images (20x) are presented alongside whole tumour section images 

for one saline control and one PEGPH20 treated tumour per in vivo model. Histology sections were closely spatially matched to the MRI.
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Figure 3.11: Quantification of nuclear density, HA (%) and collagen I & III (%) 

from H&E, HTI-601 and picrosirius red staining. Quantification of HTI-601 staining 

revealed different baseline HA accumulation in 4T1, 4T1/HAS3 and MDA-MB-231 

LM2-4 tumours and marked HA reduction in all models with PEGPH20 treatment 

(****p < 0.0001). Saline treated MDA-MB-231 LM2-4 tumours had significantly 

less collagen deposition compared to 4T1 (**p = 0.003) and 4T1/HAS3 (*p = 0.02) 

tumours. 
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3.3 Discussion: 

Multiparametric MRI assessment of gelatine phantoms of differing 

concentrations demonstrated the sensitivity of T1, T2, MTR, and ADC to 

ECM density. The increased MTR and decrease in T1, T2, and ADC, 

suggest more bound water and restricted diffusion with increasing gelatine 

concentration. Previous studies have also shown a lower ADC and higher 

MTR with increasing gelatine concentration[221, 222]. Some artefacts were 

apparent, firstly, darker regions coming in from the sides and bottom of the 

rectangular ROI resulted from areas of phantom just outside the ROI which 

were not able to be shimmed, and secondly, some horizonal line artefacts 

particularly visible in the MTR of the 6% gelatine phantom occurred due to 

a slight compression of the phantom by the MRE piston positioned above. 

Use of the median value minimised the effect of these artefacts.  

Having established this, the ability of multiparametric MRI to inform on 

PEGPH20 response was assessed in vivo. PEGPH20 treatment inhibited 

the growth of 4T1, 4T1/HAS3 and MDA-MB-231 LM2-4 tumours, consistent 

with previous pre-clinical tumour data from prostate, lung and pancreatic 

cancer models[14, 223, 224]. This is likely to have resulted from collapse of the 

HA-assembled gel-fluid matrix, breakdown of surrounding tumour 

architecture, and depletion of soluble growth factors in the extracellular 

space[14, 224]. In future, assessing the impact of PEGPH20 treatment on 

Ki67 staining or dynamic 18F-Fluorothymidine (FLT)-positron emission 

tomography (PET) imaging would clarify whether the reduced tumour 

growth is also associated with inhibition of tumour cell proliferation[225]. 

Assessment of T1 both pre-clinically and in a small number of clinical trials 

suggests that a reduction in T1 is indicative of effective treatment response 

in various tumour types[168-172, 226, 227]. Here, PEGPH20 reduced T1 and T2 

in 4T1/HAS3 tumours. A non-significant decrease in T1 and T2 was also 

seen in 4T1 and MDA-MB-231 LM2-4 tumours. A reduction in T1 and T2 is 

consistent with HA degradation, leading to reorganisation of water 
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molecules, and loss of water from the tumour mass seen herein, and 

reported in other tumour models[14, 49].  

MTR informs on the proportion of water bound to macromolecules. MTR is 

sensitive to ECM composition, as evidenced by correlations with fibrosis in 

pre-clinical models of pancreatic cancer, and collagen content in patient 

meningiomas[173-175]. PEGPH20 treatment increased MTR in 4T1/HAS3 

tumours. A non-significant increase in MTR was seen in 4T1 and MDA-

MB-231 LM2-4 tumours. HA-mediated fluid retention and expansion of the 

extracellular space with increasing HA accumulation may suppress the 

effects of MT-inducing components such as collagen. Once HA is 

degraded by PEGPH20, the effects of MT-inducing components are no 

longer attenuated, likely resulting in a higher MTR value.  

ADC is sensitive to the mobility of water molecules, and can inform upon 

various phenomena including the presence of macromolecules, 

permeability of cell membranes, the characteristic sizes of water-filled 

extracellular spaces, and the equilibrium between intracellular and 

extracellular water[150]. Solid tumours commonly have restricted diffusion 

compared to normal tissues due to increased cellularity and reduction in 

extracellular space[156]. An increase in ADC typically indicates treatment 

response in solid tumours and is often associated with tumour cell death[171, 

181, 182, 228]. Following PEGPH20 treatment, ADC decreased in 4T1/HAS3 

and MDA-MB-231 LM2-4 tumours. A small, non-significant decrease in 

ADC was seen in 4T1 tumours following PEGPH20. A decrease in ADC 

following PEGPH20 could have resulted from a loss of water from the 

tumour mass and restriction of water diffusion via collapse of the 

extracellular space. Another study in normal brain showed that a small 

change in tissue water content (~1%) is sufficient to alter ADC by 

approximately 10%[229]. 

A dense ECM can increase solid stress, elevate IFP, impede drug delivery 

and promote breast tumour progression and metastasis[2, 18, 72]. Previous 

studies have reported that degradation of HA with PEGPH20 can reduce 
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IFP, and suggest this is associated with improved drug delivery and tumour 

response to therapy[14, 15, 49, 215, 230]. In our study, there was a non-significant 

trend of lower IFP and TTP in PEGPH20 treated 4T1/HAS3 and MDA-MB-

231 LM2-4 tumours compared to saline controls. No such difference was 

seen in 4T1 tumours. My ability to detect a significant change in IFP may 

have been limited because the invasiveness of the measurement method 

made it undesirable to acquire pre-treatment data and differences between 

groups were difficult to detect given the small sample sizes and the 

relatively high variability of the IFP measurement. 

HA avidly binds water and its degradation by PEGPH20 has previously 

been shown to decrease tumour water content[14, 49]. In this study, 

PEGPH20 treated tumours had lower water content compared to saline 

control tumours, although this was only significant in MDA-MB-231 LM2-4 

tumours. As shown throughout this chapter, MRI can provide biomarkers 

that can detect PEGPH20 response, particularly in tumours like 4T1/HAS3 

with high baseline HA accumulation. The change in tumour water content, 

structure and mobility following PEGPH20 likely underpins why the 

response to PEGPH20 can be visualised with MRI[14, 49]. Whilst tumour IFP 

and blood vessel lumen area return to pre-treatment values relatively 

quickly (~48 hours) following PEGPH20 treatment in vivo, the significant 

reduction in tumour water content is sustained for at least 120 hours[14]. 

Therefore, probing characteristics of tumour water may provide the most 

long-lasting information when evaluating PEGPH20 response in the clinic. 

Histologically stained tissue sections, matched approximately to the MRI 

slice, confirmed that PEGPH20 effectively degraded HA in 4T1, 4T1/HAS3 

and MDA-MB-231 LM2-4 tumours. 4T1/HAS3 tumours had a higher 

baseline HA accumulation compared to 4T1 and MDA-MB-231 LM2-4 

tumours, suggesting that degrading 4T1 and MDA-MB-231 LM2-4 tumour 

HA with PEGPH20 may induce reorganisation of fewer water molecules, a 

smaller decrease in tumour water content, and collapse of a smaller 

volume of the extracellular space, than for 4T1/HAS3 tumours. This may 

explain why fewer MRI biomarkers changed significantly following 
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PEGPH20 treatment in 4T1 and MDA-MB-231 LM2-4 tumours. ADC was 

able to detect the subtle response to PEGPH20 in MDA-MB-231 LM2-4 

tumours, suggesting that DWI affords the most sensitive biomarker of 

PEGPH20 response. Further work should evaluate if a decrease in ADC 

remains when PEGPH20 is combined with chemo-, radio- or 

immunotherapy, treatments that typically result in tumour cell death and 

hence an increase in ADC.  
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Chapter 4: MR elastography (MRE) reveals that HA 
degradation by PEGPH20 can increase breast 
tumour viscoelastic properties 

4.1 Introduction: 

Malignant solid tumours, particularly those like breast with a dense stromal 

component, are often stiffer than the surrounding healthy tissue and benign 

lesions[74, 188, 195]. Increased stiffness is associated with inefficient drug 

delivery, tumour progression and metastasis[16, 231, 232]. 

MRE can non-invasively map and quantify tumour viscoelastic properties 

in vivo[187, 188]. Periodic application of an appropriate force generates shear 

waves which propagate through tissue with a speed that depends on the 

shear elastic modulus of the tissue and are attenuated at a rate that 

depends on the shear viscous modulus of the tissue. Imaging the resulting 

tissue shear deformation as a function of time and position can infer, under 

certain simplifying assumptions, the viscoelastic properties of the tissue[184, 

185]. MRE yields quantitative images called elastograms, which map the 

shear elasticity modulus (Gd kPa) and shear viscosity modulus (Gl kPa), 

from which one can calculate the absolute value of the complex shear 

modulus (|G*| = √[Gd2+Gl2] kPa) and normalised phase angle (Y = 2/π[tan-

1[Gl/Gd])[159].  

MRE has been used in diagnosis to differentiate between benign and 

malignant lesions, and help define the boundary between solid tumour and 

surrounding healthy tissue[74, 188, 195]. In addition, MRE can inform on 

tumour response to therapy, with effective treatment and tumour cell death 

often resulting in a decrease in tumour stiffness[74, 157, 198].  

As mentioned previously, ECM components including HA and collagen 

often accumulate in the breast tumour microenvironment. MRE has been 

shown to inform on breast tumour response to collagen degradation, with 
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a decrease in stiffness seen after treatment with collagenase[46]. HA 

degradation by PEGPH20 is associated with a collapse of the extracellular 

space[14, 49]. This biomechanical response may impact tumour 

viscoelasticity, providing a strong rationale to use MRE to assess tumour 

response to PEGPH20. MRE was performed alongside the MRI 

biomarkers described in Chapter 3 (T1, T2, ADC and MTR) and Chapter 5 

(R2*), before and after treatment with either saline or PEGPH20, in 4T1, 

4T1/HAS3 and MDA-MB-231 LM2-4 breast tumours. This chapter 

summarises the results from MRE in isolation and compares the in vivo 

data with collagen content and organisation quantified from histology. 

4.2 Results: 

4.2.1. MRE of gelatine phantoms 

MRE examination of gelatine phantoms revealed increased Gd, Gl, |G*|, 

and Y with increasing gelatine concentration. Representative anatomical 

T2-weighted images and parameter maps from 6%, 8%, 10% and 12% 

gelatine phantoms are shown in Figure 4.1. Median values of Gd, Gl, |G*| 

and Y were calculated from a ROI drawn within the shimmed region of each 

homogeneous gelatine phantom. Median values of each parameter are 

presented in Figure 4.2 and the linear relationships that fit the data best 

were established.  
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Figure 4.1: Evaluation of gelatine phantoms with MRE. Representative Gd, Gl, |G*|, and Y maps are shown, alongside anatomical T2-weighted 

(T2w) images, for gelatine phantoms with concentrations of 6, 8, 10 and 12% (w/w). For each phantom, a ROI (black dashed rectangle) was 

drawn within the shimmed region to calculate median values of Gd, Gl, |G*|, and Y.  
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Figure 4.2: Plots of elasticity (Gd; Pearson’s correlation coefficient r = 0.99, p < 

0.0001), viscosity (Gl; r = 0.99, p < 0.0001), the absolute value of the complex 

shear modulus (|G*|; r = 0.99, p < 0.0001) and phase angle (Y; r = 0.88, p = 0.004) 

against gelatine phantom concentration (weight/weight percentage). Median 

values from each individual phantom are plotted (n = 2 for each gelatine 

concentration tested). 
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4.2.2 Evaluating the impact of HA degradation on breast tumour 
viscoelasticity using MRE 

MRE was performed alongside the multiparametric MRI described in 

Chapters 3 and 5 on the same 4T1, 4T1/HAS3 and MDA-MB-231 LM2-4 

tumours. MRE yielded parametric maps of Gd, Gl, |G*|, and Y. 

Representative images for one 4T1, 4T1/HAS3, and MDA-MB-231 LM2-4 

tumour before and 24 hours after treatment with either saline or PEGPH20 

are shown in Figures 4.3 and 4.4 respectively. 

At baseline, Gd, Gl, |G*| and Y were all heterogeneously distributed within 

4T1, 4T1/HAS3 and MDA-MB-231 LM2-4 tumours. There was no change 

in Gd, Gl, |G*| and Y following saline in any of the tumour models (Figure 

4.3). Following HA degradation by PEGPH20, Gd, Gl and |G*| increased in 

a fairly homogeneous manner in MDA-MB-231 LM2-4 tumours, with the 

only exception being no apparent change in necrotic regions where tumour 

viscoelastic properties remained low (Figure 4.4). There was no visible 

PEGPH20-induced change in Gd, Gl, or |G*| in 4T1 and 4T1/HAS3 

tumours, nor in Y for any tumour model.  

Median values of Gd, Gl, |G*|, and Y are plotted in Figures 4.5 and 4.6, with 

the former comparing pre-treatment values between the different tumour 

models and the latter showing all values before and after treatment with 

either saline or PEGPH20. Percentage change values for Gd, Gl, |G*|, and 

Y following saline or PEGPH20 treatment are shown in Figure 4.7. 

Within-subject test-retest coefficients of variation, determined from the pre- 

and post-saline data for all 4T1, 4T1/HAS3 and MDA-MB-231 LM2-4 

tumours, were 13.0%, 16.1%, 13.5% and 9.5% for Gd, Gl, |G*|, and Y 

respectively.
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Figure 4.3: Anatomical T2-weighted (T2w) MRI and parameter maps of Gd, Gl, |G*| and Y, generated using MRE for a representative 4T1, 

4T1/HAS3 and MDA-MB-231 LM2-4 tumour prior to and 24 hours after saline. The tumour ROI from which necrosis was excluded is shown by a 

white dashed line. 
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Figure 4.4: Anatomical T2-weighted (T2w) MRI and parameter maps of Gd, Gl, |G*| and Y, generated using MRE for a representative 4T1, 

4T1/HAS3 and MDA-MB-231 LM2-4 tumour prior to and 24 hours after PEGPH20 treatment (1 mg/kg). The tumour ROI from which necrosis was 

excluded is shown by a white dashed line. 
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Figure 4.5: Median Gd, Gl, |G*|, and Y values for 4T1, 4T1/HAS3 and MDA-MB-

231 LM2-4 breast tumours before either saline or PEGPH20 treatment. 4T1 

tumours exhibited significantly higher Gd, Gl, and |G*| at baseline compared to 

4T1/HAS3 and MDA-MB-231 LM2-4 tumours (one-way ANOVA; ***p=0.0002, 

****p<0.0001). 4T1/HAS3 tumours had significantly higher Gd (**p=0.008), but 

similar Gl and |G*| (p>0.05), compared to MDA-MB-231 LM2-4 tumours. Y was 

similar across all tumour models (p>0.05). Data are summarised by the cohort 

mean ± 1 SEM.  
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Figure 4.6: Ladder plots showing individual median values of Gd, Gl, |G*|, and Y 

for 4T1, 4T1/HAS3 and MDA-MB-231 LM2-4 tumours prior to and post-treatment 

with either saline (blue) or PEGPH20 (red). Sample sizes for 4T1, 4T1/HAS3 and 

MDA-MB-231 LM2-4 tumours were n = 6 saline and n = 5 PEGPH20; n = 12 saline 

and n = 10 PEGPH20; and n = 9 saline and n = 11 PEGPH20 respectively. 



 

 113 

 

Figure 4.7: Percentage change in Gd, Gl, |G*|, and Y between pre- and post-

treatment MRI for saline and PEGPH20 treated mice bearing 4T1, 4T1/HAS3 or 

MDA-MB-231 LM2-4 tumours. PEGPH20 treatment did not significantly change 

Gd, Gl, or |G*| in 4T1 or 4T1/HAS3 tumours (ns; p>0.05, unpaired Student’s t-test). 

PEGPH20 significantly increased Gd (*p=0.02), Gl (*p=0.02) and |G*| (*p=0.02) in 

MDA-MB231 LM2-4 tumours. No significant change in Y was seen in any of the 

breast tumour models (ns; p>0.05). Data points are median values from each 

individual tumour and are summarised by the cohort mean ± 1 SEM. 
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At baseline, Gd was significantly higher in 4T1 tumours (6.5 ± 0.3 kPa), 

followed by 4T1/HAS3 tumours (4.9 ± 0.1 kPa), and lowest in MDA-MB-

231 LM2-4 tumours (4.1 ± 0.2 kPa; Figure 4.5). Pre-treatment Gl and |G*| 

were higher in 4T1 tumours (2.8 ± 0.2 kPa and 7.7 ± 0.3 kPa respectively), 

compared to 4T1/HAS3 (2.0 ± 0.1 kPa and 5.8 ± 0.2 kPa) and MDA-MB-

231 LM2-4 (1.9 ± 0.1 kPa and 5.2 ± 0.3 kPa) tumours. Y was similar across 

all tumour models.  

Whilst there was no change in Gd, Gl and |G*| following PEGPH20 in the 

4T1 and 4T1/HAS3 tumours, a significant increase in Gd (53 ± 17 %), Gl 

(52 ± 18 %) and |G*| (56 ± 18 %) was determined in MDA-MB-231 LM2-4 

tumours in response to PEGPH20 (Figures 4.6 & 4.7). No PEGPH20-

induced change in Y was apparent. The increase in Gd, Gl, and |G*| 

following PEGPH20 occurred in 6 of the 11 MDA-MB-231 LM2-4 tumours 

evaluated. These 6 tumours had an increase between 49 and 163%. The 

5 remaining MDA-MB-231 LM2-4 tumours showed less change from 

baseline (ranging from a 32% decrease to a 13% increase in 

biomechanical properties).  

The MRI-aligned picrosirius red stained tumour sections shown in Chapter 

3 (Figure 3.10) were further quantified to describe the 2D distribution of 

collagen. As shown in Figures 3.11 and 4.8, saline control MDA-MB-231 

LM2-4 tumours had significantly less collagen I & III than 4T1 (p = 0.003) 

and 4T1/HAS3 (p = 0.02) tumours. The distribution of collagen in saline 

control MDA-MB-231 LM2-4 tumours had lower fractal dimension and 

higher entropy compared to saline control 4T1 (p = 0.0004 and p < 0.0001 

respectively) and 4T1/HAS3 (p < 0.0001) tumours. Three of the six MDA-

MB-231 LM2-4 tumours which showed large increases in Gd, Gl and |G*| 

following PEGPH20 treatment had higher collagen content (~9%) and 

fractal dimension (~1.65), and lower entropy (~1) compared to saline 

controls. The remaining MDA-MB-231 LM2-4 tumour with high collagen 

deposition and fractal dimension, and low entropy had relatively high Gd 

(5.2 kPa), Gl (2.6 kPa), and |G*| (6.3 kPa) at baseline which did not 

increase following PEGPH20 treatment.  
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Figure 4.8: Collagen content (%), fractal dimension, and entropy quantified from picrosirius red stained 4T1, 4T1/HAS3 and MDA-MB-231 LM2-

4 tumour sections. The graph of collagen content is also shown in Chapter 3 (Figure 3.11). Significant differences between saline controls, and 

between saline and PEGPH20 treated tumours within the same tumour model are shown (one-way ANOVA; *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001).



 

 116 

4.3 Discussion: 

The  elasticity modulus (Gd) has been shown previously to positively 

correlate with gelatine concentration[233]; the data herein confirms this and 

suggests that it is also the case for Gl, |G*| and Y. Gelatine phantoms of 

higher concentration contain more protein, including collagen,  providing 

structure and improving the ability of the phantom to resist deformation, 

resulting in a higher Gd, Gl, and |G*|. The phase angle (Y) is a measure of 

the relative contributions of Gd and Gl to |G*|[159]. Y is related to energy loss, 

for example shear wave absorption or scattering by tissue structure, and 

so was also expected to rise with increasing gelatine concentration[212, 234].  

The relative stiffness of 4T1, 4T1/HAS3, and MDA-MB-231 LM2-4 tumours 

measured herein was slightly lower than previous MRE studies which 

estimated orthotopic BT474 and MDA-MB-231 LM2-4 breast tumour Gd to 

be 5.9 and 7.9 kPa respectively[46]. The MRE set-up, wave propagation, 

and data analysis were similar in both studies, however the MRE sequence 

in the previous study was almost three times longer and used more wave 

phases to estimate viscoelastic properties which may explain the 

differences. In addition, the lower stiffness seen herein may result from 

different tumour biology such as less deposition or different organisation of 

collagen fibres, a key determinant of tissue viscoelastic properties[46, 235]. 

MRE revealed that 4T1/HAS3 tumours had lower Gd, Gl and |G*| compared 

to 4T1 tumours. The only difference between these two tumour models is 

the overexpression of HAS3, and so these data suggest that HA 

accumulation contributes to a lowering of the elastic and viscous moduli. 

Despite this, HA degradation by PEGPH20 induced no change in Gd, Gl, 

or |G*| of 4T1 and 4T1/HAS3 tumours. It may be that HA accumulation 

during tumour development is associated with a softer and less viscous 

phenotype, but the extent of HA itself does not directly contribute to tumour 

viscoelastic properties.  
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PEGPH20 induced an ~80% increase in Gd, Gl, and |G*| in MDA-MB-231 

LM2-4 tumours. Given that there was no change in 4T1 and 4T1/HAS3 

tumour viscoelastic properties following PEGPH20, the MDA-MB-231 LM2-

4 tumour response is presumably not due to HA degradation alone and is 

more likely a consequence of other biomechanical-related changes. The 

phase angle (Y) did not change following PEGPH20 in any of the tumour 

models and therefore is not sensitive to HA accumulation and its 

therapeutic degradation.  

Collagen is a determinant of tumour viscoelastic properties[46]. Quantitative 

histology suggests a higher collagen content, coupled with increased 

collagen complexity (fractal dimension) and a more ordered collagen 

distribution (lower entropy) in three of the six MDA-MB-231 LM2-4 tumours 

with elevated Gd, Gl, and |G*| following PEGPH20 treatment. This is 

consistent with a more organised collagen network and may contribute to, 

but does not fully explain, the marked increase in tumour stiffness following 

PEGPH20. 

Stromal modulatory therapies have the potential to suppress tumour 

progression through enhancement of drug delivery and promote tumour 

progression by removing barriers to invasion and metastasis[41, 57, 107]. The 

elevated tumour stiffness observed in PEGPH20 treated MDA-MB-231 

LM2-4 tumours may thus be indicative of tumour progression. Future work 

should evaluate whether PEGPH20 treatment can have a detrimental 

effect and assess how this would translate to patients treated with ECM 

targeted therapies.  

Many oncological MRE studies have typically reported tumour softening 

associated with cell death following effective treatment[157, 159]. Although 

MRE is unlikely to provide a direct biomarker of PEGPH20 response, the 

data herein clearly demonstrate the sensitivity of MRE to inform on 

pharmacologically-induced increases in tumour stiffness, and support 

further evaluation of Gd, Gl and |G*| as binary imaging biomarkers of tumour 

treatment response. 
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In conclusion, HA accumulation is sometimes associated with lower 

viscoelastic properties, although this is likely to be dependent on how HA 

is interacting with its surrounding microenvironment. PEGPH20 elicited 

different, model-specific, effects on tumour viscoelasticity. Without a 

tumour-specific calibration of the effects of HA accumulation on 

viscoelastic properties and a reliable independent method for classifying 

tumours according to type, it is unlikely MRE will provide a robust 

biomarker of HA degradation by PEGPH20. 

Chapter 6 collates all the data from Chapters 3, 4, and 5 and compares 

relationships between MRI biomarkers and histology. It also provides 

greater insight into the relationship of HA with tumour viscoelastic 

properties. 
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Chapter 5: Intrinsic susceptibility (IS)-MRI can 
provide a biomarker of blood vessel 
decompression following PEGPH20 treatment 

5.1 Introduction 

The dense fibrotic stroma typically associated with breast cancer 

compresses tumour blood vessels, thereby impairing efficient drug 

delivery[25]. Degradation of HA by PEGPH20 has been shown, in pre-

clinical models including breast tumours, to decompress tumour blood 

vessels and improve drug delivery[14, 15, 49, 215]. Non-invasive monitoring of 

this process may identify appropriate timepoints for optimal drug delivery. 

The transverse relaxation rate (R2*), quantified using intrinsic susceptibility 

(IS)-MRI, is sensitive to the concentration of paramagnetic 

deoxyhaemoglobin within tissue vasculature[201]. Tumours often exhibit 

relatively fast R2* compared to most normal tissues, a consequence of the 

high concentration of deoxygenated red blood cells (RBCs) within the 

typically chaotic and unstable microcirculation. IS-MRI has thus been 

utilised to investigate tumour angiogenesis and response to vascular 

targeted therapies[169, 202]. A recent study showed that parametric maps of 

tumour R2* reflect the spatial variation in RBCs seen histologically[202]. 

Given that blood vessel decompression is likely to increase the number of 

RBCs in the vasculature, we hypothesised that quantitation of R2* may 

inform on breast tumour response to PEGPH20.  

The ability of IS-MRI to inform on paramagnetic species has been validated 

by other members of the team (unpublished) hence no phantom 

experiments were required before IS-MRI was used in vivo. IS-MRI was 

performed prior to and after treatment with either saline or PEGPH20 in 

4T1, 4T1/HAS3, and MDA-MB-231 LM2-4 breast tumours. MRI-aligned 

tumour tissue sections were stained for CD31 to quantify blood vessels. 
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5.2 Results: 

T2-weighted MRI and parametric maps of R2*, acquired from IS-MRI, are 

shown for a representative 4T1, 4T1/HAS3, and MDA-MB-231 LM2-4 

tumour before and after treatment with either saline (Figure 5.1) or 

PEGPH20 (Figure 5.2). There was no apparent change in R2* following 

saline in any of the tumour models. There was an increase in 4T1/HAS3 

tumour R2* following PEGPH20 treatment, this increase occurred across 

the majority of the tumour but there were some regions which had low R2* 

before treatment and did not appear to change following PEGPH20. There 

was no apparent PEGPH20-induced change in R2* of 4T1 and MDA-MB-

231 LM2-4 tumours.    

Median R2* values prior to and after treatment with either saline or 

PEGPH20 are shown in Figure 5.3 and the percentage change values are 

shown in Figure 5.4. The sample size for 4T1/HAS3 tumours is smaller 

here than in Chapters 3 and 4 because the decision to include IS-MRI in 

the multiparametric MRI protocol was made after the initial pilot 4T1/HAS3 

experiments had been conducted.  The within-subject test-retest coefficient 

of variation for R2* was 16% when using pre- and post-saline data for both 

tumour models.
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Figure 5.1: Anatomical T2-weighted (T2w) MRI and parameter maps of R2*, generated using IS-MRI, for a representative 4T1, 4T1/HAS3 and 

MDA-MB-231 LM2-4 tumour prior to and 24 hours after saline. The tumour ROI from which necrosis was excluded is shown by a white dashed 

line.  
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Figure 5.2: Anatomical T2-weighted (T2w) MRI and parameter maps of R2*, generated using IS-MRI, for a representative 4T1, 4T1/HAS3 and 

MDA-MB-231 LM2-4 tumour prior to and 24 hours after PEGPH20 treatment (1 mg/kg). The tumour ROI from which necrosis was excluded is 

shown by a white dashed line.  
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Figure 5.3: Median R2* for 4T1, 4T1/HAS3 and MDA-MB-231 LM2-4 tumours pre-saline, post-saline, pre-PEGPH20 and post-PEGPH20. Data 

from each individual tumour are plotted, with saline controls in blue and PEGPH20 treated tumours in red. Sample sizes for 4T1, 4T1/HAS3 and 

MDA-MB-231 LM2-4 tumours were: n = 6 saline and n = 5 PEGPH20; n = 6 saline and n = 6 PEGPH20; and n = 11 saline and n = 12 PEGPH20 

respectively. 
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Figure 5.4: Percentage change in R2* between pre- and post-treatment MRI for saline and PEGPH20 treated mice bearing 4T1, 4T1/HAS3 or 

MDA-MB-231 LM2-4 tumours. PEGPH20 treatment did not significantly change R2* in 4T1 or MDA-MB-231 LM2-4 tumours (ns; p>0.05, unpaired 

Student’s t-test). PEGPH20 increased R2* (**p=0.003) in 4T1/HAS3 tumours. Data points are percentage differences (post minus pre) of median 

values from each individual tumour and are summarised by the cohort mean ± 1 SEM. 



 

 125 

R2* was significantly faster in 4T1/HAS3 tumours following PEGPH20 

treatment (Figures 5.3 & 5.4). R2* increased 32% from 62 ± 2 s-1 to 82 ± 7 

s-1 following PEGPH20 in 4T1/HAS3 tumours whilst R2* decreased 9% 

from 71 ± 3 s-1 to 65 ± 5 s-1 in saline controls. PEGPH20 treatment did not 

significantly change R2* in 4T1 or MDA-MB-231 LM2-4 tumours.  

CD31 staining of MRI-aligned tumour tissue sections revealed that blood 

vessel density was highest in 4T1/HAS3 saline control tumours (370 ± 19 

blood vessels per mm2 tissue), followed by 4T1 tumours (246 ± 16 per 

mm2), and lowest in MDA-MB-231 LM2-4 tumours (95 ± 4 per mm2; Figures 

5.5 & 5.6). PEGPH20 treatment did not have a significant effect on blood 

vessel density, quantified from CD31 staining, in any of the tumour models 

(p>0.05; Figure 5.6).  
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Figure 5.5: T2-weighted (T2w) MRI alongside representative aligned 4T1, 4T1/HAS3 and MDA-MB-231 LM2-4 tumour tissue sections (5 µm) 

stained for CD31 (blood vessels). Representative magnified images (20x) are presented alongside whole tumour section images for one saline 

control and one PEGPH20 treated tumour per tumour model. 
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Figure 5.6: Blood vessel density (number per mm2 tumour tissue) quantified from 

CD31 stained 4T1, 4T1/HAS3 and MDA-MB-231 LM2-4 tumour tissue sections. 

Blood vessel density was highest in 4T1/HAS3 tumours, followed by 4T1 tumours, 

and lowest in MDA-MB-231 LM2-4 tumours (one-way ANOVA with multiple 

comparisons; ****p<0.0001). PEGPH20 treated tumours had similar blood vessel 

density to saline controls in all three tumour models (p>0.05).  
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5.3 Discussion: 

4T1/HAS3 tumours exhibited a faster baseline R2* than 4T1 and MDA-MB-

231 LM2-4 tumours, suggesting that 4T1/HAS3 tumours have more 

haemodynamic vasculature. R2* significantly increased following 

PEGPH20 treatment in 4T1/HAS3 tumours, however, IS-MRI was unable 

to detect a similar response to PEGPH20 in 4T1 and MDA-MB-231 LM2-4 

tumours.  

4T1/HAS3 tumours had more HA accumulation and higher blood vessel 

density, measured by HTI-601 and CD31 histological staining respectively, 

compared to 4T1 and MDA-MB-231 LM2-4 tumours. The increase in R2* 

following PEGPH20 treatment in 4T1/HAS3 tumours is consistent with 

decompression of blood vessels and increased accessibility of RBCs within 

the tumour microenvironment. The lack of change in R2* after PEGPH20 

treatment in 4T1 and MDA-MB-231 LM2-4 tumours may suggest that i) 

PEGPH20 treatment did not decompress blood vessels in these tumour 

models, ii) blood vessel decompression is not always correlated with an 

increase in RBCs, or iii) decompression of a smaller number of blood 

vessels does not create a large enough change in susceptibility to be 

detected by R2*[201].  

The blood vessel density of tumours at baseline may determine whether 

R2* is a useful biomarker of PEGPH20 response. 4T1/HAS3 tumour R2* 

increased 32% following PEGPH20 treatment.  4T1 and MDA-MB-231 

LM2-4 tumours had approximately half and quarter of the blood vessel 

density of the 4T1/HAS3 tumours. Based on the linear relationship between 

R2* and RBCs demonstrated in a previous study[202], you could expect that 

the change in R2* would be halved and quartered in 4T1 and MDA-MB-231 

LM2-4 tumours respectively which would be at or below the 16% test-retest 

coefficient of variation for R2*. Moreover, the lower HA accumulation at 

baseline in 4T1 and MDA-MB-231 LM2-4 tumours may further reduce the 

amount of vascular decompression occurring after PEGPH20 treatment.  
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Endogenous R2* is sensitive to deoxygenated haemoglobin and so can 

also be affected by hypoxia, a common phenomenon in the tumour 

microenvironment[236]. This may limit the ability of IS-MRI to detect tumour 

blood vessel decompression. DCE-MRI and SC-MRI use intravenous 

contrast agents, such as gadolinium or USPIO respectively, to measure 

perfusion in patent vasculature and so are not affected by hypoxia. The 

volume transfer constant (Ktrans), quantitated from DCE-MRI, has been 

shown to increase following PEGPH20 treatment in pre-clinical and human 

pancreatic ductal adenocarcinomas (PDAC)[38, 205]. Tumour blood volume, 

estimated using SC-MRI, also increased following PEGPH20 treatment in 

pre-clinical models of PDAC[209]. We did not include contrast agents in our 

multiparametric MRI experiments due to the potential high-risk of failure 

associated with three intravenous injections within 24 hours, and the 

potential effect of the contrast agents on the other biomarkers described in 

Chapters 3 and 4, especially given that there is only 24 hours between pre- 

and post-treatment MRI. 

In conclusion, R2* is a sensitive biomarker of PEGPH20 response in well 

vascularised 4T1/HAS3 tumours with high HA accumulation. Alternative 

vascular biomarkers, such as those derived from SC-MRI, may provide 

greater sensitivity and specificity to PEGPH20 vascular response in more 

hypovascular tumours with less HA accumulation at baseline.  

The next chapter brings together all the MRI and histology data discussed 

in Chapters 3, 4, and 5, and provides further clarity on the biological 

determinants of the MRI biomarkers and how these change in the presence 

and absence of HA.  
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Chapter 6: Investigating the contribution of HA to 
the breast tumour microenvironment using 
multiparametric MRI and histology 

6.1 Introduction: 

In Chapter 3, ADC was shown to be a sensitive biomarker of pre-clinical 

breast tumour response to PEGPH20, likely due to a decrease in tumour 

water content and reduction of the extracellular space following HA 

degradation. Additional MRI biomarkers (T1, T2, MTR, R2*, Gd, Gl, |G*|, and 

Y) were evaluated in Chapters 3, 4 and 5 but failed to provide as robust an 

indication of tumour response to PEGPH20. 

More can still be learnt about the impact of HA on the tumour 

characteristics as measured by MRI. In this chapter, all the data discussed 

in Chapters 3, 4 and 5 have been collated to consider and evaluate 

relationships between MRI biomarkers (T1, T2, MTR, ADC, R2*, Gd, Gl, |G*|, 

and Y) and histology in saline (HA present) and PEGPH20 treated (HA 

degraded) 4T1, 4T1/HAS3, and MDA-MB-231 LM2-4 breast tumours.  

6.2 Results & Discussion: 

Multiparametric MRI and histology images for one representative saline 

control MDA-MB-231 LM2-4 breast tumour are shown in Figure 6.1. Clear 

spatial correspondence between the MRI and histology is apparent, 

enabling an assessment of the pathological determinant(s) of the MRI 

biomarkers.  
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Figure 6.1: Representative MRI and matched histology images (whole section and 10x magnification images) from a representative MDA-MB-

231 LM2-4 tumour post-treatment with saline. Necrosis, which was excluded from quantitative analyses, is indicated by a white dashed line. MRI-

aligned tumour tissue sections were stained using H&E (morphology), HTI-601 (HA), picrosirius red (collagen I & III), and CD31 (blood vessels). 
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The correlation matrix for all the post-treatment (saline & PEGPH20) 

measurements is shown in Figure 6.2a. To further investigate the 

contribution of HA, the data were separated into saline control (Figure 6.2b) 

and PEGPH20 treated tumours (Figure 6.2c). I could then evaluate 

whether the relationships between MRI biomarkers and histology were 

different in the presence (saline) or absence (PEGPH20) of HA. Sample 

sizes (n) and p-values (p) for each correlation are shown in Figure 6.3. 
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Figure 6.2: Correlation matrices of MRI biomarkers and matched histological staining. The correlation matrices show Pearson’s correlation 

coefficient (r) for each pairing. Relationships were evaluated with all data pooled together (A), and with saline (B) and PEGPH20 treated (C) 
tumour data kept separate. Nuclear density, percentage HA, percentage collagen (I & III), and vessel density were calculated from H&E, HTI-

601, picrosirius red, and CD31 staining respectively. Negligible levels of HA (< 2%) were detectable in the PEGPH20 treated tumours, hence 

percent HA was excluded from the correlation analysis in this group (crossed-out squares). For blank squares r < 0.01. 
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Figure 6.3: Sample sizes (blue) and p-values (red) for the correlation matrices of MRI biomarkers (T1, T2, MTR, ADC, R2*, Gd, Gl, |G*|, and Y) 

and matched histological staining shown in Figure 6.2. Relationships were evaluated with all data pooled together (A), and with saline (B) and 

PEGPH20 treated (C) tumour data kept separate. Significant p-values are shown in bold (p < 0.05).  
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6.2.1 Correlations between MRI biomarkers 

T2 negatively correlated with MTR in all cases whether saline and 

PEGPH20 data were evaluated together or kept separate (Figures 6.2 and 

6.4; all data: n = 47, r = -0.74, p < 0.0001). This relationship has been noted 

previously in healthy brain and disease states including multiple sclerosis 

and gliomas[237-239]. MTR is sensitive to the proportion of macromolecules 

within tissue, with more macromolecule content contributing to more 

magnetisation transfer and a higher MTR value. T2 is a less direct measure 

of this, however, water molecules bound to macromolecules have rapid T2 

signal decay and so contribute to a shorter T2 relaxation time.  

When HA was present in the tumour, MTR positively correlated with Gd 

(Figures 6.2b and 6.4; saline data: n = 27, r = 0.45, p = 0.02). However, in 

tumours where HA was degraded by PEGPH20, this relationship 

disappeared. HA degradation may alter the tumour microenvironment such 

that MTR and Gd are no longer sensitive to the same tumour properties. 

Later in this Chapter, consideration of the underlying biology with MRI-

aligned histology will help to identify which components MTR and Gd are 

sensitive to and how these differ in saline and PEGPH20 treated tumours.  
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Figure 6.4: Correlations between MRI biomarkers in saline (HA present) and PEGPH20 treated (HA degraded) 4T1, 4T1/HAS3, and MDA-MB-

231 LM2-4 breast tumours. Saline control and PEGPH20 treated tumour data are shown in blue and red respectively, with different shaped 

symbols indicating the different breast tumour models. The sample size (n), Pearson’s correlation coefficient (r), and p-value are shown by the 

linear regression they relate to.  
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6.2.2 Correlations between MRI biomarkers and nuclear density 

Nuclear density was used throughout this project as an estimate of tumour 

cellularity because it is easy to quantify from H&E staining, the limitation 

being that cells can occasionally contain multiple nuclei. 

In saline and PEGPH20 treated tumours, T1 negatively correlated with 

nuclear density (Figures 6.2 and 6.5; all data: n = 47, r = -0.44, p = 0.002). 

T1 is sensitive to the bound to free water ratio within tissue, with bound 

water having a shorter T1 than free water. Increased cellularity will likely 

accompany an increased density of hydrophilic components such as 

proteins and polysaccharides which bind water molecules and reduce T1 

relaxation time within the tumour.  

In saline control tumours, ADC negatively correlated with nuclear density 

(Figures 6.2b and 6.5; n = 27, r = -0.38, p = 0.05). Similar relationships 

between ADC and cellularity have been previously reported in several 

tumour types, including breast cancer[240, 241]. Increased cell density will 

increase barriers and restrict water diffusion, and thus decrease ADC. 

Interestingly, when HA was degraded in PEGPH20 treated tumours ADC 

was no longer related to nuclear density. This demonstrates that ADC is 

not always a biomarker of cellularity in a tumour and is presumably also 

influenced by other tumour characteristics[240]. Degradation of HA leads to 

reduction of the extracellular space bringing many components of the 

tumour (e.g. cells, stroma, and blood vessels) closer together, which will 

restrict movement of water in a way not only related to tumour cellularity.  

In saline control tumours, cellularity did not influence tumour viscoelastic 

properties, in agreement with previous pre-clinical work[46]. However, in 

PEGPH20 treated tumours, Gd positively correlated with nuclear density 

(Figures 6.2c & 6.5; n = 26, r = 0.51, p = 0.008). HA degradation affects 

the integrity of the ECM, reducing the ability of fibrillar collagen and blood 

vessels to increase tumour stiffness. As a result, the viscoelastic properties 

of PEGPH20 treated tumours are reliant on the cellular network.    
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Figure 6.5: Correlations between MRI biomarkers and nuclear density (quantified from H&E staining) in saline (HA present) and PEGPH20 

treated (HA degraded) 4T1, 4T1/HAS3, and MDA-MB-231 LM2-4 breast tumours. Saline control and PEGPH20 treated tumour data are shown 

in blue and red respectively, with different shaped symbols indicating the different breast tumour models. The sample size (n), Pearson’s 

correlation coefficient (r), and p-value are shown by the linear regression they relate to.  
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6.2.3 Correlations between MRI biomarkers and HA  

There were no significant correlations between MRI biomarkers and 

percent HA when using saline data in isolation (Figure 6.2b, 6.3b & 6.6; 

p>0.05). The MRI biomarkers evaluated may be sensitive, but they are not 

specific to HA and can be influenced by other tumour characteristics. To 

further understand whether these biomarkers are truly sensitive to HA, 

PEGPH20 treated data were also included as effective ‘low HA’ values. 

This approach reduced the influence of other tumour characteristics to the 

correlation and increased the range of percent HA values available. When 

analysing saline and PEGPH20 treated data together, percent HA 

significantly correlated with T2, MTR and ADC (Figure 6.6).  

ADC exhibited the strongest, positive correlation with percent HA (Figures 

6.2a & 6.6; all data: n = 54, r = 0.60, p < 0.0001), reaffirming the conclusion 

from Chapter 3 that ADC is the most sensitive biomarker of tumour 

response to PEGPH20, possibly because of its sensitivity to the size of the 

extracellular space. This finding was corroborated by clinical data from 

patients bearing tumours from other anatomical sites including colon, lung 

and pancreas[242]. 

T2 and MTR are other, less specific, parameters related to percent HA, 

again possibly due to being sensitive to the size and composition of the 

extracellular space. T2 positively correlated with HA (all data: n = 47, r = 

0.44, p = 0.002). MTR negatively correlated with HA (all data: n = 57, r = -

0.46, 0.0003). Greater HA accumulation is expected to result in elevated 

fluid retention, as well as extracellular expansion which should regulate the 

amount of free water, thus increasing T2 and attenuating the effect of MT-

inducing components of the ECM such as fibrillar collagen. 

Saline control 4T1 tumours showed the greatest intra-tumour 

heterogeneity in HA accumulation, and within this model the relationships 

between ADC, T2, and HA were seen spatially within a tumour (Figure 6.7). 

Despite the numerical inter-tumour association, areas of high HA 

accumulation were not visibly associated with low MTR and vice versa 
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(Figure 6.7a & c). There were some 4T1 tumour areas with high and low 

HA accumulation which aligned with high and low T2 (green and blue 

arrows respectively, Figure 6.7a & b). However, in other tumour regions, 

T2 and HA appeared unrelated (yellow arrow, Figure 6.7b). As well as 

having the strongest numerical inter-tumour association, visual comparison 

of ADC maps with HA staining images revealed that tumour regions with 

high ADC also had high HA accumulation and vice versa (all green and 

blue arrows; Figure 6.7a & d). 
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Figure 6.6: Correlations between MRI biomarkers and percent HA (quantified from HTI-601 staining) in saline (HA present) and PEGPH20 

treated (HA degraded) 4T1, 4T1/HAS3, and MDA-MB-231 LM2-4 breast tumours. Saline control and PEGPH20 treated tumour data are shown 

in blue and red respectively, with different shaped symbols indicating the different breast tumour models. The sample size (n), Pearson’s 

correlation coefficient (r), and p-value are shown by the linear regression they relate to.  
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Figure 6.7: A HTI-601 (HA) stained section (A) alongside matched parametric maps of T2 (B), MTR (C), and ADC (D) for one saline control 4T1 

tumour with representative intra-tumour heterogeneity in HA accumulation for this model. Spatial associations between T2, ADC, and HA were 

apparent, with areas of high HA accumulation corresponding to areas of high T2 and ADC (green arrows) and regions of low HA related to areas 

of low T2 and ADC (blue arrows). Some regions of the T2 map appeared unrelated to HA accumulation (yellow arrow). Tumour areas with high 

HA accumulation did not correspond to low MTR as suggested by the inter-tumour correlation in Figure 6.6. An artefact on the T2 map was 

excluded from analyses (red dashed ROI). 
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6.2.4 Correlations between MRI biomarkers and collagen  

MTR positively correlated with collagen content in both saline and 

PEGPH20 treated tumours (Figure 6.8; saline: n = 29, r = 0.37, p = 0.05 

and PEGPH20: n = 28, r = 0.49, p = 0.008). Whilst HA degradation 

increases MTR, as shown by an upward shift in the trendline of PEGPH20 

treated tumours, it does not affect the sensitivity of MTR to collagen 

deposition. 

Surprisingly, when analysing all the data (saline and PEGPH20 treated 

tumours) collagen did not appear a major determinant of tumour 

viscoelastic properties, contrary to previous observations (Figure 6.2a)[46, 

235, 243]. When only saline control tumours were considered, Gd positively 

correlated with collagen content (Figure 6.8; Gd: n= 27, r = 0.44, p = 0.02), 

thus supporting the hypothesis that collagen is a major determinant of 

MRE-derived tumour elastic properties, consistent with previous work[46]. 

In PEGPH20 treated tumours where HA had been degraded, Gd was not 

significantly associated with collagen content (Figures 6.2c & 6.8). The lack 

of correlation between Gd and collagen in PEGPH20 treated tumours 

suggests that HA degradation has downstream effects on the structure-

function of collagen or more generally the mechanical integrity of the ECM. 

In PEGPH20 treated tumours, ADC positively correlated with collagen 

content (Figures 6.2c & 6.8; PEGPH20 data: n = 27, r = 0.55, p = 0.003). 

This relationship has been previously shown in clinical breast tumours and 

is likely to result from increased water diffusion along the direction of the 

collagen fibres[241, 244]. These data support the conclusion that collagen 

fibres remain in the extracellular space following HA degradation by 

PEGPH20, however, as shown by the Gd data above, its ability to influence 

tumour stiffness is dampened.  
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Figure 6.8: Correlations between MRI biomarkers and collagen content (quantified from picrosirius red staining) in saline (HA present) and 

PEGPH20 treated (HA degraded) 4T1, 4T1/HAS3, and MDA-MB-231 LM2-4 breast tumours. Saline control and PEGPH20 treated tumour data 

are shown in blue and red respectively, with different shaped symbols indicating the different breast tumour models. The sample size (n), 

Pearson’s correlation coefficient (r), and p-value are shown by the linear regression they relate to.  
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6.2.5 Correlations between MRI biomarkers and blood vessel density  

In PEGPH20 treated tumours, blood vessel density negatively correlated 

with T2 (n = 24, r = 0.55, p = 0.006) and positively correlated with MTR and 

ADC (Figures 6.2c & 6.9; MTR: n = 24, r = 0.74, p < 0.0001 and ADC: n = 

23, r = 0.68, p = 0.0004). The basement membrane of blood vessels 

contains various ECM proteins and so more blood vessels will likely be 

associated with a higher proportion of water bound to macromolecules and 

more barriers to water diffusion. As mentioned in section 6.2.1, a greater 

proportion of macromolecules within tissue can increase MTR and 

decrease T2. None of these associations are seen in saline control tumours 

where HA is present. As ADC, MTR and T2 are affected by HA 

accumulation (Figure 6.6), it may be that HA elicits a stronger affect than 

blood vessels and it is only when HA is degraded by PEGPH20 that the 

contribution of blood vessels on ADC, MTR and T2 becomes clear.   

R2* is sensitive to the paramagnetic deoxyhaemoglobin present in perfused 

tumour blood vessels. CD31 is expressed on all blood vessels, both 

perfused and non-perfused. Thus, it is not surprising that, in saline control 

tumours, R2* is not associated with blood vessel density quantified from 

CD31 staining (Figures 6.2b & 6.9). However, in PEGPH20 treated 

tumours where blood vessels have likely decompressed, R2* positively 

correlated with blood vessel density (Figure 6.9; n = 24, r = 0.41, p = 0.05). 

When blood vessels are decompressed, CD31 expression is more likely to 

mirror R2* signal, assuming the decompressed vessel lumen size is 

sufficient to enable transit of RBCs (~6 µm), the source of R2* contrast. 

In saline control tumours, Gd positively correlated with vessel density (n = 

21, r = 0.44, p = 0.05). This is consistent with previous work demonstrating 

the ability of blood vessels to alter the shear modulus, with the presence of 

vascular outgrowths resulting in increased shear wave speed and thus 

higher Gd[245]. Similar to the relationship between Gd and collagen, when 

HA was degraded in PEGPH20 treated tumours, the association between 

Gd and blood vessels diminished. 
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Figure 6.9: Correlations between MRI biomarkers and blood vessel density (quantified from CD31 staining) in saline (HA present) and PEGPH20 

treated (HA degraded) 4T1, 4T1/HAS3, and MDA-MB-231 LM2-4 breast tumours. Saline control and PEGPH20 treated tumour data are shown 

in blue and red respectively, with different shaped symbols indicating the different breast tumour models. The sample size (n), Pearson’s 

correlation coefficient (r), and p-value are shown by the linear regression they relate to.  
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6.3 Summary & Conclusion:  

ADC exhibited the strongest correlation with percent HA, whilst 

concomitantly showing a negative correlation with cellularity. This 

reinforces the ability of ADC to inform on HA accumulation and its 

degradation by PEGPH20, probably because of the sensitivity of ADC to 

the size of the extracellular space. T2 and MTR should also be sensitive to 

the size and composition of the extracellular space but here had weaker 

associations with percent HA.  

Collagen was an important contributor to tumour viscoelastic properties in 

saline control tumours, consistent with previous studies[46, 235, 243]. Despite 

collagen fibres remaining in the extracellular space following HA 

degradation, as confirmed by picrosirius red staining and the correlation of 

collagen content with ADC, collagen itself seemingly did not significantly 

affect tumour viscoelasticity in PEGPH20 treated tumours. Similar 

correlations were seen between Gd and blood vessel density, with a 

significant positive correlation in saline controls and no relationship in 

PEGPH20 treated tumours. In PEGPH20 treated tumours, Gd was instead 

correlated with nuclear density. These data suggest that HA degradation 

by PEGPH20 can suppress the contribution of collagen and blood vessels 

to tumour viscoelastic properties, likely due to loss of connection between 

HA and other ECM components. This may disrupt the mechanical integrity 

of the ECM and shift the sensitivity of Gd towards the remaining intact cell 

network. A summary schematic is shown in Figure 6.10. 

In conclusion, these data support ADC as the most sensitive biomarker of 

tumour response to PEGPH20 and, although HA does not directly correlate 

with tumour biomechanical properties, its rapid degradation by PEGPH20 

appears to influence whether tumour stiffness is determined by the 

extracellular (collagen and blood vessels) or cellular compartment of a 

tumour.  
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Figure 6.10: A simplified graphic summarising the hypothesised explanation for the different characteristics of pre-clinical breast tumours treated 

with either saline (HA present; blue) or PEGPH20 (HA degraded; red). ADC = the apparent diffusion coefficient. IFP = interstitial fluid pressure. 

ECM = extracellular matrix.     
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Chapter 7: Summary and Conclusions 

7.1 Summary of results:  

7.1.1 ADC can inform on HA accumulation and its therapeutic 

modulation by PEGPH20 

The ability of T1, T2, MTR and ADC to inform on breast tumour response to 

PEGPH20 was assessed. T1, T2, and ADC decreased, and MTR increased 

following PEGPH20 treatment in 4T1/HAS3 tumours. ADC decreased in 

MDA-MB-231 LM2-4 tumours following PEGPH20, but no significant 

change was seen in T1, T2, or MTR. No significant changes in T1, T2, MTR 

or ADC were seen in 4T1 breast tumours following PEGPH20 treatment. 

4T1/HAS3 tumours had the highest HA accumulation at baseline and so 

likely experienced the biggest biophysical changes occurring following HA 

degradation. MDA-MB-231 LM2-4 tumours had lower baseline HA 

accumulation and ADC was able to inform on a more subtle yet significant 

response to PEGPH20. Despite no significant change in ADC following 

PEGPH20 treatment, there was intra-tumour spatial correspondence 

between ADC and HA in saline control 4T1 tumours.  

When evaluating median values from all tumours, ADC exhibited the 

strongest correlation with percent HA, suggesting that ADC is the most 

sensitive biomarker of HA accumulation and can reliably inform on its 

therapeutic modulation by PEGPH20. T2 and MTR had weaker correlations 

with percent HA, suggesting they are sensitive but less specific to HA 

accumulation and the size and composition of the extracellular space.  

Recent clinical data from patients bearing solid tumours, including colon, 

lung, bladder and pancreatic cancer, revealed that, despite administration 

of a lower clinical dose, ADC also decreased by approximately 20% one 

day after PEGPH20 monotherapy[242]. The absence of any ADC dose 

response despite the very different treatment regimens used pre-clinically 
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(1 mg/kg) and clinically (0.5 – 50 µg/kg) is not hugely surprising, as 

PEGPH20 is an enzyme and, unlike other therapies, is not depleted upon 

interaction with its target[242].  

A common limitation with many of the MRI biomarkers evaluated, including 

ADC, is that they are sensitive to HA but are not completely specific and 

so they can also be affected by other biological phenomena within the 

tumour. In this thesis, the use of PEGPH20 as a monotherapy and relative 

changes between pre- and post-treatment MRI likely reduced the influence 

of other tumour characteristics on the MRI biomarkers. Further work should 

consider the recommended use of PEGPH20 in a combination treatment 

strategy and evaluate whether a decrease in ADC can still be seen 

following PEGPH20 when it is used alongside chemo-, radio- or 

immunotherapy, treatments that typically result in tumour cell death and 

hence an increase in ADC. If a decrease in ADC is no longer evident, an 

appropriate timepoint for imaging would need to be established which is 

soon after HA degradation by PEGPH20 and prior to administration of the 

combination therapy. 

7.1.2 HA degradation by PEGPH20 can increase tumour 

viscoelasticity as measured by MRE 

Whilst there was no change in the viscoelastic properties of 4T1 and 

4T1/HAS3 tumours, PEGPH20 induced an unprecedented ~80% increase 

in Gd, Gl, and |G*| in MDA-MB-231 LM2-4 tumours. No changes in Y were 

apparent.  

Collagen positively correlated with tumour viscoelastic properties in saline 

control tumours, consistent with our previous study[46]. Despite collagen 

fibres remaining in the extracellular space following HA degradation, 

collagen did not correlate with tumour viscoelasticity in PEGPH20 treated 

tumours. Similarly, blood vessel density positively correlated with Gd in 

saline control tumours, but no relationship was seen in PEGPH20 treated 

tumours. In PEGPH20 treated tumours, Gd was instead correlated with 
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nuclear density. These data suggest that HA degradation by PEGPH20 

can suppress the contribution of collagen and blood vessels to tumour 

viscoelastic properties, likely due to disruption of ECM integrity, and a shift 

in the sensitivity of Gd towards the aggregated cellular compartment.  

HA did not directly correlate with tumour viscoelastic properties; however, 

it can influence whether Gd is determined by the extracellular or cellular 

compartment of a tumour. MRE is unlikely to provide a biomarker of tumour 

response to PEGPH20 but can inform on pharmacologically-induced 

increases in tumour stiffness. Quantitation of Gd, Gl and |G*| should thus 

continue to be evaluated as binary imaging biomarkers of tumour treatment 

response. 

7.1.3 R2* can inform on vascular response to PEGPH20 in well 

vascularised tumours with high HA accumulation  

R2* significantly increased following PEGPH20 treatment in 4T1/HAS3 

tumours, however, no change was seen in 4T1 and MDA-MB-231 LM2-4 

tumours. The increase in 4T1/HAS3 tumour R2* is consistent with 

decompression of blood vessels and increased accessibility of RBCs. The 

lack of change in 4T1 and MDA-MB-231 LM2-4 tumour R2* following 

PEGPH20 may suggest that vessel decompression is not always 

correlated with an increase in deoxygenated haemoglobin and/or RBCs, or 

that decompression of a smaller number of blood vessels does not create 

a large enough change in magnetisation to be detected by R2*. The 

capillary network in tumours is chaotic and often capillary lumens are 

similar in size to RBCs (approximately 6 µm diameter), thus preventing 

RBC movement and hence a change in R2* even when decompressed[201].  

R2* is a sensitive endogenous imaging biomarker of tumour vascular 

response to PEGPH20 in well vascularised tumours with high HA 

accumulation. However, CE-MRI may provide more specific biomarkers of 

PEGPH20 response in relatively hypovascular tumours with less HA 

accumulation.  
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7.1.4 Impact for patients living with cancer  

ADC can be estimated on most modern clinical MRI scanners with good 

repeatability and reproducibility[171]. Therefore, ADC could be used 

immediately to monitor response to HA modulation in clinical trials. 

Following some further work to confirm sensitivity, ADC could also be used 

relatively quickly to monitor tumour response in clinical trials of therapies 

predicted to alter the size or composition of the extracellular space. 

MRE can inform on tumour response to effective therapy, typically seen as 

a decrease in tumour stiffness following tumour cell death[74, 157, 198]. The 

data herein support the use of Gd, Gl and |G*| to inform on increased 

tumour stiffness, for example following response to immunotherapy[246]. 

Immunotherapies have demonstrated survival benefit across various 

cancer types, however durable responses are only seen in a small 

proportion of patients and there is a need for biomarkers that identify 

patient response[247]. Localised regions with elevated stiffness have been 

associated with increased immune cell infiltration in human breast 

tumours[5]. Moreover, increased MRE-derived tumour stiffness was 

associated with improved overall survival in a small number of patients with 

hepatocellular carcinoma (HCC) treated with the immunotherapy 

Pembrolizumab[246]. Expansion of this research to evaluate the ability of 

MRE to detect tumour response to immunotherapy in a wider range of 

cancer types would be hugely beneficial to clinicians and patients. 

7.2 Future work 

7.2.1 Further analysis of the multiparametric MRI and matched 

histology datasets 

The multiparametric MRI protocol, which was designed using MRI 

sequences previously optimised by other members of the team, enabled 

detailed spatial comparisons between different MRI biomarkers, and 
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between MRI and the underlying histology. Fairly large datasets were 

created throughout this PhD and should be further used to understand 

more about the histological determinants of breast cancer which underly 

the MRI biomarkers. This information would assist with translation of MRI 

biomarkers into the clinic. The oncological application of MRE in the clinic 

is still in its relative infancy, though vendor support for MRE capability on 

clinical scanners is increasing. Information on how necrosis, for example, 

may impact tumour viscoelastic properties will help increase its clinical 

adoption as a measure of tumour cell death following therapy. 

Computational methods would remove the bias which accompanies visual 

assessment of intra-tumour spatial comparisons between MRI biomarkers 

and histology. This has been done in other studies and involves the 

generation of histological feature maps with the same resolution as the MRI 

and use of a registration algorithm[46, 202].  

Throughout this thesis the value of each MRI biomarker was assessed 

individually. Combining the information provided by multiple biomarkers 

through a habitat imaging approach may improve the specificity of the MRI 

protocol to HA and its therapeutic modulation[248]. For instance, a tumour 

habitat with high ADC, low MTR, and high T2 may better associate with 

regions of high HA accumulation than one biomarker alone.  

7.2.2 Evaluation of MRI histology associations following knock-down 

or long-term degradation of HA  

This thesis evaluated rapid degradation of HA using a single intravenous 

dose of PEGPH20 (1 mg/kg) and a 24-hour timepoint. A follow up study 

which uses the same breast tumour models but with a knock-down of HA 

synthases or continuous treatment with PEGPH20 would assess the 

longer-term impact of HA absence on the correlations between ECM 

components and tumour characteristics, with the association between 

collagen and viscoelastic properties being of particular interest.  
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7.2.3 Other MRI biomarkers which may inform on tumour response to 

PEGPH20  

SC-MRI can estimate fractional tumour blood volume (%) and vessel size 

(µm) by measuring USPIO-induced changes in the transverse relaxation 

rates R2 and R2*[162, 163, 201, 207]. A recent study showed that SC-MRI-derived 

fractional blood volume increased ~40% following two doses of PEGPH20 

monotherapy in a pre-clinical model of pancreatic cancer[209]. SC-MRI may 

provide a more robust method of evaluating tumour blood vessel 

decompression following PEGPH20, as the paramagnetic signal from 

intravascular USPIO particles is not affected by hypoxia, and USPIO 

particles are much smaller (~25-30 nm diameter) than RBCs, thereby 

negating the capillary accessibility issue. Accurate monitoring of blood 

vessel decompression is very important for predicting drug delivery and 

response. Use of SC-MRI following PEGPH20 monotherapy may help 

identify the optimal time for administration of a combination therapy and 

improve patient outcomes. 

PEGPH20 treatment can reduce tumour hypoxia and sensitise tumours to 

radiotherapy[230, 249]. Imaging tumour hypoxia was not explored in this 

thesis, but methods do exist which may inform on PEGPH20-induced 

changes in tumour hypoxia. IS-MRI can inform on tissue oxygenation 

through measurement of R2* prior to and during hyperoxic gas 

challenge[165-167, 201]. Blood vessels within hypoxic areas have a higher 

baseline R2* because they contain more deoxyhaemoglobin. Hypoxic 

regions are likely to show a larger reduction in R2* following hyperoxic gas 

challenge compared to normoxic tissues which display little change in 

R2*[250]. Oxygen Enhanced (OE)-MRI can map tumour hypoxia by utilising 

the sensitivity of R1 (1/T1) to the partial pressure of oxygen (pO2)[236, 251].  

R1 increases in well oxygenated tissues following hyperoxic gas challenge 

because haemoglobin is completely saturated and excess oxygen remains 

in the blood plasma and tissue fluid. Haemoglobin is not fully saturated in 

hypoxic tissues and so hyperoxic gas challenge increases oxyhaemoglobin 
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but has little effect on pO2 and R1. When combined with an MRI biomarker 

of perfusion, perfused tumour sub-volumes refractory to hyperoxia-induced 

changes in R1 have been shown to be hypoxic[251]. 

7.2.4 Relevance of MRI biomarkers to other stromal modulatory 

therapies 

The MRI biomarkers, T2, MTR, ADC, Gd, Gl, and |G*| were all sensitive to 

the size and/or composition of the extracellular space. In the case of HA 

degradation ADC was the most robust, however any of these MRI 

biomarkers may be useful in understanding and assessing tumour 

response to other stromal modulatory therapies currently under clinical 

development, such as losartan (TGF-β) and fasudil (ROCK inhibitor). 

Recently there has been a lot of interest in therapeutically targeting cancer 

associated fibroblasts (CAFs) which play a fundamental role in ECM 

production and organisation[252]. MRI biomarkers which can detect early 

tumour response could accelerate the clinical development and hopefully 

improve the success of stromal modulatory therapies.  

7.2.5 HA degradation as a therapeutic strategy 

Stomal modulatory therapies have been described as a double-edged 

sword because of their potential to suppress tumour progression through 

enhancement of drug delivery, yet promote tumour progression by 

removing barriers to invasion and metastasis[41, 57, 107, 253].  

The failure of PEGPH20 to improve overall survival of patients with HA 

‘high’ metastatic PDAC in the phase III trial HALO-109-301 highlights that 

much is still to be learnt about stromal modulatory therapies and patient 

selection[139, 145]. Given that increased tumour stiffness can contribute to 

tumour progression, the elevated Gd, Gl, and |G*| observed in PEGPH20 

treated MDA-MB-231 LM2-4 tumours may indicate a potentially negative, 

tumour-promoting effect of PEGPH20. Future work should evaluate 
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whether PEGPH20 treatment has a detrimental effect in other models of 

stromal-dense cancer and assess how this would translate to patients.  

It is unclear why the phase III trial of PEGPH20 failed to improve patient 

survival. If PEGPH20 effectively degraded HA and improved tumour drug 

delivery but increasing the concentration of chemotherapy in the pancreatic 

tumour microenvironment was not enough to improve overall survival, then 

degradation of HA may still be a viable therapeutic strategy in other 

settings.  HA degradation may be particularly useful when delivering larger 

biologic treatments such as antibodies and virotherapies, with recent data 

highlighting that combination of a hyaluronidase with virotherapy improved 

survival in a pre-clinical model of glioma[146].  

7.3 Conclusion 

In conclusion, through its sensitivity to the size and composition of the 

extracellular space, ADC can reliably inform on tumour HA accumulation 

and its therapeutic degradation by PEGPH20. This thesis demonstrated 

that multiparametric MRI investigations alongside matched histology 

provide an understanding of what tumour tissue components underpin the 

MRI biomarkers and give confidence that the useful biomarker(s) identified 

are more sensitive than the other clinically available biomarkers evaluated. 

Both biological understanding and comparison with other biomarkers will 

improve the chances of successful clinical implementation of imaging 

biomarkers as practice-changing tools that enable personalised adaptation 

to treatment. 
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